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Guide to Sessions 
 

The Ninth International Conference on Mars 
July 22–25, 2019 
Pasadena, California 
 
Monday, July 22, 2019 
 

8:30 a.m. Beckman Auditorium Welcome to Ninth Mars 
8:50 a.m. Beckman Auditorium Plenary:  What We Learn by Studying Mars 
10:30 a.m. Beckman Institute Patio Poster Session:  Atmospheric Drivers (Except Dust) and 

Climate Cycles 
10:30 a.m. Beckman Institute Patio Poster Session:  Dust — Storms, Grains, Impact 

on Environment 
10:30 a.m. Beckman Auditorium Patio Poster Session:  Surface Activity I — Water, Frost, Wind, 

Impact, and/or Gravity-Driven? 
10:30 a.m. Beckman Auditorium Patio Poster Session:  Interior of Mars, Including as Seen 

by InSight 
10:30 a.m. Beckman Mall Tent Poster Session:  Missions — Past, Ongoing, Upcoming 
1:30 p.m. Beckman Auditorium Is Dust Controlling the Martian Atmosphere? 
1:30 p.m. Ramo Auditorium Biosignatures on Mars 
4:00 p.m. Beckman Auditorium Views from Above and Below:  Expanding Our 

Knowledge of Past Mars Environment 
4:00 p.m. Ramo Auditorium Beyond Dust:  What’s New When Observing 

the Weather? 
 
Tuesday, July 23, 2019 
 

8:30 a.m. Beckman Auditorium Habitability of Modern and Ancient Mars 
9:30 a.m. Beckman Auditorium Habitability of Modern and Ancient Mars Panel 
8:30 a.m. Ramo Auditorium Volatiles and Atmospheric Evolution 
10:30 a.m. Beckman Institute Patio Poster Session:  Geology and Geochemistry of Gale 
10:30 a.m. Beckman Institute Patio Poster Session:  Signs of Past Water Flow – Over Land 

and in the Ground 
10:30 a.m. Beckman Auditorium Patio Poster Session:  Ancient Climate 
10:30 a.m. Beckman Auditorium Patio Poster Session:  Habitability and Biosignatures 
10:30 a.m. Beckman Mall Tent Poster Session:  Ice and Frost 
10:30 a.m. Beckman Mall Tent Poster Session:  Igneous Studies In Situ and 

with Meteorites 
1:30 p.m. Beckman Auditorium Atmospheric Dynamics and Climate Cycles 
1:30 p.m. Ramo Auditorium Mars on Earth:  Using Terrestrial Analogs to Understand 

Martian Crustal Processes 
4:00 p.m. Beckman Auditorium Interior and Deep Crust Through Time 
4:00 p.m. Ramo Auditorium Ancient Glaciers, Oceans, Rivers, and Lakes 

 

  



Wednesday, July 24, 2019 
 

8:30 a.m. Beckman Auditorium Present-Day Surface Activity — Due to Winds, 
Volatiles, Impacts 

8:30 a.m. Ramo Auditorium Ancient Climate:  Evidence from Models and the 
Rock Record 

10:30 a.m. Beckman Institute Patio Poster Session:  Volatile Cycles and Effects — Past 
and Present 

10:30 a.m. Beckman Institute Patio Poster Session:  Signs of Other Past Water 
Accumulations — Oceans, Lakes, 
Hydrothermal, Snow 

10:30 a.m. Beckman Auditorium Patio Poster Session:  Surface Activity II — Water, Frost, 
Wind, Impact, and/or Gravity Driven? 

10:30 a.m. Beckman Auditorium Patio Poster Session:  More Geology and Geochemistry 
Around Mars 

10:30 a.m. Beckman Mall Tent Poster Session:  Atmosphere Escape, Magnetic Fields, 
and Solar Influences 

10:30 a.m. Beckman Mall Tent Poster Session:  Upper Atmosphere — 
Thermosphere/Ionosphere and Up 

1:30 p.m. Beckman Auditorium Plenary:  Current Status of Planning for a Potential Mars 
Sample Return (MSR) Campaign Panel 

2:40 p.m. Beckman Auditorium Plenary:  Mars Water Ice: A Synergistic Investigation for 
Science and Human Exploration 

3:00 p.m. Beckman Auditorium Plenary:  Data Needed to Get Humans to Mars and 
Keep Them Alive Panel 

4:00 p.m. Beckman Auditorium Past Aqueous Settings and Future Landing Sites 
4:00 p.m. Ramo Auditorium The Air Up There:  How Does Energy Move Through the 

Upper Atmosphere? 
 
Thursday, July 25, 2019 
 

8:30 a.m. Beckman Institute Patio Poster Session:  Data and Analysis Tools — Databases, 
Models, Automation 

8:30 a.m. Beckman Auditorium Patio Poster Session:  Martian Moons 
8:30 a.m. Beckman Auditorium Patio Poster Session:  Mars Sample Return 
8:30 a.m. Beckman Auditorium Patio Poster Session:  Outreach and Education 
8:30 a.m. Beckman Mall Tent Poster Session:  Instrument Concepts 
8:30 a.m. Beckman Mall Tent Poster Session:  Future Mission Concepts 

and Technologies 
8:30 a.m. Beckman Mall Tent Poster Session:  Human Exploration — Landing Sites, 

Technology/Resources, and Terraforming 
10:00 a.m. Beckman Auditorium Plenary:  Additional Key Advancements in Our 

Understanding of Mars 
1:30 p.m. Beckman Auditorium Plenary:  Engineering Panel 
2:30 p.m. Beckman Auditorium Ninth Mars Integration Reports Panel 
4:00 p.m. Beckman Auditorium Wrap-Up and Thank You! 

 



Monday, July 22, 2019 
WELCOME TO NINTH MARS 
8:30 a.m.   Beckman Auditorium 

Times Presenter Presentation 
8:30 
a.m. 

Diniega S. * Welcome and Overview 

 
Monday, July 22, 2019 
PLENARY:  WHAT WE LEARN BY STUDYING MARS 
8:50 a.m.   Beckman Auditorium 
Chairs:  Bethany Ehlmann and Robin Wordsworth  

Times Authors (*Denotes Presenter) Abstract Title and Summary 
8:50 
a.m. 

Jakosky B. M. * [INVITED] Mars Volatiles, Climate, and Habitability:  
History and Inventory of CO2 and H2O 
 

   Expanded from  
 

The CO2 Inventory on Mars [#6030] 
Spacecraft observations constrain the amounts of CO2 
sequestered into the surface, subsurface, and polar regions, 
and lost to space. These sinks account for up to several bars 
of CO2, enough to have produced significant early 
greenhouse warming. 

9:15 
a.m. 

Calvin W. M. * [INVITED] The Orbital Perspective:  How Our World View 
has Changed  
 

   Expanded from  
 

50 Years of Discoveries in Martian Surface Composition from 
Spacecraft Infrared Spectroscopy [#6116] 
This history focuses on what were the game changing 
observations and discoveries made from infrared 
spectrometers and how they paved the way for the next 
steps in our current understanding of martian 
surface composition. 

9:40 
a.m. 

Avridson R. E. * [INVITED] Habitability of Mars as Inferred from Landed 
Mission Observations 

10:05 
a.m. 

Johnson S. S. *   Graham H.   
Anslyn E.   Brinckerhoff W.   
Conrad P.   Cronin L.   Ellington A.   
Elsila J.   Girguis P.   Grubisic A.   
House C.   Kempes C.   Li X.   
Libby E.   Mahaffy P.   Nadeau J.   
Roussel A.   Sherwood Lollar B.   
Steele A. 

[INVITED] Future Approaches to Life Detection on Mars 
 

   Expanded from  
 

Agnostic Approaches to Life Detection on Mars [#6374] 
Without presupposing any particular molecular framework, 
“agnostic biosignatures” could be used to search for life 
on Mars. 

 
  



Monday, July 22, 2019 
POSTER SESSION:  ATMOSPHERIC DRIVERS (EXCEPT DUST) AND CLIMATE CYCLES 
10:30 a.m.   Beckman Institute Patio 

Authors  Abstract Title and Summary 
Noguchi K.   Ueda M.   Hayashi H. Zonal Correlation Among Dust, Water Ice Clouds and Temperature 

in the Martian Atmosphere Observed by MRO-MCS [#6135] 
Aiming at revealing the effect of dust and water ice clouds on the 
temperature field in the martian atmosphere, we studied the 
zonal correlation among dust opacity, water ice cloud opacity and 
air temperature observed by MRO-MCS. 

Guzewich S. D.   Smith M. D. Seasonal Variation in Martian Water Ice Cloud 
Particle Size [#6178] 
CRISM limb-viewing retrievals show that martian water ice cloud 
particle sizes exhibit a strong seasonal cycle in both the tropics 
and north polar atmosphere. 

Alshehhi K.   Alzahmi B.   
Abuelgasim A. 

Visual Analysis of Spatiotemporal Variations of Mars ice Clouds 
Using MARCI Data [#6023] 
We perform visual analysis of the spatial and temporal locations 
of Mars ice clouds using MARCI data. 

Slipski M.   Jakosky B. M. Turbopause Altitudes and Mesospheric Cloud Formation:  Effects 
of Wave Propagation and Dissipation in the Middle-
Upper Atmosphere [#6313] 
Wave activity in the middle and upper atmosphere influences the 
turbopause level (the transition from the well-mixed lower 
atmosphere to the diffusive upper atmosphere) and the 
formation of mesospheric clouds. 

Hinson D. P.   Wang H.   Wilson R. J.   
Spiga A.   Kahre M. A.   
Hollingsworth J. L. 

Transient Eddies, Water Ice Clouds, and Nocturnal Mixed Layers at 
High Northern Latitudes in Early Summer [#6032] 
We are using observations from Mars Global Surveyor and 
simulations by two numerical models to investigate water ice 
clouds and atmospheric dynamics at high northern latitudes in 
early summer. 

Paetzold M.   Tellmann S.   Peter K.   
Haeusler B.   Andert T.   Hahn M.   
Hinson D. P. 

The Evolution of the Mars Atmosphere and Ionosphere Over 
Consecutive Mars Express Orbits from Radio Occultation [#6263] 
The behavior of the neutral atmosphere that is the temperature 
profile and the ionosphere, that is the peak electron densities and 
altitudes of both the M1 and M2 layers, shall be described as a 
function of time. 

Valeanu A. M.   Read P. L. The Meteorology of Gale Crater from an Embedded Mesoscale 
Model into a Global Reanalysis and REMS Observations [#6429] 
We study the circulation at Gale crater from the comparison 
between an embedded Mars mesoscale model into a global 
reanalysis and REMS observations, through the use of the Singular 
Spectrum Analysis method. 

Connour K.   Schneider N. M.   
Deighan J. 

Regional-Scale Weather Highlights from the 
MAVEN/IUVS Instrument [#6126] 
I will present highlights from the IUVS dataset, including:  clouds, 
dust, and ozone. I hope to make this dataset as visible as possible 
to a wide number of people, who may otherwise not know about 
our observations. 



Brecht A. S.   Kahre M. A.   Kling A.   
Wilson R. J.   Hollingsworth J. L. 

Analyzing Seasonal Forcing Mechanisms of the Martian Polar 
Warming with the NASA Ames Mars Global 
Climate Model [#6275] 
The presented work sets out to identify and quantify the seasonal 
forcing mechanisms of polar warming by utilizing the NASA Ames 
Mars Global Climate Model (MGCM), which is supported by the 
Agency’s Mars Climate Modeling Center. 

Mischna M. A.   Kite E. S.   Steele L. J. Aridity Enables Warm Climates on Mars [#6042] 
We demonstrate that a water ice cloud greenhouse can 
realistically warm early Mars to an area-averaged temperature 
above the melting point of water from a cold, dry start, and stay 
warm for centuries or longer, but only if the planet is arid. 

Hoffman M. E.   Newsom H. E.   
Adair B. M.   Comellas J. M.   
Williams J. M.   Williams J. P.   
Calef F. J.   Grant J. A.   Wiens R. C.   
Le Mouélic S.   Escarcega K. 

The Recent Atmospheric History of Mars Derived from Small 
Craters Observed by MSL [#6371] 
The crater size frequency distribution and 0.33 m cutoff crater 
diameter of craters observed by MSL indicates a much denser 
atmosphere during the ~ 20 Myr crater accumulation time as 
suggested by obliquity calculations. 

de la Torre Juarez M.   Richardson M. I.   
Newman C. E.   Plá García J. 

Response of the Pressure Scale Heights Inside Gale Crater to the 
Diurnal Changes in Atmospheric Circulation [#6438] 
The diurnal cycle of atmospheric warming, cooling and orographic 
flows change the thermal properties on Gale. The diurnal cycle of 
pressure scale heights are related here to the times at which 
models predict what are the likely processes on Gale. 

Ogohara K. Re-Examination of Greeley et al. (2006):  Toward an 
Understanding of a Correlation Between Dust Devil Frequency and 
Atmospheric Waves Around the Spirit Rover [#6010] 
Dust devils are visually detected from images which the Spirit 
observed from sols 443 to 543. There seems to be no clear 
relation between dust devil frequency and local time at least 
during this short period unlike Greeley et al. (2006) reported. 

Walls X.   Navarro-González R.   
Martínez-Pabello P. U.   de la Rosa J.   
Molina P. 

Nitrate and Perchlorate Formation by Laser Ablation of Sodium 
Chloride in Simulated Martian Atmospheres. Implications for Their 
Formation in Dust Devils by Electrical Discharges [#6015] 
The aim of this study is to test if nitrate and perchlorate can be 
produced simultaneously by electric discharges in dust devils. The 
simulation was carried out by laser ablation of NaCl. Nitrates were 
formed in greater abundance than perchlorates. 

Steele L. J.   Kleinbohl A.   Kass D.   
Zurek R. W. 

New Insights into Thermal Tides from Mars Climate Sounder 
Intrack and Crosstrack Data [#6028] 
We analyze Mars Climate Sounder intrack and crosstrack data to 
investigate the behavior of thermal tides. We reveal features that 
are not present using intrack data alone, which appear linked to 
temporal variations in the nighttime dust distribution. 

 
  



Monday, July 22, 2019 
POSTER SESSION:  DUST — STORMS, GRAINS, IMPACT ON ENVIRONMENT 
10:30 a.m.   Beckman Institute Patio 

Authors  Abstract Title and Summary 
Fang X.   Ma Y.   Lee Y.   Bougher S.   
Liu G.   Benna M.   Mahaffy P.   
Montabone L.   Pawlowski D.   Dong C.   
Dong Y.   Jakosky B. 

Mars Global Ionospheric and Magnetospheric Disturbances by 
Dust Storms and Implications for Atmospheric 
Carbon Loss [#6055] 
We conduct the first global modeling of the Mars dust storm 
impact on the near-planet space environment (above 100 km 
altitude). Strong dust storms are potentially important in affecting 
atmospheric carbon loss and long-term atmospheric evolution. 

Wilson R. J.   Bertrand T.   Kahre M. A. Assessing Martian Thermal Forcing from Surface Pressure Data:  
The MY34 Major Dust Storm [#6426] 
Mars Global Climate Model simulations will be presented to 
connect the evolving distribution of dust heating during the MY34 
global dust storm with the surface pressure observations at 
Gale crater. 

Gebhardt C.   Fonseca R. M.   
Abuelgasim A.   Martin-Torres J.   
Zorzano-Mier M. P. 

Interactive Simulation of Dust Storms by the MarsWRF GCM on a 
2°×2° Grid [#6022] 
In interactive dust mode, the MarsWRF General Circulation Model 
(GCM) allows the user to explicitly simulate the martian dust cycle 

Gillespie H. E.   Greybush S. J.   
Wilson R. J. 

Insights into the MY 34 Global Dust Storm from the Ensemble 
Mars Atmosphere Reanalysis System (EMARS) [#6393] 
The EMARS reanalysis is used to investigate the MY 34 global dust 
storm, in particular the evolution of atmospheric dust and its 
advection by EMARS winds. 

Shirley J. H.   Kleinböhl A.   Kass D. M.   
Schofield J. T.   McCleese D. T.   
Steele L. J.   Piqueux S. 

Rapid Dust Storm Expansion Within the Acidalia Corridor, Mars, 
During the Initial Growth Phase of the Planet-Encircling Dust Event 
of 2018 [#6149] 
MRO-MCS observations reveal the rapid development (in latitude, 
longitude, altitude, and time) of a precursory dust storm that 
injected large quantities of dust to altitudes >50 km during the 
initiation of the 2018 planet-encircling dust event. 

Batterson C. M. L.   Kahre M. A.   
Bridger A. F. C.   Wilson R. J. 

Martian B Storm Genesis and Evolution:  Initial Analysis of 
Thermal Datasets [#6441] 
Of the three highly repeatable regional dust storms, named “A,” 
“B,” and “C” in time-sequential order, B storms are the least well-
known phenomena. This study aims to characterize the 
generation and behavior of the B storm. 

Kleinboehl A.   Spiga A.   Kass D. M.   
Shirley J. H.   Millour E.   Montabone L.   
Forget F. 

Diurnal Variations of Dust from Mars Climate Sounder 
Observations During the Global Dust Event in Mars 
Year 34 [#6146] 
We evaluate differences in dust profiles at daytime and nighttime 
as measured by MCS during the Global Dust Event in MY34. We 
compare measured dust distributions with results from the LMD 
GCM to investigate mechanisms of the observed variability. 

Alkitbe L.   Alshemeili A.   Mohamed A.   
Gebhardt C. 

Case Studies on Mars Dust Storms and Exploration of 
Dust Climatology [#6169] 
This poster will analyze dust storms based on Mars Daily Global 
Maps from the camera systems MRO/MARCI and MGS/MOC. The 
identification of dust storms in early development stages is 
followed by studying their temporal evolution. 



Pankine A.   Newman C. E. Dust Observed by Mars Global Surveyor Thermal Emission 
Spectrometer over Martian Southern Seasonal Polar Cap [#6281] 
We present results of atmospheric dust opacity retrievals using 
TES data collected during Mars Years 24–26 over the southern 
seasonal polar cap. Observed dust evolution is compared to multi-
year numerical simulations with MarsWRF model. 

Lemmon M. T.   Guzewich S. D.   
McConnochie T. H.   Martínez G.   
de Vicente-Retortillo Á.   Smith M. D.   
Bell J. F. III   Wellington D.   Jacobs S. 

Martian Dust Particle Size During the 2018 Planet-Encircling Dust 
Storm as Measured by the Curiosity Rover [#6298] 
Curiosity rover measurements of atmospheric dust size were 
made via imaging, spectra, and UV fluxes. Dust radii quickly 
exceeded 4–5 microns before settling to pre-storm values of 1.5–
2.0 microns over ~60 martian solar days. 

Schmidt M. E.   Bray S. M.   Bradley N.   
Berger J. A.   Campbell J. L.   
Henley T. L. J.   Perrett G. M.   
Tesselear D. 

Comparing Airfall Dust Coverages on Rock Targets and APXS 
Compositions by the MSL and MER Rovers:  Implications for 
M2020 PIXL [#6081] 
In situ microscopic images and elemental concentrations 
determined by Alpha Particle X-ray Spectrometers (APXS) onboard 
the MSL and MER Rovers represent complementary datasets to 
assess dust on rock surfaces and its effect on composition. 

Johnson J. R.   Bell J. F. III   Lemmon M.   
Grundy W.   Liang W.   Hayes A.   
Deen R. 

Mars Exploration Rover Pancam Spectrophotometric Modeling:  
The Final Chapter [#6083] 
Pancam multiple time-of-day multispectral visible/near-infrared 
images acquired by Spirit near Troy and by Opportunity on 
northern Cape York enabled photometric modeling of airfall dust 
deposits and the effects of dusty windows on model parameters. 

Lasue J.   Cousin A.   Meslin P. Y.   
Mangold N.   Wiens R. C.   Berger G.   
Dehouck E.   Forni O.   Goetz W.   
Gasnault O.   Rapin W.   Schröder S.   
Ollila A.   Johnson J.   Le Mouélic S.   
Maurice S.   Anderson R.   Blaney D.   
Clark B.   Clegg S. M.   d’Uston C.   
Fabre C.   Lanza N.   Madsen M. B.   
Martin-Torres J.   Melikechi N.   
Newsom H.   Sautter V.   Zorzano M. P. 

Martian Eolian Dust Analyzed by ChemCam [#6093] 
The martian eolian dust chemical composition is homogeneous at 
the sub-mm scale. It is different from the Aeolis Palus soils and 
Bagnold sands with a larger content of FeO, TiO2 and 
lower hydration. 

Stone S. W.   Yelle R. V.   Benna M.   
Elrod M. K.   Mahaffy P. R. 

Transport of Water to the Martian Upper Atmosphere amid 
Regional and Global Dust Storms [#6363] 
We characterize the delivery of water into the lower 
thermosphere and its impact on H escape using measurements of 
water-related ions from MAVEN NGIMS and calculations of water 
and hydrogen abundances during two martian dust storms. 

 
Monday, July 22, 2019 
POSTER SESSION:  SURFACE ACTIVITY I — WATER, FROST, WIND, IMPACT, AND/OR GRAVITY-DRIVEN? 
10:30 a.m.   Beckman Auditorium Patio 

Authors  Abstract Title and Summary 
Al Amiri M.   AlBeshr R.   Gebhardt C.   
Abuelgasim A. 

Case Studies on Small-to-Medium Sized Mars Craters Based on 
Multi-Camera Satellite Imagery [#6025] 
The discovery of the so-far-largest fresh impact crater during 
routine weather inspection of camera imagery from cameras such 
as :MARCI/MRO We perform case study by identifying small to 
medium sized craters. 



Hoover R. H.   Robbins S. J.   
Putzig N. E.   Riggs J. D.   Hynek B. M. 

Insight into Formation Processes of Layered Ejecta Craters on 
Mars from Thermophysical Observations [#6294] 
This research uses thermophysical properties to investigate 
layered ejecta craters on Mars. We specifically seek to identify 
morphological characteristics of the ejecta blanket deposits to 
lend evidence to a formation mechanism. 

Bain Z. M.   Putzig N. E.   Robbins S. J.   
Hoover R. H.   Bramson A. M.   
Petersen E. I.   Morgan G. A. 

Analysis of Layered Ejecta Craters with Mars Reconnaissance 
Orbiter Shallow Radar (SHARAD) Data [#6423] 
A better understanding of the formation process for LE craters on 
Mars can help us understand the geologic surface properties that 
were present during their formation. We SHARAD data to better 
understand the density and composition of LE craters. 

Barlow N. G. New Insights into the Characteristics and Formation of Central Pit 
Craters on Mars [#6066] 
We are completing a solar system-wide study of central pit craters 
and the conditions under which they form. Our results, based 
largely on detailed studies of martian central pit craters, suggests 
a new formation model involving uplift and collapse. 

Carrillo G. J.   Bennett K. A.   
Edwards C. S. 

The Ages of Craters with Central Mounds [#6412] 
This research estimates the formation time ages of sedimentary 
central mounds within craters across the martian surface. These 
ages then allow us to determine more information about the 
transition from wet to dry conditions on Mars. 

Chojnacki M.   Fenton L.   Banks M.   
Silvestro S.   Vaz D.   Urso A.   
Ewing R. C.   Lapotre M. 

Wind-Driven Sand Motion Across Mars and Implications from 
Orbital Analysis [#6361] 
We provide an update on major advances in our knowledge of 
contemporary aeolian bedform dynamics on Mars, including:  
range of active bedform classes, boundary conditions, spatial and 
temporal trends, transport modes and landscape 
evolution implications. 

Dorn T. C.   Day M. D. Temporal Wind Variability and Erosion of the Western Delta Fan in 
Jezero Crater [#6276] 
Jezero crater has been exposed to at least two different wind 
regimes throughout its subaerial history:  ancient southwesterly 
winds and modern easterly winds. Southwesterly winds are 
primarily responsible for eroding the western delta fan. 

Grant J. A.   Warner N. H.   Weitz C. M.   
Golombek M. P.   Wilson S. A.   
Hauber E.   Ansan V.   Charalambous C.   
Williams N.   Calef F.   Pike T.   
DeMott A.   Kopp M.   Lethcoe-
Wilson H.   Banks M. 

Modification of Homestead Hollow at the InSight Landing Site 
Based on the Distribution and Properties of Local Deposits [#6207] 
Homestead hollow is likely a degraded impact crater modified by 
early eolian stripping of the rim and downwind infilling followed 
by slow infilling and weathering punctuated by occasional impacts 
that removed most of the rim and filled the interior. 

Mubarak W.   Abouhaligah H.   
Abuelgasim A. 

Monitoring the Movement of Sand Dunes in the Nili Patera 
Caldera on Mars Using HiRISE Images [#6024] 
This research aims to investigate the possible causes of the 
movement and shrinkage of the martian sand dunes in Nili Patera 
Caldera using remote sensing and GIS techniques. 

Piatek J. L.   Tornabene L. L.   
Glanovsky T.   Murphy I.   Barlow N. G.   
Osinski G. R.   Robbins S. J. 

Interpretation of Thermophysical Ejecta Facies Mapped at Well-
Preserved Martian Craters [#6350] 
Crater ejecta / Mapped in thermal IR / Tells about degradation. 



O’Connell-Cooper C. D.   Thompson L. M.   
Spray J. G.   VanBommel S. J.   
Berger J. A.   Boyd N. I.   Gellert R.   
Wilhelm B. J. 

Basaltic Soil Versus Dune Sediments on Mars:  A Compositional 
Analysis of Surficial Sediments by APXS [#6288] 
Martian soils analyzed by APXS (Meridiani, Gusev, Gale) are 
broadly similar, with a bulk basaltic composition at all three 
locations. The active sands of the Bagnold barchan and linear 
dune fields (Gale)are compositionally distinct from soils. 

Rudolph A.   Horgan B.   Bennett K.   
Lewis K.   Anderson R.   Stein N.   
Rice M. 

Sources of Sand in Mt. Sharp:  Possible Volcanic Layers in Gale 
Crater, Mars [#6358] 
Multiple packages of laterally continuous “marker bed” layers are 
observed within Mt. Sharp and are a potential sand source for the 
Bagnold dunes which exhibit similar spectral properties. 

Schröder C.   Tait A. W.   Ashley J. W. Mateorite Finds on Mars — a New Tool to Study Atmosphere and 
Surface Processes [#6254] 
The Mars Exploration Rover Spirit and Opportunity have 
pioneered the investigation of meteorites found on Mars. Here 
we review some of the insights gained about Mars’ atmosphere 
and surface processes from their study. 

Ashley J. W.   Oij S. J.   Curtis A. G.   
Herkenhoff K. E. 

Topographic Evaluation of Meteorite Surfaces on Mars — 
Exploring Amazonian Chemical and Physical 
Weathering Patterns [#6402] 
Careful and creative study of exogenic materials (meteorites; now 
45 in number) on Mars continues to inform understanding of both 
aqueous and physical Amazonian surficial weathering processes 
near the martian equator. 

 
Monday, July 22, 2019 
POSTER SESSION:  INTERIOR OF MARS, INCLUDING AS SEEN BY INSIGHT 
10:30 a.m.   Beckman Auditorium Patio 

Authors  Abstract Title and Summary 
Golombek M.   Warner N. H.   Grant J.   
Hauber E.   Ansan V.   Weitz C.   
Williams N.   Charalambous C.   
Wilson S.   Parker T.   Daubar I.   
Marteau E.   Mueller N.   Pike W. T.   
DeMott A.   Kopp M.   Lethcoe-
Wilson H.   Berger L.   Hausmann R.   
Banks M.   Baker M.   Garvin J. 

Geology of the InSight Landing Site, Mars [#6106] 
InSight landed on a smooth, flat pebble rich surface with low rock 
abundance, impact craters in various stages of degradation, and 
eolian bedforms that are consistent with a surface formed 
dominantly by impact, mass wasting, and eolian processes. 

Ansan V.   Hauber E.   Golombek M.   
Warner N.   Grant J.   Maki J.   
Deen R.   Calef F.   Weitz C.   
Garvin J.   Wilson S.   Williams N.   
Charalambous C.   Pike T.   Lethcoe H.   
Kopp M.   De Moot A.   Smrekar S.   
Banerdt B.   Lorenz R. 

InSight Landing Site:  Subsurface Stratigraphy and Implications 
for Formation Processes [#6050] 
The InSight lander touched down within Homestead hollow,on 
Late Hesperian cratered volcanic plains of western Elysium 
Planitia, Mars. The near-surface shows a large variability in clast 
size, textures (~cm thick duricrust) and spatial occurrence. 

Russell C. T.   Joy S.   Yu Y.   
Johnson C. L.   Mittelholz A.   
Langlais B.   Chi P. J.   Fillingim M.   
Smrekar S.   Banerdt W. B. 

The Martian Magnetic Field as Seen by InSight [#6044] 
The InSight magnetometer has revealed a strong surface field. It 
also sees diurnal variations and occasional pulsations. These 
variations indicate it will be possible to sound Mars’ 
interior magnetically. 



Chi P. J.   Russell C. T.   Banfield D.   
Johnson C. L.   Joy S.   Ma Y.   
Mittelholz A.   Yu Y.   Smrekar S. E.   
Banerdt W. B. 

InSight Observations of Magnetic Pulsations on Martian Surface:  
Initial Findings and Implications [#6215] 
The InSight fluxgate magnetometer has detected magnetic 
pulsations on the surface of Mars for the first time. The 
observations have implications to the wave sources in the 
induced magnetosphere and whether and how these waves can 
reach the surface. 

Spohn T.   Smrekar S. E.   Hudson T. L.   
Grott M.   Knollenberg J.   Krause C.   
Wippermann T.   Lichtenheld R.   
Wisniewski L.   Grygorczuk J.   
Reershemius S.   Spröwitz T.   
Müller N.   Golombek M. P.   
Banerdt W. B.   HP3 Team 

The Heat Flow and Physical Properties Package HP3 on InSight — 
First Results [#6163] 
We report on the present status of the Heat Flow and Physical 
Properties Package HP3 onboard the NASA mission InSight to 
Mars and first results. 

Johnson C. L.   Mittelholz A.   
Langlais B.   Lognonne P.   Pike W. T.   
Joy S. P.   Russell C. T.   Yu Y.   Chi P.   
Fillingim M.   Lillis R. J.   Ansan V.   
Smrekar S. E.   Banerdt W. B. 

Results from the InSight Fluxgate Magnetometer:  The Crustal 
Magnetic Field and Time-Varying External Fields at the InSight 
Landing Site [#6320] 
We summarize results from the InSight Fluxgate magnetometer, 
the first ground-based magnetometer on Mars. We report on the 
crustal magnetic field, time varying external fields and comment 
on the prospects for magnetic sounding of the interior. 

Daubar I. J.   Lognonne P.   Teanby N.   
Lemmon M.   Schmerr N.   Posiolova L.   
Banks M. E.   InSight Science Team 

Impact Science on the InSight Mission — Current Status [#6198] 
Before InSight got to Mars, we had many ideas about what 
martian impacts might look like in seismic data. Now we reshape 
our ideas about the martian interior, the impact environment at 
Mars, and seismic and atmospheric effects of impact cratering. 

Bouley S.   Keane J. T.   Baratoux D.   
Langlais B.   Matsuyama I.   Costard F.   
Hewins R.   Sautter V.   Séjourné A.   
Vanderhaeghe O.   Zanda B. 

Structure of the Martian Highlands Without Impact Basins 
and Volcanoes [#6014] 
We determine the crustal thickness of Mars before the formation 
of the largest impact and volcanic provinces. The reconstructed 
crustal thickness map provides new insight into the structure of 
the martian crust and the origin of the dichotomy. 

 
Monday, July 22, 2019 
POSTER SESSION:  MISSIONS — PAST, ONGOING, UPCOMING 
10:30 a.m.   Beckman Mall Tent 

Authors  Abstract Title and Summary 
Titov D. V.   Bibring J.-P.   Cardesin A.   
Duxbury T.   Forget F.   Giuranna M.   
Gonza?lez-Galindo F.   Holmström M.   
Jaumann R.   Määttänen A.   Martin P.   
Montmessin F.   Orosei R.   Pätzold M.   
Plaut J.   MEX SGS Team 

Mars Express Science Highlights and Future Plans [#6061] 
The talk will overview the recent science highlights of the ESA 
Mars Express mission and outline its future plans. 

Wolff M.   Vincendon M.   Gondet B.   
Bibring J-P.   Flittner D. 

The MEX/OMEGA Limb Dataset:  Description, Analysis Tools, 
Initial Results [#6094] 
The the OMEGA limb data set represents a useful opportunity to 
characterize vertical profiles of aerosol properties, including 
abundance, composition, and particle size. 

Pommerol A.   Read M. J.   Thomas N.   
McEwen A. S.   Cremonese G. 

Photometric Calibration of CaSSIS Images [#6213] 
We describe the photometric calibration of images of the surface 
of Mars acquired by the Colour and Stereo Surface Imaging 
System (CaSSIS) of ExoMars Trace Gas Orbiter. 



Arvidson R. E.   Athena Science Team Scientific Legacy from the Opportunity Rover’s Exploration of 
Meridiani Planum [#6084] 
NASA’S Opportunity Rover far exceeded its 90 sol primary mission 
on Mars, setting records for longevity, distance traveled and 
scientific discoveries. This abstract highlights the scientific legacy 
derived from analysis of data acquired by the rover. 

VanBommel S. J.   Gellert R.   
Clark B. C.   Ming D. W.   Schröder C.   
Yen A. S.   Berger J. A.   Boyd N. I.   
O’Connell-Cooper C. D.   Thompson L. M. 

Argon Partial Pressure Measurements with the Alpha Particle X-
Ray Spectrometers:  End of Mission Results from the Mars 
Exploration Rovers and Ongoing Work at Gale Crater [#6089] 
End of mission summary of MER APXS Ar results; Short-term 
enrichment in NCG; MSL APXS Ar measurements including during 
the MY 34 GDS; Outlook and future work. 

Indyk S. J.   Spring J. W.   Paulsen G. L.   
Zacny K. 

Summary of Rock Abrasion Tool Activity for the Mars Exploration 
Rover Mission [#6400] 
The Rock Abrasion Tool was used to calculate martian rocks 
physical properties by calculating the Specific Grind Energy (SGE) 
for both Spirit and Opportunity for the duration of the MER 
mission. These results will be presented here. 

Schröder S.   Vogt D. S.   
Rammelkamp K.   Hansen P. B.   
Kubitza S.   Frohmann S.   Hübers H.-
W. 

Transient 2D and 3D LIBS Plasma Analysis for an Improved 
Understanding of LIBS Data Obtained on Mars [#6223] 
We study the particular characteristics of martian LIBS plasmas, 
their dynamics and typical spatial and temporal evolution with 
time-resolved LIBS plasma imaging. 

Millan M.   Malespin C. A.   
Freissinet C.   Glavin D. P.   
Mahaffy P. R.   Buch A.   Szopa C.   
Srivastava A.   Teinturier S.   
Williams A. J.   McAdam A.   Coscia D.   
Eigenbrode J.   Raaen E.   Dworkin J.   
Navarro-Gonzalez R.   Johnson S. S. 

Lessons Learned from the Full Cup Wet Chemistry Experiment 
Performed on Mars with the Sample Analysis at 
Mars Instrument [#6210] 
The full cup derivatization experiment performed with the SAM 
instrument aboard Curiosity led to the detection of derivatized 
molecules and supported by laboratory experiments, is helping us 
prepare future wet chemistry experiments at Glen Torridon . 

Maki J. N.   Trebi-Ollennu A.   
Banerdt W. B.   Sorice C.   Bailey P.   
Khan O.   Kim W.   Ali K.   Lim G.   
Deen R.   Abarca H.   Ruoff N.   
Hollins G.   Andres P.   Hall J.   
InSight Operations Team   
InSight Science Team 

An Overview of Imaging from the InSight Lander [#6403] 
After landing on Mars on November 2018, the InSight lander 
began returning image data from two color cameras. This 
overview talk will provide a summary of the image data acquired. 

Tornabene L. L.   Thomas N.   
Cremonese G.   Almeida M.   Douté S.   
Grindrod P.   Heyd R.   Luchetti A.   
McEwen A.   Pajola M.   Perry J.   
Pilles E.   Pommerol A.   Read M.   
Seelos F.   Wray J.   
CaSSIS science & ops teams 

Colour and Stereo Surface Imaging System (CaSSIS) on the 
ExoMars Trace Gas Orbiter:  Colour Data Products and Their Use 
for Scientific Investigations [#6293] 
We summarize the expected TGO/CaSSIS standard colour and 
derived-data products to be provided to the public, as well as 
examples of their use for a variety of science investigations 
on Mars. 

Mueller N. T.   Grott M.   Piqueux S.   
Spohn T.   Smrekar S. E.   
Knollenberg J.   Hudson T. L.   Spiga A.   
Forget F.   Millour E.   Lemmon M.   
Maki J.   Golombek M.   Banerdt W. B. 

The HP3 Radiometer on InSight [#6194] 
The Heat Flow and Physical Properties Package (HP³) includes an 
infrared radiometer observing two spots next to the InSight 
lander. We report on the results of temperature observations in 
the first 150 sols. 



Le Gall A.   Ciarletti V.   Hervé Y.   
Oudart N.   Corbel C.   Plettemeier D.   
Tranier V.   Benedix W.-S.   Hegler S.   
Vieau A.-J. 

Getting Ready for Mars:  WISDOM/ExoMars 2020 Data 
Processing Pipeline and Field Tests [#6026] 
In this paper we describe the data processing pipeline we have 
developed in order to analyze the GPR WISDOM/ExoMars 2020 
electromagnetic soundings and the results and lessons learnt 
from a recent simulation operation field campaign in Chile. 

Buch A.   Freissinet C.   Kaplan D.   
Szopa C.   Danell R.   Grand N.   
Allain T.   von Amerom F. H. W.   
Glavin D.   Grubisic A.   Raulin F.   
Getty S.   Li X.   Guzman M.   
Stalport F.   Brinckerhoff W. B.   
Goesmann F. 

Results of the MOMA GC-MS Coupling Campaign with the 
Engineering Test Unit (ETU) [#6107] 
We present our recent results obtained during the MOMA GC-MS 
coupling campaign with the Engineering Test Unit (ETU). We have 
tested three different way to analyse the martian sample:  
pyrolysis, DMF_DMA derivatization and TMAH themochemolysis. 

Li X.   van Amerom F.   Goetz W.   
Kaplan D.   Danell R.   Grubisic A.   
Getty S. A.   Castillo M.   Arevalo R. Jr.   
Brinckerhoff W. B. 

Mars Organic Molecule Analyzer (MOMA):  Updates and Analog 
Sample Studies for the ExoMars Rover Mission [#6297] 
We report an updated development status of the Mars Organic 
Molecule Analyzer (MOMA), a linear ion trap-based mass 
spectrometer onboard the 2020 ExoMars rover mission, as well as 
the analog sample studies we have performed for LDI-MS mode. 

Grand N.   Buch A.   Freissinet C.   
Kaplan D.   Szopa C.   Danell R.   
Van Amerom F. H. W.   Glavin D.   
Stalport F.   Allain T.   Raulin F.   
Getty S.   Brinckerhoff W. B.   
Goesmann F.   MOMA Science Team 

MOMA Derivatization Capsule for the Martian 
Sample Treatment [#6120] 
We describe the derivatization technic used by MOMA instrument 
onboard the ExoMars mission and we demonstrate the efficiency 
of the method compare to the laboratory ones. 

Allender E. J.   Cousins C. R.   
Gunn M. D.   Caudill C. M. 

Multiscale and Multispectral Characterization of Mineralogy with 
the ExoMars 2020 Remote Sensing Payload [#6039] 
We demonstrate the multiscale and multispectral capability of the 
ExoMars 2020 rover remote sensing payload by detecting and 
characterizing science targets at analogue sites that formed in a 
range of aqueous environments. 

De Sanctis M. C.   Altieri F.   
Ammannito E.   De Angelis S.   
Ferrari M.   Frigeri A.   Biondi D.   
Mugnuolo R.   Pirrotta S.   Di Iorio T.   
Capaccioni F.   Capria M. T.   Ciarletti V.   
Ehlmann B.   Federico C.   Magni G. 

Ma_MISS on ExoMars 2020 [#6016] 
Ma_MISS is a visible near infrared VNIR, 0.4–2.2 μm) micro 
spectrometer hosted by the drill system of the ExoMars 2020 
rover.The Ma_MISS instrument has been developed to provide 
hyperspectral images of boreholes excavated by the ExoMars 
rover drill. 

Coates A. J.   
ExoMars 2020 PanCam Team The. 

The PanCam instrument for the Rosalind Franklin (ExoMars 
2020) Rover [#6074] 
The ESA-Russia Rosalind Franklin (ExoMars 2020) rover is due for 
launch in July 2020 and landing in March 2021. We describe the 
mission and the design of the PanCam instrument. This will help 
set the geological and atmospheric context for the mission. 

Garcia-Florentino C.   Huidobro J.   
Gomez-Nubla L.   Torre-Fdez I.   Ruiz-
Galende P.   Aramendia J.   Castro K.   
Arana G.   Madariaga J. M. 

Raman Spectroscopy to Detect Alterations in Volcanic Mineral 
Phases due to Shock and Environmental Impacts [#6269] 
Raman spectroscopy will be implemented in Exomars2020 and 
Mars2020 Missions. This technique is able to provide information 
about mineral phase transformations due to pressure generated 
in collisions (Jezero crater and surroundings). 



Loizeau D.   Poulet F.   Lequertier G.   
Pilorget C.   Hamm V.   Lantz C.   
Bibring J.-P.   Dypvik H.   Werner S. C. 

Analogue Rock Samples Observations with MicrOmega, Within the 
H2020/PTAL Project [#6165] 
The Planetary Terrestrial Analogues Library-PTAL project aims to 
characterise rock samples with visible, XRD, IR, Raman and LIBS 
analyses. Here we present observations with a spare model of 
MicrOmega, a microscope imaging IR spectrometer on ExoMars. 

Hervé Y.   Ciarletti V.   Le Gall A.   
Corbel C.   Plettemeier D.   Vieau A. J.   
Lustrement B.   Humeau O.   Hassen-
Khodja R.   Benedix W. S.   Oudart N.   
Bertrand E.   Lapauw L.   Tranier V.   
Vivat F.   Hegler S. 

WISDOM/ExoMars2020:  A Calibrated and Fully Characterized 
Ground Penetrating Radar Ready to Sound the 
Martian Subsurface [#6225] 
We present measurements that have been performed on the 
WISDOM/ExoMars radar FM to check the instrument 
performances and obtain reference data that will be used on 
Mars to produce calibrated data and allow quantitative analysis. 

Eide S.   Hamran S.   Dypvik H.   
Amundsen H. E. F. 

RIMFAX Ground Penetrating Radar Modelling:  Imaging the 
Subsurface of the Jezero Western Delta [#6070] 
This study presents the potential of ground penetrating radar 
modelling in Jezero Western Delta, where sedimentary 
formations are identified in the synthetic radargram by their 
characteristic radar facies. 

Rull F.   Manrique J. A.   Lopez G.   
Sanz J. A.   Veneranda M.   Saiz J.   
Medina J.   Rodriguez J.   Moral A.   
Madariaga J. M.   Arana G.   Maurice S.   
Cousin A.   Wiens R.   Madsen M.   
Garcia V. 

SuperCam Calibration Target General Design [#6326] 
SuperCam instrument is part of Mars2020 scientific payload, 
based on Curiosity’s ChemCam. In this instrument, in addition to 
LIBS, other analytical techniques are included. The design of the 
calibration target for all of them is described. 

Ollila A. M.   Wiens R. C.   Maurice S.   
Cousin A.   Anderson R.   Beyssac O.   
Bonal L.   Beck P.   Clegg S.   Chide B.   
DeFlores L.   Dromart G.   Fischer W.   
Forni O.   Fouchet T.   Gasnault O.   
Grotzinger J.   Johnson J.   Lasue J.   
Laserna J.   Madariaga J. M.   
Madsen M.   Mangold N.   Nelson T.   
Newell R.   Martinez-Frias J.   
McLennan S.   Montmessin F.   
Robinson S.   Sharma S.   Misra A.   
Rull F.   Venhaus D.   Bernardi P.   
Reess J.-M.   Reyes-Newell A.   
Poulet F.   Lanza N.   Torre I.   
Aramendia J.   Perez R.   Cloutis E.   
Angel S.   Mimoun D.   Lorenz R.   
Rapin W.   Meslin P.-Y.   Frydenvang J.   
McConnochie T.   Bernard S. 

Preparing SuperCam for Jezero Crater, Mars:  LIBS, Raman, VISIR, 
Luminescence, Imaging, and Acoustic Analyses [#6352] 
SuperCam is a multi-functional instrument on the Mars 2020 
rover. It will conduct LIBS, Raman, VISIR, luminescence, imaging, 
and acoustic analyses of the martian surface. Here, we 
demonstrate the synergy between these techniques. 

Frizzell K. R.   Rice M. S.   Seelos F. P. Simulating Mastcam Spectroscopy by Radiometrically 
Transforming CRISM Images:  A Comparison Between Rover 
Traverse and Orbital Data [#6409] 
Radiometrically transformed CRISM data convolved to Mastcam 
band passes are analyzed for different mineralogical signatures 
and their comparisons to ground-based observations made by the 
MSL Curiosity rover during its traverse. 



Royer C.   Poulet F.   Reess J.-M.   
Pilorget C.   Hamm V.   Fouchet T.   
Maurice S.   Wiens R. C.   Forni O.   
Montmessin F.   Beck P.   Cloutis E.   
Johnson J. 

Preparing the Infrared Observations on Mars Surface:  
Calibration of the Infrared Spectrometer 
of SuperCam/Mars2020 [#6310] 
The calibration of an instrument is a critical step of development 
and requires the use of highly controlled lab environment. It will 
provide the instrument transfer function which will be widely 
used to link collected data to martian ground truth. 

Chide B.   Maurice S.   Mimoun D.   
Murdoch N.   Cadu A.   Sournac A.   
Bassas M.   Gasnault O.   Meslin P-Y.   
Lorenz R. D.   Wiens R. C. 

Mars Acoustics:  What We Can Learn from a Microphone on the 
Mars 2020 Rover Mast [#6157] 
Sounds are propagating on Mars atmosphere! The SuperCam 
Mars 2020 Microphone will record the unique signature of many 
artificial rover sounds such as the SuperCam laser-induced shock 
waves but also aeroacoustic noises generated by wind. 

Lootah F. H.   Deighan J.   Fillingim M.   
Jain S. 

Emirates Mars Ultraviolet Spectrometer’s (EMUS) Predictions of 
O1356 and CO4PG Electron Impact Sources in the 
Martian Thermosphere [#6153] 
This work focuses on the forward modeling of oxygen 135.6 and 
carbon monoxide 4th positive group bands’ electron impact 
sources in aims of predicting Emirates Mars Ultraviolet 
Spectrometer’s observations of the martian thermosphere. 

Badri K.   Edwards C. S.   Smith M. D.   
AlTunaiji E.   Christensen P. R.   
AlMheiri S.   Reed H.   EMIRS Team 

Scientific Payload of the Emirates Mars Mission:  Emirates Mars 
Infrared Spectrometer (EMIRS) [#6141] 
The Emirates Mars Infrared Spectrometer (EMIRS) will be 
launched on the Emirates Mars Mission (EMM) in 2020 to explore 
the dynamics in the atmosphere of Mars on a global scale. EMIRS 
will focus on the lower atmosphere of the martian planet. 

Al Matroushi H.   Lootah F.   
Holsclow G.   Deighan J.   Chaffin M.   
EMUS Team   Lillis R.   Fillingim M.   
England S.   Al Mheiri S.   Reed H. 

Scientific Payload of the Emirates Mars Mission:  Emirates Mars 
Ultraviolet Spectrometer (EMUS) Overview [#6073] 
The Emirates Mars Ultraviolet Spectrometer (EMUS) is an 
instrument of the Emirates Mars Mission, which will launch in 
2020. EMUS will observe key species (O, CO and H) in the upper 
atmosphere of Mars diurnally, seasonally and geographically. 

Alshamsi M.   Wolff M.   Jones A.   
Jeppesen C.   Osterloo M.   Khoory M.   
Drake G.   AlMheiri S.   Reed H.   
EXI Team 

Scientific Payload of the Emirates Mars Mission:  Emirates 
eXploration Imager (EXI) [#6029] 
Emirates eXploration Imager (EXI) instrument is one of three 
scientific instruments abroad the Emirate Mars Mission (EMM) 
spacecraft. The presentation will highlight scientific targets, 
CONOPS and instrument calibration plan before launch in 2020. 

 
Monday, July 22, 2019 
IS DUST CONTROLLING THE MARTIAN ATMOSPHERE? 
1:30 p.m.   Beckman Auditorium 
Chairs:  Meredith Elrod and Yuni Lee  

Times Authors (*Denotes Presenter) Abstract Title and Summary 
1:30 
p.m. 

Montabone L. *   Cantor B.   
Forget F.   Kass D.   Kleinboehl A.   
Millour E.   Smith M. D.   Spiga A.   
Wolff M. J. 

Reconstructing the Onset and Evolution of Large Dust 
Storms on Mars [#6436] 
We reconstruct the daily evolution of dust from multi-
annual satellite observations (martian year 24 through 34) 
for studying the impact of dust storms on the atmospheric 
system and preparing for future forecasting. 



1:45 
p.m. 

Heavens N. G. * Dusty Convection on Mars:  Progress 
and Prospects [#6343] 
Dusty heated air/Swiftly rising, mighty clouds/Leaking to the 
sky? Dusty heated air/Organizing many cells/Shallow 
convection? Dusty heated air/Energies and speeds Earth-
like/Organization? Dusty heated air/However rising, 
mighty/I review them here. 

2:00 
p.m. 

Kass D. M. *   Schofield J. T.   
Kleinböhl A.   McCleese D. J.   
Heavens N. G.   Shirley J. H. 

Mars Climate Sounder Observations of the 2018 Global Dust 
Event and Comparisons to Previous Events [#6307] 
Mars Climate Sounder observed the significant impacts of 
the 2018 GDE (Global Dust Event) on the atmosphere. The 
GDE had many similarities to the 2001 GDE. It appears that 
GED are distinct from even the largest regional dust storms. 

2:15 
p.m. 

Stcherbinine A. *   Vincendon M.   
Montmessin F.   Wolff M. J.   
Korablev O.   Fedorova A.   
Trokhimovskiy A.   Shakun A.   
Ignatiev N.   Belyaev D.   
Luginin M. 

Martian Aerosols in the 3µm Spectral Range, During and 
Outside the 2018 Global Dust Event Based on the TGO/ACS-
MIR Channel [#6097] 
Using the new infrared solar occultation observations 
provided by the TGO/ACS-MIR instrument, we present 
vertical profiles of water ice clouds in the martian 
atmosphere, and the effects of the last global dust event 
on them. 

2:30 
p.m. 

Elrod M. K. *   Bougher S.   
Roeten K.   Sharrar R.   Murphy J. 

Structural and Compositional Changes in the Upper 
Atmosphere Related to the PEDE-2018a Dust Event on Mars 
as Observed by MAVEN NGIMS [#6338] 
The onset of the PEDE-18a event caused the upper 
atmosphere structural, compositional, and temperature 
changes. NGIMS had the opportunity to observe changes in 
the upper atmosphere. The atmosphere showed turbulence 
after the onset of the dust event. 

2:45 
p.m. 

Streeter P. M. *   Lewis S. R.   
Patel M. R.   Holmes J. A.   
Kass D. M. 

Surface Warming During the 2018/MY 34 Mars Global 
Dust Storm [#6242] 
Surface warming during the 2018 Global Dust Storm is 
revealed from assimilating Mars Climate Sounder 
observations into a GCM. Net warming occurred at low 
thermal inertia regions, due to inhibited night-time cooling; 
elsewhere, net cooling occurred. 

3:00 
p.m. 

Vals M. *   Forget F.   Spiga A.   
Millour E.   Wang C.   Bertrand T.   
Bardet D. 

Modeling of Detached Dust Layers:  Parametrization of the 
Dust Entrainment by Slope Winds at the Top of Sub-Grid 
Scale Topography [#6220] 
The aim is to reproduce the detached dust layers observed 
in the atmosphere over the whole martian year. We 
implement a new parametrization of the entrainment of 
dust by slope winds at the top of sub-grid scale topography 
in the GCM of the LMD. 

3:15 
p.m. 

Bertrand T. *   Wilson R. J.   
Kahre M. A. 

Simulation of the 2018 Global Dust Storm on Mars Using the 
NASA Ames Mars GCM:  A Multi-Tracer Approach [#6284] 
We model the 2018/MY34 Global Dust Storm with the NASA 
Ames Mars GCM, making use of the available MCS opacity 
maps of the MY34 GDS coupled with multi-tracer 
simulations to aid in identifying lifting centers and 
accounting for 3-D dust transport. 
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Times Authors (*Denotes Presenter) Abstract Title and Summary 
1:30 
p.m. 

Freissinet C. *   Glavin D. P.   
Buch A.   Szopa C.   Teinturier S.   
Archer P. D. Jr   Williams A. J.   
Williams R.   Millan M.   Steele A.   
Navarro-Gonzalez R.   House C. H.   
Malespin C. A.   Mahaffy P. R. 

Detection of Long-Chain Hydrocarbons on Mars with the 
Sample Analysis at Mars (SAM) Instrument [#6123] 
Long-chain hydrocarbons were detected on Mars in the 
Cumberland clay-rich sample, with a new strategy 
developped to remove the oxygen from the sample and 
limit oxidation. 

1:45 
p.m. 

Szopa C. *   Buch A.   Freissinet C.   
Grubisic A.   Danell R.   Li X.   
Guzman M.   Grand N.   
Pinnick V.   Glavin D.   Stalport F.   
Raulin F.   Getty S.   
Brinckheroff W. B.   Goesmann D. 

Assessment of the Performance of Flight Model of the Mars 
Organic Molecule Analyzer (MOMA) Onboard the Rosalynd 
Franklin Rover [#6227] 
The Mars Organic Molecule Analyzer is a chemical anlayzer 
onboard the rover of the Exomars 2020 mission. This work 
presents the final tests of the flight model showing it meets 
the analytical requirements for the detection and 
identification on Mars. 

2:00 
p.m. 

Bernard S. *   Viennet J. C.   
Jacquemot P.   Le Guillou C.   
Balan E.   Delbes L.   Rigaud B.   
Georgelin T.   Jaber M. 

Searching for Biosignatures on Mars:  
Experimental Perspectives [#6204] 
The hydrothermal degradation of RNA in the presence of 
Mg-smectites leads to the precipitation of a quite 
uncommon mineral assemblage that could be seen as a 
biosignature if found on Mars. 

2:15 
p.m. 

Lanza N. L. *   Fischer W. W.   
Lamm S. N.   Gasda P. J.   
Meslin P.-Y.   Ollila A. M.   
Frydenvang J.   Clegg S. M.   
Cousin A.   DeLapp D.   Forni O.   
Reyes-Newell A.   Salvatore M.   
Wiens R. C. 

Manganese on Mars as an Indicator of Habitable 
Environments and as a Biosignature [#6445] 
The recent discovery of high manganese phases on Mars 
opens up new possibilities for habitable environments, and 
such phases may represent key materials in which to find 
evidence of biosignatures. 

2:30 
p.m. 

Aaron L. M. *   Steele A.   
Shkolyar S.   Seelos K.   Viviano C.   
Applin D.   Cloutis E. 

Investigating Oxalate Mineral Formations on Mars Using 
CRISM Hyperspectral Imaging Data [#6365] 
Significant amounts of carbonate minerals should be 
observed on Mars, but only small exposures have been 
detected. Could oxalates be the answer? 

2:45 
p.m. 

Gasda P. J. *   Parsons B.   
Nellessen M. A.   Crossey L.   
Das D.   Peterson E.   Lanza N.   
Yeager C.   Labouriau A.   
Wiens R. C.   Clegg S. 

The Potential for Prebiotic Chemistry in Borate-
Bearing Clays [#6118] 
Are borate-bearing clay minerals potentially a prebiotic 
chemical system for Mars? We will test this idea with a new 
set of experiments. 

3:00 
p.m. 

DasSarma S. *   DasSarma P.   
Laye V. J. 

Ancient Polyextremophilic Microbes with the Potential for 
Survival on Mars [#6006] 
Halophilic Archaea may survive on Mars due to exceptional 
physiological and genetic properties. By exposing cells to 
stressors in the laboratory or the environment, we are 
better understanding molecular properties for survival and 
adaptation on Mars. 



3:15 
p.m. 

Vago J. L. *   Rodionov D. S.   
Svedhem H.   Sefton-Nash E.   
Baglioni P.   Haldemann A.   
Rover Science Ops Working Group   
ExoMars Science Working Team   
ExoMars Project Team 

ExoMars 2020 Progress [#6011] 
This presentation will discuss the ExoMars 2020 mission’s 
preparation progress, with a focus on the rover and its 
strategy to search for biosignatures, including what we hope 
to find at the selected landing site. 

 
Monday, July 22, 2019 
VIEWS FROM ABOVE AND BELOW:  EXPANDING OUR KNOWLEDGE OF PAST MARS ENVIRONMENT 
4:00 p.m.   Beckman Auditorium 
Chairs:  Abigail Fraeman and Alfred McEwen  

Times Authors (*Denotes Presenter) Abstract Title and Summary 
4:00 
p.m. 

Milliken R. E. *   Grotzinger J. P.   
Wiens R.   Gellert R.   
Thompson L. M.   Sheppard R.   
Vasavada A.   Bristow T.   
Mangold N. 

The Chemistry and Mineralogy of an Ancient Lacustrine 
Sequence on Mars:  Lessons Learned from Integrating 
Rover and Orbiter Datasets [#6191] 
Integrating Curiosity and MRO data for strata in Gale crater 
provides a mechanism to link geologic processes to orbital 
mineral signatures. Bridging these spatial scales and 
implications for mineral detects elsewhere on Mars will 
be discussed. 

4:15 
p.m. 

Fox V. K. *   Bennett K. A.   
Arvidson R. E.   Ehlmann B. L.   
Stack K.   Dehouck E.   
Grotzinger J. P.   Bristow T.   
Salvatore M.   Catalano J. 

Martian Clay Minerals from Orbit to the Surface:  MSL and 
MER Rover Investigations of CRISM 
Smectite Detections [#6372] 
Investigation by both orbital and surface assets shows that 
combining information obtained at many spatial scales is 
critical to determining geologic context and aqueous 
conditions as indicated by the presence of clay minerals. 

4:30 
p.m. 

Yen A. S. *   Gellert R.   
Morris R. V.   Ashley J. W.   
Berger J. A.   Clark B. C.   
Cohen B. A.   Ming D. W.   
Mittlefehldt D. W.   O’Connell-
Cooper C. D.   Salvatore M.   
Schmidt M. E.   Schroeder C.   
Thompson L. M.   VanBommel S. J. 

Understanding Martian Alteration Processes by Comparing 
In-Situ Chemical Measurements from Multiple 
Landing Sites [#6373] 
Three is better than one:  Synergistic APXS datasets for 
understanding martian alteration. 

4:45 
p.m. 

Gellert R. *   Berger J. A.   
Boyd N. I.   Clark B. C.   
O’Connell-Cooper C. D.   
Ming D. W.   Mittlefehldt D. W.   
Schroeder C.   Thompson L. M.   
VanBommel S. J.   Yen A. S. 

Sulfur on Mars [#6099] 
Sulfates were quantified at 4 landing sites by the APXS. 
While S is ~5% SO3 in globally mixed soil now, very high 
contents in the Burns FM to very low (~1%) in clay bearing 
sediments indicate a significant change in 
environmental conditions. 

5:00 
p.m. 

Bouchard M. C. *   Jolliff B. L. Lithochemical Rock Suites of Endeavour Crater, Mars:  
Comparing Perseverance Valley, Spirit of St. Louis, and 
Marathon Valley [#6235] 
Possible formation mechanisms of Perseverance Valley are 
informed by lithochemical rock suites, including recent 
aeolian erosion, local aqueous alteration, mass wasting 
debris filling the “channel,” and a possible vertical offset of 
pre-impact units. 



5:15 
p.m. 

McCollom T. M. *   Hynek B. M. The Grasberg Formation:  A Rosetta Stone for 
Understanding the Origin and Diagenetic History of the 
Burns Formation at Meridiani Planum? [#6137] 
The Grasberg and Burns formations have nearly identical 
chemical compositions except for variable amounts of Mg 
and SO3. They probably came from the same or closely 
related basaltic sources, and experienced similar 
diagenetic histories. 

5:30 
p.m. 

Hynek B. M. *   McCollom T. M.   
Szynkiewicz A. 

Sulfur Cycling and Mass Balance at Meridiani, Mars [#6386] 
Mass balance calculations were completed in an attempt to 
understand the sources of sulfur and sediments at 
Meridiani. None of the existing hypotheses regarding these 
materials can account for the mass of sulfur and large 
volume of sediments. 

5:45 
p.m. 

Des Marais D. J. *   
Athena Science Team 

Scientific Legacy from the Spirit Rover’s Exploration of 
Gusev Crater [#6258] 
Spirit’s findings on geological, geochemical, and 
atmospheric processes at Gusev are reviewed. Subject areas 
include volcanism and impacts, soils, dust devils, aqueous 
alteration and mobility, hydrothermal activity, and past 
habitable environments. 

 
Monday, July 22, 2019 
BEYOND DUST:  WHAT’S NEW WHEN OBSERVING THE WEATHER? 
4:00 p.m.   Ramo Auditorium 
Chairs:  Claire Newman and Matteo Crismani  

Times Authors (*Denotes Presenter) Abstract Title and Summary 
4:00 
p.m. 

Banfield D. *   Spiga A.   
Newman C.   Lorenz R.   Forget F.   
Lemmon M.   Viudez-Moreiras D.   
Pla-Garcia J.   Teanby N.   
Murdoch N.   Garcia R.   
Lognonne P.   Kenda B.   Perrin C.   
Rodriguez S.   Lucas A.   
Kawamura T.   Mimoun D.   
Karatekin O.   Lewis S.   
Pike W. T.   McClean J.   
Charalambous C.   Mueller N.   
Millour E.   Mora-Sotomayor L.   
Navarro S.   Rodriguez-Manfredi J.-
A.   Torres J.   Maki J.   
Smrekar S.   Banerdt W. B.   
InSight Team 

Mars Atmospheric Science from NASA’s 
InSight Lander [#6348] 
InSight carries a sophisticated Meteorological Station and 
has observed a dust storm, baroclinic waves, thermal tides, 
gravity waves, undular bores, convective vortices (with dust 
cleaning), infrasound, clouds and aeolian change. We report 
on these. 

4:15 
p.m. 

Forget F. *   Banfield D.   
Millour E.   Spiga A.   Newman C.   
Viudez-Moreiras D.   Pla-Garcia J.   
Navarro S.   Mora Sotomayor L.   
Torres J.   Rodriguez-Manfredi J. A.   
Lewis S.   Lorenz R.   Lognonne P.   
Banerdt W. B. 

Large Scale Winds and Pressure Variations Observed 
by InSight [#6280] 
In spite of its low latitude, the Insight landing site is 
characterized by variabilities at various timescale of 
dynamical origins. The Insight met sensors provide an 
excellent dataset to better understand Mars meteorology 
and test our models. 



4:30 
p.m. 

Spiga A. *   Banfield D.   Pla-
Garcia J.   Newman C.   
Murdoch N.   Lorenz R.   
Lemmon M.   Lognonné P.   
Kenda B.   Garcia R.   Forget F.   
Millour E.   Mueller N.   
Navarro S.   Rodriguez S.   
Perrin C.   Banerdt W. B.   
APSS/TWINS team   
InSight Science Team 

Exploring Mars’ Planetary Boundary Layer 
with InSight [#6181] 
How InSight is helping to understand the martian 
atmosphere and weather close to the surface. 

4:45 
p.m. 

Newman C. E. *   Baker M.   
Banfield D.   de la Torre M.   
Forget F.   Gomez-Elvira J.   
Guzewich S.   Lewis K.   
Lewis S. R.   Marin Jimenez M.   
Montabone L.   Mora Sotomayor L.   
Navarro S.   Pla-Garcia J.   
Richardson M. I.   Rodriguez S.   
Rodriguez-Manfredi J. A.   Spiga A.   
Torres J.   Viudez-Moreiras D. 

The Impact of Dust Storms on the Near-Surface Meteorology 
of Mars [#6417] 
The MarsWRF model, driven by observed dust distributions, 
reproduces much of the observed atmospheric response to 
global or regional dust storms, hence may be used to 
indicate possible processes and feedbacks present in the 
real atmosphere. 

5:00 
p.m. 

Erwin J. T. *   Aoki S.   
Thomas I. R.   Trompet L.   
Vandaele A. C.   Robert S.   
Daerden F.   Ristic B.   
Villanueva G. L.   Liuzzi G.   
Lopez-Moreno J. J.   Bellucci G.   
Patel M. R. 

Martian Atmospheric Vertical Profiles:  Results from the 
First Year of TGO/NOMAD Operations [#6219] 
We present results on the retrievals vertical profiles for 
several species in the martian atmosphere from the first 
year measurements of the TGO/NOMAD. In particular, we 
present our progress on retrieving CO, H2O, and CO2 
vertical profiles. 

5:15 
p.m. 

Korablev O. I. *   Montmessin F.   
Fedorova A. A.   Trokhimovskiy A.   
Luginin M.   Ignatiev N. I.   
Lefèvre F.   Shakun A.   
Patrakeev A.   Belyaev D. A.   
Bertaux J. L.   Olsen K. S.   
Baggio L.   Alday J.   Wilson C. F.   
Guerlet S.   Young R. M. B.   
Millour E.   Forget F.   
Grigoriev A. V.   Maslov I.   
Patsaev D.   Arnold G.   Grassi D. 

One Year of ACS/TGO Observations of the 
Mars Atmosphere [#6416] 
ACS onboard the ExoMars TGO) observes the martian 
atmosphere, using solar occultations and nadir. Status 
update of the ACS results obtained during one year of 
observations with the emphasis on trace gases, and the 
major dust event will be given. 

5:30 
p.m. 

Crismani M. M. J. *   Villanueva G.   
Liuzzi G.   Mumma M. J.   
Smith M. D.   Vandaele A. C.   
Aoki S.   Thomas I. R.   Daerden F.   
Lopez-Valverde M. A.   Ristic B.   
Patel M. R.   Bellucci G.   
Lopez Moreno J. J. 

Maps of Martian Atmospheric H2O with Trace Gas 
Orbiter’s NOMAD/LNO [#6222] 
We present maps of H2O vapor as observed by the Trace 
Gas Orbiter over 10 months and across several martian 
seasons. These observations reveal geographic, diurnal and 
seasonal variations which partially agree and challenge 
global circulation models. 



5:45 
p.m. 

Sharaf O.   Amiri S.   AlDhafri S.   
AlRais A.   Wali M.   AlShamsi Z.   
AlQasim I.   AlHarmoodi K.   
AlTeneiji N.   Almatroushi H.   
AlShamsi M.   AlTeneiji E.   
Lootah F. *   Badri K.   
AlMazmi H.   Yousuf M.   
AlMheiri N.   McGrath M.   
Withnell P.   Ferrington N.   
Reed H.   Landin B.   Ryan S.   
Pramann B.   Brain D.   Deighan J.   
Chaffin M.   Edwards C.   
Forget F.   Lillis R.   Smith M.   
Wolff M. 

Emirates Mars Mission (EMM) 2020 Overview 
and Status [#6058] 
The Emirates Mars Mission is to launch an unmanned 
observatory, called Hope, in 2020. The mission is unique, 
and has a strong potential to create novel and significant 
discoveries that contribute to the global space 
science community. 

 
Tuesday, July 23, 2019 
HABITABILITY OF MODERN AND ANCIENT MARS 
8:30 a.m.   Beckman Auditorium 
Chairs:  Caroline Freissinet and Richard Zurek 

Times Authors (*Denotes Presenter) Abstract Title and Summary 
8:30 
a.m. 

Stamenkovic V. *   Ward L. M.   
Mischna M.   Fischer W. W. 

Modern-Day Subsurface Habitability and How to 
Explore It [#6266] 
We show that the modern-day martian subsurface is 
capable of sustaining briny environments that could contain 
orders of magnitude more oxygen than what is needed by 
aerobic microbes on the Earth to live. We also discuss how 
to explore such regions. 

8:45 
a.m. 

Sizemore H. G. *   Demchenko V.   
Zent A. P.   Rempel A. W.   
Stillman D. E. 

Habitability of High Latitude Martian Ground 
Ice, Revisited [#6224] 
We employ numerical simulations of subsurface 
temperature, unfrozen water content, and water activity to 
constrain habitability of shallow ice-cemented ground over 
the past 10 Ma. 

9:00 
a.m. 

Horgan B. *   Anderson R.   
Dromart G.   Amador E.   Rice M. 

Possible Lacustrine Carbonates in Jezero Crater:  
Implications for Mars 2020 and Mars Sample Return [#6443] 
Carbonate-bearing terrains along the western margin of 
Jezero crater exhibit spectral and topographic properties 
potentially consistent with lacustrine precipitates, which 
have high biosignature preservation potential. 

9:15 
a.m. 

Hausrath E. M. * Interpreting Potentially Habitable Past Conditions Recorded 
in Minerals on Mars [#6251] 
Mineral assemblages at Gale crater, Jezero crater, and Oxia 
Planum record evidence of past water-rock interactions on 
Mars. Interpreting these assemblages with geochemical 
kinetics and thermodynamics can help interpret 
past habitability. 

 
  



Tuesday, July 23, 2019 
HABITABILITY OF MODERN AND ANCIENT MARS PANEL 
9:30 a.m.   Beckman Auditorium 

Times Presenter Presentation 
9:30 
a.m. 

Webster C.  INVITED 

9:37 
a.m. 

Atreya S.  Methane on Mars from MSL-Curiosity and ExoMars-Trace 
Gas Orbiter:  A Destructive Role of Surface Oxidants? 

9:44 
a.m. 

Moores J. A Diurnal Cycle in Near-Surface Atmospheric Methane 
Concentration from Microseepage as Constrained by TLS 
and TGO 

9:51 
a.m. 

Zahnle K. The Paradox of Mars Methane 

9:58 
a.m. 

Viscardy S. Searching for the Most Probable Source Locations of the 
Methane Detected by Curiosity and PFS in Mid-June 2013 

10:05 
a.m. 

Novak R. Mapping Methane and Water During Northern Mid-Winter 
and Mid-Summer on Mars 

10:12 
a.m. 

 DISCUSSION 

 
Tuesday, July 23, 2019 
VOLATILES AND ATMOSPHERIC EVOLUTION 
8:30 a.m.   Ramo Auditorium 
Chairs:  Patricio Becerra and Jeff Plaut 

Times Authors (*Denotes Presenter) Abstract Title and Summary 
8:30 
a.m. 

Buhler P. B. *   Piqueux S.   
Ingersoll A. P.   Ehlmann B. L.   
Hayne P. O. 

The Co-Evolution of Mars’ Atmosphere and Massive South 
Polar CO2 Ice Deposit [#6008] 
Our model of Mars’ atmosphere and Massive CO2 Ice 
Deposit (MCID) co-evolution explains why only the south 
pole has an MCID, why the Residual South Polar Cap exists, 
and the observed MCID stratigraphy. We calculate Mars’ 
pressure history and MCID age. 

8:45 
a.m. 

Warren A. O. *   Kite E. S.   
Williams J.-P.   Horgan B. 

Multi-Gyr History of Mars’ CO2-Dominated Atmosphere:  
New Data and a New Synthesis [#6112] 
New paleopressure upper limits from exhumed craters in 
ancient sediments shed light on Mar’s possible atmospheric 
pressure evolution from 4–3.8 Ga. 

9:00 
a.m. 

Smith I. B. * Mars Polar, Ice, and Climate Science:  A Summary of Recent 
Work and Our Current State of Knowledge [#6306] 
In this abstract I summarize the enormous amount of work 
that has been done by the polar and climate community 
since the 8th Mars Conference and highlight science 
questions that will guide us into the future. 

9:15 
a.m. 

Wernicke L. J. *   Jakosky B. M. The History of Water on Mars:  Hydrated Minerals as a 
Water Sink in the Martian Crust [#6065] 
We use published surveys of the global distribution and 
abundance of hydrated minerals (HM) to calculate the total 
volume of water stored in HM within the martian crust and 
determine that HM are a significant sink for martian water. 



9:30 
a.m. 

Mahaffy P. R. *   Franz H. B.   
Webster C. R.   Malespin C.   
Atreya S. K.   Schwenzer S. P.   
Stern J. C.   Pavlov A. A.   
Martin P. E.   Farley K. A.   
Navarro-Gonzalez R. 

Atmospheric History and Surface Redox Processes Inferred 
from MSL and Maven Isotope Ratios [#6047] 
Isotopic signatures of atmospheric loss and aqueous 
geochemical cycles from measurements made by MSL’s 
SAM in Gale crater and from orbit with MAVEN’s NGIMS. 

9:45 
a.m. 

Nerozzi S. *   Holt J. W.   Forget F.   
Spiga A.   Millour E. 

Reconstructing the Climate-Driven Evolution of Planum 
Boreum with Sounding Radar, Visible Imagery and General 
Circulation Models [#6433] 
Frosty caps on Mars / Don’t be shy, why are you there? / 
Remotely, we learn. 

10:00 
a.m. 

Plaut J. J. * Radar Sounding of the Polar Terrains of Mars:  Past 
And Prologue [#6248] 
This paper presents a review of results obtained from radar 
observations and looks to the future of both MARSIS and 
SHARAD, as well as follow-on systems that can fill gaps in 
our understanding of the links between polar stratigraphy 
and climate. 

10:15 
a.m. 

Becerra P. *   Sori M. M.   
Thomas N.   Pommerol A.   
Sutton S. S.   Tulyakov S.   
Simioni E.   Cremonese G. 

Timescales of the Climate Record in the Martian South Polar 
Layered Deposits [#6273] 
The layered structure of Mars’ South Polar Layered Deposits 
is thought to record orbitally forced oscillations of climate. 
We reveal periodicities in the stratigraphy that match orbital 
frequencies and calculate accumulation rates 
and timescales. 

 
Tuesday, July 23, 2019 
POSTER SESSION:  GEOLOGY AND GEOCHEMISTRY OF GALE 
10:30 a.m.   Beckman Institute Patio 

Authors Abstract Title and Summary 
Christian J. R.   Arvidson R. E.   
Powell K. E. 

Advanced CRISM Processing Results and Implications for 
Curiosity’s Traverses on Mount Sharp [#6205] 
We use atmospheric models and a neural network to extract 
single-scattering albedo and surface kinetic temperatures to 
characterize sulfate-bearing strata near Mount Sharp. We use 
high-resolution topographic data to correct results for 
slope effects. 

Trigler T. E.   Buz J.   Edwards C. S.   
Rice M. M.   Starr M.   Seeger C. 

Using Multispectral Imagery of Float Rocks to Predict Upcoming 
Stratigraphy at Gale Crater [#6114] 
The identification of float rocks within multispectral imagery at 
Gale Crater allows for comparison to in situ rocks. This spectral 
analysis will allow us to identify materials which may be sourced 
from the upper stratigraphy of Mt. Sharp. 

Bryk A. B.   Dietrich W. E.   Lamb M. P.   
Grotzinger J. P.   Vasavada A. R.   
Stack K. M.   Arvidson R.   Fedo C. M.   
Fox V. K.   Gupta S.   Wiens R. C.   
Williams R. M. E.   Kronyak R. E.   
Lewis K. W.   Rubin D. M.   Rapin W. N.   
Le Deit L.   Le Mouélic S.   Edgett K. S.   
Fraeman A. A.   Banham S. G.   
Huges M. N.   Kah K. C. 

What was the Original Extent of the Greenheugh Pediment and 
Gediz Vallis Ridge Deposits in Gale Crater, Mars? [#6296] 
Curiosity is approaching landforms (Greenheugh pediment and 
Gediz Vallis ridge) which are hypothesized to have been more 
aerially extensive in the past. Our work addresses these 
hypotheses using HiRISE-based topography and rover-
based images. 



Gasnault O.   Pinet P.   Wiens R. C.   
Dehouck E.   Gasda P.   Forni O.   
Lasue J.   Stack K.   Maurice S.   
Fabre C. 

Targeting and Classifying Drill Holes on Mars 
with ChemCam [#6199] 
Cursiosity sampled the sedimentary bedrock in various formations 
from a basaltic to a more altered composition. We propose a 
robust clustering method helping to identify similar compositions 
and highlight differences from one locality to another. 

Thompson L. M.   Berger J. A.   
Boyd N. I.   Gellert R.   O’Connell-
Cooper C.   Schmidt M. E.   Spray J. G.   
Yen A. S. 

APXS-Derived Compositions at Gale Crater and Beyond:  
Implications for the History of Gale Crater and the 
Martian Crust [#6304] 
We highlight results of the APXS geochemical investigation of Gale 
crater, comparing with previous rover missions as well as the 
martian meteorite record. We discuss the implications for the 
evolution of Gale crater and Mars in general. 

Berger J. A.   Gellert R.   King P. L.   
Ming D. W.   O’Connell-Cooper C. D.   
Schmidt M. E.   Spray J. G.   
Thompson L. M.   VanBommel S. J. V.   
Yen A. S. 

Phosphorus Results from the APXS in Gale Crater:  Occurrence 
and Evidence of In Situ Mobility [#6336] 
Elevated P2O5 detected by the APXS in diagenetic features and 
fracture-associated haloes is evidence that phosphorus was 
mobile during and/or after emplacement of the sediment in 
Gale Crater. 

L’Haridon J.   Mangold N.   Wiens R. C.   
Cousin A.   David G.   Johnson J. R.   
Fraeman A.   Rapin W.   Frydenvang J.   
Dehouck E.   Schwenzer S.   Gasda P.   
Lanza N.   Bridges J.   Horgan B.   
House C.   Meslin P.-Y.   Salvatore M.   
Gasnault O.   Maurice S. 

Iron-Rich Diagenetic Features Analysed In the Murray Formation 
at Gale Crater, Mars, Using Chemcam Onboard the 
Curiosity Rover [#6079] 
Plenty of dark-toned diagenetic features (nodules, veins, 
pseudomorphosed crystals) are observed at the Vera Rubin ridge. 
They are composed of crystalline hematite, related to local 
mobilization of Fe in late event(s) of groundwater circulation. 

Baker A. M.   Ganter G. E.   
Nellessen M. A.   Newsom H. E.   
Jackson R. S.   Nachon M.   Rivera-
Hernandez F.   Williams J.   Wiens R. C.   
Frydenvang J.   Gasda P.   Lanza N.   
Ollila A.   Clegg S.   Gasnault O.   
Maurice S.   Meslin P.-Y.   Cousin A.   
Rapin W.   Lasue J.   Forni O.   
L’Haridon J.   Blaney D.   Payre V.   
Mangold N.   LeDeit L.   Anderson R. 

Analysis of Calcium Sulfate-Cemented Sandstones and Veins Along 
the MSL Traverse, Gale Crater, Mars [#6241] 
We have confirmed the likely presence of Ca-S cement 
(interpenetrating a silicate matrix) in many ChemCam analyses 
using the typical 25 dust free shots on each target point to assess 
homogeneity of targets that are a mixture of Ca-S and silicate. 

Jackson R. S.   Ollila A. M.   
Nellessen M. A.   Baker A. M.   
Wiens R. C.   Forni O.   Reyes-
Newell A. L.   Mangold N.   Cousin A.   
Frydenvang J.   Clegg S.   Newsom H. E. 

Strontium in Ca-Sulfate Veins and Cements at Gale 
Crater, Mars [#6315] 
Ca-sulfates may / Record salt content in Gale / Strontium 
might tell. 

Comellas J. M.   Newsom H. E.   
Scuderi L. A.   Gallegos Z. E.   
Wiens R. C.   Bridges J. C.   Banham S.   
Seeger T. 

Sedimentary Structure and Morphology of the Ireson Hill Deposit, 
Gale Crater, Mars [#6442] 
Ireson Hill, located on the Murray formation in Gale Crater, shows 
stratification that indicates a different depositional and erosional 
history than the surrounding area, but does not appear to consist 
of a cap of all Stimson material. 



Forni O.   Meslin P.-Y.   Cousin A.   
Clegg S. M.   Mangold N.   Le Deit L.   
Gasnault O.   David G.   Nachon M.   
Blaney D.   Newson H.   Maurice S.   
Wiens R. C.   Gaft M. 

Fluorine on Mars:  Seven Years of Detection with ChemCam On-
Board MSL [#6095] 
We report fluorine detection by ChemCam on board MSL-curiosity 
during its traverse. We present the geological settings in which it 
is found and propose some interpretaion about the mineralogical 
phases it is found and their respective formation. 

David G.   Cousin A.   Forni O.   
Meslin P. Y.   Mangold N.   L’Haridon J.   
Dehouck E.   Lanza N. L.   
Fraeman A. A.   Ollila A. M.   
Newell A. R.   Gasnault O.   Wiens R. C.   
Rapin W.   Maurice S.   Salvatore M. 

Hematite Mineral Grains Observed by ChemCam Across the Vera 
Rubin Ridge Sedimentary Rocks at Gale Crater, Mars [#6238] 
We have built a specific iron calibration curve, based on 
experiments using LIBS, and dedicated to iron oxide mixtures with 
basaltic conditions to assess the composition of diagenetic 
features and to track the hematite through the Vera Rubin ridge. 

Dehouck E.   Cousin A.   Mangold N.   
Frydenvang J.   Lasue J.   Meslin P.-Y.   
Gasnault O.   Fox V. K.   Bennett K. A.   
Maurice S.   Wiens R. C. 

MSL/ChemCam at Glen Torridon:  Geochemistry of the Orbitally-
Identified Clay-Bearing Unit of Gale Crater [#6125] 
Data collected by MSL/ChemCam in the clay-bearing terrains of 
Glen Torridon, Gale crater, show that two compositionally-distinct 
types of bedrock (Mg-rich and K-rich) are present and that both 
bear geochemical evidence for open-system alteration. 

McAdam A. C.   Sutter B.   Archer P. D.   
Franz H. B.   Eigenbrode J. L.   
Stern J. C.   Knudson C. A.   
Lewis J. M. T.   Wong G. M.   
Andrejkovicova S.   Hogancamp J. V.   
Achilles C. N.   Ming D. W.   
Morris R. V.   Bristow T. F.   
Rampe E. B.   Navarro-Gonzalez R.   
Johnson S. S.   Williams A. J.   
Mahaffy P. R. 

Constraints on the Chemistry and Mineralogy of the Clay-Bearing 
Unit from Sample Analysis at Mars Evolved Gas Analyses [#6131] 
We discuss trends in the volatiles observed during Mars Science 
Laboratory Sample Analysis at Mars instrument evolved gas 
analyses of clay-bearing unit samples and their implications for 
depositional and diagenetic history. 

Smith R. J.   Dehouck E.   McLennan S. Amorphous Component Compositional Ranges in Gale 
Crater, Mars [#6324] 
Sedimentary rocks in Gale crater contain significant amorphous 
components. We calculate possible ranges of amorphous 
component compositions using data uncertainties. These 
compositional ranges are needed to verify actual differences 
between samples. 

Herkenhoff K. E.   Yingst R. A.   
Johnson J. R. 

Measuring Dust Contamination of the Mars Science Laboratory 
MAHLI Calibration Target using Red/Blue Color Ratios [#6101] 
Mars Science Laboratory MAHLI data show changes in dust 
contamination on the calibration target in calibrated color data, 
consistent with episodic deposition and removal by winds. 
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Authors Abstract Title and Summary 
Baum M. M.   Wordsworth R. D. Modeling Groundwater Flow to Gale in a 

Warming Climate [#6187] 
Observations in Gale Crater point to a complex hydrological 
history under a potentially widely varying climate. We model 
groundwater flow to Gale in after a sudden warming event with a 
downward thawing crust. 



Sheppard R Y.   Milliken R. E.   Itoh Y.   
Parente M. 

Mineral Stratigraphy Around Mt. Sharp Suggests Aqueous 
Processes Affected the Entire Mound:  Directions for Upcoming 
Rover Observations from Orbital Data [#6289] 
Mineral mapping around Mt. Sharp shows transitions involving 
clays and mono- and polyhydrated sulfates are found around the 
mound, varying in vertical thickness. The primary or diagenetic 
processes that formed these minerals affected the whole mound. 

Rapin W.   Ehlmann B. L.   Dromart G.   
Schieber J.   Le Deit L.   Stack K.   
Le Mouélic S.   Fox V.   Fischer W. W.   
Clark B.   Kah L.   Mangold N.   
Wiens R. C.   Thompson L.   
Gabriel T. S. J.   Hardgrove C.   
Vasavada A.   Edgett K. S.   Reyes-
Newell A. L. 

Diversity of Sulfate-Bearing Sedimentary Rocks and 
Paleoenvironments at Gale Crater [#6161] 
Sulfate enrichments have been observed as crystals and grains, 
and finely disseminated in the bedrock at Gale Crater and may 
hold important implications paleoenvironments. 

Lamm S. N.   Salvatore M. R.   
Horgan B.   Chan M. A. 

Constraining the Role of Diagenesis in Vera Rubin Ridge of Gale 
Crater, Mars:  Insights from a Terrestrial Analog 
Sedimentary Environment [#6370] 
In 2017 Vera Rubin Ridge was reached, We found evidence the 
Jura might have been bleached, Comparing VRR to Jurassic Navajo 
Sandstone seems smart, At the very least it is a good start, since 
we can compared which elements were leached. 

Pondrelli M.   Rossi A. P.   Le Deit L.   
Schmidt G.   Pozzobon R.   Hauber E.   
Salese F. 

Groundwater Control on the Sulfate-Bearing Layered Deposits of 
Kotido Crater, Mars [#6037] 
The Layered Deposits of Kotido crater (Arabia Terra) were 
mapped and analyzed. Fluid expulsion processes controlled by 
groundwater fluctuations appear to be the driving mechanism on 
the deposition/preservation. 

Angles A. The Qaidam Basin in North Tibet, a Martian Analogue. 
Applications for Landing Sites of Mars Missions [#6209] 
The Qaidam Basin, in northwestern Tibetan Plateau, is a potential 
martian analogue that can give us insight to unfold clues to study 
the martian modern environments. The Qaidam Basin harbors 
very similar extreme conditions that those on Mars today. 

Scuderi L. A.   Nagle-McNaughton T.   
Newsom H. E.   Williams J.   
Gallegos Z. E. 

Evidence for Resurfacing and Subsequent Groundwater Seepage 
Peace Vallis Channel, Gale Crater, Mars [#6285] 
The Peace Vallis alluvial fan (AF), dated to <2.0Ga, represents a 
resurfacing event with source material derived from the PV 
drainage. Analysis of the lower main drainage shows terrace and 
erosional features related to this AF resurfacing event. 

Gallegos Z. G.   Newsom H. E.   
Scuderi L. A.   Wiens R. C.   Grant J. A.   
Gasnault O.   Le Mouélic S.   
Johnstone S. E.   Escarcega K.   Edge E. 

Formation and Evolution of the Multi-Stage Peace Vallis Alluvial 
Fan System, Gale Crater, Mars [#6419] 
The Peace Vallis alluvial fan is now recognized through this study 
as a complex, multi-stage system (Hesperian-Amazonian) with the 
investigation of rover-based ChemCam RMI imagery and 
orbital data. 

Newsom H. E.   Scuderi L. A.   
Gallegos Z. E.   Nagle-McNaughton T. P.   
Tornabene L. L.   Calef III F. J.   
Schmidt M. E.   Churchill J.   
Wiens R. C.   Grant J. A.   Palucis M. C. 

Southern Watershed and Fluvial History of the Peace Vallis Fan 
System, Gale Crater, Mars [#6119] 
The discovery of a substantially larger watershed for Peace Vallis 
confirms the importance of this watershed as a source for the 
Gale Crater lake and PV fan deposits, but especially for the late 
fine grained PV fan deposits of Amazonian age. 



Salvatore M. R.   Goudge T. A.   
Bramble M. S.   Liu Y.   Edwards C. S. 

The Composition and Thermophysical Character of Jezero Crater 
and its Surrounding Watershed [#6264] 
We highlight our current understanding of the composition and 
thermophysical properties of Jezero crater and its watershed in 
preparation for the Mars 2020 rover mission. We also describe 
(and advocate for) ongoing and future work. 

Cowart J. C.   Rogers A. D. The Role of Fluvial Processes in Highlands Clastic 
Bedrock Formation [#6130] 
We report examples of fluvial landforms preserved within 
highlands intercrater bedrock plains. These features highlight the 
role of clastic processes in early martian resurfacing. 

Stucky de Quay G.   Kite E.   Mayer D. Alluvial Fan and Source Channel Systems on Mars:  Fluvial 
Timescales and Ancient Climate [#6452] 
Mars crater rim channels sourcing alluvial fans were mapped and 
analyzed using erosion and sediment transport models. Total 
fluvial activity was between 100 yr – 1 Myr, with intermittencies 
and channel morphologies consistent with an arid climate. 

Zigo H. F.   Edwards C. S.   
Salvatore M. R. 

An Ancient Inverted Valley Network Preserved by Olivine-Rich 
Volcanic Infill [#6295] 
We have found evidence for a new and unique type of deposit:  
olivine-bearing material with a sinuous and branching 
appearance. The goal of this effort is to determine the origin, 
structure, processes, and timeline of this feature. 

Moore J. M.   Howard A. D.   
Wilson S. P.   Morgan A. M. 

Terrain-Conforming Light-Toned Mantles in the Hellas Basin 
Region, Mars [#6021] 
There is substantial evidence for widespread deposition of a 
terrain-conforming, post-Noachian light-toned deposit. We give 
two areas as examples:  Majuro Crater, and along a fluvial 
system draining the NE Hellas basin slope. 

Weintraub A. R.   Edwards C. S. Determining the Uniqueness of Licus Vallis Through Regional and 
Local Geologic Mapping [#6425] 
This project will construct a geologic map that incorporates 
thermophysical and compositional data to understand the 
formational history of Licus Vallis. 
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Bultel B.   Viennet J.-C.   Poulet F.   
Carter J.   Werner S. C.   
Krzesińska A. M. 

New Insights into Noachian Climates Thanks to Carbonate Finding 
in Martian Weathering Profiles? [#6154] 
Carbonates are detected on martian weathering profiles at global-
scale. It implies at least the presence of inorganic carbon in the 
starting solution and possibly local presence of other acid(s). This 
is consistent with denser, CO2-rich atmosphere. 

Ruff S. W.   Hamilton V. E.   
Rogers A. D.   Edwards C. S.   Horgan B.   
Niles P. B. 

On the Trail of Martian Carbonates [#6366] 
The search for martian carbonates has been motivated by the 
desire to understand past climatic conditions. Observations of 
olivine-carbonate rocks in Nili Fossae and Columbia Hills, 
supported by lab work, suggest carbonic acid alteration. 



Viennet J.-C.   Bultel B.   Werner S. C. Experimental Investigation of the Martian Weathering Profiles 
Argue for a Dense Noachian CO2 Atmosphere [#6200] 
Martian weathering profiles have been experimentally 
investigated thanks to a column system. The results show that the 
martian weathering profiles are better reproduced using an 
aqueous solution in equilibrium with a dense CO2 atmosphere. 

Steakley K. E.   Kahre M. A.   
Haberle R. M.   Zahnle K. J. 

Testing Early Mars Impact Delivery of Reducing Greenhouse Gases 
with the NASA Ames Mars Global Climate Model [#6151] 
We simulate the early Mars climate response to an impact 
accounting for water, energy, and H2 injected into the 
atmosphere. We assess whether the post-impact environment 
would be conducive to the formation of surface fluvial features. 

Boatwright B. D.   Head J. W. Mars Before the Valley Networks:  Outstanding Questions on 
Noachian Crater Degradation and Early Climate [#6096] 
Valley networks formed / At end of Noachian / What 
happened before? 

Thomas T. B.   Hu R. Evolution History of the Isotopic Composition of Nitrogen in the 
Martian Atmosphere [#6314] 
We construct a model of nitrogen evolution consistent with the 
present-day isotopic composition and the knowledge of volcanic 
outgassing and nitrate deposition. With a revised photochemical 
loss, our model implies a reasonable amount of outgassing. 

Tarnas J. D.   Mustard J. F.   
Sherwood Lollar B.   Cannon K. M.   
Palumbo A. M.   Plesa A.-C.   
Bramble M. S. 

Mars Could have been Warmed by Eccentricity Variations or a 
Subsurface Biosphere [#6345] 
Based on our knowledge of abiotic CH4 formation on Earth, the 
CH4 that may have generated above-freezing conditions on Mars 
via transient reducing greenhouse atmospheres likely did not 
form abiotically. 

Scudder N. A.   Horgan B.   Rutledge A.   
Rampe E. B.   Smith R. J.   Graly J. 

Mineralogical Signatures of Cold and Icy Climates on Ancient and 
Modern Mars [#6437] 
Based on results from glacial Mars analog sites in Oregon and in 
mafic regions of the Antarctic ice sheet, ice/snowmelt weathering 
is consistent with observed Amazonian and Hesperian sediments, 
but warmer climes are required for Noachian mineralogy. 

Hill J. R.   Christensen P. R. New Constraints on the Formation Ages of the Chloride-Bearing 
Deposits in the Martian Southern Hemisphere [#6115] 
An improved global mapping of chloride-bearing deposits has 
shown they formed almost exclusively in the Noachian, with the 
largest number forming in the Late Noachian before their 
formation mechanism very quickly ceased in the very 
early Hesperian. 

Holo S. J.   Kite E. S.   Robbins S. J. Mars Obliquity Through Deep Time:  New Constraints from the 
Bombardment Compass [#6091] 
Elliptic crater orientations provide a “bombardment compass” for 
Mars, recording the angles between impactors and Mars’ spin 
axis. Comparison of models and global data constrain Mars’ 
obliquity to be lower than expected throughout the Amazonian. 

Banham S. G.   Gupta S.   Rubin D. M.   
Edgett K. S.   Van Beek J.   Watkins J. A.   
Edgar L. A.   Fedo C. M.   Stack K. M.   
Vasavada A. R. 

A Rock Record of Complex Hesperian Aeolian Bedforms in Gale 
Crater, Mars [#6122] 
A planet’s ancient climate / Laid bare to see / In fragmented 
desert stones. 



Miura Y.   Kato T. Martian World between the Moon and Earth:  EARTH:  
Imcomplete Global System [#6444] 
Martian rocky environments with atmosphere are three isolated 
rock-age peaks clearly, which might be regional activity of impact 
shocked processes developed to any habitable environment with 
carbon-volatiles related with air and rocks with fluids. 
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Chaouche N.   Stalport F.   Cottin H.   
Audoux T.   Rouquette L.   Lasne J.   
Szopa C.   Coll P. 

Studying the Evolution of Nucleobases in Mars-Like Conditions:  
Impacts of Perchlorates on Uracil and Cytosine Under Ultra-
Violet Irradiation [#6080] 
This study focuses on the effect of a calcium perchlorate solid 
phase on the evolution of nucleobases (uracil and cytosine) in a 
martian simulated environment (in terms of temperature, 
pressure and UV radiation). 

Williams J. M.   Nagle-McNaughton T. P.   
Newsom H. E.   Gallegos Z. E.   
Wilkie H. A.   Martinez D. C.   
Scuderi L. A. 

Remote Sensing Techniques to Investigate Potential Recent 
Exposure on Mars for High Biosignature 
Preservation Potential [#6413] 
Analyzing aeolian dominated erosion scarp retreat in Jezero crater 
can aid in the identifying fresh outcrops that were previously 
shielded from solar and cosmogenic radiation and may be useful 
to identify samples with potential biosignatures. 

Ruiz-Galende P.   Siljeström S.   Torre-
Fdez I.   Castro K.   Arana G.   
Madariaga J. M. 

Spectroscopic Analysis of Organic Molecules in Martian 
Analogue Samples [#6182] 
The analysis of organic molecules in a basaltic martian analogue 
similar to the stratigraphy of the landing sites of the next ESA and 
NASA missions to Mars is shown. Finding organic molecules may 
help in the search of present or past life in Mars. 

Guzman M.   Szopa C.   Freissinet C.   
Buch A.   Fornaro T.   Goesmann F. 

Gas Chromatography-Mass Spectrometry Detection of Diagnostic 
Features of Molecular Bioindicators Adsorbed on Minerals 
Relevant to ExoMars’s MOMA Instrument [#6167] 
The Mars Organic Molecule Analyzer (MOMA) includes a gas 
chromatograph-mass spectrometer (GCMS). This study tests the 
GCMS detection of organic bioindicators adsorbed on a mineral at 
three concentrations in the presence of Mg-perchlorate. 

Nellessen M. A.   Crossey L.   
Peterson E.   Gasda P. J.   Lanza N.   
Yeager C.   Parsons B.   Labouriau A.   
Wiens R. C.   Clegg S.   Das D. 

Boron Adsorption in Clay Minerals:  Implications for Martian 
Groundwater Chemistry and Prebiotic Processes [#6353] 
Experimental analysis of boron adsorption to Mars-analog clays to 
understand boron interactions in martian setting and to improve 
boron detection using LIBS analysis. Boron-clays on Mars have 
potential prebiotic implications. 

Gloesener E.   Karatekin Ö.   Dehant V. Stability of Clathrate Hydrates at Low Latitude on Mars [#6170] 
In this work, the stability depth of methane clathrate hydrates in 
the martian subsurface is investigated considering sloped surfaces 
at low latitude and especially in regions where methane has been 
locally reported. 



Luo Y.   Mischna M. A.   Yung Y. L.   
Kleinböhl A.   Chen P. 

Localizing Putative Methane Sources on Mars from Spacecraft 
Observations and Back-Trajectory Modeling Techniques [#6057] 
We have used back-trajectory modeling techniques to localize the 
source of Mars methane plumes detected at Gale crater. Our 
method simplifies the localization problem and our first results 
look promising that the approach will succeed. 

Viscardy S.   Daerden F.   Neary L.   
Giuranna M.   Etiope G.   Oehler D. 

Searching for the Most Probable Source Locations of the Methane 
Detected by Curiosity and PFS in Mid-June 2013 [#6162] 
An innovative statistical approach of atmospheric model 
simulations was developed to search for the most likely source 
locations of methane emitted in the atmosphere. This method 
was applied to the release event detected by Curiosity and PFS 
in 2013. 

Moores J. E.   King P. L.   Smith C. L.   
Martinez G. M.   Newman C.   
Guzewich S.   Meslin P.-Y.   Atreya S.   
Webster C.   Mahaffy P.   
Schuerger A. C. 

A Diurnal Cycle in Near-Surface Atmospheric Methane 
Concentration from Microseepage as Constrained by TLS 
and TGO [#6102] 
TGO provides a powerful constraint on the methane 
concentration of the bulk martian atmosphere which can be used 
to calculate the flux of methane out of the subsurface with MSL’s 
TLS instrument. A diurnal cycle would be expected. 

Novak R. E.   Mumma M. J.   
Villanueva G. L.   Faggi S. 

Mapping Methane and Water During Northern Mid-Winter and 
Mid-Summer on Mars [#6346] 
We present maps of methane on Mars for mid-Northern Summer 
and mid-Northern Winter. Column densities of methane vary with 
season, peaking during the summer, and location. We conclude 
that Methane is released in plumes from the sub-surface. 

Atreya S. K.   Encrenaz T.   Korablev O.   
Mahaffy P. R.   Moores J. E.   
Vandaele A. C.   Webster C. R.   
Meslin P.   Navarro-Gonzalez R. 

Methane on Mars from MSL-Curiosity and ExoMars-Trace Gas 
Orbiter:  A Destructive Role of Surface Oxidants? [#6067] 
We propose a hypothesis of fast destruction of methane by 
surface oxidants near the surface of Mars to reconcile apparent 
discrepancy between the TGO data, which show no methane on 
Mars, and the MSL data, which show a low background level of 
methane and occasional spikes. 

Meslin P.-Y.   Weinmann J.   Moores J.   
Smith C. L.   Forget F.   Millour E.   
Gough R.   Atreya S.   Webster C.   
Mahaffy P. 

Implications of a Strong Adsorption Process on the Variability of 
Methane in the Martian Atmosphere [#6401] 
We explore the effect of adsorption of methane in the regolith on 
its atmospheric distribution using a GCM. We try to reproduce the 
variations of CH4 observed by SAM at Gale and investigate if this 
process could reconcile SAM and TGO observations. 

Zahnle K. J.   Catling D. C. The Paradox of Mars Methane [#6132] 
The most economical way to reconcile paradoxical disagreements 
between observers on the levels of methane on Mars is that the 
gas has yet to be detected. We show that MSL detections of 
methane are at the level of instrumental noise. 
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Landis M. E.   McEwen A. S.   
Daubar I. J.   Hayne P. O.   Byrne S.   
Dundas C. M.   Sutton S. S.   Britton A.   
Herkenhoff K. E. 

Mars’ Polar Layered Deposits Geology and History as Revealed by 
Impact Craters [#6335] 
We summarize the state of knowledge on the surface ages of 
both the north and south polar layered deposits and discuss 
results from a new, dated impact on the South Polar Layered 
Deposits (SPLD). 

Emmett J. A.   Murphy J. R.   
Kahre M. A. 

Quantifying Net Annual Polar Deposition Rates of Water Ice and 
Dust on Mars at Various Obliquities with the Ames Mars General 
Circulation Model [#6144] 
Layers in Mars’ Polar Layered Deposits may record climate change 
over the past ~ Myrs. We employ a climate model to demonstrate 
that obliquity cycle-induced variations in polar deposition may 
produce complex stratigraphy reminiscent of PLD structure. 

Khayat A. SJ.   Smith M. D.   
Guzewich S. D. 

Understanding the Water Cycle Above the North Polar Cap on 
Mars Using MRO CRISM Retrievals of Water Vapor [#6290] 
MRO/CRISM retrievals of water vapor column abundances over 
the North Polar Region (NPR) of Mars were performed, where a 
maximum value of 90 pr–µm is retrieved over the ice-covered 
regions, as compared to 60 pr–µm over ice-free regions. 

Pascuzzo A. C.   Condus T.   
Mustard J. F.   Arvidson R. E. 

The Effects of Ice and Dust Aerosols, and Surface Scattering on the 
Interpretation of the Martian North Polar Ice Cap Surface 
Characteristics Using CRISM VNIR-SWIR Data [#6380] 
VNIR-SWIR studies investigating seasonal changes of the polar ice 
caps should prioritize corrections for the variable state of aerosols 
in the atmosphere and surface scattering behavior of ice in order 
to minimize error and misinterpretation. 

Bapst J.   Byrne S.   Bandfield J. L.   
Hayne P. O.   Piqueux S. 

Thermophysical Evidence for Recent Accumulation and Ablation of 
Water Ice at the North Pole of Mars [#6328] 
Derived thermal properties of north-polar exposed water ice 
supports regionally-variable accumulation and ablation. 
Identifying both lateral and vertical spatial variability is important 
for understanding the polar layered deposits, past and present. 

Wilcoski A. X.   Hayne P. O. Modeling Surface Texture Formation of the Martian North Polar 
Residual Cap [#6129] 
We model the insolation-driven evolution of the martian north 
polar residual cap surface texture, and investigate the timescales 
over which these features form. 

Angell P.   Christensen P.  R. Comparison of Seasonal Temperature Variations, Albedo 
Variations, and Sublimation Activity for CO2 ice and H2O Ice Near 
the Martian South Pole [#6168] 
This project investigates seasonal temperature and albedo 
variations in two martian south polar regions with the goal of 
understanding the CO2 sublimation processes and the differences 
between regions covered with H2O ice and CO2 ice. 



Cesar C.   Pommerol A.   Thomas N.   
Becerra P.   Hansen C. J.   
Portyankina G.   Cremonese G. 

Polar Spots on Mars Observed with the Colour and Stereo Surface 
Imaging System (CaSSIS) [#6253] 
Polar sublimation-driven processes, such as seasonal fans and 
dark spots, are being studied with CaSSIS images to understand 
their origins and composition. 

Portyankina G.   Aye K.-M.   
Schwamb M. E.   Hansen C. J.   
Michaels T. 

Planet Four Pursuit of Studying Seasonal Activity and Spring 
Atmosphere with Citizen Science [#6158] 
We survey dark fan deposits from CO2 jets using Planet Four 
catalog. The deposits reveal evolution of the seasonal ice in spring 
and its inter-annual variability, serve as wind direction indicators 
and potentially – as wind magnitude indicators. 

Urata R. A.   Kahre M. A.   Wilson R. J. Seasonal CO2 Cap Retreat in the NASA Ames Mars Global 
Climate Model [#6311] 
We use the NASA Ames Mars global climate model to study the 
seasonal CO2 cap retreat. We compare the model output to 
various measurements of the seasonal caps such as the estimated 
total mass and the surface area covered. 

Widmer J. M.   Diniega S. Constraining Environmental Conditions for Dune-Alcove Formation 
in the Northern Mid-Latitude Region of Mars [#6147] 
Dune-alcoves are geologic features forming under a specific set of 
environmental conditions in northern hemisphere dune fields. 
This study compares mid-latitude dune fields with and without 
alcoves to constrain these conditions. 

Voelker M.   Hauber E.   Cardesín-
Moinelo A.   Martin P. 

Quantifying the Latitudinal Distribution of Volatile-Related 
Landforms on Mars’ Southern Hemisphere, 
Terra Cimmeria [#6060] 
We applied the so-called grid-mapping method in order to analyze 
the geospatial distribution of volatile-related landforms in Terra 
Cimmeria. We were able to relate the geography of landforms to 
their latitudes, and hence, climatic environments. 

Rice J. W. Jr.   Farrand W. H. Fire and Ice:  Volcanic Domes and Remnant Ice in Western 
Arcadia Planitia [#6189] 
Mineralogic and morphologic evidence supports the 
interpretation of domes in western Arcadia as being volcanic in 
origin and that they have associated remnant mantled ice-cored 
aprons similar to lobate debris aprons. 

Harrison T. N.   Stuurman C. M. Distribution of Scalloped Depressions in Western Utopia Planitia 
and Implications for Their Formation [#6432] 
Here we map the extent of scalloped depressions in Western 
Utopia to look at their formation and implications for the Late 
Amazonian history of Mars. 

Sejourne A.   Costard F.   Losiak A.   
Swirad Z. M.   Smith I.   Balme M. R.   
Conway S. J.   Gallagher C.   Hauber E.   
Johnsson A. E.   Orgel C.   
Rasmdale J. D.   Reiss D.   
Skinner J. A. Jr.   Van Gasselt S. 

Constraining the Ice-Content and Timing of Deposition of Ice-Rich 
Deposits in Utopia Planitia:  SHARAD, Stratigraphy and 
Crater Counting [#6360] 
Our stratigraphic analysis, crater counting and SHARAD detections 
highlight an ice-rich deposit in the mid-latitudes of Utopia Planitia. 
The deposit is of 80 m in thickness containing excess-ice (~50–
85% by volume) and of about 11 Ma age. 



Putzig N. E.   Morgan G. A.   
Sizemore H. G.   Baker D. M. H.   
Bramson A. M.   Petersen E. I.   
Bain Z. M.   Hoover R. H.   Perry M. R.   
Mastrogiuseppe M.   Smith I. B.   
Campbell B. A.   Pathare A. V.   
Dundas C. M. 

Results of the Mars Subsurface Water Ice Mapping 
(SWIM) Project [#6427] 
Looking for Mars ice / How will the SWIM team find it? / The 
SWIM Equation! 

 
Tuesday, July 23, 2019 
POSTER SESSION:  IGNEOUS STUDIES IN SITU AND WITH METEORITES 
10:30 a.m.   Beckman Mall Tent 

Authors  Abstract Title and Summary 
Payre V.   Siebach K. L.   Dasgupta R.   
Morrison S. M.   Rampe E. B.   Udry A. 

Constraints on Martian Ancient Magmatic Processes Using 
Mineral Chemistry of Sedimentary Rocks in Gale 
Crater, Mars [#6231] 
In terrains where the igneous sources of sediments cannot be 
identified in situ and from orbit, we can constrain magmatic 
processes using the chemistry of detrital minerals within 
sedimentary rocks, which are crucial to study 
weathering processes. 

Czarnecki S.   Hardgrove C.   Gasda P.   
Rapin W.   Frydenvang J.   
Gabriel T. S. J.   Starr M.   Rice M.   
Litvak M.   Nowicki S.   Wiens R.   
Thompson L.   Newsom H.   Celef F.   
Gengl H. 

Identification and Characterization of a Silicic Volcanic Layer in 
Gale Crater, Mars Using In Situ Active 
Neutron Spectroscopy [#6451] 
New mapping of a tridymite- and silica-rich deposit within a 
lacustrine mudstone in Gale crater using neutron spectroscopy 
shows it to be a thick, conformable layer extending for at least 
tens of meters and possibly tens of kilometers. 

McCraig M. A.   Schmidt M. E.   
Thompson L. M.   Gellert R.   
Berger J. A.   O’Connell-Cooper C. D.   
VanBommel S. J.   Boyd N. 

The Igneous/Unaltered Rocks at Gale Crater as Investigated 
by APXS [#6262] 
A brief discussion of the 16 float rocks identified as igneous via 
the MSL APXS. 

Cousin A.   Sautter V.   Payré V.   
Forni O.   Mangold N.   Gasnault O.   
Le Deit L.   Meslin P. Y.   Johnson J.   
Maurice S.   Wiens R. C.   Rapin W. 

Classification of 59 Igneous Rocks Analyzed by ChemCam at Gale 
Crater, Mars [#6075] 
Chemistry, mineralogy, texture, and petrology of the 59 igneous 
rocks analyzed by ChemCam (MSL), and comparison with igneous 
rocks observed by the Mars Exploration Rovers as well as with the 
Mars meteorites. 

Chavan A. A.   Bhandari S. Potential Terrestrial Geomorphic Analogues from Kachchh Rift 
Basin, Western India to Mars [#6076] 
Mars is a terrestrial planet that majorly consists of tholeiitic 
basalt. Fluvial system and the various surface features have been 
documented on Mars surface similar to terrestrial sites in Kachchh 
Basin and have been related to comparative studies. 

Filiberto J. Geochemistry of Martian Basalts:  Support for Mars Sample 
Return of a Noachian/Hesperian Lava [#6019] 
I compare what is known about the bulk chemistry of martian 
basalts, use their bulk chemistries to calculate their mantle 
formation conditions, and show that the shergottites do not 
represent the average martian mantle. 



Garvin J. B.   Jones J. S.   Sietins J. M.   
Kent R. A.   Green W. H.   Sun J. C.   
Walter T. R. 

Volumetric 3D Analysis of Martian Polymict Breccia “Black 
Beauty” (NWA 7034) and NWA 10567 [#6121] 
Non destructive evaluation using x-ray computed tomography and 
other techniques reveal micron-scale structures in martian 
meteorites including Black Beauty and NWA 10567 and enable 
mineralogical insights. 

Forman L. V.   Benedix G. K.   Orr K. J.   
Daly L. 

Crystallography of an Early Amazonian Meteorite:  Implications 
for Conditions at Crystallization [#6160] 
We examine the crystallography of the early Amazonian 
shergottite meteorite, NWA 8159. We use the orientation of the 
plagioclase feldspar grains to make inferences regarding the 
crystallization environment of the rock on Mars. 

Nakada R.   Usui T.   Ushioda M.   
Takahashi Y. 

Micro-XANES Determination of Oxidation States of V and Fe in 
Olivine-Hosted Glass Inclusion and Groundmass Glasses of 
Yamato 980459 [#6133] 
We applied the micro-XANES technique to the olivine-hosted glass 
inclusion and groundmass glass of Yamato 980459 (Y98). Our 
result suggests that the redox condition of the parent magma of 
Y98 evolved during the magma ascent and emplacement. 

Kajitani I.   Tanabe G.   Nakada R.   
Usui T.   Koike M.   Matsuura F.   
Yokoyama T. 

Finding of Oxidized Sulfur Species in Carbonates from a Martian 
Meteorite Allan Hills 84001 Using ?-XANES [#6446] 
We detected an unambiguous sulfate signature in all the ALH 
84001 carbonates observed in this study. The sulfate could have 
occurred as CAS (carbonate associated sulfate) derived from a 
fluid with pH = 6–9 and Eh = –0.25 to 0 for Eh (V). 

Orr K. J.   Forman L. V.   Benedix G. K.   
Hackett M. J.   Hamilton V. E.   
Santos A. R. 

Spectral Characterization of the Ancient Shergottites Northwest 
Africa 7034 and 8159 [#6177] 
Thermal infrared spectroscopy has been a powerful tool in 
unraveling the complex geological history of Mars. Here we 
investigate MIR spectral characterization of the ancient 
shergottites NWA 7034 and 8159 to expand the martian 
spectral library. 

Ma C.   Tschauner O.   Beckett J. R. A Closer Look at Martian Meteorites:  Discovery of the New 
Mineral Zagamiite, CaAl2Si3.5O11, a Shock-Metamorphic, High-
Pressure, Calcium Aluminosilicate [#6138] 
A nanomineralogy investigation of shocked martian meteorites 
has revealed more than ten new high-pressure minerals and 
phases since 2013, including zagamiite. These phases provide new 
insights into shock conditions and impact processes on Mars. 

Sillitoe-Kukas S.   Humayun M.   
Hewins R. H.   Zanda B.   Moser D. E.   
Arcuri G.   Irving A. J.   Lorand J. P. 

The Origin of the Spherules within the Ancient Martian 
Polymict Breccia [#6394] 
We review recent work on spherules that are impact melted 
sediments from Mars. 

Koziol A. M. Terrestrial Analog Studies Help Us Understand Mars:  The Case 
of Carbonates in Allan Hills 84001 and from 
Svalbard, Norway [#6104] 
Carbonate globules (rosettes) from Allen Hills 84001 and Svalbard, 
Norway were analyzed by electron microprobe. They are very 
similar in their chemical zoning. Svalbard carbonates are 
hydrothermal; a similar origin is implied for ALH 84001. 



Koike M.   Nakada R.   Kajitani I.   
Usui T.   Tamenori Y.   Sugahara H.   
Kobayashi A.   Kirschvink J. L. 

In-Situ Detection of the Nitrogen-Bearing Organic Materials in 4-
Billion-Year Old Carbonates from Martian Meteorite Allan 
Hills 84001 [#6377] 
Nitrogen-bearing organic materials are detected in the ALH 84001 
carbonates by micro-XANES measurement. The organics might 
have been produced or supplied on (pre-) Noachian Mars, 
suggesting a possible relationship with ancient 
martian biochemistry. 

 
Tuesday, July 23, 2019 
ATMOSPHERIC DYNAMICS AND CLIMATE CYCLES 
1:30 p.m.   Beckman Auditorium 
Chairs:  Kathryn Steakley and Michael Wolff  

Times Authors (*Denotes Presenter) Abstract Title and Summary 
1:30 
p.m. 

Vos E. *   Aharonson O.   
Schorghofer N.   Forget F.   
Millour E. 

Milankovitch-Driven Redistribution and Fractionation of Ice 
Deposits on Mars [#6174] 
The D/H isotopic ratio of polar ice deposits on Mars is 
modelled using GCM simulations. We predict variations at 
different orbital configurations and geographic locations 
that should be measurable by future missions. 

1:45 
p.m. 

Aye K.-M. *   Portyankina G.   
Hansen C. J.   Michaels T. I.   
Schwamb M. E. 

Geophysical CO2 Gas Jet Modeling:  Initial Set-Up [#6214] 
We describe our initial set-up of a geophysical fluid 
dynamics model of the CO2 gas jet eruptions at the south 
pole of Mars, using the open-source CFD 
toolbox OpenFOAM. 

2:00 
p.m. 

Titus T. N. *   Williams K. E.   
Cushing G. E. 

Mars Low Altitude Polar Clouds as a Diagnostic to 
Polar Processes [#6232] 
Observations of the springtime seasonal northern CO2 cap 
have shown an optically thick layer of cold-trapped H2O ice 
that extends across much of the interior CO2 cap. We use 
THEMIS observations of polar clouds.ice-fog to trace the 
source of the H2O. 

2:15 
p.m. 

Gary-Bicas C. E. *   Hayne P. O. Snowfall Asymmetries in the Martian Seasonal 
Polar Caps [#6330] 
It has been shown that the permanent deposits of Mars’ 
poles control its global atmospheric pressure. Given that the 
residual CO2 distribution of the poles is asymmetric, we 
used MCS data to understand how snowfall may be the 
cause of this asymmetry. 

2:30 
p.m. 

Szantai A. *   Audouard J.   
Forget F.   Olsen K. S.   Gondet B.   
Millour E.   Madeleine J.-B.   
Pottier A.   Langevin Y.   
Bibring J.-P. 

A Martian Cloud Climatology Derived from Mars 
Express/OMEGA Observations and its Use for the 
Determination of the Cloud Life Cycle [#6234] 
A water Ice Cloud Index and a Percentage of Cloudy Pixels 
derived from MEx/OMEGA data are gridded to form a 4D 
climatology. We identified the main large-scale cloud 
features at seasonal scale, and the daily cloud cover 
evolution in various regions. 



2:45 
p.m. 

Kahre M. A. *   Haberle R. M.   
Hollingsworth J. L.   Wilson R. J. 

Investigating an Orbit-Driven Water Ice Cloud Greenhouse 
with the NASA Ames Legacy Mars Global 
Climate Model [#6303] 
We present an investigation of an orbit-driven water ice 
cloud greenhouse with the NASA Ames Legacy Mars Global 
Climate Model. 

3:00 
p.m. 

Kling A. *   Kahre M.   Wilson R. J.   
Brecht A.   Murphy J. 

Investigating Gravity Wave Activity in the Middle 
Atmosphere with the Nasa Ames Mars Global 
Climate Model [#6428] 
We investigate gravity waves in the middle atmosphere with 
the NASA Ames Mars Global Climate Model. 

3:15 
p.m. 

Cangi E. M. *   Chaffin M. S.   
Deighan J. 

Constraining Mars D/H Fractionation and Water Loss with 
Temperature and Water Vapor Profile Variations in 
Photochemical Modeling [#6068] 
Using a 1D photochemical model, we study the range of the 
martian D/H fractionation factor due to variations in 
temperature and water vapor profiles. Results show the 
fractionation factor can be 1–3 orders of magnitude lower 
than previous studies. 

 
Tuesday, July 23, 2019 
MARS ON EARTH:  USING TERRESTRIAL ANALOGS TO UNDERSTAND MARTIAN CRUSTAL PROCESSES 
1:30 p.m.   Ramo Auditorium 
Chairs:  Jennifer Buz and Christopher Edwards  

Times Authors (*Denotes Presenter) Abstract Title and Summary 
1:30 
p.m. 

Edwards C. S. *   Piqueux S. The Water Content of Recurring Slope Lineae 
on Mars [#6299] 
Recurring Slope Lineae were once thought to be the best 
evidence for present-day flowing water on the martian 
surface. However, recent results from morphologic, 
thermophysical and spectral data have cast doubt on the 
role of water in forming RSL. 

1:45 
p.m. 

Gough R. V. *   Nuding D. L.   
Toigo A.   Guzewich S.   
Tolbert M. A. 

An Examination of Atmospheric Water Vapor as a Source for 
Recurring Slope Lineae on Mars [#6327] 
Can deliquescence occur at RSL locations? We combine lab 
and model simulations to examine diurnally variable 
atmospheric water vapor interacting with salts as a possible 
source and potential contributing trigger for RSL formation 
at Valles Marineris. 

2:00 
p.m. 

Nakamura M. *   Sekine Y.   
Fukushi K.   Hasebe N.   
Davaadorj D.   Takahashi Y.   
Hasegawa H.   Ogura T.   
Morida K.   Tuvshin G. 

Terrestrial Recurring Slope Lineae in Mongolia:  Its 
Formation Mechanism and Implications for Mars [#6172] 
We discover terrestrial RSL analogs in cold deserts, 
Mongolia, where streaks may form via removal of surface 
white sands by ice melting and surface runoff. 

2:15 
p.m. 

Buz J. *   Edwards C. S. Material Trends from Remote Sensing Analysis of 
Paleolake Basins [#6325] 
Analysis of analogous remote sensing data from paleolake 
basins on Mars and Earth, with paired in-situ and laboratory 
measurements for terrestrial sites, allows for potential 
further extrapolation of Mars rover and 
satellite observations. 



2:30 
p.m. 

Hayden A. T. *   Lamb M. P.   
Fischer W. W.   Williams R. M. E.   
Mohrig D.   Cardenas B. T.   
Ewing R. C.   McElroy B. J.   
Myrow P. M. 

Evidence that Sinuous Ridges are Sedimentary Deposits 
Formed by Long-Lived Fluvial Activity on Mars [#6349] 
Sinuous ridges at three Earth sites are exhumed channel 
belts, formed by millions of years of fluvial migration and 
aggradation. Some ridges on Mars are too, and represent 
sedimentary deposits likely formed by similarly long-lived 
fluvial activity. 

2:45 
p.m. 

Garczynski B. J. *   Horgan B.   
Kah L. C.   Balci N.   Gunes Y. 

Searching for Potential Biosignatures in Jezero Crater with 
Mars 2020 — A Spectral Investigation of Terrestrial 
Lacustrine Carbonate Analogs [#6302] 
In-situ and orbital VNIR reflectance spectral analyses of 
terrestrial lacustrine analogs suggest some of the marginal 
carbonate-bearing deposits in Jezero are authigenic, but 
certain potential VNIR spectral biosignatures may not 
be preserved. 

3:00 
p.m. 

Ende J. J. *   Faiia A. M.   Burtt P.   
Moore R.   Szynkiewicz A. 

Understanding the Mechanisms of Sulfate Formation in 
Acidic Volcanic Hydrothermal Environments on Mars Using 
Terrestrial Analogs [#6212] 
In this study, we use a combination of chemistry and oxygen 
isotopes as tracers for the oxidation mechanism of sulfate in 
volcanic acidic hydrothermal systems on Earth to better 
understand how sulfate forms in similar environments 
on Mars. 

3:15 
p.m. 

Pineau M. *   Le Deit L.   
Chauviré B.   Carter J.   
Rondeau B.   Mangold N. 

Geological Significance of Hydrated Silica on Mars as Seen 
by CRISM Data Compared to Terrestrial Analogs [#6186] 
In order to better constrain the geological origins of 
hydrated silica on Mars, we have adapted and applied 
spectral criteria developped on terrestrial varieties of silica 
to CRISM data. 

 
  



Tuesday, July 23, 2019 
INTERIOR AND DEEP CRUST THROUGH TIME 
4:00 p.m.   Beckman Auditorium 
Chairs:  Mizuho Koike and William Pike  

Times Authors (*Denotes Presenter) Abstract Title and Summary 
4:00 
p.m. 

Banerdt W. B. *   Smrekar S.   
Antonangeli D.   Asmar S.   
Banfield D.   Beghein C.   
Bowles N.   Bozdag E.   Chi P.   
Christensen U.   Clinton J.   
Collins G.   Daubar I.   Dehant V.   
Fillingim M.   Folkner W.   
Garcia R.   Garvin J.   Giardini D.   
Golombek M.   Grant J.   Grott M.   
Grygorczuk J.   Hudson T.   
Irving J.   Johnson C.   Kargl G.   
Kawamura T.   Kedar S.   King S.   
Knapmeyer-Endrun B.   
Lemmon M.   Lognonné P.   
Lorenz R.   Maki J.   Margerin L.   
McLennan S.   Michaut C.   
Mimoun D.   Mocquet A.   
Morgan P.   Mueller N.   
Nagihara S.   Newman C.   
Nimmo F.   Panning M.   
Pike W. T.   Plesa A.-C.   
Rodriguez-Manfredi J. A.   
Russell C.   Schmerr N.   
Siegler M.   Spiga A.   Spohn T.   
Stanley S.   Teanby N.   Tromp J.   
Warner N.   Weber R.   
Wieczorek M. 

InSight — Early Results from a Half (Earth)-Year 
on Mars [#6421] 
InSight landed. Geophysics comes to Mars! Or vice versa? 
We will summarize early results from the first six months of 
science operations, including seimology, atmospheric 
studies, magnetics, and local geology and 
surface properties. 

4:15 
p.m. 

Lognonné P.   Banerdt W. B.   
Pike W. T. *   Giardini D.   
Christensen U.   Bierwirth M.   
Calcutt S.   Clinton J.   Kedar S.   
Garcia R.   de Raucourt S.   
Hurst K.   Kawamura T.   
Mimoun D.   Panning M.   
Spiga A.   Zweifel P.   Beucler E.   
SEIS Science Commissioning Team 

SEIS:  First Results from the Seismic Investigation 
of Mars [#6217] 
SEIS is the prime instrument of the InSight mission and has 
the goal of investigating the interior of Mars. We describe 
the deployment, the ambient seismic signal, as well as the 
first observations of seismic activity on Mars in the first 
240 sols. 

4:30 
p.m. 

Langlais B. *   Thébault E.   
Purucker M. E.   Lillis R. J.   
Bouley S.   Johnson C. L.   
Mittelholz A.   Russell C. T.   
Joy S. P.   Yu Y.   Smrekar S. E.   
Banerdt W. B. 

The Evolution of the Martian Crustal Magnetic Field from 
MGS to MAVEN and InSight Missions [#6085] 
This paper will present recent progresses in the description 
and understanding of the martian magnetic, from MGS 20 
years ago to the current orbiting MAVEN and surface 
InSight missions. 



4:45 
p.m. 

Mittelholz A. *   Johnson C. L.   
Morschhauser A.   Langlais B.   
Lillis R. J.   Fillingim M.   Joy S. P.   
Russell C. T.   Smrekar S. E.   
Banerdt W. B. 

Mars Crustal Magnetism:  Lessons Learned from Orbit and 
on the Ground [#6228] 
Recent mission advances have helped us gain extensive 
additional information about the martian crustal magnetic 
field. We review what we have learnt from MAVEN in orbit 
and how InSight on the ground adds to and compares with 
this data set. 

5:00 
p.m. 

Sautter V.   Payré V. *   
Baratoux D.   Toplis M.   
Cousin A.   Bouley S.   Beck P.   
Krämer Rugiu L. 

Remanan of Early Noachian Crust on Mars from Martian 
Meteorites, In Situ and Remote Sensing Data [#6020] 
Evidences of felsic materials discovered in situ, in martian 
meteorites and from orbit suggest rare exposures of a light 
crust (andesitic) covered by mafic materials in the southern 
highlands, solving the paradox of a too dense purely 
basaltic crust. 

5:15 
p.m. 

Rogers A. D. *   Cowart J. C.   
Edwards C. S. 

Characteristics and Petrogenetic Origins of Areally Extensive 
Bedrock Exposures in the Cratered Highlands:  
A Review [#6378] 
Olivine-bearing and feldspathic bedrock plains found 
throughout the southern highlands are friable, clastic rocks 
of likely variable origin. Olivine enrichments in some areas 
might be surficial/lags. Feldspathic rocks not felsic, but what 
are they? 

5:30 
p.m. 

Sun V. Z. * Mineral Diagenesis of Clays and Opaline Silica Across Mars:  
Evidence for Crustal Fluids and Extended 
Aqueous Activity [#6155] 
We present evidence for widespread mineral diagenesis on 
Mars. The conversion of smectite to chlorite suggests 
Noachian crustal fluids up to 7–17 km deep, and opal-A 
likely converted to opal-CT through intermittent fluid 
processes more recently. 

5:45 
p.m. 

Scheller E. L. *   Ehlmann B. L. Composition, Stratigraphy, and Geological History of the 
Noachian Basement [#6100] 
This study defines the stratigraphy and geological history of 
the Noachian Basement in the NW part of the Isidis 
structure. The Noachian Basement records basin-scale 
impact processes, igneous petrogenesis, and a long history 
of aqueous alteration. 

 
Tuesday, July 23, 2019 
ANCIENT GLACIERS, OCEANS, RIVERS, AND LAKES 
4:00 p.m.   Ramo Auditorium 
Chairs:  Kirsten Siebach and Benjamin Bultel  

Times Authors (*Denotes Presenter) Abstract Title and Summary 
4:00 
p.m. 

Bouquety A. *   Séjourné A.   
Costard F.   Bouley S.   
Leyguarda E. 

Glacial Landscape and Paleoglaciation in Terra Sabaea:  
Evidence for a 3.6 Ga Plateau Ice Cap [#6159] 
In order to understand the distribution and type of glacial 
landscape at regional scale in Terra Sabaea 3.6 Ga ago, we 
performed a morphometric comparison between 
morphologies found in this area and paleoglaciations found 
on Earth. 



4:15 
p.m. 

Head J. W. *   Forget F.   
Wordsworth R.   Cassanelli J.   
Palumbo A. 

Oceans on Mars:  History, Evidence, Problems 
and Prospects [#6108] 
Addressing the question of the possible presence of past 
oceans on Mars (Noachian and Late Hesperian) is among the 
most fundamental unaddressed exploration goals, and is 
relevant to climate, geology and life:  We assess evidence 
and future directions. 

4:30 
p.m. 

Sholes S. F. *   Montgomery D. R.   
Catling D. C. 

Reassessing Mars’ Global Ocean Shorelines [#6282] 
We investigate the current state of observations for 
hypothesized ocean paleoshorelines (proposed sites, 
landforms, and their mapped locations) using the latest 
high-resolution data. 

4:45 
p.m. 

Dickson J. L. *   Lamb M. P.   
Williams R. M. E.   Hayden A. T.   
Fischer W. W. 

New Global Map of Fluvial Sinuous Ridges on Mars:  
Evidence for Large, Globally-Distributed Noachian/Hesperian 
Depositional Rivers [#6368] 
We use a global CTX mosaic to map the distribution of 
Fluvial Sinuous Ridges on Mars. These units potentially 
contain a record of valley network activity outside of 
confined topographic basins. FSRs are globally distributed in 
Noachian crust. 

5:00 
p.m. 

Rampe E. B. *   Bristow T. F.   
Blake D. F.   Vaniman D. T.   
Morris R. V.   Ming D. W.   
Achilles C. N.   Chipera S. J.   
Morrison S. M.   Yen A. S.   
Treiman A. H.   Downs R. T.   
Hazen R. M.   Grotzinger J. P.   
Des Marais D. J.   Sarrazin P.   
Tu V. M.   Castle N.   Craig P. I.   
Downs G.   Peretyazhko T. S.   
Thorpe M. T.   Walroth R. 

The Mineralogical Record of Ancient Fluvio-Lacustrine 
Environments in Gale Crater as Measured by the MSL 
CheMin Instrument [#6054] 
The mineralogy of fluvio-lacustrine rocks measured by 
CheMin on the Curiosity rover indicates a variety of 
depositional and diagenetic environments that would have 
been habitable to microbial life. 

5:15 
p.m. 

Fraeman A. A. *   Catalano J. G.   
Edgar L. A.   Fischer W. W.   
Grotzinger J. P.   L’Haridon J.   
Mangold N.   Rampe E. B.   
Stack K. M.   Vasavada A. R.   
Arvidson R. E.   Fedo C. M.   
Frydenvang J.   Horgan B.   
Johnson J. R.   Johnson S. S.   
Thompson L. M.   Milliken R. E.   
Thomas N. H.   Sun V. Z.   
Gupta S.   Salvatore M. R.   
Siebach K. L.   Wiens R. C. 

Vera Rubin Ridge and Iron Oxide Bearing Sedimentary Rocks 
on Mars:  The Integrated View from Curiosity and 
Orbital Data [#6237] 
Results from Curiosity’s investigation of Vera Rubin ridge, a 
hematite bearing sedimentary rock. Discussion of how in 
situ data are used in synergy with orbital data, and results in 
global context of iron oxide sedimentary deposits 
across Mars. 



5:30 
p.m. 

Frydenvang J. *   Mangold N.   
Wiens R. C.   Fraeman A. A.   
Edgar L. A.   Fedo C. M.   
L’Haridon J.   Bedford C. C.   
Gupta S.   Grotzinger J. P.   
Bridges J.   Clark B. C.   
Rampe E. B.   Forni O.   
Gasda P. J.   Lanza N. L.   
Ollila A. M.   Meslin P.-Y.   
Payré V.   Calef F. J.   
Salvatore M.   House C. 

The Chemostratigraphy of the Lacustrine Murray Formation 
in Gale Crater, Mars, and Evidence for Large-Scale 
Diagenesis in Vera Rubin Ridge Bedrock as Implied by 
ChemCam Observations [#6334] 
The chemostratigraphy of the lacustrine Murray formation 
as measured by ChemCam along the traverse of the 
Curiosity rover is detailed. From this, the role of large-scale 
diagenesis on the chemistry and morphology of Vera Rubin 
ridge is investigated. 

5:45 
p.m. 

Bristow T. F. *   Rampe E. B.   
Grotzinger J. P.   Fox V. K.   
Bennett K. A.   Yen A. S.   
Vasavada A. R.   Vaniman D. T.   
Tu V.   Treiman A. H.   
Thorpe M. T.   Morrison S. M.   
Morris R. V.   Ming D. W.   
McAdam A. C.   Malespin C. A.   
Mahaffy P. R.   Hazen R. M.   
Gupta S.   Downs R. T.   
Downs G. W.   Des Marais D. J.   
Crisp J. A.   Craig P. I.   
Chipera S. J.   Castle N.   
Blake D. F.   Achilles C. N. 

Clay Minerals of Glen Torridon, Mount Sharp, Gale 
Crater, Mars [#6390] 
In this contribution we present preliminary CheMin XRD 
mineral analyses from two sets of drill cuttings recently 
collected by MSL from the Glen Torridon region of 
Gale crater. 

 
Wednesday, July 24, 2019 
PRESENT-DAY SURFACE ACTIVITY — DUE TO WINDS, VOLATILES, IMPACTS 
8:30 a.m.   Beckman Auditorium 
Chairs:  Margaret Landis and David Stillman  

Times Authors (*Denotes Presenter) Abstract Title and Summary 
8:30 
a.m. 

Pilorget C. *   Forget F.   
Vincendon M.   Piqueux S.   
Edwards C. 

Gullies, Spiders and Cold Jets as a Result of Surface CO2 Ice 
Activity on Mars:  Where Do We Stand? [#6265] 
The recent discoveries about CO2 processes and their 
connection to surface properties has completely changed 
our perception of the role of CO2 ice on Mars, from a pure 
thermodynamic/radiative issue to a major player in Mars 
recent surface activity. 

8:45 
a.m. 

Piqueux S. *   Buz J.   Edwards C.   
Bandfield J.   Kleinböhl A.   
Kass D.   Hayne P. 

Widespread Shallow Water Ice on Mars at High and 
Mid Latitudes [#6027] 
We present a global thermally-derived map of subsurface 
water ice depth on Mars at high and mid latitudes. Locations 
with extremely shallow water ice are found, even at 
latitudes as low at ~35N. 

9:00 
a.m. 

Wang Alian. *   Yan Y. C.   
Fegley B.   Jolliff B. L.   Wang K.   
McLennan S. M.   Farrell W. M. 

Chlorine Release from Common Chlorides During 
Atmosphere-Surface Interaction on Mars. [#6117] 
We report experimental evidence of Cl release from 
common chlorides during ESD processes induced by martian 
dust events, i.e., atmosphere-surface interaction can play an 
essential role in the circulation of martian volatile 
components, Cl, maybe S. 

9:15 Dundas C. M. * Martian Slopes:  Going Downhill Everywhere [#6309] 



a.m. Many processes are active on martian slopes planet-wide, 
pointing to significant present-day landscape evolution. 
Many recent features may form without liquid water. 

9:30 
a.m. 

Hartmann W. K.   Daubar I. *   
Popova O.   Breton S.   
Quantin C. 

Fresh Impact Craters and Clusters on Mars:  What Do They 
Tell Us About Mars and Asteroids? [#6013] 
We are examining properties of fresh single impacts and 
fresh crater clusters as a function of surface elevation, to 
clarify the fragmentation behavior of meteoroids during 
entry, and properties of Matian small-diameter craters. 

9:45 
a.m. 

Sinha P. *   Horgan B.   Seelos F. Dateable Volcanic and Impact Sediments within the North 
Polar Layered Deposits on Mars [#6351] 
Sediments within north polar layered deposits on Mars have 
the potential for horizontal correlation of relative 
stratigraphy and quantitative geochronology. 

10:00 
a.m. 

Lapotre M. G. A. *   Bridges N. T.   
Ehlmann B. L.   Rampe E. B.   
Ewing R. C.   Johnson J. R.   
Ayoub F.   Baker M. M.   
Banham S. G.   Chojnacki M.   
Cousin A.   Day M. D.   Diniega S.   
Duran Vinent O.   Edwards C. S.   
Fenton L. K.   Gabriel T. S. J.   
Golombek M. P.   Kerber L.   
Kok J. F.   Lamb M. P.   Lasue J.   
Newman C. E.   O’Connell-
Cooper C. D.   Rubin D. M.   
Silvestro S.   Stern J. C.   
Sullivan R. J.   Vasavada A. R.   
Vaz D. A.   Weitz C. M.   Yizhaq H.   
Zimbelman J. R. 

Martian Eolian Science Since the Eighth International 
Conference on Mars:  Summary of Advances and 
Remaining Questions [#6201] 
Significant advances have been made in martian eolian 
science since the 8th Int. Conf. on Mars. We will summarize 
them and discuss remaining key questions that pertain to 
reading the martian rock record and characterizing the 
modern environment. 

10:15 
a.m. 

Diniega S. *   Ewing R.   
Banfield D.   Burr D.   Fenton L.   
Gough R.   Jackson B.   
Newman C.   Soto A.   Sullivan R.   
Swann C. 

The Importance of Martian Aeolian and 
Meteorological Investigations [#6152] 
Surface-atmosphere, / it is vital boundary / to 
understand Mars. 

 
Wednesday, July 24, 2019 
ANCIENT CLIMATE:  EVIDENCE FROM MODELS AND THE ROCK RECORD 
8:30 a.m.   Ramo Auditorium 
Chairs:  Ramses Ramirez and Ashley Palumbo  

Times Authors (*Denotes Presenter) Abstract Title and Summary 
8:30 
a.m. 

Niles P. B. * The Mineralogical Legacy of a Cold, Wet, Early Mars [#6415] 
The mineralogical legacy of a cold, wet, early Mars should 
result in substantial clay mineral formation in the subsurface 
while cold surface temperatures would enhance the 
formation of acidic environments and the formation of 
sulfate-rich sediments. 

8:45 
a.m. 

Palumbo A. M. *   Head J. W. Reviewing and Assessing Sources of Transient Heating in a 
“Cold and Icy” Early Martian Climate [#6274] 
We 1) assess transient heating sources to determine if 
short-lived warm and wet conditions could persist in an 
ambient cold and icy climate and 2) identify outstanding 



questions that could improve our understanding of the 
nature of the early climate. 

9:00 
a.m. 

Turbet M. *   Forget F. On the Challenge of Simulating the Early Mars Environment 
with Climate Models and the H2 Solution [#6411] 
We still do not understand the climate processes that 
allowed water to flow on Early Mars. We present new, 
promising 3D climate simulations including a simplified 
hydrology performed assuming a greenhouse warming 
produced by reducing gases such H2 . 

9:15 
a.m. 

Ramirez R. M. *   Craddock R. A. The Case for a Warm and Wet (Semi-Arid) 
Early Mars [#6001] 
The debate over the ancient climate of Mars is one of the 
most intriguing in science. Here, I try to reconcile the 
observations and models and grant a picture that is 
consistent with a warm and semi-arid climate. Future 
observations are discussed. 

9:30 
a.m. 

Craddock R. A. *   Ramirez R.   
Irwin R. P. III   Cawley J.   
Howard A. D. 

Evidence for Extensive Chemical Weathering on 
Early Mars [#6190] 
Early Mars was wet / Had chemical weathering / Now see 
on surface. 

9:45 
a.m. 

Fedo C. M. *   Grotzinger J. P.   
Gupta S.   Banham S.   Bennett K.   
Edgar L.   Fox V.   Fraeman A.   
House C.   Lewis K.   Stack K. M.   
Rubin D.   Siebach K.   Sumner D.   
Sun V.   Vasavada A. 

Evidence for Persistent, Water-Rich, Lacustrine Deposition 
Preserved in the Murray Formation, Gale Crater:  A 
Depositional System Suitable for 
Sustained Habitability [#6308] 
This study focuses on identifying the members of the Murry 
formation as well as the defining and interpreting the facies 
associationsin the context of habitability potential. 

10:00 
a.m. 

Curry S. M. *   Luhmann J. G.   
Hara T.   Lee C.   Jakosky B. 

Space Weather Events and the Loss of Water 
at Mars [#6357] 
The nature of the early Sun is a critical aspect for 
understanding early atmospheric evolution among the 
terrestrial planets. We will present models of how space 
weather events removed water from the martian 
atmosphere over billions of years. 

10:15 
a.m. 

Alsaeed N. R. *   Jakosky B. M. Mars Water and D/H Evolution from 3 Ga to Present [#6059] 
We examine the evolution of water and D/H from 3 Ga to 
the present using a simple box model to track the supply 
and loss of H and D in the atmosphere, using D/H, to 
constrain the history of water on Mars. 

 
Wednesday, July 24, 2019 
POSTER SESSION:  VOLATILE CYCLES AND EFFECTS — PAST AND PRESENT 
10:30 a.m.   Beckman Institute Patio 

Authors Abstract Title and Summary 
Primm K. M.   Stillman D. E.   
Michaels T. I. 

A New Mars Chamber and Salt Kinetics Model to Better 
Understand Martian Surface Water Uptake [#6271] 
Liquid on Mars now? / A new chamber and model / Will 
help determine. 

Hu R. Diurnal Variation of the Deuterium to Hydrogen Ratio in Water at 
the Surface of Mars Caused by Mass Exchange with 
the Regolith [#6255] 
We predict the D/H can vary by 300–1400‰ diurnally at the 



surface of Mars. The variation is mainly driven by adsorption and 
desorption of regolith particles. Stable isotopes can thus be used 
to pinpoint regolith-atmosphere exchange on Mars. 

Weinmann J.   Meslin P.-Y.   Vals M.   
Forget F.   Millour E. 

Exploring the Impact of the Regolith on the Martian Water Cycle 
with a Global Climate Model [#6410] 
We explore the role of the regolith on the modern atmospheric 
cycle of water using a GCM coupled with a subsurface transport 
model including adsorption and ice condensation. We derive 
maps of ice and adsorbed water distributions . 

Alkaabi Kh.   Khan Qa. Surface Hydrological Modelling Using ARCGIS and HEC-RAS on the 
Australe Planum Region of Mars [#6056] 
The aim of this study is to investigate the Australe Planum surface 
hydrology based on the drainage basins and streamline features 
or rivers using ArcGIS and HEC-RAS. 

Manning C. V.   McKay C. P.   
Bierson C. J. 

Burial and Stability of Martian South Polar CO2 Deposits:  
Implications for Atmospheric Evolution [#6064] 
Current buried CO2 deposits on South polar Mars suggest that 
collapses of earlier thick (~500 mbar) atmospheres would result in 
massive basal melting. We discuss the “missing CO2” problem in 
the light of possible sequestration into the regolith. 

Holmes J. A.   Lewis S. R.   Patel M. R.   
Smith M. D. 

Global Analysis and Forecasts of Carbon Monoxide 
on Mars [#6179] 
A global analysis of carbon monoxide on Mars is conducted 
through a synergy of CRISM CO retrievals, MCS temperature 
profiles and the UK version of the LMD Mars Global Circulation 
Model. Features and forecasts of CO from the reanalysis 
are explored. 

Powell K. E.   Arvidson R. E.   
Edwards C. S. 

Layered Sulfate-Bearing Terrains on Mars:  Insights from Gale 
Crater and Meridiani Planum [#6316] 
Using orbital and in situ measurements, we examine the spectral 
and geomorphological similarities between layered polyhydrated 
sulfate-bearing materials in Gale Crater and Meridiani Planum, 
and the implications for environmental transitions on Mars. 

Usui T.   Shidare M.   Nakada R.   
Tobita M. 

A Systematic Survey of Impact Glasses in Shergottites Searching 
for Martian Sulfate Using Micro X-Ray Absorption Near-
Edge Structure [#6407] 
Our newly developed XANES method detected indigenous 
martian sulfate components in shergottite impact glasses with δD 
values indicative of martian crustal fluids. 

 
Wednesday, July 24, 2019 
POSTER SESSION:  SIGNS OF OTHER PAST WATER ACCUMULATIONS — OCEANS, LAKES, HYDROTHERMAL, 
SNOW 
10:30 a.m.   Beckman Institute Patio 

Authors  Abstract Title and Summary 
Citron R. I.   Manga M.   
Hemingway D. J.   Keane J. T. 

Early Martian Oceans:  Geophysical Constraints from Shoreline 
Deformation Models [#6268] 
Variations in Mars shoreline topography can be explained by 
deformation due to Tharsis emplacement and other loads, 
constraining the relative timing of early martian oceans. 



Dickeson Z. I.   Grindrod P. M.   
Crawford I.   Balme M. R.   Gupta S.   
Davis J. L. 

Geomorphological Reconstruction of a Palaeolake and Valley 
System in Western Arabia Terra, Mars [#6197] 
High-resolution digital elevation models produced from orbital 
stereo imagery are utilized to interpret the past structures, 
timings, and water sources of a palaeolake and valley chain that 
emptied into the northern plains at the crustal dichotomy. 

Siebach K. L.   Fedo C. M.   Rampe E. B.   
Grotzinger J. P.   Thompson L. M.   
O’Connell-Cooper C.   Edgar L. E.   
Fraeman A. A. 

Untangling Source-to-Sink Geochemical Signals in a ~3.5 Ga 
Martian Lake:  Sedimentology and Geochemistry of the 
Murray Formation [#6048] 
The “source-to-sink” summary of the Murray fm:  315 m of 
mostly laminated lake deposits were sourced from chemically 
weathered basalt + alkali basalt in a gradually warming climate. 
Complex diagenesis shows extended fluid interaction 
and habitability. 

Haber J. T.   Horgan B.   Fraeman A. A.   
Johnson J. R.   Wellington D.   
Bell J. F. III   Starr M. S.   Rice M. S.   
Mangold N. 

Mineralogy of a Possible Ancient Lakeshore in Gale Crater, Mars, 
from Mastcam Multispectral Images [#6229] 
The Sutton Island member in Gale Crater likely formed in a 
lakeshore environment and may preserve mineralogical evidence 
of varying redox conditions. Mastcam multispectral imagery is 
used to study variability in this member and adjacent regions. 

Mangold N.   Cousin A.   Dehouck E.   
Forni O.   Fraeman A.   Frydenvang J.   
Gasnault O.   Johnson J.   Le Deit L.   
L’Haridon J.   Le Mouélic S.   Maurice S.   
McLennan S. M.   Meslin P.-Y.   
Newsom H. E.   Rapin W.   Rivera-
Hernandez F.   Wiens R. C. 

Chemostratigraphy of Fluvial and Lacustrine Sedimentary Rocks at 
Gale Crater Using Chemcam Onboard the Curiosity Rover [#6078] 
Sedimentary deposition at the basis of Mt Sharp (Gale crater, 
Mars) displays a high chemical alteration index of 50 to 65 
consistent with a substantial alteration in an open system typical 
of prolonged water-rock interactions at the surface. 

Gwizd S.   Fedo C.   Grotzinger J.   
Edgett K.   Gupta S.   Stack K. M.   
Banham S.   Edgar L. A.   Sumner D. 

Toward a Greater Understanding of Cross-Stratified Facies in the 
Hartmann’s Valley Member of the Murray Formation, Gale 
Crater, Mars [#6183] 
The Hartmann’s Valley member of the Murray formation consists 
of cross-stratified facies formed in either an aeolian or fluvial 
environment. This study provides observations and ongoing 
interpretations of these facies and their potential origins. 

Humayun M.   Sillitoe-Kukas S. Sedimentary Cycles of Elements on Mars:  Constraints from 
Meteorites, MERs and MSL, with Implications for Mars-
2020 [#6388] 
Recent discovery of impact melted sediment in a martian breccia 
enable better inferences of the origins of sediments studied by 
MERs and MSL. The Ni and P cycles are used to infer properties of 
Jezero deltaic sediments. 

Kremer C. H.   Bramble M. S.   
Mustard J. F. 

An Integrated Sedimentary Geological System at Nili 
Fossae, Mars [#6332] 
Nili Fossae, Mars / Sediment sources and sinks / A two for 
one deal! 

Koeppel A. H.D.   Annex A. M.   Pan C.   
Edwards C. S.   Lewis K. W. 

Compositional and Thermophysical Indicators of Aqueous Activity 
in Arabia Terra Crater Deposits [#6319] 
Building on previous morphological analyses of bed structures, 
this study uses compositional and thermophysical traits derived 
from orbital data to infer how aqueous activity may have affected 
sedimentary material within crater deposits. 



Parente M.   Arvidson R.   Itoh Y.   
Lin H.   Mustard J. F.   
Saranathan A. M.   Seelos F. P.   
Tarnas J. D. 

Mineral Detections over Jezero Crater Using Advanced Data 
Processing Techniques for CRISM Data — The 
CRISM ”Fandango” [#6382] 
We combine stateof-the-art hyperspectral image processing and 
mineral mapping techniques from multiple groups associated with 
the CRISM team to produce enhanced maps of the mineralogy 
within Jezero crater. 

Moore R. D.   Ende J. J.   Burtt P.   
Szynkiewicz A. 

Geochemical Characterization of Hydrothermal Sulfur in 
Terrestrial Mars Analogs [#6221] 
This research aims to establish the physical, chemical, and 
mineralogical signature of sulfur within acidic, anoxic 
hydrothermal systems on Earth in order to improve the way 
martian in situ samples are analyzed and interpreted. 

Morris R. V.   Rampe E. B.   
Vaniman D. T.   Ming D. W.   
Morrison S. M.   Christoffersen R.   
Graff T. G.   Hogancamp J. V.   Le L.   
Tu V. M.   Adams M.   Hamilton J. C.   
Mertzman S. A.   Achilles C. N.   
Bristow T. F.   Blake D. F.   Chipera S. J.   
Downs R. T.   Hazen R. M.   
Treiman A. T.   Castle N.   Ott J. P.   
Yen A. S. 

Hydrothermal Formation of Monoclinic High Sanidine on Mauna 
Kea Volcano (Hawaii) Provides Non-Igneous Formation Process for 
Monoclinic High Sanidine at Gale Crater (Mars) [#6257] 
Evidence from analogue samples that monoclinic high sanidine 
could form by hydrothermal process on Mars at elevated 
temperatures . 

Viviano C. E.   Phillips M. S. Hydrothermal Alteration Related to Large Impact Basins [#6359] 
Alteration materials between Isidis and Hellas basins reveal that 
the distribution of materials within the crust are consistent with a 
higher metamorphic grade towards the Isidis basin, as well as 
diagenesis within the crust post-dating the basin. 

Mandon L.   Parkes Bowen A.   
Quantin-Nataf C.   Bridges J. C.   
Carter J.   Pan L. 

Spectral Diversity and Stratigraphy of the Clay-Bearing Unit at the 
ExoMars 2020 Landing Site Oxia Planum [#6173] 
We characterize with high-resolution datasets the variability of 
the clay-bearing unit at Oxia Planum, the selected landing site for 
the ExoMars rover (ESA/Roscosmos). 

Krzesinska A. M.   Bultel B.   Viennet J.-
C.   Werner S. C. 

Experimental Constraints on the Formation of Vermiculitic, Fe,Mg-
Phyllosilicates on Mars with Relevance to the Aqueous History of 
Oxia Planum [#6216] 
Laboratory alteration experiments are conducted in martian 
analogue conditions to constrain possible formation mechanisms 
of vermiculitic-like Fe,Mg-phyllosilicates such as detected at 
Oxia Planum. 

Weitz C. M.   Bishop J. L.   Flahaut J.   
Gross C.   Saranathan A. M.   Itoh Y.   
Parente M. 

Evidence for Hesperian Acidic Alteration in Ius Chasma [#6240] 
We propose that ice/snow accumulation in the Hesperian along 
the Geryon Montes wallrock influenced and controlled 
sedimentary deposition by trapping and subsequently altering 
ash/dust into the hydrated doublet materials observed in 
CRISM spectra. 

Rasmussen B. P.   Calvin W. M.   
Lautze N.   Fraeman A. A.   Bristow T. S.   
DesOrmeau J. W. 

Characterizing Low-Temperature Aqueous Alteration of Mars-
Analog Basalts from Mauna Kea at Multiple Scales [#6331] 
We performed a multi-scale characterization of aqueous 
alteration of Mars analog basaltic rock from the interior of Mauna 
Kea using high resolution VNIR spectral imaging, scanning 
electron microscopy, X-ray diffraction, and point VNIR spectra. 



 
  



Wednesday, July 24, 2019 
POSTER SESSION:  SURFACE ACTIVITY II — WATER, FROST, WIND, IMPACT, AND/OR GRAVITY DRIVEN? 
10:30 a.m.   Beckman Auditorium Patio 

Authors  Abstract Title and Summary 
Vincendon M.   Pilorget C.   Carter J.   
Stcherbinine A. 

The Rise and Fall of RSL [#6087] 
We show that instrumental artefacts explain RSL CRISM data 
previously interpreted as evidence for hydrated salts. RSL activity 
is actually difficult to reconcile with liquid water while being 
consistent with surface-atmosphere exchanges of dust. 

Patterson B. J.   Christensen P. R.   
Piqueux S.  Ruff S. W. 

A Case Study of Recurring Slope Lineae Along Coprates 
Montes, Mars [#6134] 
We use a thermal model to examine the relationship between RSL 
activity, surface temperature and brine stability in Valles 
Marineris. We find an interesting correlation between RSL activity 
and the surface temperature of > 60º slopes. 

Schorghofer N.   Levy J. S.   
Goudge T. A.   Tebolt M. 

Thermal Environment of Recurring Slope Lineae at Palikir Crater, 
Mars, and its Implications for Volatiles [#6150] 
Thermal modelling at mega-pixel scale is carried out to study 
temperatures and volatiles in rugged topography where recurring 
slope lineae occur. 

Millot C.   Quantin-Nataf C.   Leyrat C.   
Volat M. 

Thermal Behaviour of Recurring Slope Lineae in 
Palikir Crater [#6247] 
We focus on surface and subsurface thermal modelling in order to 
constrain the nature of Recurring Slope Lineae (RSL) on Mars at 
Palikir Crater site. 

Stillman D. E.   Bue B. D.   
Wagstaff K. L.   Primm K. M.   
Michaels T. I.   Grimm R. E. 

Quantitative Mapping and Evaluation of Wet and Dry Formation 
Mechanisms of Recurring Slope Lineae (RSL) in Garni Crater, Valles 
Marineris, Mars [#6098] 
We mapped ~3000 RSL to present geostatistical results to 
evaluate RSL formation mechanisms and mechanisms responsible 
for the interannual variation of RSL. 

Imamura S.   Sekine Y.   Kurokawa H.   
Maekawa Y.   Sasaki T. 

Laboratory Study on Morphological Features of Repeated Brine 
Flows on Mars:  Implications for Detection of Hydrated Salts on 
Recurring Slope Lineae [#6408] 
Under martian small gravity, brine flow could form elongated 
streaks on Mars due to precipitated salts. Even if the precipitated 
salts exist on RSL, They are unlikely to be detected with CRISM 
because of the insufficient spatial resolution of CRISM. 

Herny C.   Raack J.   Conway S. J.   
Carpy S.   Colleu-Banse T.   Patel M. R. 

Experimental Investigation of Sand Transport Mechanisms by 
Boiling Liquid Water Under Mars-Like Conditions and Potential 
Implication for Martian Gullies and RSL [#6034] 
Active flow processes are currently ongoing at the surface of 
Mars. We conducted a series of experiments under low pressure 
to investigate the transport capacity of boiling liquid water under 
martian-like surface conditions. 

Gulick V. C.   Glines N. H. Gully Formation on the Central Peak of Lyot Crater, Mars:  
Implications for a Late Paleo Microclimate [#6440] 
We studied fluvial features in Lyot Crater’s central peak region, 
the lowest elevation, highest surface pressure spot in the N. 
hemisphere of Mars. We find an assemblage of landforms that 
could be formed by a local paleohydrologic cycle. 



Beer A. R.   Lamb M. P.   Ulizio T. P.   
Ma Z.   Hughes M. N.   Fraeman A. A.   
Arvidson R. E.   Golombek M. P.   
Dickson J. L. 

Bedrock Gully Erosion by Rockfall [#6431] 
Bedrock gully erosion can be caused by dry rockfall without need 
of a fluid. 

Hughes M. N.   Arvidson R. E.   
Bryk A. B.   Dietrich W. E.   Lamb M. P.   
Catalano J. G. 

Characteristics of Debris Deposits Within Grand Canyon of Gale 
Crater and Implications for Upper Gediz Vallis [#6082] 
Similarities between debris deposits in Grand Canyon and upper 
Gediz Vallis imply that similar processes have been at work in 
both cases, but the deposits are much better preserved in Grand 
Canyon and are dominated by polyhydrated sulfate. 

Howard A. D.   Morgan A. M.   
Wilson S. A.   Moore J. M.   Kite E. S. 

Interior Scarps in Southern Mid-Latitude Craters [#6110] 
The interior of several mid-latitude craters have scarps and 
associated depressions superimposed on fan-like forms extending 
from alcoves in the crater walls. Origin of these features involve 
fluvial, lacustrine, ice-related, and mantling processes. 

Wiens R. C.   Edgett K.   Stack K.   
Mangold N.   Gasda P.   Maurice S.   
Gasnault O.   Dietrich W. E.   Bryk A.   
Thompson L. 

Heterolithic Boulder-Strewn Units Overlying Murray and Stimson 
Formations:  A Record of Activity in Gale Crater Subsequent to 
Exposure of the Stimson Formation [#6318] 
MSL/Curiosity explored 3 boulder-strewn regions overlying the 
Murray formation and also the much more recent eolian Stimson 
fm. Boulders and cobbles of sandstone and Stimson-composition 
conglomerates give hints of relatively recent processes in Gale. 

Nagle-McNaughton T. P.   Williams J. M.   
Gallegos Z. E.   Wilkie H. A.   
Martinez D. C.   Scuderi L. A. 

Identification and Quantification of Boulder Distributions Near the 
Jezero Crater Fan System Using HiRISE Imagery [#6136] 
An automated methodology for identifying boulders in HiRISE 
images via ArcGIS was developed for this study. This methodology 
was applied to a HiRISE image of the Jezero Fan as a ’proof-of-
concept’. 

Kreslavsky M. A.   Head J. W. Slope Streaks on Mars:  Synthesis and a New Proposed 
Formation Mechanism [#6245] 
We review observational knowledge on slope streaks on Mars and 
propose a new wet pellet avalanche mechanism of 
their formation. 

Valantinas A.   Thomas N.   
Pommerol A.   Becerra P.   Hauber E.   
Tornabene L. L.   Cremonese G.   
CaSSIS Team 

Cassis Observations of Fresh Bright Slope Streak Candidates in 
Arabia Terra [#6259] 
Early morning color observations made by The Colour and Stereo 
Surface Imaging System (CaSSIS), onboard ExoMars Trace Gas 
Orbiter (TGO), have revealed fresh bright slope streak candidates 
in Arabia Terra. 

 
Wednesday, July 24, 2019 
POSTER SESSION:  MORE GEOLOGY AND GEOCHEMISTRY AROUND MARS 
10:30 a.m.   Beckman Auditorium Patio 

Authors  Abstract Title and Summary 
Beyssac O.   Fau A.   Zanda B.   
Gauthier M.   Pont S.   Sautter V.   
Bernard S.   Boulliard J. C.   Hewins R.   
Gasnault O.   Maurice S. 

Raman Spectroscopy for Mars Exploration:  Insights from NWA 
7533 Martian Breccia and Terrestrial Analogs for 
Jezero Lithologies [#6176] 
We present time-resolved Raman and luminescence data on NWA 
7533 martian breccia and minerals and rocks having affinity with 
the rock lithologies expected at Jezero. These data are interpreted 
and discussed in terms of (bio)geochemical processes. 



Pan C.   Newsom H. E. Gamma Ray Spectrometer (GRS) Composition of Dichotomy 
Boundary Near Isidis Basin:  Implications for 
Jezero Crater [#6090] 
GRS composition suggests that the surficial crust or materials on 
the surface of the Jezero area may also derive from K and Th 
depleted mantle, and the olivine rich materials detected from 
Jezero Crater may originate from volcanism. 

Lane M. D.   Tirsch D.   Bishop J. L.   
Viviano C.   Loizeau D.   Tornabene L.   
Jaumann R. 

Identifying Olivine in Libya Montes and Tyrrhena 
Terra, Mars [#6422] 
Coordinated analyses of orbital data from many different 
spacecraft instruments are being used to study the region of Libya 
Montes south across Tyrrhena Terra. This work contributes initial 
mid-infrared studies of the olivine composition. 

Condus T.   Arvidson R. E.   He L.   
O’Sullivan J. A.   Wolff M. J.   
Morris R. V. 

Investigation of Crystalline Hematite in Meridiani Planum Through 
Coordinated Analyses of TES, CRISM, and Opportunity 
Rover Data [#6270] 
Both TES and CRISM data are processed to single scattering 
albedo for direct comparison of crystalline hematite signatures in 
Meridiani Planum. 

Farrand W. H.   Bell J. F. III   
Johnson J. R.   Rice M. S.   Wang A. 

Color Commentary:  A Summary of Multispectral Imaging Results 
from the Spirit and Opportunity Missions [#6226] 
Visible and near infrared multispectral imaging results from the 
Mars Exploration Rovers Spirit and Opportunity are summarized 
and put into the broader context of how they contributed to 
understanding the geology of both landing sites. 

Sivasankari T.   Arivazhagan S. An Overview of Morphological and Composition Investigation of 
Melas Chasma of Valles Marineris [#6145] 
The present study aims at the identification ofminerals and the 
Morphological features of Melas chasma region of Valles 
Marineris . 

Archer P. D. Jr   Ming D. W.   Sutter B.   
Hogancamp J. V.   Morris R. V.   
Clark B. C.   Mahaffy P. H.   Navarro-
González R.   McKay C. P.   Gough R. V.   
Fairen A. G. 

Perchlorate on Mars — Overview and Implications [#6233] 
Perchlorates have been detected by both landers and orbiters at 
many different locations on Mars. Perchlorates could be an 
important indicator of past environmental conditions or 
diagenesis and also have implications for human exploration. 

El-Shenawy M. I.   Niles P. B. Potential Carbon Sequestration in Perchlorate Brines on Mars:  
Experimental Study [#6420] 
we present several experiments to simulate the interaction 
between the CO2(g) and Mg, Ca, Na-perchlorate solutions in a 
closed system at a pCO2 of 4 mbar and four temperatures (i.e., 30, 
4, –15 and –33°C). 

 
Wednesday, July 24, 2019 
POSTER SESSION:  ATMOSPHERE ESCAPE, MAGNETIC FIELDS, AND SOLAR INFLUENCES 
10:30 a.m.   Beckman Mall Tent 

Authors  Abstract Title and Summary 
Lillis R. J.   Lo D. Y.   Deighan J. I.   
Fox J. L.   Yelle R. V.   Lee Y.   
Leblanc F.   Chaufray J.-Y.   
Cravens T. E.   Rahmati A.   Gacesa M.   
Jakosky B. M.   Chaffin M. 

Photochemical Escape from Mars as a Climate Driver:  
How Important? [#6033] 
Photochemical escape is the primary loss process for O, C, and N 
atoms from Mars. But C rates are ~10 times lower than O, setting 
up a conundrum:  where did all the carbon from an early thick 
CO2 atmosphere go? 



Dong Y.   Brain D. A.   Fang X.   
Ramstad R.   McFadden J. P.   
Halekas J. S.   Eparvier F.   
Connerney J. P.   Epsley J. R.   
Bruce B. M. 

Martian Ion Escape Variation with Solar EUV from 
MAVEN Observations [#6202] 
We estimate ion escape rate at Mars using MAVEN data, and 
compare it with solar EUV. We will present the quantitative 
dependence of martian ion loss on solar EUV for different ion 
populations, and discuss the mechanism of EUV effects on 
ion loss. 

Farahat A.   Abuelgasim A.   
Mayyasi M.   Withers P. 

Structure and Variability of Mars Ionosphere During Major Solar 
Energetic Particle Events of Solar Cycle-24 [#6012] 
We use comprehensive observations from the Mars Atmosphere 
and Volatile Evolution (MAVEN) mission, to investigate the impact 
of interplanetary solar conditions on the martian ionosphere 
during solar cycle 24 at different altitudes and solar zenith. 

Dunn P. A.   Lillis R. J.   Lee C. O.   
Ehresmann B.   Rahmati A.   
Larson D. E. 

Determining the Cosmic Ray Spectrum at Mars with MAVEN’s 
Solar Energetic Particle Detector [#6379] 
The SEP detector onboard MAVEN was designed to measure 
fluxes of energetic charged particles accelerated by solar flare and 
CME events. Data from SEP can be used to determine spectra of 
even higher energy particles corresponding to cosmic rays. 

Luhmann J. G.   Ma Y-J.   Dong C-F.   
Espley J.   Russell C. T.   Lillis R.   
Fillinghim M.   Curry S. M.   
Ruhunusiri S.   Jakosky B. M. 

Influences of Solar Wind-Induced Magnetic Fields on Fields 
Measured at Mars [#6046] 
Magnetic fields measured at Mars are not straightforward to 
interpret due to fields induced by the solar wind interaction. We 
compare measurements from MAVEN with simulations of the 
solar wind interaction to investigate induced field contributions. 

Espley J. R.   Gruesbeck J. R. How to Measure Space Weather at Mars:  A Magnetospheric 
Disturbance Index [#6113] 
To quantify the impacts of space weather events on the martian 
magnetosphere, we have constructed a magnetospheric 
disturbance index. The event types and durations are not 
correlated w/ the disturbance intensities but MAVEN-era events 
have been mild. 

Mitchell D. L.   Xu S.   Brain D. A.   
McFadden J. P.   Mazelle C.   Espley J. 

High Resolution Observations of the Topology of a Crustal 
Magnetic Cusp [#6435] 
We present high resolution observations of a crustal magnetic 
cusp using a non-standard operating mode of the SWEA 
instrument aboard MAVEN. The transition from closed to open 
field lines occurs over a ~900-meter spatial scale. 

Weber T.   Brain D.   Xu S.   
Mitchell D.   Espley J.   Halekas J.   
Lillis R. 

IMF Direction Determines Which Martian Crustal Magnetic Field 
Cusps are Open to the Solar Wind [#6322] 
Martian Cusps Vary / IMF Determines This / Large Closed Loops 
Are Formed. 

DiBraccio G. A.   Romanelli N.   
Luhmann J. G.   Ma Y.   Espley J. R.   
Gruesbeck J. R.   Xu S.   
Connerney J. E. P.   Poh G. 

MAVEN Observations of Crustal Field Effects on Magnetotail 
Twisting at Mars [#6086] 
MAVEN magnetic field observations are analyzed in order to 
investigate the potential impact of crustal field orientation on the 
martian magnetotail twist. 

Brain D. A.   Dong Y.   Ramstad R.   
Weber T.   Jolitz R.   Egan H.   Seki K.   
McFadden J.   Andersson L.   Espley J.   
Halekas J.   Mitchell D.   Luhmann J.   
Jakosky B. 

Do Magnetic Fields Matter? [#6375] 
We use MAVEN data and models to assess how crustal magnetic 
fields modify the escape rates of atmospheric ions. This has 
applicability to a big picture question for Mars, planetary, and 
exoplanetary science:  Do magnetic fields influence habitability? 



Romanelli N.   Dibraccio G.   Modolo R.   
Leblanc F.   Espley J.   Gruesbeck J.   
Connerney J.   Halekas J.   McFadden J.   
Jakosky B. 

Recovery Timescales of the Dayside Martian Magnetosphere to 
Interplanetary Magnetic Field Variability [#6092] 
Based on a time dependent LATMOS Hybrid Simulation run taking 
into account MAVEN observations, we have determined recovery 
timescales of the dayside martian magnetosphere and the O+ 
plume to observed Interplanetary Magnetic Field variability. 

Fillingim M. O.   Russell C. T.   Joy S.   
Chi P. J.   Yu Y.   Johnson C. L.   
Mittelholz A.   Langlais B.   Lillis R. J.   
Luhmann J. G.   Espley J.   Halekas J. H.   
Banerdt B.   Jakosky B. 

InSight and MAVEN:  A Comparison Between Magnetic Fields 
Measured from the Surface of Mars and from Orbit [#6127] 
Variations in the surface magnetic field measured by the InSight 
Flux Gate magnetometer (IFG) can be related to changes in the 
plasma environment around Mars measured by MAVEN. 
Simultaneous measurements can help reveal these relationships. 

Cramer A. G.   Withers P.   Elrod M. K. Effects of the September 2017 Solar Flare on Neutral Species 
Abundances in the Martian Thermosphere [#6300] 
This research involves analyzing the abundances of neutral 
species in the upper atmosphere of Mars with MAVEN NGIMS 
data to understand the atmospheric processes which produce 
density changes as a result of the September 2017 X-class 
solar flare. 

Rahmati A.   Larson D. E.   Cravens T. E.   
Lillis R. J.   Halekas J. S.   
McFadden J. P.   Mitchell D. L.   
Thiemann E. M. B.   Connerney J. E. P.   
Dunn P. A.   Lee C. O.   Eparvier F. G.   
DiBraccio G. A.   Espley J. R.   
Luhmann J. G.   Mazelle C.   
Jakosky B. M. 

Two Mars-Years of Atmospheric Neutral Escape Data from the 
MAVEN Mission [#6395] 
Pickup H+ and O+ data from the SEP, SWIA, and STATIC 
instruments on the MAVEN spacecraft are used to assess the 
variability of neutral hydrogen and oxygen exospheres and escape 
rates at Mars. 

AlMaazmi H.   Chaffin M.   Forget F.   
Millour E.   Deighan J. 

C-Storm Effect on the Escape of Hydrogen in the Martian 
Atmosphere Using the LMD-GCM [#6208] 
Effects of a seasonal dust storm during MY 28 on middle 
atmosphere water vapor and the resulting Hydrogen escape were 
taken using the Mars Climate Database providing a theoretical 
expectation of the effect of a regional dust storm on 
Hydrogen escape. 

 
Wednesday, July 24, 2019 
POSTER SESSION:  UPPER ATMOSPHERE — THERMOSPHERE/IONOSPHERE AND UP 
10:30 a.m.   Beckman Mall Tent 

Authors  Abstract Title and Summary 
Milby Z.   Stiepen A.   Schneider N.   
Jain S.   González-Galindo F.   Royer E.   
Gérard J.-C.   Dieghan J.   
Stewart A. I. F.   Forget F.   Lefevre F. 

Circulation Patterns in the Martian Nightside Upper Atmosphere 
Revealed by Nitric Oxide Nightglow [#6321] 
We will present a summary of ultraviolet spectroscopic studies of 
an atmospheric nightglow phenomenon which traces dynamics 
between Mars’s upper and middle atmospheres using 
MAVEN data. 

Hughes A. C. G.   Chaffin M. S.   
Mierkiewicz E. J.   Deighan J.   Jain S.   
Schneider N.   Mayyasi M.   Jakosky B. 

Mars Proton Aurora:  An Indicator of Global 
Seasonal Change [#6414] 
We present observations of proton aurora at Mars using the UV 
Spectrograph on the MAVEN spacecraft. We create a 
comprehensive database of events, characterizing the 
phenomenology of proton aurora, identifying driving factors and 
seasonal variability. 



Deighan J.   Jain S. K.   Chaffin M. S.   
Chaufray J-Y.   Schneider N. M.   
Eparvier F. G.   Thiemann E.   
Clarke J. T.   Mayyasi M.   Lillis R. J. 

Variability of the Martian Hot Oxygen Corona Observed by 
MAVEN/IUVS and Implications for Atmospheric Evolution [#6383] 
MAVEN/IUVS has collected over two martian years of data 
observing the tenuous hot oxygen corona. The variation of this 
part of the atmosphere with solar activity lends insight into how 
the martian atmosphere has been lost to space over time. 

Saunders W. R.   Person M. J.   
Withers P. 

Initial Results of a Re-Analysis of the 1976 Mars Occultation of 
Epsilon Geminorum [#6301] 
We present a re-analysis of the 1976 Mars occultation of Epsilon 
Geminorum, the brightest stellar occultation of Mars. We use the 
full resolution dataset without the simplifying assumptions or 
reduction in resolution required in the original work. 

Shane A. D.   Liemohn M. W. Misbehaving High Energy Photoelectrons:  Evidence in Support of 
Ubiquitous Wave-Particle Interactions on Martian Closed Crustal 
Magnetic Fields [#6291] 
We investigate the pitch angle distributions of photoelectrons on 
crustal fields. Low energies have a typical source cone 
distribution, while high energies are peaked at perpendicular 
pitch angles, implying ubiquitous wave-particle interactions. 

Ledvina S. A.   Brecht S. H. The Interaction of the Martian Ionosphere with the Solar Wind:  
Current Systems and Diamagnetic Effects [#6447] 
To understand the martian solar wind interaction the currents 
systems around the planet and the crustal magnetic fields must 
be determined. Current systems and diamagnetic effects around 
Mars are examined using simulations of the solar 
wind interaction. 

Hanley K. G.   Brain D. A.   Weber T.   
Halekas J. S.   Espley J.   Connerney J.   
Mitchell D. L.   Jakosky B. M. 

Ionospheric Current Systems at Mars:  Magnetic Perturbations 
above Crustal Fields Measured by MGS and MAVEN [#6243] 
Ionospheric current signatures on Mars can be detected as 
perturbations in the local magnetic field. In magnetic cusp 
regions, currents may allow charged particles to escape to space. 
Using MAVEN and MGS, we can study when and where 
currents form. 

Withers P.   Felici M. MAVEN Radio Occultation Science Experiment (ROSE) 
Observations of the Ionosphere of Mars [#6038] 
An overview of ionospheric electron density profiles acquired by 
the MAVEN Radio Occultation Science Experiment (ROSE). 

Fowler C. M.   Bonnell J. W.   
Andersson L.   Huba J. D.   Thayer J. P.   
Espley J.   Mitchell D.   Lillis R.   
McFadden J.   Benna M. 

MAVEN Observations of Small Scale Ionospheric Irregularities in 
the Martian Ionosphere and Their 
Statistical Characteristics [#6040] 
Small scale ionospheric irregularities in ionospheric density and 
magnetic field strength have been observed at Mars by the NASA 
MAVEN mission. We show an example event, and discuss the 
statistical characteristics of these events. 

Lee Y.   Benna M.   Mahaffy P. R.   
NGIMS Team 

MAVEN NGIMS Measurements of the Martian Ionosphere During 
the Aerobraking Campaign [#6287] 
We report here the recent ion measurement taken by the NGIMS 
onboard MAVEN during an aerobraking campaign. The 
aerobraking campaign provided us a better opportunity to study 
the low-altitude region of the atmosphere and ionosphere. 



Luppen Z. A.   Girazian Z.   
Morgan D. D.   Kopf A.   Chu F.   
Halekas J. S.   Gurnett D. A. 

Prolonged Lifetime of a Transient Ionized Layer in the Martian 
Atmosphere Caused by Comet Siding Spring [#6043] 
We present new observations from the Mars Advanced Radar for 
Subsurface and Ionosphere Sounding (MARSIS) instrument that 
show the transient layer in the ionosphere caused by Comet 
Siding Spring lasted several days later than previously reported. 

Esman T. M.   Espley J.   Gruesbeck J.   
Giacalone J. 

ELF Waves in the Martian Ionosphere:  Lightning, Field Line 
Resonances, and Instabilities? [#6041] 
Through the analysis of MAVEN magnetometer data, we find that 
Mars’ ionosphere has no obvious signs of large-scale lightning. 
However, numerous ionospheric waves are found. 

Tellmann S.   Pätzold M.   Häusler B.   
Bird M. K.   Hinson D. P.   Andert T. P.   
Peytavi G. G.   Asmar S. W. 

Crosslink Occultations for Probing the Planetary Atmosphere and 
Ionosphere of Mars [#6206] 
Crosslink Occultations are commonly used in Earth science to 
study the Earth atmosphere and ionosphere. For Mars, this 
technique has only been used once, so far. It has the advantage of 
numerous measurements and high ionospheric sensitivity. 

Roeten K. J.   Bougher S. W.   Benna M.   
Mahaffy P. R.   Lee Y.   Pawlowski D.   
Gonzalez-Galindo F.   Lopez-
Valverde M. A. 

Comparisons Between MAVEN/NGIMS Thermospheric Wind 
Observations and Simulations from the M-GITM Model [#6103] 
Unique observations from the MAVEN mission of neutral winds in 
the martian thermosphere are compared to simulations from a 
global circulation model, M-GITM, to help determine how well the 
physical processes that drive these winds are understood. 

Pilinski M.   Thiemann E. M. B.   Jain S.   
Stone S.   Lo D.   Yelle R.   Girazian Z.   
Eparvier F.   Schneider N.   Benna M.   
Bougher S. 

The MAVEN Neutral Data Working Group:  Combining all MAVEN 
Neutral Measurements to Provide a Global Picture of Structure 
and Variability in the Mars Thermosphere [#6286] 
We aim to combine measurements from the four neutral 
instruments to provide a global view of the Mars thermosphere 
and provide insight into the structure and variability of the Mars 
thermosphere beyond what can be achieved with a 
single instrument. 

 
Wednesday, July 24, 2019 
PLENARY:  CURRENT STATUS OF PLANNING FOR A POTENTIAL MARS SAMPLE RETURN (MSR) CAMPAIGN PANEL 
1:30 p.m.   Beckman Auditorium 

Times Presenter Presentation 
1:30 
p.m. 

Moderator:  Michael Meyer 
Panel Members:  Edwards C.   
Grady M.   Haltigin T.   Huesing J.   
Stack-Morgan K. 

A panel of Mars scientists and engineers will discuss the 
proposed upcoming Mars Sample Return Campaign, 
including the ongoing science and engineering planning. 

 
Wednesday, July 24, 2019 
PLENARY:  MARS WATER ICE: A SYNERGISTIC INVESTIGATION FOR SCIENCE AND HUMAN EXPLORATION 
2:40 p.m.   Beckman Auditorium 

Times Authors (*Denotes Presenter) Abstract Title and Summary 
2:40 
p.m. 

Morgan G. A. *   Putzig T.   
Sizemore H.   Baker D.   
Bramson A.   Petersen E.   Bain Z.   
Hoover R.   Perry M.   
Mastrogiuseppe M.   Smith I.   
Campbell B.   Pathare A.   
Dundas C. 

The Science Value of Ice Resource Mapping:  Mars 
Subsurface Water Ice Mapping (SWIM) [#6418] 
We will present the scientific projects to come out of the 
SWIM Ice resource project and encourage members of the 
community to incorporate the maps within their 
research projects. 



Wednesday, July 24, 2019 
PLENARY:  DATA NEEDED TO GET HUMANS TO MARS AND KEEP THEM ALIVE PANEL 
3:00 p.m.   Beckman Auditorium 

Times Presenter Presentation 
3:00 
p.m. 

Moderator:  Rick Davis 
Panel Members:  Calef F.   Zacny 
K.   Putzig T.   Morgan G.   
Fackrell L.   Engler S. 

A panel of scientists discuss the state of knowledge and data 
needs for future human exploration of Mars.  

 
Wednesday, July 24, 2019 
PAST AQUEOUS SETTINGS AND FUTURE LANDING SITES 
4:00 p.m.   Beckman Auditorium 
Chairs:  Hanna Nekvasil and John Mustard  

Times Authors (*Denotes Presenter) Abstract Title and Summary 
4:00 
p.m. 

Nekvasil H. *   DiFrancesco N. J.   
Rogers A. D.   King P. L. 

Martian Dust:  What Role Could Magmatic Gas have 
Played in its Chemical Signature? [#6256] 
Magmatic vapor-deposited phases can be an important 
source of Fe, S, and Cl in the dust. Mg- and Ca-sulfate can be 
contributed to the dust by aeolian abrasion of friable 
sulfates on dust grains formed through magmatic 
gas/mineral dust interaction. 

4:15 
p.m. 

Bishop J. L. *   Weitz C. M.   
Flahaut J.   Gross C.   
Saranathan A. M.   Danielsen J. M.   
Usabal G. S.   Miura J. K.   Itoh Y.   
Parente M. 

Salty Residues on Mars Mark Changing 
Geochemical Environments [#6148] 
Characterization of unique salty outcrops on Mars using a 
spectral “doublet” feature at 2.21–2.23 and 2.26–2.28 µm 
marks a changing geochemical environment associated with 
clays and sulfates, and indicates changes in pH, salts, and 
water/rock ratio. 

4:30 
p.m. 

Leask E. K. *   Ehlmann B. L. Investigating Chloride Brine Sources through Morphology, 
Geologic Context, and Associated Mineralogy of 
Chloride Deposits [#6252] 
Morphology and topographic analysis of chloride deposits is 
consistent with a surface runoff/near-surface groundwater 
source, not deep groundwater upwelling. Rare pixel 
detection algorithms have found only FeMg clays in 
proximity, no other salts. 

4:45 
p.m. 

Mitra K. *   Catalano J. G. Stoichiometric Efficiency of Fe(II)-Oxidation And Fe(III)-Oxide 
Production by Chlorate on Mars:  An 
Experimental Approach [#6031] 
Chlorate can oxidize iron and form iron oxides on Mars. We 
explored the practical maximum limit of iron oxidation and 
iron oxide formation by chlorate under Mars-
relevant conditions. 

5:00 
p.m. 

Pan L. *   Carter J.   Quantin-
Nataf C. 

Hydrated Silica in Martian Alluvial Fans and Deltas [#6239] 
Hydrated silica has been found globally on Mars. Some silica 
deposits are associated with fans and deltas, including the 
landing sites for Mars 2020 and ExoMars. These silica-
bearing deposits hold clues to Mars’ liquid water 
activity post-Noachian. 



5:15 
p.m. 

Quantin-Nataf C. *   Carter J.   
Mandon L.   Balme M.   
Fawdon P.   Davis J.   Thollot P.   
Dehouck E.   Pan L.   Volat M.   
Millot C.   Breton S.   Loizeau D.   
Vago J. 

ExoMars at Oxia Planum, Probing the Aqueous-Related 
Noachian Environments [#6317] 
The ESA-Roscosmos rover plans to land in 2020 in Oxia 
Planum. This site has recorded at least two distinct noachian 
aqueous environments:  the formation of a widespread 
clay-bearing layered unit and a younger but still noachian 
fluvio-deltaic activity. 

5:30 
p.m. 

Mustard J. F. *   Bramble M. S.   
Kremer C. H.   Tarnas J. D.   
Pascuzzo A. C. 

A Record of the First Billion Years of Solar System History at 
the Mars 2020 Landing Site [#6404] 
The geologic units accessible to Mars 2020 in the Jezero 
delta, floor deposits, crater rim and the adjacent region of 
NE Syrtis contain rocks effected by many of the important 
evolutionary events in the evolution of Mars and the 
solar system. 

5:45 
p.m. 

Poulet F. *   Carter J.   Riu L.   
Martinez A. 

Modal Mineralogy of Phyllosilicate- and Carbonate-Bearing 
Terrains from Spectral Modeling. Application to Mars2020 
and ExoMars Landing Sites [#6260] 
We present the modal mineralogy of 100000+ phyllosilicate-
bearing and carbonate-bearing deposits derived from 
spectral modeling. 

 
Wednesday, July 24, 2019 
THE AIR UP THERE:  HOW DOES ENERGY MOVE THROUGH THE UPPER ATMOSPHERE? 
4:00 p.m.   Ramo Auditorium 
Chairs:  Shaosui Xu and Ali Rahmati  

Times Authors (*Denotes Presenter) Abstract Title and Summary 
4:00 
p.m. 

Thiemann E. M. B. *   Entin N.   
Bougher S.   Yigit E.   Bell J.   
Pawlowski D.   Eparvier F. 

Observations of Ultrafast Kelvin Wave Breaking in the 
Mars Thermosphere [#6292] 
This study shows Ultrafast Kelvin Waves (UFKWs) as being 
the dominant source of day-to-day variability from low to 
high latitudes during Southern Summer. UFKWs propagate 
freely below 170 km, above which they rapidly dissipate. 

4:15 
p.m. 

Bougher S. W. *   Benna M.   
Lee Y.   Roeten K. J.   Yigit E.   
Mahaffy P. R.   Jakosky B. 

Global Circulation of the Thermosphere of Mars as Revealed 
by MAVEN/NGIMS Measurements [#6088] 
Results of the first mapping of the global circulation in the 
thermosphere of Mars is presented. The MAVEN Neutral 
Gas and Ion Mass Spectrometer instrument has collected 
observations of thermospheric winds organized in 33 
campaigns over 2016–2018. 

4:30 
p.m. 

Schneider N. M. *   Jain S. K.   
Deighan J.   Hughes A. C. G.   
Chaffin M. S. 

Aurora on Mars [#6364] 
Mars’ lack of a global magnetic field led to low expectations 
for auroral phenomena, but MAVEN has shown Mars aurora 
is frequent, diverse, and often global. Ironically, Mars’ lack 
of a global field is actually responsible for most of 
the activity. 

4:45 
p.m. 

Jain S. K. *   Deighan J.   
Schneider N. M.   Stewart A. I. F.   
Evans J. S.   Stevens M. H.   
Chaffin M. S.   Thiemann E. M. B.   
Eparvier F. 

Mars UV Dayglow:  Indicator of Coupling, Dynamics, and 
Energetics of Mars’ Middle and Upper Atmospheres [#6143] 
The aim of this study is to understand and characterize the 
middle and upper atmosphere dynamics, coupling and 
energetics using the ultraviolet dayglow measurements 
from IUVS instrument onboard MAVEN. 



5:00 
p.m. 

Peter K. *   Chu F.   Fränz M.   
Pätzold M.   Shuvalov S.   
Thiemann E.   Girazian Z.   
Kopf A.   Tellmann S. 

Ionopause-Like Gradients in the Martian Dayside 
Ionosphere:  Comparing Mars Express MaRS and 
MARSIS Observations [#6077] 
More than 15 years of MEX-MaRS radio science 
observations are combined with ionopause statistics (MEX-
MARSIS) and environmental parameters (MEX-ASPERA3, 
MAVEN) to study the effect of changing space weather 
conditions on the martian ionosphere. 

5:15 
p.m. 

Xu S. *   Mitchell D. L.   Weber T.   
Brain D.   Benna M.   
McFadden J. P.   Halekas J.   
Mazelle C.   Espley J. 

Dayside Photoelectron Boundary Properties at Mars [#6009] 
We investigate the properties of the photoelectron 
boundary, and its relation to other plasma boundaries 
observed in the Mars environment and suggests this 
boundary to be a persistent separator between the 
ionosphere and the solar wind flow at Mars. 

5:30 
p.m. 

Jolitz R. D. *   Brain D. A.   
Lee C. O.   Lillis R. J.   Larson D. L.   
Halekas J. S.   Jakosky B. M. 

Energy Input of Solar Energetic Particles at Mars [#6398] 
Solar energetic particles (SEPs) can episodically impart 
energy to Mars by heating and ionizing the atmosphere, and 
potentially facilitating past atmospheric escape. Using 
MAVEN data, we estimate the energy input of SEPs 
compared to the solar wind. 

5:45 
p.m. 

Ramstad R. *   Brain D. A.   
Dong Y.   McFadden J. P.   
Mitchell D. L.   Andersson L.   
Jakosky B. 

Vertical Flow Rates in the Martian Ionosphere:  
Constraining the Supply Limit in Atmospheric 
Ion Escape [#6128] 
We use over 4 years of MAVEN ion flux measurements to 
retrieve average vertical ion transport rates in the upper 
atmosphere. The rates are compared with magnetospheric 
ion escape rates to infer potential bottlenecks in 
atmospheric ion escape. 
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Authors  Abstract Title and Summary  
Holmstrom M.   Ramstad R.   
Futaana Y.   Persson M.   Nilsson H. 

High Level Datasets for ASPERA-3 IMA on Mars Express [#6071] 
We present two higher level data sets from ESA’s Mars Express 
(MEX) spacecraft that will be available through the ESA’s 
Planetary Science Archive (PSA). ASPERA-3 IMA Solar wind ion 
moments and Ion differential flux. 

Burns K. L. Mars-GRAM Support to the Mars Ascent Vehicle Preliminary 
Architecture Assessment [#6111] 
Mars-GRAM is being used to support Mars Ascent Vehicle 
Preliminary Architecture Assessment. This presentation will 
detail support provided by the Mars-GRAM development team. 

Justh H. L.   Dwyer Cianciolo A. M.   
Burns K. L.   Hoffman J.   Powell R. W. 

Mars Global Reference Atmospheric Model (Mars-
GRAM) Upgrades [#6140] 
The Mars Global Reference Atmospheric Model (Mars-GRAM) is 
one of the most widely used engineering models of the martian 
atmosphere. This presentation provides a summary of Mars-
GRAM upgrades, release status, and future upgrade plans. 



Millour E.   Forget F.   Spiga A.   
Vals M.   Zakharov V.   Montabone L.   
Lefevre F.   Montmessin F.   
Chauffray J.-Y.   Lopez-Valverde M. A.   
Gonzalez-Galindo F.   Lewis S. R.   
Read P.   Desjean M.-C.   Cipriani F. 

The Latest Mars Climate Database (Version 6.0) [#6171] 
The Mars Climate Database (MCD) is a database of 
meteorological fields derived from General Circulation Model 
(GCM) numerical simulations of the martian atmosphere and 
validated using available observational data. 

Young R. M. B.   Guerlet S.   Millour E.   
Forget F.   Navarro T.   Montabone L.   
Ignatiev N.   Grigoriev A.   Shakun A.   
Trokhimovskiy A.   Montmessin F.   
Korablev O. 

Assimilation of Observations from ACS/TIRVIM on board 
ExoMars TGO into the LMD Mars GCM [#6195] 
We use the LETKF to assimilate thermal infrared observations 
from ACS-TIRVIM on board ExoMars TGO into the LMD Mars 
GCM. We present assimilation of atmospheric temperatures 
during the MY34 Global Dust Storm, and its effect on the 
general circulation. 

Rajendran K.   Lewis S. R.   Patel M. R. Tracking Trace Gas Plumes on Mars with a Lagrangian Particle 
Dispersion Model [#6449] 
We use a Lagrangian Particle Dispersion Model to perform 
backtracking of a trace gas plume, using wind fields generated 
by a Mars GCM. This approach constrains the window for the 
accurate determination of the source region of any 
observed plume. 

Witek M. L.   Richardson M. I.   
Newman C. E.   Heavens N. G. 

An Eddy-Diffusivity/Mass-Flux Turbulence Parameterization for 
the Martian Convective Boundary Layer [#6283] 
The Eddy-Diffusivity/Mass-Flux (EDMF) parameterization has 
been developed for martian convective boundary layers. The 
model is assessed against MarsWRD LES simulations of 
Olympus Mons. 

Hanson L. E.   Guzewich S. D. Using Machine Learning to Identify Clouds in Mars Daily 
Global Maps [#6185] 
We use Self-Organizing Maps to automate the process of cloud 
identification in Mars Daily Global Maps from MRO imagery. This 
method differentiates water ice clouds from dust clouds, and 
could be extended to distinguish simple morphological features. 

McConnochie T. H.   Smith M. D. Testing Mars Atmosphere Thermal Infrared Nadir-Sounding 
Temperature Retrievals on GCM-Derived 
Simulated Radiances [#6396] 
We experiment with using general circulation model (GCM) 
output as an artificial “ground-truth” to evaluate retrieval 
algorithms. Here we test the MGS-TES algorithm, motivated by 
the similarities between TES and EMIRS on EMM. 

Wood S. E. Thermal Inertia Analysis:  The Next Level [#6406] 
After 40 years of first-order analysis of Mars thermal inertia, it is 
time to take it to the next level. New models capable of 
calculating regolith thermal properties as a function of its 
physical properties provide the means. 

Ahern A. A.   Rogers A. D.   
Macke R. J.   Thomson B. J.   
Kronyak R.   Kah L. C. 

Thermal Inertia and Conductivity Measurements of Mars Analog 
Rock Samples [#6337] 
Using a new technique and laboratory setup, we measure 
thermal properties of Mars analog rock samples and relate 
physical parameters (e.g. porosity, rock compressive strength) to 
thermal inertia to put orbital observations in better context. 



Vogt D. S.   Schröder S.   
Rammelkamp K.   Hansen P. B.   
Kubitza S.   Hübers H.-W. 

Investigation of MgCl, MgF, CaCl and CaF Emission in LIBS for the 
Quantification of Chlorine and Fluorine in Martian 
Atmospheric Conditions [#6072] 
Molecular signals in Laser-Induced Breakdown Spectroscopy 
(LIBS) are investigated for the quantification of chlorine and 
fluorine on Mars. The results are of interest for LIBS instruments 
like ChemCam, SuperCam, and MarsCoDe. 

Veneranda M.   Lopez-Reyes G.   
Saiz J.   Sanz A.   Manrique J. A.   
Medina J.   Dypvik H.   Werner S.   
Rull F. 

PTAL Multi-Spectral Database of Planetary Terrestrial Analogues:  
Raman Data Overview. [#6362] 
The purpose of the PTAL project is to enhance the scientific 
outcomes that could derive from the study of terrestrial 
analogues relevant to planetary exploration by providing an 
extensive multispectral database of terrestrial analogues. 

Carter J.   OMEGA/MEx Team   
CRISM/MRO Team 

The Mars Orbital Catalog of Chemical Alteration 
Signatures (MOCCAS) [#6175] 
The MOCCAS catalog provides a repository of knowledge of 
aqueous mineral deposits at Mars. The 100,000s of deposits 
identified and analyzed can foster new science opportunities for 
both local and broad scale studies of past water activity. 

Muller J-. P.   Tao Y.   Putri A. R. D.   
Watson G.   Beyer R.   Alexandrov O.   
McMichael S.   Besse S.   Grotheer E. 

3D Imaging Tools and Geospatial Services from Joint European-
US Collaborations [#6218] 
Open source tools developed with NASA Ames generated 3D 
models of 18% of the surface of Mars alongside webGIS display 
of these products with all other published 3D models. These 
18m DTM products are available from a new ESA guest 
storage facility. 

Smith C. L.   Martin D.   Gill S-J.   
Manick K.   Miller C. G.   Jones C.   
Rumsey M. S.   Duvet L. 

The European Space Agency Exploration Sample Analogue 
Collection (ESA2C) and Curation Facility — Update [#6196] 
An update on the operation of the ESA Exploration Sample 
Analogue Collection – 18 different rock types with data on 
physical and chemical (mineralogical) properties. Samples are 
available to borrow for various scientific and engineering tests. 

Lagain A.   Benedix G. K.   Chai K.   
Meka` S.   Paxman J.   Norman C.   
Anderson S.   Towner M. C.   
Bland P. A. 

Martian Impact Crater Database:  Towards a Completion 
for D>100m [#6017] 
We developed a crater detection algorithm trained on THEMIS 
dataset. Here, we demonstrate its efficiency on another dataset 
like CTX imagery. We show that ages measured on 4 areas in and 
around the Gusev crater are similar to those 
manually measured. 

Tetley M. G. Towards Automated Characterization and Correlation of Mars 
Science Laboratory (MSL) Target Data [#6340] 
The development and application of automated data analysis 
methods to aid geological characterization and stratigraphic 
correlation of Mars Science Laboratory target data. 

Robbins S. J.   Hoover R. H.   
Kirchoff M. R. 

Fully Controlled 6 Meters/Pixel Mosaic of Mars’ South Pole and 
Equator from Mars Reconnaissance Orbiter Context 
Camera, IV [#6381] 
Nearly automated, relative control of images will be presented, 
as applied to 6 m/pix ConTeXt camera images of Mars’ equator 
and south pole. 



Coles K. S.   Tanaka K. L.   
Christensen P. R. 

A New Atlas of Mars is Complete [#6267] 
We present the first atlas of Mars to combine recent spacecraft 
discoveries with current understanding of the geography, 
geology, and history. Maps of landforms, geology, feature 
names, and surface properties provide spatial context. 

Crumpler L. S. The First Field Geologic Maps on Mars:  Another Legacy from 
Spirit and Opportunity [#6367] 
True geologic maps showing lithology, time, and unit attitude 
were compiled along the traverse paths of Spirit and 
Opportunity. This data represents our first documentation of 
martian geologic history and the structure of the martian crust 
at meter length scales. 

Volat M.   Quantin-Nataf C.   
Mandon L.   Thollot P. 

MarsSI:  Martian Surface Data Processing Service [#6164] 
MarsSI (“Mars Système d’Information”, French for Mars 
Information System) is a platform and service to catalog, process 
and retrieve data from orbiters. 

Wang J.   Scholes D.   Arvidson R. E.   
Slavney S.   Guinness E. A.   
Arvidson L. E.   Zhou F. 

PDS Geosciences Node’s Orbital Data Explorer for Mars 
Data Access [#6323] 
An overview of NASA’s Planetary Data System (PDS) Geosciences 
Node’s Mars Orbital Data Explorer (ODE), which provides web-
based functions to search and access Mars orbital data from 
multiple missions and instruments. 

Stein T. C.   Arvidson R. E.   Zhou F. PDS Analyst’s Notebook for MSL and MER [#6109] 
The Analyst’s Notebook (AN) includes integrated access to peer-
reviewed, released data delivered by the instrument teams, 
supported by documentation describing context for the 
observations, together with processing methodology and 
data formats. 
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Authors  Abstract Title and Summary 
Gondet B.   Bibring J. P. Omega/Mex Phobos Observations [#6166] 

We will present an overview of various observations of Phobos 
done by Omega on board of Mars Express and will attempt to 
determine its mineralogical composition in preparation for the 
Japanese MMX mission. 

Smith N. M.   Edwards C. S.   
Mommert M.   Trilling D. E.   
Glotch T. D. 

MGS-TES Spectra of Phobos Indicate Thermally 
Homogeneous Surface [#6391] 
We present a map of the thermal inertia of the surface of Phobos, 
based on observations collected by Mars Global Surveyor using 
the Thermal Emission Spectrometer (TES) instrument. We find a 
fairly uniform thermal inertia across the observed region. 
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Authors  Abstract Title and Summary 
Beaty D. W.   Vijendran S.   
Meyer M. A.   Sefton-Nash E.   
Carrier B. L.   Edwards C.   Grady M. M.   
McSween H. Y.   Kumaraswamy T. 

Why Mars Sample Return is of Increasingly Compelling Interest to 
the International Mars Exploration Community [#6250] 
MSR was first proposed in the 1970s and has progressively gained 
support from the international Mars exploration community. 
There have been developments in several areas, such as 
astrobiology and mission results, that have caused interest 
to increase. 

Carrier B. L.   Grady M. M.   
McSween H. Y.   Sefton-Nash E.   
Beaty D. W.   iMOST Team 

Revisiting the Proposed Scientific Objectives for Mars 
Sample Return [#6236] 
A presentation of the science objectives for Mars Sample Return, 
as proposed by the International Mars Sample Return Objectives 
and Samples Team (iMOST). 

Haltigin T. W.   Meyer M. A.   Sefton-
Nash E.   Beaty D. W.   Bass D. S.   
Carrier B. L.   Grady M. M.   
MSPG Team 

Developing a Potential International Science Program for Samples 
Returned from Mars:  Strategies and Considerations [#6244] 
The MSPG aims to establish a clear understanding of the science 
benefits of an MSR collaboration for all international 
stakeholders, including developing a concept for competitive and 
fair scientific participation and access to the samples. 

Edwards C. D. Jr   Muirhead B. K.   
Beaty D. W.   Lock R. E.   Nicholas A. K.   
Vijendran S.   Huesing J.   Sutherlan O.   
Sefton-Nash E.   Duvet L. 

A Proposed Joint NASA-ESA Architecture for the Return of 
Martian Samples [#6355] 
We describe the MSR campaign architecture being jointly studied 
by NASA and ESA, including NASA’s current Mars 2020 Rover, a 
NASA-led Sample Retrieval Lander, an ESA-led Earth Return 
Orbiter, and ground-based Mars Return Sample 
Handling activities. 

Meyer M. A.   Sefton-Nash E.   
Beaty D. W.   Carrier B. L.   MSPG Team 

MSR Science Planning Group (MSPG) Workshop #1 Report:  The 
Relationship of MSR Science and Containment [#6385] 
A key planning question related to a potential future Mars Sample 
Return (MSR) Campaign is “To what extent does MSR science 
need to be done in containment?” This question was discussed at 
a 3-day workshop January 14–16, 2019 in Columbia, MD. 

Sefton-Nash E.   Meyer M. A.   
Beaty D. W.   Marty B.   
McCubbin F. M.   Carrier B. L.   
MSPG Team 

MSR Science Planning Group (MSPG) Workshop #2 Report:  
Contamination Control [#6387] 
The overarching topic of MSPG Workshop #2 was the science-
driven contamination control requirements, derived from the 
requirements on the sample caching system on M-2020, and their 
implications for the possible future Sample Receiving 
Facility (SRF). 

Clark B. C.   Gellert R.   Yen A. S.   
Ming D. W.   Morris R. V.   
VanBommel S. J.   Berger J. A.   
Schroeder C.   Frydenvang J. 

On the Importance of Sampling Planet-Wide Processes for Mars 
Sample Return [#6124] 
On the upcoming M2020 Mars rover and sample-return precursor 
mission, it will be important to select returnable samples not only 
of Jezero geologic units, but also samples for understanding 
fundamental processes that have been common on global Mars. 



Muirhead B. K.   Edwards C. D. Jr.   
Eremenko A. E.   Nicholas A. K.   
Farrington A. H.   Jackman A. L.   
Vijendran S.   Duvet L.   Beyer F.   
Aziz S. 

Sample Retrieval Lander Concept for a Potential Mars Sample 
Return Campaign [#6369] 
We describe a concept for a Sample Retrieval Lander, part of a 
joint NASA-ESA Mars Sample Return campaign, which would 
retrieve samples cached by Mars 2020 and launch them into Mars 
orbit for subsequent return to Earth by an Earth Return Orbiter. 

Huesing J.   Sutherland O.   Geelen K.   
Vijendran S.   Alves J.   
Edwards C. D. Jr.   Muirhead B. K.   
Lock R. E.   Nicholas A. K.   
Umland J. W.   Bairouz N. 

Engineering the Earth Return Orbiter Concept for a Potential Mars 
Sample Return Campaign [#6347] 
The abstract describes the Earth Return Orbiter mission as part of 
a potential international Mars Sample Return campaign. It 
introduces its mission elements and it relation with the other 
campaign elements. 
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Authors  Abstract Title and Summary 
Klug Boonstra S.   Heward A. Mars Sample Return:  A Historic Opportunity to Engage and 

Partner with the Public in Civilization-Scale Science [#6342] 
Mars Sample Return Campaign offers planetary science the 
prospect of an historical leap forward in the understanding of the 
geology and habitability of the red planet and offers an 
unprecedented opportunity to engage the public. 

Alsumaiti T. S.   Abuelgasim A. Promoting Space Science in Education:  Case of the United Arab 
Emirates University [#6063] 
The NSSTC at UAEU is one of the biggest space research centers to 
contribute to the needs of the country in terms of space science 
and technology. This work presents several projects and programs 
taken by NSSTC to promote space science in education. 
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Authors  Abstract Title and Summary 
Lafuente B.   Sarrazin P. C.   
Bristow T. F.   Blake D. F.   
Gailhanou M.   Chen J.   Thompson K.   
Walroth R.   Zacny K.   Downs R. T.   
Yen A. 

A Miniaturized CheMin XRD/XRF for Future 
Mars Exploration [#6230] 
We present the development of CheMinX, a miniaturized CheMin 
XRD/XRF instrument for future Mars mission based on rovers with 
more limited payload than MSL. 

Sarrazin P. C.   Obbard R.   Vo N. T.   
Blake D. F. 

In-Situ Analysis of Rock Cores Using On-Board Micro-CT 
and Radiography [#6246] 
We present the development of PIXI, a planetary instrument for 
in-situ micro-CT and radiographic analysis of rock cores. The 
instrument could be deployed in future rover for robotic science 
or on-board a fetch rover for analysis of returned samples. 

Walroth R. C.   Sarrazin P.   Blake D. F.   
Thompson K.   Gailhanou M.   
Bristow T.   Marchis F.   Downs R.   
Webb S.   Chalumeau C. 

MapX:  A Full-Field X-Ray Fluourescence Imager for In-Situ 
Habitability and Biosignature Investigations [#6329] 
The Mapping X-ray Fluorescence Spectrometer, or MapX, is a full 
field XRF imager capable of returning elemental composition 
information on the 100 um scale. Data on instrument 
development and applications in biosignature detection will 
be presented. 



Aramendia J.   Williford K. H.   
Madariaga J. M. 

Raman Image for the study of Organic Matter in the frame of 
Mars Sample Return Mission [#6184] 
Raman image is the basis of a new non-destructive analytical 
procedure to characterise organic matter remains. This procedure 
could be applied, with other non-destructive techniques, for the 
analysis of martian samples coming from the MRS mission. 

Lopez-Reyes G.   Rull F.   Veneranda M.   
Manrique J. A.   Sanz A.   Lalla E.   
Medina J. 

Raman Spectroscopy and the RLS Instrument for the 
Characterization of Soil on In-Situ Planetary Missions [#6376] 
Raman spectroscopy is a technique that has proven its ability to 
perform a reliable, fast and non-destructive chemical and 
structural characterization of samples for in-situ planetary 
exploration, including future sample return or manned missions. 

Cohen B. A. Geochronology of Mars:  Looking Toward the Future [#6430] 
Major advances in planetary science can be obtained by absolute 
geochronology of important martian units, whether by sample 
return of via in situ investigations. 

 
Thursday, July 25, 2019 
POSTER SESSION:  FUTURE MISSION CONCEPTS AND TECHNOLOGIES 
8:30 a.m.   Beckman Mall Tent 
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Robinson E. R.   Hunter J. W. Green Launch — Hydrogen High Speed Space Cannon Impulse 

Launch to and Return from Mars [#6439] 
Green Launch uses an environmentally friendly, ultra-high-speed 
hydrogen-based launch system as a replacement for a rocket’s 
first and second stage. Once in space, a third stage rocket fires 
putting the projectile into a specific orbit. 

Miersma M.   Moores J. E.   Soh W.   
Lange C. F. 

Small Atmospheric Mars Payload Landed Experiment (SAMPLE):  
Concept and Modelling [#6249] 
The SAMPLE concept is for a small weather station, sent as a 
secondary payload on a rover. SAMPLE would provide improved 
weather measurement for modelling of the near surface 
atmosphere. Flow simulations are used to inform the 
concept development. 

Moeller G.   Ao C. O.   Mannucci A. J. A CubeSat Based Radio Occultation Mission Concept for Resolving 
Horizontal Temperature and Pressure Gradients in the Lower 
Martian Atmosphere [#6399] 
The proposed concept is based on cubesat radio occultation 
measurements. The resulting observation geometry allows for 
tomography processing and therefore, to derive high-resolution 
T/p cross-sections of the lower martian atmosphere. 

Barba N. J.   Komarek T. A.   
Stamekovic V.   Giersch L. R.   
Woolley R. C.   Edwards C. D. 

Small Spacecraft Capabilities for Mars Exploration [#6341] 
The Mars Exploration Directorate at JPL sponsored a study to 
investigate smallsat capability for Mars exploration. The purpose 
was to understand the technical feasibility and cost of sending 
orbiters and landers to Mars to conduct compelling science. 

Balaram J.   Daubar I. J.   Bapst J.   
Tzanetos T. 

Helicopters on Mars:  Compelling Science of Extreme Terrains 
Enabled by an Aerial Platform [#6277] 
The Mars Helicopter flying on the Mars 2020 mission will be a 
pathfinder for future Mars science helicopters for investigations 
of mapping/stratigraphy, polar science, RSL’s, low-latitude 
volatiles, atmospheric science, and subsurface geophysics. 



Byrne S.   Hayne P. O.   Beccerra P.   
COMPASS Team 

Climate Orbiter for Mars Polar Atmospheric and Subsurface 
Science (COMPASS):  Deciphering the Martian 
Climate Record [#6450] 
We propose a Mars orbiter focused on deciphering the recent 
martian climate record through the study of its ice deposits and 
their interaction with current climate. 

Skok J. R.   Gaskin J.   Edmunson J.   
Zacny K.   Blank J.   Williams A.   
Cannon K.   Parente M.   Farmer J.   
Karunatillake S. 

SPRING Mission:  Exploring the Past and Enabling the Future 
of Mars [#6272] 
The Surface Probe Rover Investigating New Ground (SPRING) 
Mission is a proposed mission concept designed to bring a 
scanning electron microscope (SEM) to the surface of Mars. 

Lee P.   Riedel J. E.   Jones-Wilson L. L.   
Brandeau E. J.   O’Farrell C.   
Gallon J. C.   Park R. S. 

GlobeTrotter:  An Airbag Hopper for Mars Surface and 
Pit/Cave Exploration [#6448] 
GlobeTrotter is a concept for an airbag-based robotic hopper for 
rapid, robust, low-risk and low-cost exploration of the surface and 
subsurface (pits, caves) of Mars, to advance science, resource 
prospecting, and planning for human exploration. 

Beegle L. W.   Stamenkovi? V.   
Zacny K. 

The Case for Mars Subsurface Exploration [#6279] 
The martian subsurface is of enormous interest for astrobiology, 
geochemistry, climatology and ISRU objectives, which cannot be 
addressed with surface missions alone. Here, we will present the 
scientific rationale for ‘going deep’ on Mars. 

Timoney R.   Worrall K.   Harkness P.   
Rix J.   Mulvaney R.   Bentley M. 

Subglacial Drilling Technologies for Future Mars 
Deep Exploration [#6035] 
The development of a low-resource wireline sampling systems 
inspired by the planetary drilling approach. Results and lessons 
learned from laboratory and Antarctic field trials will 
be presented. 
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Kite E. S.   Ramirez R. M.   Turbet M. Mars’ Near Future – Could the Surface be 

Made Habitable? [#6049] 
We review greenhouse-gas schemes to intentionally raise Mars 
surface temperature in the future, synthesize recent relevant 
discoveries, and introduce a new warming scheme using ~5 μm-
long <0.1μm-diameter conductive rods injected into 
the atmosphere. 

Wordsworth R.   Kerber L.   Cockell C. Enabling Martian Habitability with Silica Aerogel via the Solid-
State Greenhouse Effect [#6192] 
Via experiments, modelling and theory, we demonstrate that 
silica aerogel can be used to create permanently habitable regions 
on Mars via the solid-state greenhouse effect. Long-term 
implications for astrobiology and human exploration 
are discussed. 



Vaughn L. A. II A Robotic System for Construction of an ISRU Boundary Structure 
for Regional Terraforming on Mars or Other Body [#6389] 
One of the ways to control the environmental conditions on Mars 
is to select a particular site, and create a containment around it 
that divides the interior from the exterior. The structure would be 
filled with atmosphere, and constructed by robots. 

Shubham S.   Lee P.   Gupta S. Noctis Landing, Mars:  MRO CRISM Mineralogy and Water 
Signatures at a Proposed Human Landing Site and Exploration 
Zone in West Valles Marineris [#6305] 
Noctis Landing is a proposed Landing Site/ Exploration Zone for 
human missions to Mars. This study identifies several mineral and 
water-related spectral signatures in data from MRO’s CRISM. 

Perry M. R.   Putzig N. E.   Bain Z. M.   
Crown D. A.   Scheidt S. P.   Nunes D. E. 

Detection and Characterization of Intact Lava Tubes on the 
Western Flank of Alba Mons in Mars Reconnaissance Orbiter 
Shallow Radar (SHARAD) Data [#6405] 
Combining geological mapping of Alba Mons, forward modeling, 
clutter simulations, and data collected by SHARAD, we present 
preliminary results investigating whether subsurface void spaces 
can be detected and characterized using SHARAD data. 

Pajola M.   Pozzobon R.   Salese F.   
Teodoro L.   Wilson J.   Kling A.   
Silvestro S.   Pompilio L.   
Marinangeli L.   Tangari A.   Simioni E.   
Munaretto G.   Lucchetti A.   
Noe Dobrea E.   Massironi M.   
Cremonese G.   Thomas N.   Sauro F. 

Spring Deposits and Lakeshore Layered Sediments Inside the 
Vernal Crater (SW Arabia Terra):  A Resource-Rich and 
Engineering Safe Mars Human Landing Site [#6062] 
We here present the scientific rationale, the resource analysis and 
the engineering requirements evaluation performed on the 
Vernal crater and its closest surroundings in SW Arabia Terra, 
Mars, as a possible future human landing site. 

Calef F. J. III   Cohen B.   Seibert M. Go Where You Know:  Begin Human Exploration of Mars at 
Low Latitudes [#6344] 
We propose that the first human landing site on Mars should be 
near the equator. Previous, current, and future rover missions 
provide critical in situ “precursor” datasets at low latitudes that 
increase mission safety and scientific return. 

Zacny K.   Mank Z.   Buchbinder M.   
Sabahi D.   Hecht M.   Putzig N.   
van Susante P. 

RedWater:  Approach for Mining Water from Mars’ Ice Deposits 
Buried 10s of Meters Deep [#6333] 
Here we present a method for drilling down 10s of meters into 
Mars subsurface and mining water for In Situ Resource 
Utilisation . 

Fackrell L. E.   Schroeder P. A. Growing Plants on Mars-Potential and Limitations of Martian 
Regolith for In-Situ Resource Utilization [#6045] 
Potential fertility (or infertility) or martian soils based on plant 
growth experiments in martian soil simulants treated with 
microbial inoculants. 

Abel A. J.   Berliner A. J.   Mirkovic M.   
Collins W. D.   Arkin A. P.   Clark D. S. 

Solar Cell Production Capacity on the Martian Surface [#6339] 
Solar cells could produce electricity and commodity chemicals 
necessary to sustain human life on Mars using in situ resources. 
We calculate production capacity across the martian surface and 
show solar cells can readily meet life support needs. 



Engler S. T.   Binsted K. Towards Multi-Agent Mars Habitat Resource 
Management Systems [#6003] 
This work proposes an artificially intelligent Mars Habitat resource 
management system. The model incorporates a multi-agent 
system with machine learning forecasts. Data is from long 
duration Mars analog simulations conducted at HI-SEAS. 

Makrygiorgos G.   Berliner A. J.   
Abel A.   Menezes A.   Arkin A.   
Clark D. S.   Mesbah A. 

Uncertainty Quantification in Bio-Manufacturing Processes for 
Martian Colonization [#6384] 
In order to optimize the exploitation of martian resources for an 
integrated biomanufacturing system, a framework for uncertainty 
quantification is presented and applied to first principles models 
of biologically-driven processes. 

Berliner A. J.   Makrygiorgos G.   
Mirkovic M.   Menezes A. A.   
Mesbah A.   Arkin A. P. 

Towards a Biomanufacturing-Driven Reference Mission 
Architecture for Long-Term Human Mars Exploration [#6261] 
We present a biologically-driven RMA that supports longer 
duration missions where we identify a core set agricultural, 
pharmaceutical, and material products that can be produced on-
planet via biomanufacturing via in-situ resource utilization. 

Davydov D. G.   Chmykhova E. V. Crew Cognitive Functions Assessment Through On-Board 
Educational System [#6188] 
The systematic learning process leads to create scaffolding for the 
cognitive functions of crew members during Mars mission. The 
main approaches to assessing the cognitive functions through the 
analysis of learning behavior patterns are presented. 

 
Thursday, July 25, 2019 
PLENARY:  ADDITIONAL KEY ADVANCEMENTS IN OUR UNDERSTANDING OF MARS 
10:00 a.m.   Beckman Auditorium 
Chairs:  Wendy Calvin and Edwin Kite  

Times Authors (*Denotes Presenter) Abstract Title and Summary 
10:00 
a.m. 

Chaffin M. S. *   Kass D. M.   
Aoki S.   Fedorova A. A.   
Deighan J.   Chaufray J.-Y.   
Connour K.   Heavens N. G.   
Kleinboehl A.   Jain S. K.   
Mayyasi M.   Clarke J. T.   
Schneider N. M.   Jakosky B. M.   
Villanueva G.   Liuzzi G.   
Daerden F.   Thomas I. R.   Lopez-
Moreno J.-J.   Patel M. R.   
Bellucci G.   Vandaele A.-C.   
Trokhmovskiy A.   Montmessin F.   
Korablev O. I. 

Mars Climate Controls Atmospheric Escape:  Dust-Driven 
Escape from Surface to Space with MRO/MCS, 
TGO/NOMAD, TGO/ACS, and MAVEN/IUVS [#6312] 
By combining measurements from five instruments on three 
missions, we show that dust storms drive hydrogen loss 
from the planet, capturing most steps in the escape chain 
for the first time. These results show that present climate 
can control H loss. 

10:20 
a.m. 

Lee C. O. *   Luhmann J. G.   
Jakosky B. M.   Brain D. A.   
Halekas J. S.   Lillis R. J.   
Curry S. M.   Thiemann E. M. B.   
Gruesbeck J. 

Space Weather at Mars:  4.5 Years of 
MAVEN Observations [#6434] 
The Mars Atmosphere and Volatile EvolutioN (MAVEN) 
spacecraft has been continuously observing solar soft X-rays 
and EUV irradiance, monitoring the upstream conditions 
and measuring the fluxes of energetic particles since its 
arrival to Mars. 



10:40 
a.m. 

Ehlmann B. L. * Martian Groundwaters Though Time and Their Impact on 
the Mars System:  An Appraisal [#6397] 
This abstract reviews the findings of the last 5 years about 
groundwaters on Mars, priority outstanding questions, and 
exploration approaches. 

11:00 
a.m. 

Le Deit L. *   Mangold N.   
Hauber E. 

The Sedimentary Rock Record of Mars as Viewed from the 
Past Fifteen Years of Orbital Missions [#6180] 
We summarize the current state of knowledge about the 
sedimentary record of the martian surface and discuss some 
key questions that still have to be understood and will serve 
as a groundwork for future studies. 

11:20 
a.m. 

Udry A. *   Howarth G. H.   
Herd C. D. K.   Lapen T. J.   
Day J. M. D. 

What have Meteorites Taught Us About the Martian Interior 
and Surface Over the Past Five Years? [#6139] 
Since 2014, the study of new martian meteorites has 
revealed an enriched diversity in mantle and/or crustal 
sources and various magmatic and emplacement histories, 
suggesting that the martian interior is more heterogeneous 
than previously thought. 

11:40 
a.m. 

Bibring J-P. *   Carter J.   Poulet F. Mars Evolution and Habitability:  The Evolution 
of Paradigms [#6278] 
The fabulous onset of data acquired over the past 15 years 
have triggered a profound revisiting of paradigms with 
respect to Mars history and potential habitability, with new 
addresses driving the upcoming and future Mars missions. 

 
Thursday, July 25, 2019 
PLENARY:  ENGINEERING PANEL 
1:30 p.m.   Beckman Auditorium 

Presentation 
After we’ve heard about the current top science questions, this panel will provide some 
information about current or potential technology developments that would help us 
address these questions in the coming decade. 

 
Thursday, July 25, 2019 
NINTH MARS INTEGRATION REPORTS PANEL 
2:30 p.m.   Beckman Auditorium 

Presentation 
Specified “integrators” will summarize key advancements in our understanding of Mars, 
based on presentations through the week. 

 
Thursday, July 25, 2019 
WRAP-UP AND THANK YOU! 
4:00 p.m.   Beckman Auditorium 

Presentation 
Wrap-Up Discussion 
We will summarize outputs of this conference and discuss how we, as a community, may 
use this for further progress. We thank all attendees for insightful presentations and 
fruitful discussions, and thank all who worked to hold this conference. 

 
  



PRINT ONLY 
Authors (*Denotes Presenter) Abstract Title and Summary 
Brown A. J.   Goudge T. A.   
Viviano C. E. 

Correlations, Causations and Consequences of Nili 
Foassae Carbonate [#6018] 
We establish correlations between olivine 1 micron band shape 
and carbonate in Nili Fossae. This allows us to constrain grain size 
and composition and propose a model for its formation and 
alteration history. These ideas will be tested by Mars2020. 

Kuznyetsova Y. G.   Vidmachenko A. P. Possible Life Forms on the “Young” Earth and Mars [#6105] 
Climatic conditions of young Mars and Earth could be very similar. 
If simplest life on Earth at that time was already it is quite possible 
to assume that a similar simplest life form on Mars could originate 
in water basin or be brought from outside. 

McEwen A. S.   Thomas N. Past and Future High-Resolution Orbital Imaging of Mars [#6193] 
High-resolution orbital imaging has led to many ground-breaking 
discoveries, support for landed missions like MER, and is needed 
for future exploration including people on the surface. What are 
the best options? 

Soare R. J.   Conway S. J.   Williams J. P. Possible Pingos and “Wet-Based” Periglaciation at the 
Martian Dichotomy [#6211] 
Here, we report and discuss the occurrence of pingo-like mounds 
and possible “wet” -based entourages of periglacial landforms at 
the martian dichotomy within and adjacent to the Moreux crater. 

Steklov A. F.   Vidmachenko A. P. In What Places and What Exactly Can be the “Traces” of Life 
on Mars? [#6007] 
Organic molecules with left-handed chirality have been 
discovered on Mars. It points to metabolism and talks about their 
biological nature. Life forms traces should be sought under 
surface, where there was water in first hundreds of millions 
of years. 

Thomas N.   Cremonese G.   Perry J.   
Almeida M.   Banaszkiewicz M.   
Bapst J. N.   Becerra P.   Bridges J. C.   
Byrne S.   Conway S.   da Deppo V.   
Debei S.   El-Maarry M. R.   Fennema A.   
Gwinner K.   Hauber E.   Heyd R.   
Hansen C. J.   Ivanov A.   Keszthelyi L.   
Kirk R.   Kofman W.   Kuzmin R.   
Lucchetti A.   Mangold N.   Marriner C.   
Marinangeli L.   Massironi M.   
McArthur G.   McEwen A. S.   Okubo C.   
Orleanski P.   Pajola M.   
Parkes Bowen A.   Patel M. R.   
Pommerol A.   Portyankina G.   
Pozzobon R.   Read M. J.   Schaller C.   
Tesson P.-A.   Tornabene L. L.   
Tulyakov S.   Wajer P.   Witek P.   
Wray J.   Ziethe R. 

The Effects of Past and Current Geologic Processes Observed by 
the CaSSIS Imager Onboard ESA’s ExoMars Trace 
Gas Orbiter [#6156] 
We present a summary of observations by the CaSSIS instrument 
on TGO focussing on past and current geologic processes. We 
emphasize use of the colour and stereo products to study 
layering, gullies, polar processes, and future landing sites. 



Tornabene L. L.   Piatek J. L.   
Osinski G. R.   Barlow N. G.   
Boyce J. M.   Sopocco R.   Capitan R.   
McEwen A. S.   Robbins S. J.   
Watters W. 

Continuous Ejecta Deposits Observed Beyond Layered Ejecta 
Ramparts on Mars [#6354] 
We report on continuous ejecta deposits that flow off of, and 
terminate well beyond, layered ejecta ramparts of several of the 
best-preserved craters on Mars. 

Vidmachenko A. P. Traces of Martian Life Should be Sought in Places Around Hellas 
Crater, Where Water has Recently Spilled Out onto 
the Surface [#6005] 
Millions of tons of soil were thrown out on thousands of 
kilometers in the formation of the Hellas astrobleme on Mars. 
Under this layer possible samples of relicted life are could 
be preserved. 
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Introduction:  Three and a half billion years ago, 

Mars was a water-rich planet just like Earth [1]. We 
know this by looking at landforms such as dried up 
riverbeds, valleys and channels. Like Earth, Mars 
obtained its water from degassing volcanoes as part of a 
much more active, water cycle than today [2]. It is 
hypothesized that Mars must have had a carbon dioxide-
rich atmosphere that integrated with liquid water at the 
surface, and therefore the surface should contain 
significant amounts of carbonates [1]. However, only 
relatively limited occurrences have been observed. One 
explanation for this may be that carbon dioxide was 
sequestered in another way. Through alternative 
processes, like electrochemical reduction reactions [3], 
carbon dioxide could have formed minerals known as 
oxalates in lieu of carbonates [4]. 

The aim of this research is to understand the 
implications of three questions: Has the postulated 
missing carbon dioxide on Mars been incorporated into 
oxalate minerals in-stead of carbonates? If so, is it 
possible that the Mar-tian oxalates adsorbed into iron-
oxides on the surface? Are oxalates located where 
limited amounts of carbonates have been detected? 

Oxalates are organic minerals that form through the 
process of combining dicarboxylic acids (oxalic acid) 
with naturally occurring metals. On Earth, their 
formation and presence is widespread in nature, quite 
commonly in plants, algae, and bacteria, just to name a 
few. Because their degradation is dependent on 
biological processes, they are more common in extreme 
desert regions, like the Atacama [5]. On Mars, oxalate 
minerals can result from oxalic acid carried on 
carbonaceous chondritic meteorites and exposed to 
oxidative diagenesis on the surface. Pyrolysis 
experiments from Viking, Phoenix, and MSL have 
produced results that have been re-interpreted as a 
possible detection of oxalate minerals by [6]. These 
experiments lead to the possibility of a widely 
distributed presence of oxalate minerals. 

Hydrated oxalates have prominent absorptions 
within the visible and near-infrared near 1400, 1900, 
2500 and 3000 nm, with slight variations depending on 
the type of oxalate. This paper will focus on the spectral 
properties of the oxalate minerals glushinskite, 
whewellite, and humboldtine (Fig. 1). Spectral research 
has been done [7] on oxalate samples before and after 
being placed in a simulated Martian environment to 

collect their spectral signatures for comparative 
analysis. 

 

 
Figure 1. Spectral signatures of oxalate minerals glushinskite (black), humboldtine 

(red), and whewellite (green). 

 
Three locations are ideal for searching for oxalates 

based on the presences of carbonates, abundant iron-
oxide (leading to the adsorption of oxalates), and 
previous possible detections of oxalates by the Phoenix 
lander. Because of the similarities in formation 
processes between carbonates and oxalates, locations 
that contain small traces of carbonates are suitable in 
determining if the processes resulting in oxalates were 
due to the introduction of oxidation during the process 
of becoming a carbonate. Interactions between particle 
surfaces and organic matter containing dicarboxylic 
acid groups influence many processes un natural waters 
and soils, making iron-oxide rich areas suitable for 
analysis.  

Methods: Mineral spectral detection parameters 
were created at Johns Hopkins University Applied 
Physics Laboratory (JHUAPL) by Christina Viviano to 
detect hydrated minerals on Mars, such as carbonates, 
phyllosilicates, and sulfates. Creating new parameters 
needed to detect organic minerals, by collaborating with 
Scott Murchie, Christina Viviano, and Kim Seelos at 
JHUAPL would be necessary to continue with this 
research. This work has the potential to add 
improvements to the CRISM Analysis Tool (CAT). 
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Images from the Compact Reconnaissance Imaging 
Spectrometer for Mars (CRISM) [7] on board the Mars 

 

 
 

 
 

Figure 2. a) CRISM dataset 12d0e. b) Processed CRISM image depicting 
carbonates RGB = BD1900_2, D2300, and MIN2345_2537. c) Processed CRISM 

image depicting possible oxalates using custom_band_depth tool 

 
Reconnaissance Orbiter (MRO) were used to look for 
oxalate minerals. Hyperspectral visible-near infrared 
CRISM data were processed using the CRISM Analysis 
Toolkit (CAT) [8], to compensate for atmospheric and 
photometric effects, as well as to calculate parameters 
that summarize scene spectral content [9]. However, 
CAT does not contain parameter specific to the 
detection of oxalate minerals, or a comparison 
laboratory-derived spectral library for oxalate minerals. 
Instead, a visible-infrared spectral library was provided 
by D. Applin and E. Cloutis, obtained from standard 
oxalate minerals and mixtures containing carbonates, 
Fe-oxides, and other oxalate minerals. The reflectance 
spectra spanned the 0.35-20 micron range. 

Existing spectra parameters BD1400, BD1900r, and 
BD3000 are used in an red-green-blue (RGB) 
combination to highlight the location of potential 
oxalate. However, this combination also highlights 
many other hydrated minerals; a custom parameter 
formulation was therefore developed to encode an 
absorption at 1983 nm that is more specific to oxalates. 
We applied this to a CRISM image with carbonate-
bearing gullies [10] in an unnamed crater approximately 
61 km across located at 37.07°S, 178.23°W. 

Results: The custom parameters used for the 
carbonate-rich CRISM image made it possible to 
highlight minerals containing an absorption at 1983 nm. 
This band depth is indicative of Mg(C2O4)2(H2O). The 
custom parameter will increase the likelihood of an 
oxalate absorption being detected and not mistaken for 
other minerals. A small signal was detected around the 
outer parts of the crater in the location that previously 
identified the two carbonates.  

Discussion: The custom parameters used for the 
carbonate-rich example area made it possible to 
highlight minerals containing an absorption at 1983 nm, 
suggestive of Mg(C2O4)2(H2O). If oxalic acid were to 
form on Mars, it would bond with Fe2+, Mg, or Ca. 
Oxalates have a clear association with life on Earth, 
forming in environments that are conducive to Martian 
climate [5]. Because of this, they have the potential to 
preserve past and present life on Mars. They may also 
play a role in the geochemical processes on Mars due to 
their ability to reserve organic carbon and nitrogen at 
the near surface resulting in the formation of CH4 and 
OH- via hydrothermal and photochemical reactions. 
Ultimately, since meteoritic impacts would have 
occurred during the same period when Mars was a 
hydrated planet, this research could lead to the detection 
of finding past life on the surface of Mars.  

Future Work: Analysis will continued to be 
performed on the three locations on Mars from an 
orbital and landing scale, if applicable. If not applicable, 
two additional sites have been selected based on 
possible oxalate findings at the Viking 2 landing site and 
Gale Crater for in-situ analysis. In addition to the 
Martian surface, locations that exhibit similar climate to 
Mars have been selected as an analogue site study using 
both remote sensing and in-situ analysis. Ultimately, 
this research could lead to the use of other applications 
besides ENVI to optimize data collection from multiple 
images in a mosaic. 

References: [1] Ehlmann, B. E., et al (2008) Science, 322, 1828. 
[2] Bibring, J. et al (2006) Science, 312. [3] Steele, A. et al. (2018) Science 
Adv, eaat5118. [4] Wright, I.P., et al. (1993) LPI Technical Report p. 56-
57 [5] Cheng, Z. Y., et al (2016) AGU, 1593. [6] Applin, D. et al. (2015) 
Earth & Plant. Sci. Letter, 420, 127-139. [7] Murchie, S. L., et al. (2007) 
JGR, 112, E05S03. [8] Morgan, M. F., et al. (2017) 3rd Plan. Data Users 
Wksp., Abstract 1986. [9] Viviano-Beck, C. E., et al. (2014) JGR, 119, 
1403–1431. [10] Gilmore, M. S. et al. (2014). 8th Conf. Mars. 1388. 
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Introduction:  Photovoltaic (PV) and photoelectro-

chemical (PEC) devices could be used to produce elec-
tricity and commodity chemicals necessary to sustain 
human life on Mars using in situ resources. Because life 
support systems require robust operation, understanding 
device performance is critical to determining the feasi-
bility of solar-powered manufacturing at candidate 
landing sites. Solar cell device production limits are not 
well characterized on the Martian surface, mainly due to 
differences in the surface temperature and solar inten-
sity and spectrum from typical conditions on Earth or in 
space. Here, we integrate relevant climate data from the 
Mars Climate Database [1] with a radiative transfer 
model, libRadtran [2], to predict spectrally-resolved so-
lar flux across the Martian surface over the course of a 
Martian year. We use this result to inform detailed bal-
ance calculations for PV and PEC devices producing 
electricity, hydrogen, ammonia, and acetic acid. These 
products were selected to represent simple precursor 
chemicals necessary to support power systems, agricul-
ture, and manufacturing. We determine optimal solar 
device performance and best-possible production rates 
across the Martian surface and provide design guide-
lines for semiconductor band gap engineering. Finally, 
we compare production capacity to estimated demand 
from established reference mission architectures to de-
termine the solar cell array size necessary to support a 
six-person mission. Our results compare favorably to 
both established and speculative power technologies.  

Methods:  We use a detailed balance model [3] to 
calculate the power conversion efficiency of single gap 
and two- and three-gap tandem solar conversion de-
vices. Power conversion efficiency is written as: 

(1)  
for a PV device, and: 

(2)  

for a PEC device, where J is the current density, V is the 
operating voltage, and Psun is the solar intensity incident 
on the device surface. The current density, J, is 

calculated according to the assumptions of the detailed 
balance model: all photons with energy greater than the 
absorption threshold (band gap) are absorbed, the quasi-
Fermi level separation is constant and equal to V across 
the device (infinite carrier mobility), and only carriers 
recombine only via radiative recombination [4]. For 
PEC devices, the solar cell must achieve a minimum 
voltage greater than Eredox + VO, where Eredox is the redox 
potential of the chemical reaction driven by the cell, and 
VO is the overvoltage losses associated with electrode 
kinetics and solution polarization in the electrochemical 
reactor. 

Sunlight incident on the surface (Psun) is mediated 
by atmospheric particles including gases, ice, and dust. 
Using the Mars Climate Database, we track the concen-
tration and particle size of these species across the Mar-
tian surface for a variety of climate scenarios, including 
average and heavy dust conditions corresponding to a 
planet-wide dust storm. We calculate the wavelength-
resolved optical depth, given by: 

(3)   
using libRadtran software which considers both absorp-
tion due to molecular composition and scattering events 
approximated by Rayleigh or Mie equations depending 
on the effective particle size. 

Results:  Figure 1 shows the and limiting efficiency 
of a two-gap tandem  PV (a) and PEC (b) device using 
the average solar flux at noon at Jezero Crater over the 
course of an average Martian year. The PEC device is 
calculated assuming H2 production from water splitting 
with 700 mV overvoltage, which is typical for state-of-
the-art systems [5]. Optimal band gaps are 5–10% from 
those for terrestrial systems [4,5], emphasizing the im-
portance of responsive design to Mars. 

We determine optimal band gaps for best-possible 
power and chemical production by integrating device 
performance over the course of a Martian year, and 
compare this result to demand estimated from estab-
lished six-person reference mission architectures. From 
this analysis, we show that solar cells can readily 
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support life support systems for human missions to 
Mars. For example, at Jezero Crater, we estimate that a 
~2800 m2 solar array (7–8 tons) would meet demand 
with an additional 50% tolerance for power, represent-
ing only 2–8% of the total estimated mass required for 
a human mission to Mars. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
References: [1] Forget F. et al. (1999) J. Geophys. 

Res. 104, 24155-24176. [2] Emde C. et al. (2016) Geo-
scientific Model Devel. 9, 1647-1672. [3] Shockley W. 
and Queisser H. J. (1961) J. Appl. Phys. 32, 510-519. 
[4] Hanna M. C. and Nozik A. J. (2006) J. Appl. Phys. 
100, 074510. [5] Doscher H. et al. (2014) Energy Envi-
ron. Sci. 7, 2951-2956.  
 

Figure 1. Power conversion efficiency for PV (A) and 
PEC (B) devices. The PEC device produces H2 in a wa-
ter splitting configuration with 700 mV overvoltage. We 
use the solar flux at noon at Jezero Crater averaged over 
the course of a year as the reference solar spectrum.  
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Introduction:  Thermal inertia is an intrinsic 

property of a material that describes how efficiently that 
material can store, conduct, and re-radiate heat. It is 
given by:  

       (1) 
 

where k is the bulk thermal conductivity (W/cmK), ρ is 
the bulk density (g/cm3), and c is the specific heat (J/K); 
I has units of J/m2Ks1/2 or thermal inertia units (tiu, as 
defined by [1]). At Mars atmospheric pressure, thermal 
inertia is dominated by the effects of thermal 
conductivity, which is determined by the physical 
characteristics of the near subsurface (upper few cm) 
[2,3]. Such physical properties could include grain size 
(for unconsolidated sediment), degree of induration or 
cementation, vesicularity, porosity, or degree of 
fracturing.  

Many laboratory studies have attempted to relate 
physical properties of materials to their associated 
thermal properties [1,4–9] to gain context for orbital 
thermal observations. However, methods have been 
inconsistent between laboratories and only a few studies 
have measured thermal properties in Mars-relevant 
pressures [e.g., 5]. Presley and Christensen conducted a 
number of studies [6–9] using a line-heat source 
apparatus in a Mars-like atmosphere and determined a 
quantitative relationship between unimodal and 
bimodal grain size samples and thermal properties. 
However, no thermal measurements under Mars-like 
conditions exist for solid samples, and questions still 
remain about the effects of porosity, rock mechanical 
strength [10], and density on the thermal inertia of non-
particulate samples under Mars conditions. This work 
aims to close the gaps in our understanding of thermal 
properties as they relate to physical characteristics on 
both Earth and Mars. We also plan to quantify 
relationships between thermal properties on Earth and 
in Mars conditions for easier comparison of analog 
samples in the future.  

Samples: We have gathered samples that span the  
chemical and physical range of rocks observed on Mars 
(e.g., volcanic vs. volcaniclastic, well-cemented vs. 
loosely consolidated sedimentary, effusive vs. 
pyroclastic) from a variety of sources. Select samples 
presented in this abstract are listed in Table 1. Some 

samples have already had uniaxial compressive strength 
and chemical composition measured [10].   

Methods: Thermal measurements are being 
produced for the samples listed in Table 1 using two C-
Therm thermal conductivity TCi analyzers (for the 
setup, see Fig. 1): one in ambient pressures and one in 
Mars-relevant pressures (1–9 mb). The sensors work as 
modified transient plane heat source systems by using 
interfacial heat reflectance, i.e., supplying the heat to the 
sample and then measuring the amount of heat reflected 
back to the sensor. C-Therm analyzers have been widely 
used in a number of industries (e.g., petroleum, 
pharmaceuticals, photovoltaics, textiles [11]) but this 
study represents the first time that they have been used 
in planetary thermal studies. At time of writing, 
measurements have only been acquired under ambient 
pressure. 

 
Table 1. Terrestrial samples used in this study to span the 
range of martian sedimentary rocks. 

 
Each sample has been cut and smoothed to have two 

flat surfaces that can sit flush on the sensor. The thermal 
measurements themselves do not alter a sample in any 
way, given that the temperature of the sensor changes 
by 1-2 °C. For measurements, contact agents are needed 
between the sensor and sample for any solid samples. 
These contacts agents are normally distilled water for 
non-porous samples or Wakefield Thermal Joint 
Compound (a silicone oil-based grease) for porous 
samples. Individual thermal measurements take 
anywhere from 60-80 s and each sample has been 
measured in 3 different sessions of 10 measurements 
each.  

Sample Name Rock Type Locality Contributor
Juniata Fm Fine-grained sandstone TN R. Kronyak/L. Kah
Clinch Fm Quartz sandstone TN R. Kronyak/L. Kah
Chapman Ridge Fm Iron-rich sandstone TN R. Kronyak/L. Kah
Missoula Fm Claystone MT R. Kronyak/L. Kah
Cutler Fm Iron-rich arkosic sandstone UT R. Kronyak/L. Kah
Wingate Fm Iron-rich quartz arenite UT R. Kronyak/L. Kah
Morrison Fm Light-colored sandstone UT R. Kronyak/L. Kah
BT-DR-1 Basaltic tuff ID D. Moore
C-ANT-1 Basaltic sandstone Antarctica K. Cannon
SIL-1 Siltstone CA
CSHA-1 Carbonaceous shale PA
Puna-3 Ignimbrite Argentina J. Radebaugh/D. McDougall
Puna-4 Pumice Argentina J. Radebaugh/D. McDougall
CRB-1 Loess WA D. Rogers
SS-01 Quartz arenite UT B. Thomson
LS-01-002 Fine-grained limestone CA B. Thomson
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Porosity measurements of selected samples have 
been and continue to be conducted at the Vatican 
Observatory. A Quantachrome Ultrapycnometer 1000 
ideal-gas pycnometer is used with gaseous nitrogen, in 
which initial pressures in one chamber are compared 
with final pressures in the other sample-holding 
container to determine grain densities (ρg). Bulk 
densities (ρb) have been measured using the NextEngine 
model 2020i Scanner HD Pro laser scanner and 
Geomagic Verify software. Porosity (P) is then 
calculated according to Eq 2. 

P = 1 – (ρb/ρg)           (2) 
 

A comparison of porosity and thermal properties is 
given in Fig. 2. Additional samples are being measured 
that will shed greater light on the relationship between 
porosity and thermal inertia and conductivity.  

 

Fig. 1. Laboratory setup at Stony Brook University in the 
Center for Planetary Exploration Spectroscopy Lab. Results 
from the ambient pressure sensor are presented in this abstract. 
Results from the Mars pressure measurements are in progress. 
 

Results:  Thermal inertia and conductivity results 
are summarized in Table 2 for the samples listed in 
Table 1. Fig. 2 shows thermal inertia measurements 
with respect to porosity. Preliminary results show the 
trend with porosity as expected—that thermal inertia 
will decrease with increasing porosity. We will be 
working to develop the quantitative nature of that 
relationship with the addition of more porosity and 
thermal measurements. Variability within a single 
sample may add complication to thermal measurements. 
Work is ongoing to determine the relationships between 
uniaxial compressive strength and thermal inertia as a 
proxy for cementation quality. 
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Table 2. Preliminary thermal results taken from the C-Therm 
ambient sensor of the samples listed in Table 1. Samples SS-
01 and LS-01-002 are described for mechanical strength in 
[10]. 
 

 

 
Fig 2. Preliminary porosity and ambient thermal measurement 
comparison from 9 of the samples described in Table 1. Where 
error bars cannot be seen, they are smaller than the symbol. 
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Sample Name k (W/mK) TI (tiu) at 1 bar Porosity
Juniata Fm 3.343 ± 0.026 2625.0 ± 11.5 3.9% ± 0.4%
Clinch Fm 2.697 ± 0.076 2324.0 ± 36.4 6.2% ± 0.3%
Chapman Ridge Fm 4.03 ± 0.076 2873 ± 171.7 2.0% ± 0.5%
Missoula Fm 1.975 ± 0.185 470.0 ± 1.5 47.3% ± 0.3%
Cutler Fm 2.068 ± 0.051 2128.3 ± 34.0 9.2% ± 0.6%
Wingate Fm 0.209 ± .006 545.2 ± 6.9 27.1% ± 0.3%
Morrison Fm 3.842 ± 0.078 2846.7 ± 33.9 4.5% ± 0.3%
BT-DR-1 0.053 ± 0.001 134.6 ± 0.9 pending
C-ANT-1 0.241 ± 0.001 579.9 ± 1.8 pending
SIL-1 1.681 ± 0.03 1813.8 ± 15.7 pending
CSHA-1 2.913 ± 0.011 242.4 ± 5.1 pending
Puna-3 0.254 ± 0.008 594.6 ± 9.2 46.9% ± 0.2%
Puna-4 0.103 ± 0.001 256.7 ± 1.6 pending
CRB-1 0.126 ±  0.001 289.0 ± 3.5 pending
SS-01 0.829 ± 0.003 1170.8 ± 2.6 pending
LS-01-002 1.583 ± 0.009 1790.6 ± 6.6 pending
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Introduction: The Mars surface is heavily cratered. 

As to that, catalogues provide statistically complete de-
scriptions of impact craters down to ca. 1 km in diameter 
[1]. This includes a detailed specification of crater char-
acteristics such as position, geometry, morphology, and 
degradation.  In total, a number of several hundred thou-
sand craters is cataloged to date.  

 
Impact craters are a key proxy used for age-dating 

the Mars surface in a global sense. Also, they hold cru-
cial implications for the geologic history of Mars re-
garding volcanism and erosion processes. In addition, 
Mars craters are promising for searching evidence of an-
cient life on Mars. That is because related impact-in-
duced hydrothermal systems may have sustained habit-
able conditions for tens to hundreds of thousands of 
years. Compliant with that, Mars craters are a favorable 
field of study for Mars rovers. Craters are selected as 
landing sites for rovers, such as the Gale crater for the 
Curiosity rover and the Jezero crater for the upcoming 
Mars2020 rover. In addition, the Opportunity rover vis-
ited several craters such as the Eagle crater, Endurance 
crater, Victoria crater, and Endeavour crater.    

 
This work is a student research project inspired by 

the discovery of the so-far-largest fresh impact crater 
during routine weather inspection of camera imagery 
from MARCI/MRO [2]. We perform case study by 
identifying small to medium sized craters from camera 
imagery from MRO/MARCI and MGS/MOC. This is 
followed by a detailed analysis of the crater characteris-
tics by using available high-resolution camera imagery 
of the crater area. The latter involves products from 
other satellite missions/instruments such as MRO 
(HiRISE and CTX camera), Mars Express (HRSC cam-
era), and the ExoMars TGO (CaSSIS).      
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Introduction:  Australe Planum region of the Mars 

planet become an interesting area for researchers after 
the recent discovery of large water body in Australe 
Planum region [1]. The objective of this study is to in-
vestigate the surface hydrology based on the drainage 
basins and streamline features or rivers. MOLA DEMs 
were used to delineate watershed using ArcGIS; and 
HEC-RAS was used to model the flow of water as a re-
sult of precipitation. 

Hydrological Modelling: The precipitation data 
was hypothesized based on the area of the two basins A 
and B, where the recent discovered water body falls. 
The flow generated as a result of precipitation was as-
sumed to be 77,851 m3/s at basin A and comparatively 
less 53,486 m3/s for the basin B. 

Results and Discussion: The runoff model 
has a good fit with the streamlines generated in 
ArcGIS. This approach of using HEC-RAS pro-
vide the basis of surface flow. The runoff model 
shows that the flow velocity is high at the basin 
A, possibly due to high flow rate and steep slope 
at the upstream. The velocity downstream of ba-
sin B around the craters shows higher value 
which indicate the topping of water over crater 
boundary. The flooding can be seen downstream 
at both the basins which is due to the flat topog-
raphy. 

This study shows that the flow of water probably 
changed the surface topography to flat in the 
early wet mars. The two continuous depression structure 
at the upstream, which can be 
interpreted as rivers, along with the run-off model and 
basins, is a strong argument towards the 
surface flow of liquid water on the early Mars. 

At the present, the mean surface temperature of 
Mars is above the freezing point that do not lead to high 
precipitation [2]. The study of Earth during the presence 
of super-continent shows that the continental climate 
might be very dry at that time. So it shows that an im-
portant condition for the extensive precipitation on early 
mass would be the presence of large standing body of 
liquid water [1]. 

The recent study suggest a large standing water body 
on the Australe Planum [1]. By hypothesizing that the 
evaporation from this water body caused orographic 

precipitation, at the peak of southern pole of Mars. This 
study thus shows that the water surface flow of water 
has occurred in the Australe Planum which is confirmed 
by the streamline generated in the ArcGIS and the run-
off model in the HEC-RAS (Figure 1). 

 
Fig. 1. Runoff model for the two basins A and B, note that 

the flow starts from the water body (black triangle) according 
to [1]. 

 

 
Fig. 2. Cross-section C-C’ upstream. Vertical exaggeration in 

meters. 
The topographic profile was generated across the 

upstream and downstream of the study area basins A 
and B. The two depressions at upstream (Figure 2) when 
combined with the HEC-RAS flow model (Figure 1) 
shows that the there are depression-like continuous 
structure in both Basins A and B. The 10 km lake was 
also discovered in the same place by [1]. 

This study presents the evidence from the run-off 
modelling and the cross-sectional profile originating 
from 10 km buried liquid water lake [1], in the Australe 
Planum region. 
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Introduction:  The dust cycle is a crucial compo-

nent of the Martian atmosphere and climate. As widely 
known, dust greatly affects the thermal and dynamical 
state of the Martian atmosphere. Dust particles are ra-
diatively active by absorbing solar radiation and ab-
sorbing/emitting infrared radiation. Thus, they heat the 
atmosphere and drive dynamical processes. 

Moreover, the dust cycle has strong interannual 
variability. The latter is governed by the occurrence of 
dust storms which are not regular in time and highly 
event driven. Accordingly, knowledge on dust storms 
is extremely important for understanding the behavior 
of the Martian atmosphere and the evolution of the 
Martian climate. 

Being a student research project, this study will an-
alyze dust storms based on Mars Daily Global Maps 
(MDGMs) from the camera systems MRO/MARCI and 
MGS/MOC. The identification of dust storms in early 
development stages is followed by studying their tem-
poral evolution. Particular attention is given to the 
origin, geographical pathway, and transition from small 
to large scale dust storms. 

Based on this, we seek to provide some update on 
existing climatological studies which use similar data 
(e.g. MDGMs), but date back few years in time. We 
are particularly interested in the statistical analysis of 
dust storm characteristics such as source region, storm 
track and size, timing and duration.          
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Introduction:  In 2020, the European Space Agen-

cy and Roscosmos will launch the ExoMars rover with 
the  scientific objective to detect evidence of life within 
the martian surface via the deployment of a 2 meter 
drill. The ExoMars Pasteur payload contains several 
imaging and spectroscopic instruments key to this ob-
jective: the Panoramic Camera (PanCam)[1] and High-
Resolution Camera (HRC)[1], the Infrared Spectrome-
ter for ExoMars (ISEM)[2], and the Close-UP Imager 
(CLUPI)[3]. These instruments are able to collect data 
at a variety of spatial (sub-mm to decimeter) and spec-
tral (3.3 to 120 nm) resolutions across the 440 to 3300 
nm wavelength range and collectively will form a pic-
ture of the geological and morphological characteristics 
of the surface terrain surrounding the rover. The Exo-
Mars rover will be the first mission to combine imagers 
covering three different spatial scales (including stereo; 
[4]) in combination with a point infrared spectrometer, 
in situ at the martian surface. This combination pre-
sents a huge range of potential data products with 
which to investigate the geology along the rover trav-
erse. 

As prolonged, aqueous martian environments may 
have been able to host microorganisms [5] we de-
ployed instrument of the ExoMars imaging instrument 
suite emulators (the Aberystwyth University PanCam 
Emulator (AUPE3), HRC-E, ISEM-E, and CLUPI-E 
respectively) at terrestrial analogue sites to test their 
ability to detect and characterize science targets from 
sites that formed in a range of aqueous environments 
including: large-scale sedimentary depositional systems 
(Torrey, USA; Tjörnes, Iceland) and systems display-
ing authigenic low-temperature alteration of basalt 
(Námafjall, Iceland) which include deposits of phyllo-
silicates, sulfates, zeolites, and iron oxides [6,7,8]. We 
test the ability of the emulator suite in characterising 
the terrain surrounding the rover, providing mineralog-
ical and lithological context for tactical and strategic 
planning operations (Hanksville, USA). We report on: 
(i) the detection of hydrothermal alteration minerals 
including Fe-smectites and gypsum from basaltic sub-
strates, (ii) the detection of late-stage diagenetic gyp-
sum veins embedded in exposures of sedimentary mud-
stone, (iii) multispectral evidence of compositional 
differences detected from fossiliferous mudstones, and 

(iv) approaches to cross-referencing multi-scale and 
multi-resolution data. These findings aid in the devel-
opment of data products and analysis toolkits whose 
results will inform the ExoMars rover mission and fu-
ture exploration missions with remote sensing payloads 
such as NASAs Mars2020, JAXAs Mars Moon Ex-
plorer, and ESAs JUICE. 

Methodology: After imaging was completed in the 
field all AUPE3 images were processed to R* reflec-
tance (defined by [9]) and spectral parameters generat-
ed using the ExoMars Spectral Analysis Tool (Exo-
Spec) developed by [10]. Spectral parameter maps 
enable band depths and shoulders to be visualized, 
which can indicate broad mineralogical composition, 
abundance, or grain size fluctuations. These parameters 
have proven effective for the MER Pancams [11, 12, 
13, 14] and for orbital imagers like the Compact Re-
connaissance Imager for Mars (CRISM) [15,16]. We 
integrated this multispectral data with hyperspectral 
ISEM-E results, HRC-E textural information, and 
CLUPI-E high-resolution information (such as grain 
size) to form a comprehensive record of each studied 
outcrop and its surrounding environment. 

Results: 
Cross-cutting vein features. Outcrops at Iceland 

and Utah all feature either high albedo cross-cutting 
mineral veins or distinct carbonate mineral features. 
Using radiometrically corrected AUPE3 true and false 
color images and customized spectral parameters in 
combination with ISEM-E spectra we were able to 
identify and characterize these features regardless of 
emplacement environment (Fig. 1). Additional detec-
tion methods like the Reed-Xiaoli Detector (RXD) 
algorithm, Principal Component Analysis (PCA), and 
decorrelation stretching were also able to highlight 
mineral targets of interest. At the Torrey site in Utah, 
late-stage diagenetic gypsum veins embedded in expo-
sures of sedimentary mudstone were successfully iso-
lated using a spectral parameter measuring the negative 
slope across the 950-1000 nm range  which can indi-
cate the presence of the edge of a hydration feature at 
around 1000 nm [13] . 

Phyllosilicates and mudstones. We identified the 
Fe-smectite nontronite using AUPE3 spectral parame-
ters in the VNIR and confirmed its presence using di-
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agnostic absorptions in the SWIR using ISEM-E – its 
presence suggests pervasive alteration of the basaltic 
substrate at our Námafjall field site in Iceland. Within 
the large-scale sedimentary system at Tjörnes we de-
lineated darker and lighter mudstone strata beyond a 
simple difference in albedo. Darker sedimentary layers 
corresponded to a deeper absorption at 610 nm, where-
as the lighter toned layers had a steeper slope between 
438 and 610 nm. CLUPI-E imaging (0.11 mm/pixel at 
a working distance of 1 m) at this site also allowed 
coarse sand grain sizes to be resolvable and revealed 
fine-scale calcite deposits, sedimentary structures, and 
mudstone/sandstone identification. At the Torrey site, 
multiple Mg-smectites were detected using the 
AUPE3/ISEM-E emulators.  

Oxidation state. Spectral parameter combinations 
were used to highlight spectral diversity at a Hanksville 
inverted channel outcrop with respect to oxidation 
states. We identified Fe3+ bearing minerals such as 
hematite by measuring AUPE3 reflectance at 1000, 
850, and 740 nm to identify the presence of a 900 nm 
absorption feature. 

Multi-scale utility. By combining AUPE3 RGB da-
ta, spectral parameter combinations, ISEM-E infor-
mation, and HRC-E and CLUPI-E textural and grain 
size information we constructed a stratigraphic section 
(Fig. 2) from which mineralogical characteristics at the 
Hanksville site were interpreted, revealing detailed 
multiscale spatial and spectral information about the 
outcrop and its surrounding environment. 

References: [1] Coates, A. et al. (2017) Astrobiol-
ogy, 17(6-7), 1-19. [2] Korablev, O. et al. (2017) As-
trobiology, 17(6-7), 542-564. [3] Josset, J-L. et al. 
(2017), Astrobiology, 17(6-7), 595-611. [4] Barnes, R. 
et al. (2018), Earth & Space Science, 5(7), 285-307. 
[5] Vago, J. et al. (2017), Astrobiology, 17(6-7), 471-
510. [6] Harris, J. et al. (2015), Icarus, 252, 284-300. 
[7] Michalski, J.R. et al. (2010), Astrobiology, 10(7), 
687-703. [8] Murchie, S.L. et al. (2009), JGR:Planets, 
114(E2). [9] Reid, R.J. et al. (1999), JGR:Planets, 
104(E4), 8907-8925. [10] Allender, E.J. et al. (2018), 
Image and Signal Proc. for Remote Sensing (XXIV) 
Paper #10789. [11] Farrand, W. et al. (2006), JGR, 
111(E02S15). [12] Farrand, W. et al. (2008), JGR 
113(E12S38). [13] Rice, M. et al. (2010), Icarus, 
205(2), 375-395. [14] Rice, M. et al. (2013), Icarus, 
223(1), 499-533. [15] Pelkey, S. et al. (2007), 
JGR:Planets, 112(E8). [16] Viviano-Beck, C. et al. 
(2013), JGR:Planets, 119(6), 1403-1431. 

 
Figure 1: Detection of cross-cutting high-albedo mineral fea-

tures with AUPE3 true and false color combinations. All false color 
images are constructed using S532_610, R671_438, BD610 as RGB 
respectively [10]. Colored circles depict regions from which AUPE3 
and ISEM-E spectra have been taken. Scale bars = 20 cm. A: Pillow 
outcrop, Námafjall, Iceland. B: Altered Pillow outcrop, Námafjall, 
Iceland. C: Torrey gypsum outcrop, USA. D: Tjörnes mudstone 
outcrop, Iceland. E: AUPE3 (dashed line) and ISEM-E spectra from 
each of the colored circles in A - D, with absorption bands marked. 

 
Figure 2: A: AUPE3 true color of an inverted channel outcrop at 
Hanksville. B: AUPE3 spectral parameter comprised of S532_610, 
S671_438, BD610 as RGB respectively [10], highlighting oxidized 
and reduced clay unit boundaries. C: HRC-E vertical mosaic illus-
trating that grain sizes and textures are able to be resolved with this 
instrument. D: Stratigraphic log derived from the information in A-
C. Regions targeted with ISEM-E are shown with white circles. E: 
CLUPI-E image of veins highlighted in AUPE3 and HRC-E images, 
green circles show locations targeted with ISEM-E. Imaged at 2 m 
(0.23 mm/pixel). F: Sandstone/clay conglomerate imaged with 
CLUPI-E at a distance of 20 cm (0.02mm/pixel). Blue circle shows 
the location targeted with ISEM-E. G: AUPE3 and ISEM-E spectra 
taken from the locations specified in D, colors correspond to their 
units given in that stratigraphic section. 
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Introduction:  Observations show a variation in 

Hydrogen escape at different seasons that could be 
attributed to water vapor variations in the middle at-
mosphere as stated by Chaffin, 2017 [1]. Water vapor 
is also seen to increase by an order of magnitude in the 
middle atmosphere due to dust storms [2]. This in turn 
results in an increase in Hydrogen escape due to dust 
storms as observed by Mars Climate Sounder Data [3]. 
The proper understanding of dust storm effects on wa-
ter vapor that in turn enhances hydrogen escape is 
studied.  

Motivated by the Emirates Mars Mission’s Objec-
tive of correlating the escape rates between the upper 
and lower atmosphere of Mars, this paper aims to pro-
vide theoretical expectations for the effect of dust 
storms on the escape of Hydrogen in the upper atmos-
phere (Figure 1)[4].  

 

 
Figure 1: Summary of EMM Observations [4] 
 
Kass 2016 categorizes regional dust storms during 

dust storm season based on their size and the time of 
their start in solar longitude (LS) [5]. A C-storm is one 
that starts at ~305deg LS and ends at ~335deg LS.  

The Mars Climate Database (MCD) provides simu-
lations from the LMD 3D Global Climate Model of the 
Martian atmosphere [6]. Different scenarios of dust 
distributions are available including representations of 
the climate of mars during various Mars years based on 
available observations. The MCD is used to provide 
data to create a template for the future use of MY34 
model results from the Laboratoire de Météorologie 
Dynamique Global Climate Model (LMD-GCM).  

In order to understand the distribution of dust over 
solar longitudes on the mars year scenarios provided 
by the Mars Climate Database, we plotted the Mars 
year scenarios to identify the A, B, and C dust storms 

for each year [5]. From those years, we selected the 
MY26 C-storm to be further observed which could be 
seen in Figure 2. 

 

 
Figure 2: MY26 dust storm categorization based on 

Kass, 2016 [5] 
Observation:  After selecting a dust storm to be 

observed, we took the dust density from the MCD for 
the C-storm at an LS range of 280deg-360deg to ob-
serve dust storm development over all longitudes and 
latitudes at 3pm local time at 0km altitude.  

Since we expect the water vapor that effects Hy-
drogen escape to be in the middle atmosphere, we took 
the water vapor column of during the C-storm at alti-
tudes of 40km-80km at the same LS and local time as 
the dust storm. We also took the Hydrogen column 
density from the MCD at altitudes of 80km-300km as 
seen in Figure 3. 
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Figure 3: Results of the MCD data 
The resulting images show an increase in water va-

por in regions where the dust storm is most dense. An 
issue occurs with the plotting of images due to the use 
of altitude as a vertical coordinate as opposed to using 
pressure. This effects the MCD data output and results 
in inaccurate representations of the water vapor and 
Hydrogen densities that are shown as location depend-
ent in the resulting images. To properly identify the 
relative densities based on longitude and latitude, we 
took the data from the MCD based on pressure as a 
measure of vertical coordinates. 

Summary: Effects of a seasonal dust storm during 
MY 28 on middle atmosphere water vapor and the 
resulting Hydrogen escape were taken using the MCD 
and the resulting information provided a theoretical 
expectation for the effect of a regional dust storm on 
hydrogen escape. Further work is needed to quantify 
that effect. 

Current and Future Work: I am currently work-
ing on understanding the effect of high altitude water 
on the escape of Hydrogen in the upper atmosphere of 

Mars. Future work includes using LMD-GCM simula-
tions to understand that connection. 
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Introduction:
In 2014, the United Arab Emirates (UAE) 

announced the first outer-planetary Arab mission, 
Emirates Mars Mission, as a catalyst for science and 
technology sector development within the region. The 
mission focuses on developing national capabilities in 
both science and engineering within the UAE, and on 
contributing with novel science to the human 
knowledge and civilizations.

The Emirates Mars Mission’s (EMM) Hope Probe 
will launch in 2020 to explore the dynamics in the 
atmosphere of Mars globally while sampling on both 
diurnal and seasonal timescales. EMM’s primary
science goals are aligned with the Mars Exploration 
Program Advisory Group’s (MEPAG) 2015 Goal II: 
“Understand the processes and history of climate on 
Mars” [1]. Moreover, EMM’s objectives and investiga-
tions will address the following MEPAG’s objectives 
of II.A): “Characterize the state of the present climate 
of Mars’ atmosphere and     surrounding plasma 
environment, and the underlying processes, under the
current orbital configuration” as well as II.C): “Charac-
terize Mars’ ancient climate and underlying processes” 
[1]. EMM is the first mission to have full diurnal 
coverage on sub-seasonal timescales with a global 
coverage which enable understanding of the transfer 
of energy from the lower-middle atmosphere to the 
upper atmosphere.

On-board the Hope Probe are three scientific
instruments which will provide a set of measurements 
fundamental to an improved understanding of the 
Martian climate. Two of the EMM’s instruments,
which are the Emirates eXploration Imager (EXI) [2]
and Emirates Mars Infrared Spectrometer (EMIRS) [3]
will focus on the lower atmosphere observing dust, ice
clouds, water vapor and ozone. On the other hand, the 
third instrument Emirates Mars Ultraviolet Spectrome-
ter (EMUS) will focus on both the thermosphere of 
the planet and its exosphere. This poster will cover an 
overview of the EMUS instrument, the investiga-
tions associated with the instrument, and the 
performance of the instrument post-delivery.

EMUS Science Targets:
Thermosphere Investigation: EMUS will investi-

gate the abundance and spatial variability of key 
neutral species in the thermosphere on sub-seasonal 
timescales. To address this investigation, EMUS will 

provide a measure of the dynamics and energetics of 
the thermosphere, through which all escaping particles 
must travel, as it forms the lower boundary of the 
exosphere. This will be achieved by determining the
column abundance and spatial variability of the key
neutral species in the thermosphere: oxygen (O), and 
carbon monoxide (CO).

Exosphere Investigation: EMUS will also address 
the EMM investigation that focuses on determining the 
three-dimensional structure and variability of the key 
species in the exosphere and their variability on sub-
seasonal timescales. For this investigation EMUS will 
observe the neutral exospheric species hydrogen (H)
and oxygen (O). Measurements of both hydrogen and 
oxygen in the upper atmosphere are essential for 
determining the loss of water from the upper atmos-
phere.

Instrument Overview: The EMUS instrument is a 
far ultraviolet imaging spectrograph that is jointly 
developed by the Laboratory for Atmospheric and 
Space Physics (LASP) at the University of Colorado 
Boulder and Mohammed Bin Rashid Space Centre 
(MBRSC). It consists of a single telescope mirror feed-
ing a Rowland circle imaging spectrograph with a pho-
ton-counting and locating detector (provided by the 
Space Sciences Laboratory at the University of Cali-
fornia, Berkeley). The EMUS spatial resolution of 
0.36° is sufficient to characterize spatial variabil-
ity in the Martian thermosphere (100-200 km alti-
tude) and exosphere (>200 km altitude). EMUS 
measures ultraviolet emissions in the spectral range 
100-170 nm with a selectable spectral resolution of 1.3
nm, 1.8 nm, or 5 nm. In order to observe and discrimi-
nate between the hydrogen and oxygen coronas, EMUS
will make one-dimensional spectral measurements. To
measure the hydrogen corona, the instrument will be
sensitive to Lyman alpha at 121.6 nm and Lyman beta
at 102.6 nm. To measure the oxygen in the upper
atmosphere, it will be sensitive to 130.4 nm and to
the dimmer 135.6 nm emission. EMUS will measure
thermospheric CO emissions between 140 nm and 170
nm. Table 1 summarizes EMUS design parameters.

Field of view (0.18°, 0.25°, 0.7°) ×
11.0°

Wavelength range 100 – 170 nm

SCIENTIFIC PAYLOAD OF THE EMIRATES MARS MISSION:  EMIRATES MARS ULTRAVIOLET 
SPECTROMETER (EMUS) OVERVIEW. H. Al atroushi1, F. Lootah1, G. Holsclow2, J. Deighan2, M. 
Chaffin2, and the EMUS Team2, R. Lillis3, M. Fillingim3, S. England4, S. Al Mheiri1, and H. Reed2. 1Mohammed 
Bin Rashid Space Centre, Dubai, UAE, 2Laboratory of Atmospheric and Space Physics, University of Colorado, 
Colorado, USA. 3Space Sciences Laboratory (SSL), University of California, California, USA, 4Aerospace and 
Ocean Engi-neering, Virginia Tech, Virginia, USA. 
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Spectral resolution 1.3, 1.8, 5 nm 
Spatial resolution with 
narrow slit 

0.14° × 0.20° 

Detector photocathode CsI 
        Table 1: EMUS Instrument Parameters 

 
Figure 1: EMUS Schematic 

Concept of Operation:  
EMM target science orbit, is of 20,000km x 43,000 
with 25° inclination, resulting in 55 hour orbital period. 
This unique high-altitude orbit allows for the study of 
the exosphere with complete global and diurnal cover-
age. The Science Phase is planned for 2 Earth years 
(just over 1 Mars year long) to study the the seasonal 
variations in the atmosphere. The EMUS instrument 
takes its observations utilizing 4 different observing 
strategies (U-OS) using spacecraft motion, Table 2 
below summarizes the observation strategies for 
EMUS. 

Ob-
serva-
tion 

Description Slit Frequency 

U-
OS1 

Raster scanned imag-
es of the disk of Mars 
covering 0-1.06 RM 

1.3 
nm 

2 times per 
orbit in 
one orbit 
per week 

U-
OS2 

Raster scanned imag-
es of the disk of Mars 
covering 0-1.6 RM 

1.8 
nm 

6 times in 
one orbit 
per week 

U-
OS3 

Asterisk pattern scan 
where the spacecraft 
will slew out to 100 
degrees in 4 swaths. 
It will cover 0 - at 
least 6 RM 

5 
nm 

4 times in 
one orbit 
every oth-
er week 

U-
OS4 

Provide long expo-
sure times for the 
mid and outer 
corona when the in-
strument is not imag-
ining and during 
charging 

1.8 
nm 

Observe 
lines of 
sight in 
each 
500km bin 
in one 
orbit per 
month 

Table 2: Summary of EMUS Observations 
Data Completeness: There will be two types of 

EMUS image sets: standard and high cadence for both 
thermospheric and coronal measurements. To ensure 
adequate global coverage of the dayside thermosphere, 
including the terminator, and continuous coverage of 
the equatorial (Mars-Centered Solar Orbital coordinate 
frame) thermosphere, the standard image set must en-
compass at least 6 of the 8 30°-wide intervals in MSO 
longitude spanning -120° to 120° (4 AM to 8 PM in 
MSO local time). The high cadence image set must 
encompass at least 12 of the 16 15°-wide intervals, 
both sets shall be taken within 1/3 of a week. As for 
seasonal coverage, observations over 1 full Martian 
year shall be covered where 20 of the 24 15° intervals 
of solar longitude (LS) sampled for standard cadence, 
and at least 7 of the 8 45° intervals of LS sampled for 
high cadence sets. 

For coronal measurements, the standard image set 
consists of images taken within 1/3 of a week, from at 
least 5 of the 8 45° intervals of MSO longitude span-
ning -180 to 180°, with no more than one 45° interval 
missed out of either the midnight-centered 90°-wide 
quadrant of 135° to -135° (to characterize the nightside 
Hydrogen exosphere) or the three dayside-and-
terminator quadrants spanning -135° to 135° (to char-
acterize the dayside Hydrogen and Oxygen exosphere). 
The Hydrogen and Oxygen exospheres are not ex-
pected to be influenced by the lower atmosphere on 
timescales of less than one week. Therefore, at least 1 
standard image set shall be collected per week. 

To allow the characterization of short-term, sub-
week variability in all Mars seasons, high cadence data 
sets, consisting of 3 consecutive standard image sets in 
the same week, must be collected in at least seven of 
the eight 45° intervals of LS comprising a Martian 
year. This is to ensure that such variability does not 
manifest itself differently at different seasons or helio-
centric distances. 

Summary: Data returned from the EMUS        in-
strument will enhance our understanding of the   ther-
mosphere and exosphere of Mars and their variability 
on sub-seasonal timescales as the instrument is     de-
signed to measure relative changes in the thermosphere 
and the structure – radial extent and scale height – of 
both the hydrogen and oxygen in the exosphere. Addi-
tionally, EMUS will measure changes in the structure 
of the corona with season, and lower atmosphere forc-
ing (e.g. dust storms). Combined with data from other 
instruments on-board the Hope Probe, EMM will im-
prove our understanding of the coupling between the 
upper and lower atmosphere and the climate of Mars. 

References: [1] MEPAG (2015), NASA, 24 02. 
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Introduction:  Several lines of evidence point to-

ward a larger water budget on early Mars relative to 
today [1,2]. One such line of evidence is the enrich-
ment in the heavier isotope deuterium (D) relative to 
hydrogen (H), both of which are primarily sourced 
from the photo-dissociation of water, measured by the 
ratio D/H [3,4,5,6]. Mars D/H today is enriched by a 
factor of ~6 relative to terrestrial values (🜨) [4], sug-
gesting that large amounts of H from water have been 
lost to space [3, 7, 8]. Several fractionating processes 
can affect D/H on Mars, with escape to space and out-
gassing from the interior being the most dominant in 
the past 3 billion years. By tracing the evolution in 
each isotope’s abundance using a box model that in-
corporates the fractionating processes, we can gain 
insight into the evolution of the water budget.  

Box Model: We built a simple box model to follow 
the water budget on Mars, accounting for outgassing 
from the interior and loss to space, and tracking D/H as 
it is affected by each process. We start the model at 3 
Ga, where we have information from a Gale crater 
mudstone that was found to have a D/H that is 3 times 
VSMOW [9]. Prior to 3 Ga, there are sparse geologic 
records and little is known of the conditions and pro-
cesses that dominated the fractionation. Further, in this 
3 billion year time period the effect of impactors is 
negligible [10] and all reservoirs within the near sur-
face, surface and atmosphere are well mixed such that 
the only two processes that affect the fractionation are 
outgassing and escape. Our aim is to use the model to 
constrain the range of assumptions for water on Mars 
that can provide us with the observed evolution of 
D/H, using the measured D/H in the 3 Ga sediment and 
in the present atmosphere as boundary conditions. 

Method. We allow the system to evolve in time, 
supplying water by outgassing and removing it via 
escape to space, and we record the D/H ratio from the 
abundances of H2O and HDO using the relationship: 

 
Water is outgassed at a constant rate and at the terres-
trial ratio of D/H. H2O escape is also constant 
throughout time but due to the fractionating nature of 
the escape process, HDO escape relies on the D/H ratio 
at each time step, making it the only time dependent 
rate in this simple model. The escape rates are deter-
mined by balancing the boundary conditions such that 
total water lost = initial water - current water + out-
gassed water. 

Parameters. The four main parameters we vary in 
our model are: 1) the initial water inventory at 3 Ga, 2) 
the current water inventory today, 3) the amount of 
water outgassed over the past 3 billion years, and 4) 
the fractionation factor of the escape process.  

1) Estimates for an early water budget from geo-
logic records range over several orders of magnitude 
from as little as tens of meters global equivalent layer 
(m GEL) to as high as thousands of m GEL [11]. With 
the simple model we are using, and with the current 
water inventory relatively constrained, the range of 
values that provides anything near a plausible fit is 
between 0 and 100 m GEL. Larger values drive the 
enrichment far beyond that measured today, so we do 
not consider them in our model. 

2) The main reservoirs for water on Mars today are 
the polar layered deposits (PLD) and the mid-latitude 
ice deposits. Estimates for the amount of water are ~22 
m GEL in the PLD [12, 13], and ~10 m GEL in the 
mid-latitude ice deposits [11]. Combining this with 
smaller reservoirs for water such as the atmosphere, 
this puts the range for the current water budget be-
tween 10 m GEL and 50 m GEL.  

3) Since we do not have any in situ measurements 
of volcanic eruptions on Mars, we rely mostly on anal-
ysis of Mars meteorites. Depending on the assumptions 
made, such as the water content of the volcanic rock 
and the efficiency of volatile release from intrusive 
magma, the range of values for total amount of water 
outgassed over the past 3 billion years varies from as 
little as 5 m GEL [14, 15] to 100 m GEL [16]. 

4) The fractionation factor R of the escape process 
describes the efficiency in the removal of H in compar-
ison to D, with R=1 indicating no fractionation and 
R=0 indicating complete fractionation. The value typi-
cally used for Mars is R=0.32 [8]. More recent photo-
chemical modeling studies of the martian upper atmos-
phere [17,18,19] suggest a value for R that could be as 
much as 4 orders of magnitude lower. We explore the 
end member cases of the least fractionating R=0.32 
and the most fractionating R=3.2x10-5 regimes. 

 
Table 1 Lower limit 

(m GEL) 
Upper limit 
(m GEL) 

Initial budget  0  100  
Current budget 10 50 
Outgassed over 3 Gy 

 

5 100 

Fractionation factor 3.2x10-5 0.32 
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Parameter Space Study. We now seek to find the 
region in parameter space, defined by the parameter 
ranges in Table 1, for which we achieve the factor of 2 
increase in D/H from 3🜨 to a current day enrichment of 
5-6🜨. In other words, the output of our model is the 
combination of initial water budget, current water 
budget, and outgassing rate in both regimes of frac-
tionation that result in the observed enrichment of D/H 
in the atmosphere. 

Results and Discussion: We find that there is a 
range of possible combinations for which the 5-6🜨
enrichment in D/H is achieved. For R=0.32, the 
amount of initial water ranges between 30 and 110 m 
GEL coupled with a current water inventory of 10 - 40 
m GEL. We also see a spread to wider ranges driven 
by outgassing. 

 
If we ignore outgassing and assume no D escape, 

losing roughly half the initial water budget is enough 
to account for the factor of 2 enrichment from 3🜨 to 5-
6🜨. This can be seen in the rough 1:2 slope of the 
range of values in the figure with deviations from the 
line driven by an increase in the outgassing rate. Intro-
ducing water into the system through outgassing can 
drive the total enrichment up as that water is removed 
from the system through escape, but it also partially 
resets the D/H to the terrestrial value, slowing down 
the enrichment. Thus, increasing the outgassing rate 
allows for a larger range of initial water budget to also 
achieve the factor of ~2 enrichment, with low outgas-
sing rates closer to the 1:2 ratio (blue regions) and high 
outgassing rates further away (yellow regions).  

For R=3.2x10-5, we get smaller initial water inven-
tories at 3 Ga, as well as an apparent inverse trend in 
the outgassing. The reduced initial water budget is 
linked to the amplified retention in D that is a result of 
the lower fractionation factor. The effect of outgassing 
is still the same, and only appears to have an inverse 
trend as the lower initial budget values now fall below 
the 1:2 slope. 

 
Conclusions: We are able to recreate the 2x en-

richment from 3🜨 to 5-6🜨 in D/H that we measure to-
day in the martian atmosphere using the processes that 
are likely to be the most dominant in the evolution of 
the water budget: escape to space and outgassing from 
the interior. We are also able to constrain the range of 
escape rates and initial water budget needed to get to 
that enrichment for a specific water budget today. We 
can rule out models that require large amounts of water 
being exchanged, or any process that alters D/H great-
ly. We find that there is a range of possible combina-
tions of boundary conditions for which the 5-6🜨 en-
richment in D/H is achieved; with 30 - 110 m (GEL) of 
initial water coupled with 10 - 40 m GEL of current 
water covering most of the likely solutions, and a 
spread to larger ranges driven by outgassing. 
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Introduction: Mars has long been the interest of 
many scientists around the globe. Several missions to 
Mars have helped in unlocking key information to the 
understanding of the processes and cycles of the Mar-
tian atmosphere. However, many of these observa-
tions have been obtained from spacecraft in sun-
synchronous orbits (i.e., providing a limited range of 
local times), leaving much of the Martian diurnal cy-
cle unexplored. Because of the limited coverage, it 
has been difficult to delineate potential diurnal as-
pects of such basic things as dust and water ice optical 
depths, as well as to validate the various algorithms 
used in the “physics packages” of Martian dynamical 
models. 

The Emirates Mars Mission (EMM), a mission set 
to be launched in 2020 by the United Arab Emirates, 
will be able to provide a dataset that can fill this ob-
servational gap by sampling contemporaneously both 
diurnal and seasonal timescales on a global scale. 
Using three complementary scientific instruments, 
EMM will further improve our understanding of the 
global circulation in the lower atmosphere and the 
connections to the upward transport of energy of the 
escaping atmospheric particles from the upper atmos-
phere. Aligned with MEPAG Goal II: “Understand 
the processes and history of climate on Mars”, EMM 
will be satisfying four scientific investigations as il-
lustrated in table 1 showing the connections between 
EMM and MEPAG objectives. Investigations 1 and 2 
will be focusing on the lower atmosphere to determine 
the three dimensional structure and variability of at-
mospheric temperature and to determine the geo-
graphic and diurnal distribution of key constituents in 
the lower atmosphere respectively. While investiga-
tions 3 and 4 focus on determining the structure and 
variability in the Martian thermosphere and exosphere 
respectively. Table 1 summarizes the flow down from 
the motivating science questions, to the EMM mission 
objectives and investigations.  

In our presentation, we will focus on EMM inves-
tigation 2 and one of the scientific payloads that satis-
fies it, the Emirates eXploration Imager (EXI). 

 
Table 1 EMM Science Flow down 

EXI Science Targets: Investigation 2 is to “de-
termine the geographic and diurnal distribution of key 
constituents in the lower atmosphere on sub-seasonal 
timescales”. This investigation will provides insight 
into the processes driving the global circulation in the 
current Martian climate by sampling key constituents 
(dust, water ice clouds and ozone) in the lower at-
mosphere on sufficient spatial and temporal scales.  
EXI will be able to capture the ice optical depth, dust 
optical depth as well as the column abundance of 
ozone.  

Dust.  Dust is one of the most abundant constitu-
ent and a major driver of the Martian atmospheric 
energy balance. Observing dust will allow us to have 
a better understanding of the behavior and evolution 
of the atmosphere. To better characterize the geo-
graphic, diurnal and seasonal distribution of dust, EXI 
will capture an image in the 205 – 235 nm and 620 – 
680 nm spectral bands, from which optical depth of 
the dust can be retrieved.  The ultraviolet band will 
provide the primary aspect of the optical depth re-
trieval, using the contrast of the dark dust against the 
bright background of Rayleigh scattering.  Adding the 
635 nm band range provides context, as well the abil-
ity to constrain the dust column during higher opacity 
events, i.e., a dust storm. It is our goal to combine 
these products with the EMM Emirates Mars InfraRed 
Spectrometer (EMIRS) measurements of dust optical 
depth at 9µm to directly constraint additional dust 
properties such as the mean particle size. 

Water Ice clouds. Water ice clouds also play an 
important role in the Martian climate.  In terms of 
their geographic, diurnal and seasonal distribution, 
water ice clouds are known to have an impact on the 
total energy balance, the transport of water and the 
photochemistry of the Martian atmosphere. In order to 
determine the column optical depth of the ice cloud, 
EXI will be observing Mars in the wavelength band 
from 300 – 340 nm.  Exploiting the contrast of the 
bright clouds with the dark surface, we will derive the 
water ice optical depth in a manner similar to that of 
the Mars Reconnaissance Orbiter (MRO) MARs Col-
or Imager (MARCI).  As with dust, we will combine 
these optical depths with those for water ice from the 
EMIRS at the 12 um-based retrieval to constrain mi-
crophysical properties such the mean particle size.  

Ozone. Ozone, and its spatial and temporal distri-
bution, is important for understanding the photochem-
ical processes of the Martian atmosphere. EXI will 
determine ozone geographic and diurnal distribution 
on sub seasonal timescales by imaging in the 245 – 
275 nm band.  The conversion of the observed radi-
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ance to an ozone column abundance will be based on 
the approach used by MARCI (i.e,.Clancy et al., 
2016).    

To better characterize the mesoscale behavior of 
these three constituents over both diurnal and seasonal 
timescales, a spatial resolution of 8 km or less will be 
required. As for obtaining the radiance of ice, dust 
and ozone absorption bands, we are targeting an accu-
racy of ± 5% . Table 2 summarizes the requirements 
for the physical parameters. 

 
 

Table 2 EXI physical parameters and their observable requirements 

 
 
 
 
 
 
 
 
 

Implementation Overview: EXI is a multi-
band, radiation tolerant camera capable of taking 12 
megapixel images while maintaining the radiometric 
calibration needed for detailed scientific analysis. The 
instrument is being developed jointly by the Laborato-
ry for Atmospheric and Space Physics (LASP) and 
Mohammed Bin Rashid Space Centre (MBRSC). It 
has a dual lens assembly separating the UV and VIS 
optical paths. EXI uses a selector wheel mechanism 
with of 6 discrete bandpass filters, 3 UV bands and 
the RGB bands.  

 

Concept of Operation: EXI will be capable 
of providing simultaneous observations to fulfill navi-
gation, public relations (PR) and science products. 
Based on the current orbit parameters, EXI will be 
capable of observing nearly complete local time cov-
erage of Mars throughout one full Martian year. The 
resulting dataset will cover key seasonal information 
for more than 80% of the geographic area of Mars. 
These will be accomplished using three EXI observa-
tion sets. Two of which are science observations and 
the third serves PR needs. The science observation 
sets (EXI OS 1 and 2) consists of the four bands need-
ed to observe the dust and ice optical depth as well as 
the ozone column abundance in the 220 nm, Red 
(635 nm), 320 nm and 260 nm. The difference is that 
OS2 has lower resolution (<64km resolution) and acts 
as a “bookmark” after EMIRS observation. While 
EMIRS is taking its observation, the planetary loca-
tions and local times within the field of view change 
and shift for EMIRS compared to EXI. Therefore, this 
second strategy is to ensure that any missing observa-
tion is being covered from the first EXI observation, 
which will then be overlapped with EMIRS observa-
tion data. While in third observation set (EXI OS 3), 

it consists of three bands in the Red (635 nm), Green 
(564 nm) and Blue (437 nm) in order to produce beau-
tiful image of Mars for PR purposes.  

 
Data Completeness and Utilization: To under-

stand the linkages between the aerosols and ozone and 
their impact, it is important to measure the diurnal 
variability of the Martian atmosphere happening 
across the seasons. EXI will be able to sample most 
local times on weekly timescales providing us with 
unique measurements in different areas of the Martian 
globe. In order to capture the variability of the aero-
sols and ozone across seasons, a 10-day sampling pe-
riod is required. As for the geographic coverage, EXI 
will be able to sample nearly all longitudes and lati-
tudes less than 72 hours providing rapid and continu-
ous monitoring of any cloud and dust events during a 
Martian year.  

 

Instrument Calibration: The instrument is cur-
rently undergoing Post Environmental calibration 
activities.  These will include the following: 

1) Field of View Mapping (FOV) — edge de-
termination (vignetting) 

2) Focus / distortion mapping — uses collimated 
light source of comparable brightness to Mars. 

3) Flat field / Radiance Transfer — measures the 
FOV response using calibrated diode monitor-
ing of the beam provide by a Laser Driven 
Light Source (LDLS); 

4) Channel Bandpass shape / Absolute Radiance 
— measures the spectral shape of each chan-
nel, including out-of-band rejection (i.e., red 
leak).  A LDLS is used and NIST traceable 
photodiodes to provide absolute radiometry. 

The results of the above tests will be combined 
with others such as detector characterization to pro-
vide an absolute radiometric calibration with an error 
budget.  This will be reported as part of the presenta-
tion. 

Several post-launch tests are planned with EXI, 
with the goal of looking for any changes associated 
with launch and during cruise.  In addition, on-orbit 
monitoring will be performed to characterize any deg-
radation of photometric performance.  These tests 
include: 

1) Post-launch alignment pointing and FOV 
mapping, using star field observation; 

2) Flat Field trending – “delta” flat, using an 
on-board LED; 

3) Blur Flat Field, using Mars as a target during 
the transition orbit; 

4) Degradation Tracking, through photometric 
monitoring of specific Martian regions. 
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VISUAL ANALYSIS OF SPATIOTEMPORAL VARIATIONS OF MARS ICE CLOUDS USING MARCI 
DATA. K. Alshehhi1 B. Alzahmi1 A. Abuelgasim2 1(Department of Physics, College of Science, United Arab Emi-
rates University, Alain 15551, UAE, 201510533@uaeu.ac.ae and 201301991@uaeu.ac.ae), 2(Geography and Urban 
Planning Department, College of Humanities and Social Sciences, United Arab Emirates University, Alain 1551, 
UAE, a.abuelgasim@uaeu.ac.ae). 

Introduction:  Water ice clouds are an essen-
tial component of the Martian atmosphere. The Mart-
ian atmosphere has water-ice clouds for most parts of 
the year covering different regions. They are of rele-
vance for understanding the atmospheric thermal struc-
ture, chemical composition, and dynamics, and the 
planets water cycle. Just to give a few examples, stud-
ies have suggested links between clouds and semi-di-
urnal atmospheric tides [1]  and northern-hemisphere 
extratropical weather phenomena  in the last years [2]. 
Likewise, transferring knowledge on today’s clouds for 
studying the early Mars climate is of significant inter-
est [3]. 

As part of an undergraduate student project, 
this study visually analyzes the spatiotemporal varia-
tions of water ice clouds over the Martian atmosphere. 
This visual analysis focuses on identifying the spatial 
distribution and frequency of water ice clouds for one 
Martian year using MARCI data.  

The dataset used in this study consisted of 
daily MARCI visible data of one Martian year. The 
analysis procedure consisted of visual identification of 
ice clouds as visually observed. The data analysis con-
sisted of two procedures, the first one focused on the 
manual digitization of observable ice clouds in each 
image in addition to identifying its geographical loca-
tion within the planet (figure 1). Note that a month 
here is identified as approximately 16 degree of solar 
longitude. 

The preliminary findings suggest that water 
ice clouds are found in both the northern and southern 
hemispheres of Mars with much more presence within 
the equatorial belt of Mars. Water ice clouds are much 
more pronounced in the northern hemisphere than the 
southern one. Furthermore, water ice clouds are much 
more frequent in the northern spring and southern 
summer than any other parts of the year. 

   

    

   

    

Figure 1: MARCI data with digitized ice clouds loca-
tions 
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PROMOTING SPACE SCIENCE IN EDUCATION: CASE OF THE UNITED ARAB EMIRATES 
UNIVERSITY.  T. S. Alsumaiti1 and A. Abuelgasim2, 1(Assistant Professor, Geography and Urban Planning De-
partment, College of Humanities and Social Sciences, United Arab Emirates University, Alain, UAE, P.O. Box 
15551, tareefa@uaeu.ac.ae), 2(Associate Professor, Geography and Urban Planning Department, College of Humani-
ties and Social Sciences, United Arab Emirates University, Alain, UAE, PO. Box 15551, a.abuelgasim@uaeu.ac.ae). 

 
 
In alignment with the United Arab Emirates (UAE) 

National Innovation Strategy in building the UAE 
Space capabilities and competences, Emirates Mars 
Mission (EMM) [1], and Mars Science City [2], the 
United Arab Emirates University (UAEU) has taken 
the lead to transform the country as a hub for space 
education, research and science development. The 
UAEU has established one of the biggest space re-
search centers in the country in collaboration with the 
UAE Space Agency and the Telecommunications Reg-
ulatory Authority (ICT-Fund).  

 The creation of National Space Science and Tech-
nology Center (NSSTC) at UAEU [3] was primarily 
motivated by UAEU’s desire to strengthen its role and 
contribute to the needs of the nation in terms of space 
science, technology and the development of the coun-
try's space industry. The main focusses of the NSSTC 
are on research and development, higher education and 
community outreach. The center’s aims to devel-
op national research programs in space science and 
technology to serve the UAE’s national agenda; con-
duct cutting-edge applied research in space science and 
technology; educate and train future UAE leaders in 
space science and technology; create new technology 
and knowhow in space science and technology to trans-
fer to industry; and promote space science and technol-
ogy. 

The NSSTC at UAEU is currently working in sev-
eral projects including a 3U CubeSat project which will 
be launched next year. The project is designed to pro-
vide hands-on, research opportunities for undergradu-
ate students. It aims to design, develop and analyze via 
3U CubeSat: the first satellite developed at UAEU. The 
design and development team is made up of students 
from the College of Engineering, College of Science 
and the College of Humanities and Social Sciences.  

 Another project recently awarded to NSSTC is 
high-precision satellite positioning which is expected 
to be launched in four years. The aim of awarding this 
project to the NSSTC is to develop capabilities on de-
sign, assembling and integration of small satellites.  

 In addition, the NSSTC is also working to realize a 
universal frequency agile space radio (FASR) that can 
be reconfigured between different bands by employing 
tuning techniques such as MEMS, tunable dielectric 
materials and CMOS varactors. In terms of energy effi-
ciency, smart hardware architectures is explored to 

assess performance and energy consumption for fre-
quency agile space radio platforms and conduct a fea-
sibility study of hardware acceleration in the imple-
mentation of FASR. The focus is to develop efficient 
FASR architecture and identify commonalities to ena-
ble a consolidation of functions. The system is de-
signed in a way to have several interfaces and other 
subsystems that can be automatically integrated with 
other radio subsystems. 

Furthermore, the NSSTC supports interdisciplinary 
research in space science and space technology focus-
ing on the academic development of future Emirati 
space professionals in every area of space including 
commercial and government research. One of the most 
promising Mars missions is the Emirates Mars Mission 
(EMM) Probe that will be launched in 2020 and will be 
in orbit by early 2021. The research that NSSTC will 
focus on will include studies on Mars dust, optical 
depth and Mars atmosphere.  

Moreover, The UAEU has establish an interdisci-
plinary Master program between the College of Sci-
ence, Engineering, Humanities and Social Sciences and 
Information Technology in space science [4]. The Mas-
ter program will start accepting students in September 
2019. Several courses will be offered including the 
concept related to space science, the application of 
Geographic Information Systems (GIS) and remote 
sensing in space science, technology for launching sat-
ellites, planetary science, earth sphere and other related 
topics.  

Furthermore, a new space science track will be in-
troduced for undergraduates at the UAEU’s Physics 
Department in September 2019. Additionally, a new 
minor course will be introduced at the UAEU’s Geog-
raphy and Urban Planning Department titled “GIS for 
planetary surfaces”. The College of Science will also 
offer an 18 hours Space Science Minor which will be 
open to all undergraduate students at the university in 
order to increase the number of students that have in-
terest in space science to support the UAE’s initiative 
and vision to be a pioneer in space science. 

The UAEU is a dynamic university, with continu-
ous update to its curriculum to meet the demand of the 
country. As previously stated, the UAEU has intro-
duced several space programs in the curriculum and are 
doing a lot of activities engaging young minds, espe-
cially in the field of astronomy. The university has also 
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organized many lectures and workshops in the field of 
space by inviting experts in various fields of space.  
Furthermore, the UAEU is working closely with other 
international universities in north America and Europe 
to help in developing its faculty and students capacity 
in conducting space research and education. In this 
regard, the UAEU and the NSSTC is working closely 
with international collaborators such as University of 
Colorado in USA, Lulea University of Technology in 
Sweden, and  The National Centre for Space Studies 
(CNES) in France. The UAEU envisions itself to be a 
hub for space education, research and technology de-
velopment in the regions. 
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Comparison of Seasonal Temperature Variations, Albedo Variations, and Sublimation Activity for CO2 ice 
and H2O ice Near the Martian South Pole. Paras Angell1 and P. R. Christensen1, 1Mars Space Flight Facility 
School of Earth and Space Exploration, Arizona State University, Tempe, AZ 85287. Email: Paras.Angell@asu.edu

Introduction: The Martian south polar cap is a 
dynamic region covered with a seasonal layer of CO2

ice and some H2O ice. Every spring and summer dra-
matic changes transpire as the CO2 sublimates. The 
sublimation is accompanied by distinct surface pro-
cesses in different south polar regions. In the 'cryptic 
terrain' [1], dark spots and streaks form on the surface 
due to basal sublimation of the CO2 ice slab [1, 2]. 
Near the edge of the perennial southern polar cap an 
exposed H2O ice unit [3] is revealed after the seasonal 
CO2 ice layer sublimates. 

This project investigates the seasonal temperature 
variations and albedo variations in these two Martian 
south polar regions with the goal of understanding the 
CO2 sublimation processes and the differences between 
regions covered with H2O ice and CO2 ice. 

Methods: The two regions studied are shown in 
Figure 1. In the Manhattan region, centered near 86° S, 
99° E in the cryptic terrain, the areas of interest are 
labeled A1, A2, A3 (Figure 2). In an exposed water ice 
region, centered near 85° S, 10° E, the areas of interest 
are labeled A4, A5, A6 (Figure 5).

Visible images taken by the Thermal Infrared 
Imaging System (THEMIS) [5] were examined to 
study the progression of CO2 sublimation activity dur-
ing spring and summer. Average albedo values for each 
area were calculated from the calibrated THEMIS visi-
ble albedo products [5]. 

THEMIS infrared (band 9) images (Figure 5) were 
analyzed using JMARS software [6] to calculate the 
average surface temperature for each area. Surface 
temperatures were studied as a function of solar longi-
tude (Ls) for Mars years 30, 31, 32, and 33.

Results: During early spring at Ls 175° the Man-
hattan region the surface is covered with CO2 ice, with 
a surface temperature of ~140 K. There are many dark 
spots on areas A2 and A3, but very few on A1.  

Figure 2 shows a visible image taken at Ls 213°. 
Area A1 has some dark spots, while area A2 has many 
dark streaks oriented towards the west. A3 seems to be 
covered with a layer of dark material. The surface tem-
peratures have warmed up to around 160 K.

Figure 3 shows variation of average surface tem-
perature of the three regions, A1, A2, and A3 as a func-
tion of solar longitude, Ls. The temperature increases 
gradually throughout spring until around Ls 250°. 
Then, between Ls 250° and 270°, there is a sharp rise 
in the surface temperature. This sharp rise in tempera-
ture corresponds to the crocus date [7] when most of 
the CO2 has sublimated. This steep increase is repeat-
able from year-to-year and occurs consistently close to 
Ls 250°.

Figure 1.  MOLA map 
[4] of the Martian 
South Pole, showing 
location of the Man-
hattan  region (86° S, 
99° E) in the cryptic 
terrain, and location 
of Exposed H2O ice at 
(85.4° S, 10° E). Col-
ors represent eleva-
tion.

Figure 2. Effects of CO2 sublimation and regolith de-
position. Visible THEMIS Image of a region near 
86°S, 99°E at Ls 213° for Mars year  31.

Figure 3: Average surface temperatures for areas A1, 
A2, A3 as a function of Ls for Mars year 31 showing 
the sharp rise in temperature at Ls 250°
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Figure 4 shows how the visible THEMIS albedos 
for areas A1, A2, and A3 vary with solar longitude for 
Mars year 32. The albedo of the scene decreases as 
spring progresses. Albedo values increase again and 
peak around Ls 245°, which correlates with the begin-
ning of the sharp rise in temperatures at that Ls. The 
variation of albedos with solar longitude for Mars year 
33 has a similar trend. 

In the exposed water ice region, in early spring all 
areas are covered with a continuous layer of CO2 ice, 
and have the same temperature ~150 K at Ls 204°. 
Figure 5 shows an infrared image taken at Ls 337°, in 
late summer after the crocus date. Three thermally dis-
tinct units are revealed. A4 is colder than A5, and A6 is 
significantly warmer than both A4 and A5. The bound-
aries between units are observed to be stable over sev-
eral Mars years. 

Figure 6 shows how the average surface tempera-
ture changes with solar longitude. After Ls 280°, the 
surface temperatures differentiate between three units: 
CO2 ice, H2O ice, and regolith. Each unit has a differ-
ent temperature based on its composition. A study of 
albedo variation reveals that albedos for the three areas 
are similar during spring. After Ls 280°, the albedos 
differentiate. The CO2 ice has the highest albedo 

(0.60), H2O ice has intermediate albedo (0.42), while 
regolith has the lowest albedo (0.33). 

Investigation of THEMIS infrared images in this 
region in late summer for Mars Year 33 reveals that the 
H2O ice unit extends more than 100 km. This indicates 
that H2O ice is widespread around the southern peren-
nial polar cap. 

Discussion: Surface temperatures in Manhattan 
increase gradually during spring (Ls 170° - 250°) as 
regolith gets deposited on the surface. The sharp rise in 
temperature corresponding to sublimation of CO2 ice 
starts consistently around Ls 250°. The maximum tem-
peratures of ~245K correspond to the defrosted terrain.
Visible albedos show a peak in albedo near Ls 245°, 
which could be due to formation of water ice frost [8] 
or surface brightening. 

In the exposed water ice region, during spring, ar-
eas A4, A5, and A6 have the same surface temperature 
which increases gradually from 140 K to 160 K. After 
Ls 280°, the surface temperatures differentiate between 
three units: CO2 ice, H2O ice, and regolith. H2O ice has 
an intermediate albedo between those of CO2 ice and 
regolith. Area A5 is identified as H2O ice [3] based on 
its temperature (190 ± 3 K) and higher albedo than 
regolith. Future work will include detailed analysis of 
THEMIS albedo products, investigating other areas 
outside the cryptic region, and exploring the extended 
water ice region. 

References: [1] Kieffer, H.H., et al. (2006). Nature 
442, 793–796. [2] Hansen, C.J. et al. (2010) Icarus 
205, 283–295. [3] Kieffer et al. (2003), Science, 299, 
1048. [4] NASA Image Credit, MOLA Science Team. 
[5] Christensen et al. (2009), AGU Fall Meeting Ab-
stracts. [6] Christensen et al. (2004) Space Sci. Rev. 
110. [7] Kieffer, H.H., et al. (2001) Icarus 154 (1) 162-
180. [8] Forget, François. Solar System Ices, 477-507, 
1998. [9] Piqueux, et al. (2003) J. Geophys. Res., 108 
(E8), 5084.

Figure 4.  Plot of average albedos as a function of 
solar longitude for areas A1, A2, A3 for Mars year 32.

Figure 5:  Thermally distinct units revealed after CO2

sublimation in THEMIS infrared image at Ls 337°.
Colors represent temperature.

Figure 6. Average Surface Temperature vs. Ls for CO2

ice, H2O ice, and regolith (Mars Year 32).
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THE QAIDAM BASIN IN NORTH TIBET, A MARTIAN ANALOGUE. APPLICATIONS FOR LANDING 
SITES OF MARS MISSIONS.  A. Anglés1, 1The University of Hong Kong, Department of Earth Sciences, Pok Fu 
Lam Road, Hong Kong (aangles@connect.hku.hk).  

 
 
Introduction:  Early Mars was characterized by 

wetter and warmer environments, until a significant 
climatic and hydrologic shift irreversibly led to the 
current hyper-arid environments. This transition is one 
of the most intriguing processes of Martian history. 
The extreme climatic change is preserved in the salt 
deposits, desiccated landscapes and geomorphological 
structures that were shaped by the losing of water. 
However, until a manned journey to Mars is feasible, 
many Martian materials, morphological structures, and 
much of its evolutionary history will continue to be 
poorly understood. In this regard, searching and inves-
tigating Martian analogues is still meaningful. To find 
an Earth environment with a whole set of Martian 
structures distributed at a scale comparable to Mars is 
even more important to test landing crafts and provide 
optimized working  parameters for rovers.  

The western Qaidam Basin in North Tibetan Plat-
eau is such a Martian analogue. The area harbors one 
of the most extreme hyper-arid environments on Earth, 
and contains a series of ancient lakes that evaporated at 
different evolutionary stages during the rise of the Ti-
betan Plateau. Large quantities of salts and geomor-
phological features formed during the transition of 
warmer/wetter to colder/drier conditions provide 
unique references to study the Martian surface and 
interpret the orbital data. Plentiful similarities and re-
sults of investigations during expeditions confirm the 
Qaidam Basin is one of the best analogues to study the 
evolutionary history of Mars, and suggest that this is 
an essential site to test future Mars sample return mis-
sions. 

The Qaidam Basin: The Qaidam Basin lies in the 
north of Tibetan Plateau (Fig. 1) [1], measuring rough-
ly 850 km from east to west and 150-300 km from 
north to south [2], covering a total area of 120,000 km2 
and a catchment area of 250,000 km2 [3]. 

Formed from the drying up of sulfate brines in a 
giant lake, the Qaidam Basin is the highest desert on 
Earth and the largest sedimentary basin in the Tibetan 
Plateau, offering a gigantic laboratory to compare Mar-
tian climatic processes, geological landforms and po-
tential records of Martian microbial life. The detection 
of Ring Structures that imply tectonism on both the 
Qaidam Basin and Mars or the findings of biomarkers 
on carbonates in the Qaidam Basin are of key im-
portance in Astrobiology. 
 

 
Figure 1. A few selected typical morphologies of the 
Qaidam Basin. a: Picture taken near the playa area of 
Xiaoliang Mountain, where the very weak hydrody-
namic processes have eroded the surface. Note the 
track traces in the back of the picture for scale. b: 
Mountain area in western Qaidam Basin near 38.10°N, 
91.05°E. Note the road for scale. c: Yardangs near 
Nanyi Mountain in the distance and salt and clay 
mixed playa. The yardangs are approximately 10 m 
high. d: Image taken in the south part of Nanyi Moun-
tain at 38.10°N, 91.75°E, at 2796 m of altitude. 

Conclusions: Mineralogical compositional anal-
yses from SEM and XRD of the Qaidam Basin confirm 
that the depositional materials are rich in sulfate, fol-
lowed by halite and clay minerals. There are a variety 
of clays together with chlorides, attesting to an im-
portant role of past water. The results suggest saturated 
sulfate solutions and precipitation resulting from evap-
oration of brines, which is of great interest for Mars 
mineralogy as magnesium sulfates, calcium sulfates 
and polyhydrate sulfates have been detected at many 
Martian locations. Large deposits of gypsum and halite 
that form the saline lakes deposits in the Qaidam Basin 
are comparable to those sulfate deposits detected on 
the Martian surface. The TG analysis gives us im-
portant information on the amount of water molecules 
in pure gypsum samples; 20% of water is contained in 
the crystals and this has a direct implication to the gyp-
sum deposits on Mars.  

The adaptive mechanisms of hypolithic organisms 
to survive the environmental extremes in the Qaidam 
Basin can also contribute to an understanding of ex-
tremophiles and it is directly relevant to any possible 
life on Mars. The immense size of the Qaidam Basin is 
also of great importance for future Mars exploration 
programs. Rovers can explore their capabilities and 
drive in real-time with extreme hyper-arid conditions.  
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The practice of sample acquisition, detection of ob-
stacles and movement though abrupt surfaces will pro-
vide valuable parameters for the exploration of future 
targets on Mars. The Qaidam Basin is a realistic envi-
ronment that replicates the distribution of features and 
materials that the vehicles will find on the Martian 
surface.  

While the processes and resulting geomorphologi-
cal landforms on the Qaidam Basin provide a feasible 
analogue to the Martian topography and its structures, 
it is recognized that the exact Martian conditions are 
not characterized. Nevertheless, given the similarities 
that the Qaidam Basin contains, especially around the 
climate, aridity and hydrology, this area may be one of 
the most valuable terrestrial analogues to study the 
Martian processes, landforms and microorganism 
preservation potential, and can be treated as an im-
portant site for confirming future Mars sample return 
missions. 

References: [1] Anglés A. and Li Y. (2017) JGR, 
122, 856–888, [2] Fang et al. (2007) Earth Planet. Sci. 
Lett., 258(1), 293–306, [3] Kezao C. and Bowler J. M. 
(1986) Palaeoclimatol. Palaeoecol., 54(1–4), 87–104. 
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INSIGHT LANDING SITE: SUBSURFACE STRATIGRAPHY AND IMPLICATIONS FOR FORMATION 
PROCESSES. V. Ansan1, E. Hauber2, M. Golombek3, N. Warner4, J. Grant5, J. Maki3, R. Deen3, F. Calef3, C. 
Weitz6, J. Garvin3, S. Wilson5, N. Williams3, C. Charalambous7, T. Pike7, H. Lethcoe3, M. Kopp4, A. De Mott4, S. 
Smrekar3, B. Banerdt3, and R. Lorenz8

1LPG-UMR CNRS 6112, University of Nantes, 2 rue de la houssinière, BP 92208, 44322 Nantes Cedex 3, France
(veronique.ansan@univ-nantes.fr), 2German Aerospace Center (DLR), Institute of Planetary Research, 3Jet Propul-
sion Laboratory, California Institute of Technology, Pasadena, CA, 4SUNY Geneseo, Department of Geological Sci-
ences, 5Smithsonian National Air and Space Museum, Center for Earth and Planetary Studies, 6Planetary Science
Institute, 7Imperial College, London, Department of Electrical and Electronic Engineering, 8Johns Hopkins University 
Applied Physics Lab, Laurel, MD.

Introduction: On November 26, 2018, the InSight 
lander touched down at 4.50°N/135.62°E within 
Homestead hollow, a subdued and filled depression on 
Late Hesperian, highly cratered volcanic plains of west-
ern Elysium Planitia, Mars [1,2,3,4].

Surface Terrain: Images from the lander-mounted 
Instrument Context Camera (ICC) and the robotic arm-
mounted Instrument Deployment Camera (IDC) [5]
show a smooth, sandy surface with additional >cm 
scale clasts, ranging from pebbles to very few cobbles
[6,7,8] within ~20 m of the lander (Fig. 1). Close to the 
lander, pebbles and cobbles show two types of materi-
als: one is dark-toned, grey aphanitic, probably corre-
sponding to a basaltic composition, and the other one is 
light-toned with unknown composition. 

Fig. 1: A. South view of Homestead hollow, showing the 
flat sandy terrain covered by sparse sub-angular, pebbles and 
cobbles (a,b,c), and boulders (e) over the hollow. The right 
lander footpad (f) is partially buried in cohesionless, dark-
toned, fine material. The ~20 cm long, “Turtle” cobble (a)
consisting of dark-toned material (probably basalt), is eroded 

by wind (ventifacts, flutes) at its top surface and may have 
been pushed away by rockets during landing, leaving a shal-
low depression (d) composed of <cm scale dark particles (Fig. 
1B). B. Detailed view in front of lander marked by white box 
in A, obtained by IDC, showing a few cm-deep left pit whose 
steep edges are irregular, composed of few mm- to cm thick,
indurated, light-toned, fine-grained material (white arrow), 
and covering a material composed of dark-toned, angular to 
sub-rounded pebbles poorly sorted in a very fine grained ma-
trix.

Sub-surface terrain (~10 cm deep): The texture 
and near surface structure of regolith have been ex-
posed by landing rocket-induced excavations beneath 
the lander (Fig. 2), showing a variety of clast sizes, 
arrangements and texture at meter-scale. Note that 
measured grain size is greater than 0.5 mm due to the 
best resolution of IDC in near field.

Fig. 2: IDC image showing the rough terrain beneath the 
lander: two cobbles in front of and near the western lander 
foot, two shallow depressions (black circles, <10 cm deep)
and three deeper pits (white circles, <15 cm deep) showing a
~5 cm high micro-cliff composed of indurated soils, small 
angular gravels and pebbles. Within the indurated layer, there
are locally sub-vertically fractured pebbles (white arrows).
Below, a finer, cohesionless material is mixed with granules 
and small pebbles, some of which may be broken up from 
indurated layer.
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Near the HP3 heat flow probe feet (Fig. 3), indenta-
tions show fine-grained (< mm in size) material with a
cm-scale deep, steep slope (greater than the angle of 
repose), suggesting some degree of cohesion.

Fig. 3. Indentation from the HP3 feet after hammering.

Stratigraphy of regolith: From these observations, 
the near-surface stratigraphy is from top to bottom
(Fig. 4): i) a ~cm-thick layer consisting of light-toned, 
cohesionless, sand or smaller (<1 mm) grains. This ma-
terial was sculpted into <cm deep troughs and ridges 
radial to the lander by the descent rockets [6,7];

ii) an indurated layer, called duricrust, showing lat-
eral variations of thickness (ranging from a few mm in 
front of lander up to ~5 cm beneath the lander). In ad-
dition, the duricrust shows lateral variations of textures, 
from fine-grained (i.e. <mm) to coarse-grained material
(i.e. composed of poorly-sorted, angular to sub-
rounded dark-toned clasts, ranging from granules to 
pebbles contained in lighter-toned, finer-grained (i.e. 
<0.5 mm) matrix, which would favor induration.

iii) a ~5 cm-thick, cohesionless, granular material 
comprised of a likely sandy matrix with poorly sorted 
clasts of sub-angular, dark-toned pebbles.

Fig. 4: A. Granulometry (c: clay, si: silt, s: sand, g: gran-
ule, p: pebble, co: cobble). B. synthetic cross-section of rego-
lith near the InSight lander. Notice the variation of duricrust 
thickness and the change of grain size and texture.

If we extrapolate this at meter-scale, an idealized 
geologic cross-section would show the distribution of 
fragmented-rocks with depth (Fig. 5), due to impact 
gardening, before reaching Hesperian lava flows a few 
meters deep [9, 10, 11].

Fig. 5: Idealized geologic cross-section in Homestead hol-
low (not to scale). Lander foot at right side. 

Discussion: This stratigraphy is generally similar to
that at the Spirit landing site [12] and the Gusev cra-
tered plains in which an impact-generated regolith up to 
10 m thick overlies Hesperian basalt flows [13]. Alt-
hough soils at the Gusev cratered plains have been ce-
mented (<1 cm thick) [12,14], the duricrust at InSight 
shows a large variability in spatial occurrence and tex-
ture: It is both thicker and contains larger clasts in a 
matrix.

The near-surface stratigraphy of Homestead hollow 
suggests that several processes modified the Late Hes-
perian/Early Amazonian lava flows of western Elysium 
Planitia into this clastic regolith during the last 3 billion 
years: impact gardening to produce the angular clasts; 
aeolian erosion, transport and sedimentation, modifying 
clast shape and size, filling impact craters and intercra-
tered plains, and weathering leading possibly to indura-
tion of sub-surface layer to form the duricrust.

References: [1] Golombek M. et al., (2019) LPSC 
L, Abstract #1694. [2] Golombek M. et al. (2018) SSR. 
[3] Warner, N. et al., LPSC L, Abstract #1184.
[4] Parker, T., et al. (2019) LPSC L, Abstract #1948 
[5] Maki, J., et al. (2019) LPSC L, Abstract #2176. [6] 
Grant et al. (2019) LPSC L, Abstract #1199. [7] Weitz, 
C. et al. (2019) LPSC L, Abstract #1694.
[8] Charalambous C. et al. (2019) LPSC L, Abstract 
#2812. [9] Warner N., et al. (2017) SSR. 
[10] Golombek M. et al. (2017) SSR. [11] Ansan V. et 
al. (2019) LPSC L, Abstract #1310. [12] Arvidson et 
al. (2006) JGR, 111, E02S01. [13] Golombek M et al. 
(2006) JGR 111, E02S07. [14] Herkenhoff et al. (2008) 
The Martian Surface. Chp 20.
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RAMAN IMAGE FOR THE STUDY OF ORGANIC MATTER IN THE FRAME OF MARS SAMPLE 
RETURN MISSION. J. Aramendia1,2, K. H. Williford1, J. M. Madariaga2, 1abcLab, Jet Propulsion Laboratory, 
4800 Oak Grove Dr, Pasadena, CA 91109, 2Department of Analytical Chemistry, University of the Basque Country
UPV/EHU, P.O. Box 644 48080 Bilbao, Spain (julene.aramendia@ehu.eus).

Introduction: Among the most important goals of 
the upcoming Mars rover missions is to search for an-
cient biosignatures – or potential evidence of past life –
on the red planet. Moreover, considering the potential 
Mars Sample Return campaign (MSR) under joint 
study by NASA and ESA, it is crucial to increase the 
research effort on martian analogues regarding the 
study of possible biosignatures in order to establish 
reliable procedures to apply on martian samples. 

Raman spectroscopy is one of the most suitable 
techniques for this aim [1]. On one hand, it is non-
destructive which will keep the samples as they arrived 
for further analyses. On the other hand, new features 
such as confocal microscopy and the possibility of 
generating chemical images open a broad range of ana-
lytical possibilities. In the particular case of Raman 
imaging, the new generation of Raman spectrometers 
allow high (<1 m) spatial resolution molecular im-
aging (of mineral phases and/or organic molecules in 
the same spot) to study the distribution of the different 
detected compounds. In fact, the spatial distribution of 
the organic matter with respect to the mineral matrix 
can provide meaningful information about its origin 
and preservation. 

Taking this into account, in this work several terres-
trial relevant samples with high and low organic con-
tent have been analyzed by means of Raman imaging 
with the aim of evaluating the potential of this tech-
nique for the analysis of future Mars samples.

Material and Methods: For this aim, a Renishaw 
InVia Raman spectrometer was employed. The equip-
ment is provided by two different excitation lasers (785 
and 514 nm), a Leica microscope (with different mag-
nification lenses) and a Peltier cooled CCD detector. 
The spectral resolution is about 1 cm-1 and it has a mo-
torized stage which allows performing automated Ra-
man images. The target samples were polished thin 
sections selected for the presence of relevant organic 
targets.

Results: “Fast” Raman maps of entire thin sections 
(~6*4 cm) were acquired in less than 15 hours with an 
spatial resolution of ~ 350 m using a 5x objective
(Fig. 1). Point by point analyses were performed in 
order to optimize measurement parameters (laser pow-
er, integration time, grating and spectral range) and 
achieve the best signal to noise ratio for an suitable 

analysis time. To identify areas of interest containing 
kerogen or other organics, we have described else-
where a methodology based on previous SEM/EDS 
analysis to detect positive signals in carbon with ab-
sence of elements, other than O, H and N, in the sam-
ple [2].

Figure 1. Whole thin section Raman map of a micro-
fossiliferous, stromatolitic chert sample from the ~1.9 
Ga Gunflint Formation. Kerogen is shown in red, and 
quartz in green.

These maps show the mm-scale distribution of the 
organic matter and minerals, but they do not permit 
detection of small ( m-scale) features. Full section 
mapping is useful for selecting regions of interest suit-
able for deeper analysis. 

Higher ( m-scale) spatial resolution maps of select-
ed regions were performed using higher magnification 
lenses (normally each map took around 1 hour dura-
tion). These deeper analyses provided more infor-
mation about the interactions of the organic matter with 
the mineral matrix and the accurate location of interest-
ing biosignatures.

As an example, the analysis performed around a 
spheroidal microfossil from the ~750 Ma Min’yar 
Formation is shown in Figure 2. In addition, the higher 
spatial resolution of the Raman image instrument ena-
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bled the detection of low concentrated organic com-
pounds that appeared together with kerogen.

The Raman spectrum of kerogen provides valuable 
information about its molecular composition and ma-
turity. The main “D” and “G” Raman bands at ~1340 
cm-1 and 1600 cm-1, respectively, are decomposed 
into several peaks including D4, D5 and G which are 
the most significant for the maturity analysis [3]. To-
ward this end, Raman images of the deconvolution 
bands were performed obtaining a “maturity” image 
(Figure 2b). Micrometer-scale heterogeneity in kerogen 
maturity could result from differential geologic preser-
vation of biologic precursors with different chemical 
compositions.

Figure 2. Different Raman images of a spheroidal microfossil 
(Glenobotrydion) from the ~750 Ma Min’yar Formation: a) 
kerogen G band intensity, b) kerogen bands deconvolution 
and c) kerogen and quartz distribution.

Conclusions: Raman imaging allows automated 
processing of an entire petrographic thin section in less 
than 24 hours. Resulting images show the mm-scale 
distribution, nature and interactions of organic matter 
in mineral matrixes and permit selection of regions of 
interest for micrometer-scale mapping. This procedure 
would be well suited to the search for signs of life in 
returned martian samples, and it is easily combined
with results coming from other spatially resolved tech-
niques such as SEM-EDS and XRF. 

References: [1] Schopf J.W. et al. (2005) Astrobio-
logy, 5, 333-371, [2] Gomez-Nubla L. et al. (2018) 
EPSC2018, Abstract #957, [3] Ferralis N. et al. (2016)
Carbon, 108, 440-449.
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PERCHLORATE ON MARS – OVERVIEW AND IMPLICATIONS. P.D. Archer, Jr1, D.W. Ming2, B. 
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Gough8, and A.G. Fairen9, 1Jacobs, NASA Johnson Space Center, Houston, TX, 77058, doug.archer@nasa.gov,
2NASA Johnson Space Center, Houston, TX, 3Geocontrols Systems – Jacobs JETS Contract, NASA Johnson Space 
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6Instituto de Ciencias Nucleares, UNAM, Mexico City, Mexico, 7NASA Ames Research Center, Moffett Field, CA 
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Introduction: Perchlorate was first detected on 
Mars by the Wet Chemistry Laboratory (WCL) 
instrument on the Phoenix lander at a concentration of 
~0.5 wt% in northern plains soils [1].  Since that initial 
detection, perchlorate (and likely chlorate) have been 
detected on Mars by both surface and orbital 
instruments [2, 3]. Perchlorate (ClO4

-) is an oxidized 
chlorine compound and salts of perchlorate are 
kinetically stable (though very reactive at high 
temperature), very soluble, deliquescent, and have low 
eutectic temperature (which decreases the temperature 
for stable liquids on Mars).  Chlorate (ClO3

-) salts are 
similar, though they are less kinetically stable than 
perchlorates [4, 5]. Because many of the analytical 
signatures of perchlorate and chlorate are similar to the 
instruments we have used on Mars, we cannot always 
determine which species is present, so we will use the 
more generic term “oxychlorine” when referring to 
perchlorate and/or chlorate.

Oxychlorines on Mars: In addition to detection in 
soils at the northern plains of Mars by the Phoenix 
lander, oxychlorines have been detected at many other 
locations on the martian surface.  First, data from the 
GCMS and life detection instruments on the Viking 
landers have been used to infer the presence of 
perchlorate at both landing sites [6, 7]. Oxychlorines 
have been detected by the Sample Analysis at Mars 
(SAM) instrument on the Mars Science Laboratory 
(MSL) lander in multiple Gale Crater samples, 
including all Aeolian/soil samples, and in both 
mudstones and sandstones.  Perchlorate has been 
detected from orbit in multiple locations, including 
associated with RSLs, though some of these detections 
have been disputed [3, 8].  Finally, perchlorate has 
been definitively detected at low levels in at least one 
martian meteorite [9].

Terrestrial Comparison: Perchlorates have also 
been detected in multiple locations on Earth, generally 
in arid environments [e.g., 10, 11].  These perchlorates 
are produced in the stratosphere, based on 17O
values, and generally occur at much lower 
concentrations than on Mars (10s to 100s of ppb on 
Earth vs. up to ~1 wt% on Mars).  Additionally, on 

1.  
On Mars, we know from Phoenix data that the ratio is 

< 1.  MSL does not have the ability to definitively 
disentangle perchlorate from chlorate, because the 
temperature at which the oxychlorine decomposes and 
releases O2 (the main difference between perchlorates 
and chlorates in evolved gas analysis by SAM) can be 
complicated by the presence of other minerals which 
can catalyze decomposition [12, 13].  Even accounting 
for that uncertainty, it is likely that both perchlorate 
and chlorate have been detected in Gale crater samples.  

Terrestrial perchlorate is primarily destroyed 
through biologically mediated reduction pathways 
[14], although chlorates could also be reduced by 
Fe(II) minerals, which is also relevant to Mars.  

Formation mechanisms on Mars: As previously 
stated, terrestrial perchlorate is produced in the 
stratosphere through reactions of Cl with ozone.  This 
formation mechanism was considered for Mars but was
modeled to be orders of magnitude too slow to explain 
the observed perchlorate abundances [15, 16].  Other 
formation mechanisms that have been proposed 
include oxidation at grain surfaces mediated by a 
mineral catalyst and UV light [17, 18], atmospheric 
formation with production enhanced by OClO 
produced by radiolysis of surface materials [19], and 
through reactions with free radicals produced by
electrostatic discharge in a martian dust storm [20, 21].
Research into the various formation mechanisms is 
ongoing. For all of these models, the source of the Cl is 
from volcanic exhalations [22] and/or Cl released 
through the aqueous weathering of basaltic material 
[23].  The O2 is atmospheric for the UV-mediated and 
electrostatic discharge model and comes both the 
atmosphere and minerals in the radiolysis model.  

Implications: The presence and/or varied 
concentration of oxychlorine compounds on Mars has 
various implications.  First, if perchlorates formed 
throughout martian history, their relative concentration 
could be a signature of different environmental 
conditions or processes such as changes in the martian 
atmosphere or changes in aqueous activity (i.e. amount 
of precipitation) [24].  Second, as mentioned 
previously, perchlorate/chlorate brines have low 
eutectic temperatures and can be extremely 
deliquescent, depending on the cation.  This increases 
the probability for liquid water to exist on the martian 
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surface. These perchlorate-rich brines have been 
proposed as one of the factors that cause (or allow for) 
Recurring Slope Lineae (RSL), by allowing liquid 
water over a wider range of expected martian surface 
temperatures [25]. However, recent work has indicated 
that RSL may be caused by a dry granular flow 
mechanism [26], but volume changes of deliquescing 
and efflorescing perchlorate salts [27] could be one 
mechanism of initiating a dry debris flow.    

The possibility for perchlorate-rich liquid brines 
has been cited by many studies as being important to 
life on Mars since liquid water is a prerequisite for life 
as we know it.  However, it is not clear how relevant 
this is to potential life because the water activity (aw)
of such a concentrated brine is well below the aw

necessary for life as we know it [28].  Additionally, 
since biologically induced reduction is a primary 
pathway for perchlorate removal on the earth, the 
accumulation of perchlorates on Mars to levels orders 
of magnitude higher than terrestrial values could be a 
sort of reverse biosignature, indicating that 
perchlorate-reducing life never existed on Mars, at 
least not in the near surface environment.  

Oxychlorine species are also relevant to the 
detection of organic molecules on Mars.  If an organic 
detection instrument uses pyrolysis to liberate native 
organic compounds, these products can react with the 
decomposition products of oxychlorines—O2

(combustion) and Cl (chlorination)—which either 
destroy the organic completely, or alter its chemical 
composition.  This likely occurred in the Viking 
GCMS instruments [6] and has definitely occurred in 
the SAM instrument on MSL [29].

Finally, oxychlorine species are relevant to the 
human exploration of Mars for two primary reasons: 
human health considerations and in situ resource 
utilization (ISRU) [30].  Perchlorate is relevant to 
human health because it is toxic in large doses or 
through prolonged exposure because it competes with 
iodide uptake in the thyroid, decreasing thyroid
function [31].  However, the levels of perchlorate in 
the martian dust are low enough that filtration is 
sufficient to mitigate this risk.  Perchlorates are a 
potential resource for ISRU from the standpoint of 
both water and oxygen; water because perchlorate is so 
deliquescent it can suck water out of the martian 
atmosphere that is released when the perchlorate is 
heated to ~200 °C, and oxygen, because perchlorates 
decompose and release a significant amount of oxygen 
when heated to 200-500 °C (the exact temperature 
depends on the cation, chlorate vs. perchlorate, and the 
presence of other catalytic minerals) Thus, 
perchlorates can be a potential resource for future Mars 
exploration.  

Conclusions:  Perchlorates have been detected 
both from orbit and on the surface at many different 
locations on Mars at concentrations orders of 
magnitude higher than is seen for naturally occurring 
perchlorate on the earth.  The formation mechanism for 
these oxychlorine species remains an active area of 
research, as does explaining the variability of 
oxychlorine species on Mars.  
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SCIENTIFIC LEGACY FROM THE OPPORTUNITY ROVER’S EXPLORATION OF MERIDIANI 
PLANUM. R. E. Arvidson1 and the Athena Science Team, 1Department of Earth and Planetary Sciences and 
McDonnell Center for the Space Sciences, Washington University in St. Louis, St. Louis, MO (arvidson@wustl.edu)

Introduction: The NASA Mars Exploration Rover, 
Opportunity, landed on Meridiani Planum on 1/25/04 
(sol 1) and maintained communications with Earth until
6/10/18 (sol 5112), when a major dust storm reduced 
power on the solar panels to the point where further 
communications were not possible. Opportunity far 
exceeded its 90 sol primary mission and set records for 
longevity, distance traveled (45 km, Fig. 1), and scien-
tific discoveries for planetary rovers. This abstract 
highlights the scientific legacy derived from analysis of 
imaging and spectroscopic data acquired using Oppor-
tunity’s instrument payload [1].

Fig. 1: HiRISE image mosaic showing the complete traverse
of Opportunity across Meridiani Planum and onto Endeavour 
Crater’s (22 km diameter) western rim segments. Names on 
the plains refer to craters examined by Opportunity to char-
acterize Burns formation sulfate-bearing strata. Erebus 
Crater, not shown, is just north of Victoria Crater.

Paleoenvironmental Conditions Inferred From 
Burns Formation Rocks: Analysis of Opportunity 
data (e.g., mineralogy, composition, bedding, grain size 
distributions, diagenetic features) (Fig. 2) demonstrate 
that the Burns formation sediments were originally 
deposited as saline groundwaters ascended through the 
Noachian basement, producing evaporitic sulfate-rich 
muds in an interdune environment [2, 3, among 
many!]. Reworking by wind and water generated the 
“second-cycle” sulfate-cemented, cross-bedded Burns 
formation sandstones that underlie Meridiani Planum, 
which were subsequently altered by later ground wa-
ters. Opportunity was thus the first to characterize in 
detail a sedimentary deposit on another planet, one that 
demonstrates the prolonged presence of water on and 
beneath the surface of Mars. 

Fig. 2: View of the Payson outcrop on the western side of 
Erebus crater. This outcrop displays evidence for interdune 
wet conditions, including the presence of shallow surface 
water flow based on ripple patterns. There is also evidence 
for bedding disruption by recrystallization soon after deposi-
tion of the sulfate-rich deposits [4].

Endeavour Crater’s Rim Geology and Extent of 
Rock Alteration: Opportunity’s extensive exploration 
of Endeavour Crater’s western rim (Fig. 1) provided 
the first detailed view of a complex crater on any plan-
et [5]. One unexpected characteristic is that Endeav-
our’s rim is segmented into topographically and struc-
turally distinct domains bounded by radial fractures 
located both within and between segments. Abrupt 
along-strike termination of outcrops, right and left-
stepping offsets of local topographic rim crests, and 
changes in strike and dip of local slabs and foliations 
are evident at the transitions between rim segments.
Opportunity data show that the rim is composed of
coarse impact breccias (upper Shoemaker formation) 
overlying a pre-impact substrate that includes the Mati-
jevic formation and lower Shoemaker formation brec-
cias (Fig. 3) [6]. Inner crater rim units dip toward the 
crater interior and are interpreted to be due to uplift 
over blind thrust faults generated at the time of crater 
formation. Fluvial erosion of Endeavour, followed by 
minor weathering, mass movements, and wind-related 
erosion, are interpreted to have produced the current 
shape and rock exposures characterized by Opportunity 
[7]. Analysis of Opportunity data also show that En-
deavour’s rim rocks have been modified by aqueous 
processes, particularly for the lower Shoemaker and 
Matijevic formation rocks [6, 8]. This alteration tends 
to be concentrated along fractures, implying a domi-
nance by ground water related processes. 
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Perseverance Valley and Wind Erosion: Oppor-
tunity’s last communication was from Perseverance 
Valley, a prime target for the extended mission. The 
valley is a ~200 m long, ~10 to 20 m wide anastomos-
ing set of shallow, channel-like features extending 
down Endeavour’s inner rim from a gentle swale be-
tween Capes Tribulation and Byron (Fig. 4). Before 
communications ceased Opportunity had traversed 
~40% of the way down Perseverance Valley and con-
ducted numerous imaging and compositional measure-
ments. Our working hypotheses for formation of the 
valley included dry downhill mass movements of de-
bris, debris flows lubricated by water, flowing water 
and associated erosion, transport and deposition of 
sediment due to overtopping of a former catchment 
located to the west of the rim, and wind erosion of a 
complex fracture system located between Capes Tribu-
lation and Byron. Surprisingly, wind action funneled 
from easterlies blowing uphill is most consistent with 
Opportunity’s data, which includes outcrop patterns 
best explained by faulting, and miniature yardangs 
carved into outcrops [9]. 

Fig. 3: Schematic cross sections showing the original and 
partially eroded versions of the structure and geology
inferred for Endeavour’s rim. Crumpler, pers. comm.

Fig. 4: Navcam-based view from Opportunity, sol 5083,
looking uphill toward the top of Perseverance Valley, 
showing what are interpreted to be various outcrops 
juxtaposed by faulting and shaped by wind action. 

Meteorites on the Plains: Opportunity was the 
first planetary rover to identify and characterize mete-
orites. Among the analyses was the use of the extent of 
meteorite weathering to characterize the post-Burns 
formation atmosphere-surface physical and chemical 
processes and rates [10,11].

Atmospheric Dynamics: Opportunity’s last re-
ported atmospheric normal optical depth was 10.8, 
indicative of the largest dust storm on record for Mars. 
The legacy of measurements from 2004 to 2018 pro-
vides the longest continuous record of this important 
parameter [12]. Use of the APXS for atmospheric 
measurements of argon (as a tracer of atmospheric dy-
namics), a novel use of this instrument, has provided 
valuable information on formation and sublimation of 
the polar CO2 winter ice caps (Fig. 5) [13]. 

Fig. 5: Opportunity APXS argon data fit with a sinusoidal 
trend showing low concentrations during formation of the 
southern winter cap. The deviation around Ls 155 is 
consistent with a northward migrating front enriched in 
noncondensable gases. A more-subtle southward migrating 
front is evident ~Ls 325 [13].
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TOPOGRAPHIC EVALUATION OF METEORITE SURFACES ON MARS — EXPLORING 
AMAZONIAN CHEMICAL AND PHYSICAL WEATHERING PATTERNS. J. W. Ashley1, S. J. Oij1, A. G. 
Curtis1, and K. E. Herkenhoff2,  1Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 
91109; james.w.ashley@jpl.nasa.gov. 2Astrogeology Science Center, U.S. Geological Survey, Flagstaff, AZ 86001. 

Introduction: After more than 15 years of ongoing 
rover exploration, the occurrence of weathered mete-
orites on Mars is well-established: More than 45 indi-
vidual confirmed or candidate meteorites have been 
identified at three rover landing sites. Together with 
work addressing recent impacts [e.g., 1] and the de-
termination of soil chemistry having a significant me-
teoritic component [2], these finds serve to inform a 
paradigm of Amazonian Mars having remained well 
open to its extraterrestrial environment. While the con-
tributions and effects of these interactions have yet to 
be fully characterized, this suite of rocks comprise a 
unique database useful for exploring a range of atmos-
pheric, surface alteration, and extraterrestrial processes 
[see 3; this conference]. We focus here on iron meteor-
ite surface morphologies to help resolve Amazonian 
weathering processes (and their relative timing). 

 
Figure 1. Pancam frame of the Block Island meteorite at
Meridiani Planum The New Shoreham Microscopic Imager 
mosaic area is indicated in white outline.   

Weathered meteorites found on Mars enhance un-
derstanding of aqueous and physical alteration pro-
cesses in Amazonian environments near the equator 
(where all rovers have landed due to engineering con-
straints). As with any geologic specimen, a close ex-
amination of the surface can reveal clues to weathering 
and other surface-modifying processes and associated 
exposure history. MER Microscopic Imager (MI) 
frames are collected as stereo pairs that permit topo-
graphic reconstruction of target surfaces as visual ana-
glyphs and, with processing, Micro-Digital Elevation 
Models (MicroDEMs). In the special case of the Me-
ridiani suite of iron-nickel meteorites, details of the 
oxide coatings [4] and other nuances of surface mor-
phology can be assessed in some depth.  

In addition, the “overprint” of surface shaping by 
ablation during atmospheric passage must become 
known in order to separate such features from those 

produced by weathering on the surface of Mars since 
ablation features (e.g., regmaglypts, pits, grooving, 
and fusion crusts) are indications of unmodified sur-
faces. Portions of the martian iron suite present an 
ablated appearance, and this has been used in prelimi-
nary discussions to infer surface freshness. However 
because of 1) the similarity in appearance of some 
ablation features to those produced by aeolian scour-
ing, and 2) evidence for high volume removal from 
cavernous weathering [e.g., 5], this hypothesis is being 
tested using measurements of suspected regmaglypts 
and associated ablation features in comparison to those 
of curated terrestrial analog samples.  
 

 
Figure 2. The New Shoreham Microscopic Imager dataset 
has been revisited to produce anaglyphs and Micro-Digital 
Elevation Models using respective MI frame stereo pairs. 
The original mosaic (a) has been mapped to reveal oxide 
coating coverage, bare metal surfaces, and expressions of the 
Widmanstätten pattern (b). (c) stereo anaglyph mosaic. (d) 
preliminary micro-DEM coverage. North is the right; width 
is approximately 12 cm. Image credit: NASA/JPL/MI/MIPL. 
 

Methods: MicroDEM creation using MI stereo 
pairs has been performed for the Block Island and 
Shelter Island meteorites to assess surface topography 
on a micrometer scale. Since the MI camera is mono-
scopic, the MicroDEM is generated using simulated 
stereo by taking two images of a target, one with the 
camera shifted to a slight horizontal offset. With stereo 
imaging, the location of each pixel in 3D space can be 
found. The 3D data is then projected onto a defined 
vector, representing the normal of a surface 
plane.  The projected data makes up the MicroDEM, 
displaying the height of each pixel relative to the de-
fined surface plane. Because of surface curvature, the 
mosaicked version of the MicroDEM must define 
serveral reference planes and these are taken into ac-
count when making local measurements. 

In addition, the larger scale surface morphologies of 
exogenic rock on Mars are being addressed indirectly 

a.

c.

b.

d.
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through comparison with 3D digital models of terres-
trial analog samples. Several iron meteorites (Sikhote-
Alin, Canyon Diablo, and Bruno) were examined and 
imaged using standard SLR camera equipment at the 
Center for Meteorite Studies (CMS) at Arizona State 
University. Visualization models were created at JPL 
using multiview photogrammetry (Structure from Mo-
tion). Masking to remove non-meteorite sections of 
the images was key to successful 3D reconstruction. 
Placing meteorites on a white turntable inside a shad-
ow-free lightbox (AmazonBasics Protable Photo Stu-
dio) greatly reduced the effort required for image 
masking. Agisoft Meshlab and Blender 3D graphic 
software are used for reconstruction, UV-unwrapping, 
and visual rendering. Because high-resolution images 
are used to blanket the point cloud surfaces, the mod-
els can be used for intimate visual study in concert 
with the topographic data (typically of coarser fidelity 
within the model). Massive iron meteorites weighing 
many tens of kilograms can be re-oriented easily for 
direct measurement of any surface feature. Topograph-
ic information penetrates to regions deep within re-
cesses due to lighting geometry used at the time of 
imaging.  

 
Figure 3. Example  of Widmanstätten pattern within the New 
Shoreham MI mosaic showing details at the micron scale 
using MicroDEM examination. Height measurements of the 
resistant plates (likely either taenite or schreibersite) and the 
surrounding coating confirm the cross-cutting relationship 
inferred visually in [5]; see table inset.  

Preliminary results: The MicroDEMs have permit-
ted the quantitative re-visiting of features identified 
and discussed qualitatively in [5], and confirm topo-
graphic cross-cutting relationships between the oxide 
coating and Widmanstätten patterns on Block Island 
(see Figures 1-3). The finding shows the coating to be 
genetic to the martian surface environment, forming 
after landing of the meteorite on the martian surface 
(i.e., not a fusion crust), almost certainly from expo-
sure to thin films of water or hydrogen peroxide. Ad-
ditional evidence shows the coating to be in a state of 

removal in the current epoch, suggesting low strength 
as expected for an oxide coating, and indicating pro-
duction in a previous (but recent) epoch.  

Morphometrics for quantifying the larger-scale fea-
tures of meteorite surfaces include the centerpoint to 
centerpoint spatial distribution of hollows to address 
the troilite acidification hypothesis outlined in [5-6]; 
and depth, diameter, and orientation geometry of scal-
lops, flutes and regmaglypts to address ablation-
related surface morphologies relevant to post-fall mod-
ification severity (important for establishing weather-
ing rate/fall timing relationships), and possible pale-
owind direction imprints (example as Figure 4).  
 

 
 

Figure 4. Regmaglypts and other surface hollows from at-
mospheric ablation can be characterized and isolated digital-
ly on terrestrial analogs, as illustrated here with the 12.7 kg 
iron meteorite Bruno. Bruno exhibits classic regmaglypt and 
associated flow structures with striated fusion crust. Center 
for Meteorite Studies specimen. 

 
Ablation feature morphologies on terrestrial irons 

can vary depending on size, orientation during fall and 
fall velocity/duration [6]. However, our preliminary 
results suggest that these features can be quantified 
and distinguished from those produced post-fall as 
environmental modifications. To a first order, at least 
some of the features identified in our datasets appear 
to be the result of ablation, and are thus consistent 
with the premise that Block Island may be close to its 
original post-fall size. Further analysis should help 
resolve this question definitively.  
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Introduction:  Being a potential biosignature, de-

tection of methane on Mars has been pursued vigor-
ously. There is an apparent discrepancy between the 
newly acquired TGO data, which show no methane on 
Mars, and seven years of MSL data, which show a low 
background level of methane and occasional spikes. 
Here we discuss the potential role of surface oxidants 
to reconcile the difference. In particular, we propose a 
hypothesis of fast destruction of methane near the sur-
face of Mars.  

Methane by MSL:  The Tunable Laser Spectrome-
ter (TLS) of the Sample Analysis at Mars suite (SAM) 
on the Curiosity Rover of the Mars Science Laboratory 
(MSL) has carried out in situ measurements of me-
thane at the surface of Mars since the rover landed in 
Gale Crater in August 2012 [1,2]. Initially, measure-
ments were done by directly ingesting Mars air. A 
cluster of 4 spikes averaging 7 ppbv was detected with-
in a period of 2 months from November 2013 to Janu-
ary 2014, and a lone spike of about the same magni-
tude was recorded four months earlier on 16 June 
2013, which was absent when the next observation was 
done a week later. As no measurements were done 
over the 4-month span between the June spike and the 
set of 4 spikes starting November 2013, we cannot be 
certain whether spikes came and went during that time. 
Using a spot-tracking mode and by binning hundreds 
of spectra, Planetary Fourier spectrometer (PFS) on 
Mars Express confirmed the 16 June 2013 spike rec-
orded previously by TLS-SAM [3]. PFS did not ob-
serve Gale during times of other spikes recorded by 
MSL. Beginning in March 2014, the Mars air sample 
delivered to the TLS was pre-enriched in methane by 
SAM that scrubbed CO2 and H2O from the sample, but 
not CH4, resulting in a factor of ~25 increase in the 
methane abundance analyzed by the TLS. These data 
yield a precise measurement of methane, which shows 
a low background level of methane at Gale Crater, 
averaging 0.41 ± 0.16 ppbv, and showing a strong sea-
sonal variation ranging from 0.24 to 0.65 ppbv.      

Methane by ExoMars:  The ACS and NOMAD 
instruments onboard ESA’s ExoMars Trace Gas Orbit-

er (TGO) have searched for methane on Mars using a 
highly-sensitive solar occultation mode. The early re-
sults from April to August 2018 detect no methane, 
giving an upper limit of 0.05 ppbv [4], which is at least 
a factor of ten lower than the MSL result. The best 
results from TGO are above 5 km altitude and in high 
northern latitudes. Because of the constraints of solar 
occultation geometry, observations covering Gale 
Crater are not yet available. Nevertheless, it appears 
there is a discrepancy between the TGO and MSL re-
sults on methane.  

ExoMars-MSL Methane Dilemma:  At first 
glance, it could be argued that since TGO and MSL are 
sampling two different altitude regimes, and in differ-
ent locales, differences between their methane results 
can be a real possibility. However, when one considers 
that the time for vertical mixing can be as short as 1 
day (and up to 10 days, depending on the strength of 
vertical mixing), TGO should be detecting approxi-
mately similar abundance of methane as MSL detects 
at the surface. It would be especially true if there are 
distributed sources of methane like Gale Crater scat-
tered all over Mars, considering that meridional mixing 
would spread methane over the planet in about 3 
months, and the photochemical equilibrium lifetime of 
methane in the atmosphere of Mars is about 350 years 
[5].  That poses a dilemma – how to reconcile the MSL 
and TGO results. 

Surface Oxidants to Reconcile the Methane Di-
lemma:  A plausible scenario involves rapid removal 
of methane near the surface of Mars. The mechanism 
does not operate on Earth, nor is it expected to, allow-
ing atmospheric photochemistry alone to control the 
10-year lifetime of methane in the Earth’s atmosphere. 
Laboratory experiments relevant to Mars have previ-
ously suggested methane can be sequestered in activat-
ed quartz grains produced by wind erosion process [6], 
but it is not evident whether it is a temporary storage 
and whether the process can be efficient close to the 
surface of Mars, where the average winds speeds (few 
m/s) are relatively low. On the other hand, chemical 
removal of methane near the surface is a real possibil-
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ity. Hydrogen peroxide (H2O2) and perchlorates 
(ClO4−) are potent oxidants implicated in the destruc-
tion of surface organics on Mars. They could also de-
stroy atmospheric methane. Loss of methane by “chlo-
rine” from perchlorates would result in chlorine-
bearing molecules in the atmosphere, which have not 
been detected even at 0.1 ppbv levels. Though H2O2 
does not directly destroy methane, highly reactive su-
peroxides resulting from it such as HO2 and O2

− can 
[7,8]. Instruments to detect H2O2 in the surface/regolith 
of Mars have not yet flown, but it is expected to be 
present there. Low levels of H2O2 up to 40 ppbv have 
been detected in the atmosphere of Mars [9]. Moreo-
ver, electrochemistry models predict large production 
of H2O2 by triboelectric process in convective dust 
events on Mars [7,10], and laboratory experiments 
confirm the validity of the process [11]. Upon diffu-
sion into the regolith, the H2O2 concentration would 
build up [12]. Subsequent mineral reactions and radi-
olysis ground-penetrating galactic cosmic rays are ex-
pected to produce abovementioned superoxides from 
H2O2. 

It has been suggested previously that any methane 
produced by biology or geology on Mars may be 
stored in subsurface reservoirs as clathrates [13]. When 
that methane is released, the same process is likely to 
trigger the release of oxidants and associated products 
including superoxides along with it. The ensuing fast 
reactions would result in a rapid destruction of me-
thane close to the surface, before it has a chance to mix 
vertically and globally. Thus, the low background level 
of methane detected by SAM’s TLS instrument sug-
gests a continuous source associated with continuous 
removal of methane at a rapid rate.  As the proposed 
destruction of methane on oxidants takes place near 
surface, TGO may not detect the methane that MSL 
records at the surface. 

Caveats and Future Work: Finally, it important 
to remember that it is too soon to conclude from the 
limited set of TGO observations over only a fraction of 
one Mars year that there is no methane anywhere, any-
time on Mars. Should TGO detect large concentrations 
of methane sometime in the future, the above mecha-
nism of loss of methane on oxidants near the surface 
may be slow to act. The oxidant hypothesis presented 
here would greatly benefit from relevant laboratory 
simulations, and measurements of H2O2 and superox-
ides in the surface/regolith as well as atmospheric elec-
tric fields on future Mars missions.                

References: [1] Webster, C. R. et al. (2015) Sci-
ence 347, 412-414. [2] Webster, C. R. et al. (2018) 
Science 360, 1093-1096. [3] Giuranna, M. et al. (2018) 
Nature Geosci. https://doi.org/10.1038/s41561-019-
0331-9. [4] Korablev, O. et al. (2018) Nature 

https://doi.org/10.1038/s41586-019-1096-4. [5] Wong, 
A. S. et al. (2003) J. Geophys. Res. 108, 5026, 7-1 - 7-
11. [6] Jensen, S. J. K. et al. (2014) Icarus 236, 24-27. 
[7] Atreya, S. K. et al. (2006) Astrobiology 6, 439-450. 
[8] Atreya S. K. et al. (2011) Planet. Space Sci. 59, 
133-136. [9] Encrenaz et al. (2015) Astron. Astrophys. 
578, A127 (12pp) [10] Delory, G. T. et al. (2006) As-
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Introduction:  Every local spring, CO2 gas jets 

erupt near the south pole of Mars and deposit ground 
material on top of the bright reflective CO2 ice, creating 
dark-looking jet deposits observed by several remote-
sensing missions [1, 2]. The “Kieffer model” [3] de-
scribes these jets as being caused by basal sublimation 
at the seasonal CO2 ice layer, leading to reservoirs of 
compressed gas underneath this layer. Basal sublima-
tion of CO2 occurs in spring when sunlight warms the 
regolith underneath the CO2 ice layer. 

These jet deposits mostly show a common alignment 
which is presumed to be caused by the prevalent wind 
directions at the time of the eruptions. Importantly, the 
deposit orientations have been observed to change dur-
ing the local spring time [4], and thus jet deposits may 
be used as a proxy for Martian polar wind patterns. 

Nobody has, as of yet, observed a CO2 gas jet in ac-
tion, which means that its eruption time is observation-
ally unconstrained. All Martian remote sensing mis-
sions so far have observed at local times in the after-
noon, while modeling results [2] state that the eruptions 
are most likely happening before or close to local noon, 
when the insolation is greatest. Local meso-scale cli-
mate simulations can show (depending on the complex-
ity of the local topography) strongly-varying wind 
strength and direction throughout a day, which is why a 
constraint on eruption time is important if the jet depos-
its are to be used as a wind proxy.   

Two observational parameters of jet deposits are 
free, but entangled: jet height vs wind strength at the 
time of the jet eruption. An observed large fan length 
can either be created by a strong atmospheric wind with 
a not-so-strong jet eruption, or vice versa. This is one of 
the reasons we see the need for a geo- and thermo-phys-
ical fluid dynamics model for CO2 gas jet eruptions to 
improve the interpretation of the jet deposit observa-
tions. 

Model: Previous work that is directly is concerned 
with modeling CO2 jets at the Martian south pole is 
Thomas et al. [5]. They used a steady state turbulent 3D 
model with the domain dimensions of 101 m×101 
m×151 m, implemented with the commercial fluid dy-
namics package Phoenics. We utilize the most widely-
used open source computational fluid dynamics (CFD) 
toolbox, OpenFOAM [6], and apply transient solvers to 
be able to model a jet eruption as well as steady-state 
outgassing. We set up our modeling domain using the 
meshing tools available within OpenFOAM. For the 

initial quasi-2D work, we are using a 100 m×1 m×150 
m domain size for the atmosphere, a 20 cm×20 cm×100 
cm vent, and a 100 m×1 m×0.05 m sub-surface volume 
that serves as the reservoir of compressed CO2 gas (Fig. 
1). To reduce model running time and meshing com-
plexity for the initial set up, we run our model in quasi-
2D. However, the principal design of OpenFOAM is 
based on 3D meshes, hence the mesh we have set up is 
in fact a 3D mesh, with a nominal 1 m thickness in y and 
only 1 cell in the y-dimension, which informs Open-
FOAM to not solve the equations in that dimension. The 
left panel of Fig. 1 shows a cross-section of our mesh 
for a jet eruption simulation. The mesh is not uniform 
over the domain; it has higher resolution close to the jet 
vent helping to account for denser gas flow and hence 
the shorter mean free path of the gas molecules. In the 
20-cm-wide vent we use 5 grid cells in the x-direction, 
and the volume for the compressed gas has 10 layers in 
the z-direction. 

The simulation is run using the transient solver son-
icFoam that solves the compressible laminar Navier-
Stokes equations. This solver code is inherently transi-
ent, requiring initial and boundary conditions. Initial at-
mospheric conditions were set to 611 Pa and 147 K, 
similar to Martian southern polar atmosphere conditions 
at Ls 180°. For the sub-surface volume, we take the 
calculated overburden pressure values caused by the 
CO2 ice layer from Thomas et al. [5] and set the CO2 to 
6000 Pa and 166 K (the frost-point temperature at that 
pressure). This value is still far away from the CO2 tri-
ple-point pressure of 5.17×105 Pa, so we won’t produce 
liquid CO2 [5]. All gas velocities are initially set to zero. 
We have chosen simple Neumann boundary conditions, 
setting the spatial gradient for T, p and U (the gas veloc-
ity) to zero. This is adequate for a laminar and very fast 
transient version of the simulation; e.g. a zero-gradient 
condition on T means that the walls do not conduct heat 
(adiabatic), while pressure and velocity gradients at zero 
simply means that the walls do not interact with the 
flow. 

When the simulation begins, the pressurized gas 
within the subsurface volume simply flows rapidly 
through the vent into the atmosphere. Using a time res-
olution of 5×10−5 s, the maximum Courant number for 
the whole mesh during the whole simulation was 0.5, 
meaning that the delta-t/mesh resolution relationship 
was adequate. The magnitude of the pressure difference 
(6000 Pa vs 611 Pa) creates a shockwave above the 
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surface as soon as 0.01 s into the simulation, as can be 
seen in Fig. 1 (upper right). Notable is the area of adia-
batic cooling behind the vent where the highly com-
pressed gas cools down dramatically. Interestingly, 
Thomas et al. [5] described that they were unable to pro-
duce a sufficiently large area in the simulation domain 
for super-saturated state of CO2, reducing the likelihood 
for CO2 snow fall-out from these gas jets. We do not 
want to draw any conclusion using this simple quasi-2D 
laminar setup, but find the results promising and cer-
tainly will look into this further. OpenFOAM also offers 
the possibility of modeling two-phase flows. If we con-
clude that a phase change needs to be taken into account, 
we would switch to a solver that supports multi-phase 
modeling. We also note that the pressure wave has no 
problem in reaching distances adequate for the creation 
of blotches. While gravity will slow down the wave a 
bit, the pressure of the gas volume below the ice was 
only reduced to 2300 Pa after 1 s of simulation, meaning 
there was still a lot of energy to spend. After 0.1 s the 
plume already had reached a diameter of  40 m. We 

conclude that our preliminary results are very promising 
and telling, despite its simple setup. 

Future work: The initial set up described above will 
be improved upon, expanding the y-dimensions for a 
full 3D calculation, including gravity in the whole do-
main, and using a turbulent solver with appropriate 
boundary conditions. We then plan to connect the mod-
eled CO2 jet domain results with Mars atmospheric sim-
ulation output from the Mars Regional Atmospheric 
Modeling System (MRAMS) [7] with the over-arching 
aim to disentangle wind velocities (at jet eruption) from 
observed jet strengths and orientations.   

References: [1] Hansen, C. J. et al., (2010) Icarus, 
205(1) 283–295; [2] Portyankina, G. et al. (2011) Ica-
rus, 205(1):311–320; [3] Kieffer, H., (2007), JGR 112:
E08005; [4] Aye, K.-M. et al (2019) Icarus 319 pp. 558–
598 [5] Thamas, N. et al. (2011) Geophys. Res. Lett., 
38(8); [6] Jasak, H. et al., (2007) International Work-
shop on Coupled Methods in Numerical Dynamics, vol-
ume 1000; [7] Michaels, T. I., & Rafkin, S. C. R. (2008) 
JGR, 113(E12), E00A03–11. 

 
Figure 1 Left: Model mesh grid for an example of an OpenFOAM jet simulation. The reddish line underneath the main 
atmospheric domain is a 100 m×1 m×0.05 m sub-surface reservoir for the compressed CO2 gas. Right top: Temperature 
values after 0.01 s. (range is 110 to 190 K). Right bottom: Pressure values after 0.1 s. (the colormap is generally 400 to 
1000 Pa, with the deep red area quite above those values). Diameter of the plume is about 40 m. It is obvious from the 
edginess of the plot in the lower right that the grid resolution needs to be increased to properly resolve the shock fronts. 
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Introduction: The Emirates Mars Mission 

(EMM), seen in figure 1, will launch in 2020 to ex-
plore the dynamics of the Martian atmosphere, while 
sampling on both diurnal and seasonal timescales. 
EMM has three scientific instruments on board in 
order to enhance the understanding of circulation and 
weather in the Martian lower-middle atmosphere as 
well as the thermosphere and exosphere. Two of the 
EMM’s instruments, the Emirates Exploration Imager 
(EXI) and Emirates Mars Infrared Spectrometer 
(EMIRS), will investigate the lower atmosphere by 
studying the core constituents of the lower atmos-
phere: dust, ice clouds, water vapor, ozone, and the 
thermal structure of both the lower atmosphere and 
the surface. The Emirates Mars Ultraviolet Spectrom-
eter (EMUS), will focus on both the thermosphere and 
exosphere of the planet.  

EMIRS Science Targets:  
Dust: This constituent plays a major role in driv-

ing the atmospheric circulation of the Martian atmos-
phere. In addition, dust affects the thermal structure of 
the atmosphere in regards to temperature distribution 
of the lower and middle layers of the atmosphere. 
EMIRS will measure the optical depth of dust at 9µm.  
Combining that measurement with the retrieved opti-
cal depth of dust from EXI at 220nm will enable the 
determination of dust aerosol particle size during the 
science orbit. 

Water Ice: Water ice clouds will be measured at 
12µm, and have a major impact on thermodynamic 
processes of the Martian atmosphere. This constituent 
provides important information about the transport of 
water thought the Martian atmosphere and contributes 
to temperature changes that affect the energy balance 
of Mars. 

Temperature: The atmospheric and surface        
tem-peratures of the Red planet will be retrieved us-
ing the 15-µm carbon dioxide absorption band and the 
relatively transparent window near 7 µm (1300 cm-1),    
respectively. This enables measurement of the thermal 
state of the planet and contributions to the energy  
balance of the Mars. Moreover, the temperature  
observations and the thermal contrast between the  
surface and atmosphere is vital for the retrievals of 
aerosol optical depth and water vapor column. 

Water Vapor: In addition to water ice clouds, wa-
ter vapor is also an important part of the Martian wa-
ter cycle, thus retrieving the column abundance of 
water vapor will help understanding of the mecha-
nisms     behind the transportation of water in the 
Martian     atmosphere. Water vapor is also a key 
driver in        understanding the correlation between 
the lower and upper atmosphere, where the mecha-
nism of photolysis occurs. 

  Instrument Overview: The Emirates Mars Infra-
red Spectrometer (EMIRS) instrument shown in Fig-
ure 2 is an interferometric thermal infrared spectrome-
ter that is developed by Arizona State University 
(ASU) in collaboration with the Mohammed Bin Ra-
shid Space Centre (MBRSC). It builds on a long her-
itage of    thermal infrared spectrometers designed, 
built, and      managed, by ASU’s Mars Space Flight 
Facility, including the Thermal Emission Spectrome-
ter (TES), Miniature Thermal Emission Spectrometer 
(Mini-TES), and the OSIRIS-REx Thermal Emission 
Spectrometer (OTES). 

Comparing EMIRS to its heritage line, it has       
enabled a relatively small (50x30x30cm), modest 
mass (~17kg) and relatively low power requirements 
(21W) without sacrificing measurement performance 
and reliability.  

 

 
Figure 2: EMIRS Instrument System 

The EMIRS instrument will give a better under-
standing of how the Martian atmosphere will respond 
globally, diurnally, and seasonally to solar forcing as 
well as how conditions in the lower and middle at-
mosphere affect the rates of atmospheric escape. 
EMIRS will look at the geographical distribution of 
dust, water vapor and water ice, as well as the three-
dimensional thermal structure of the Martian atmos-

6141.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



phere and its diurnal variability on sub-seasonal time-
scales. The EMIRS instrument observations are taken 
through a tilting mirror along with spacecraft motion 
to provide complete coverage of the Martian disc.  

EMIRS measures light in the 6-40+ µm range with 
5 cm-1 spectral sampling, enabled by a Chemical Va-
por-Deposited (CVD) diamond beam splitter and state 
of the art electronics. This instrument utilizes a 
DLaTGS detector and a scan mirror to make high-
precision infrared radiance measurements over most 
of a Martian hemisphere. The EMIRS instrument is    
optimized to capture the integrated, lower-middle    
atmosphere dynamics over a Martian hemisphere,   
using a scan mirror to make ~60 global images per 
week (~20 images per orbit) at a resolution of        
~100-300 km/pixel. The scan-mirror enables a        
full-aperture calibration, allowing for highly accurate 
radiometric calibration (<1.5% projected perfor-
mance) to robustly measure infrared radiance. 

Concept of Operation: The EMIRS Instrument 
has only one observation strategy, this observation 
strategy is performed 20 times per orbit in the nomi-
nal science orbit. As the spacecraft slews, the EMIRS 
instrument will move its pointing mirror to scan 
across the planet with a single directional scan and 
retrace. This procedure enables EMIRS to collect data 
over the entire Martian disk with minimal gaps. In 
order to support a variety of slew rates, EMIRS will 
also be able to pause its acquisition sequence at the 
end of each row to allow for a range of spacecraft 
slew rates.  

Data Completeness: EMIRS will measure the 
global distribution of key atmospheric parameters 
over the Martian diurnal cycle and year, including 
dust,     water ice (clouds), water vapor and tempera-
ture profiles. In doing this, it will also provide the 
linkages from the lower to the upper atmosphere in 
conjunction with EMUS and EXI observations. A 
summary of the level 3 science product and level 2 
measurement required is found in Table 3. 

 
Level 3 Science 

Product 
Level 2 Measure-

ment Required 
Purpose 

Dust optical 
depth at 9 µm 

Relative radiance 
of dust absorption 

bands. 

To character-
ize dust. 

Ice optical depth 
at 12 µm 

Relative radiance 
of ice absorption 

bands. 

To character-
ize ice clouds. 

Water vapor 
column abun-

dance 

Relative radiance 
of water vapor 

absorption bands. 

To track the 
Martian water 

cycle. 
Temperature 
profiles w.r.t 

Absolute radiance 
of CO2 absorption 

Track the 
thermal state 

altitude for 0 to 
50 km 

band of the Martian 
atmosphere. 

Surface Temper-
ature 

Radiance at 1300 
cm-1. 

Boundary 
condition for 
the lower at-
mosphere. 

Table 3: Summary of Level 3 Science Product and Lev-
el 2 Measurement Required 

Summary: The EMIRS instrument will provide 
data which will enhance the understanding of the 
lower atmosphere of Mars and its variability on sub-
seasonal time scales.  EMIRS will provide tempera-
ture changes throughout the Martian surface and at-
mosphere, by measuring three-dimensional global 
thermal structures. Moreover, the abundances of con-
stituents such as dust, water ice and water vapor in the 
Martian atmosphere will be measured. The data from 
EMIRS combined with EXI and EMUS, will give us a 
better understanding of the connection between the 
lower and upper atmosphere. 
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Introduction: Impact craters have been    

observed on nearly every planetary surface and can be         
used to understand surface geologic properties and       
composition. Craters with layered ejecta (LE) deposits       
make up nearly one-quarter of Martian craters and        
have been observed on several other planetary bodies        
[1]. There are two main hypotheses for the formation         
of LE craters. The volatile fluidization model assumes        
that an impactor is hitting a volatile-rich target, melting         
or vaporizing the subsurface volatiles [2]; the       
atmospheric entrainment model assumes ejecta     
material, the atmosphere, and vortices created during       
impact interact in such a way to create the LE          
appearance [3]. While the volatile fluidization model       
has had more support in the literature, there is no          
definitive study establishing which mechanism is      
predominant on Mars.  

Hoover et al. [4] used thermophysical data derived        
from the Mars Odyssey Thermal Emission Imaging       
System (THEMIS) and Mars Global Surveyor Thermal       
Emission Spectrometer (TES) to evaluate grain-size      
distributions, model horizontal mixing and vertical      
layering, and identify materials present in the ejecta        
deposits. Fifty LE craters were analyzed globally, with        
some measures of grain-size distribution providing      
evidence for either or both theories, but no        
overwhelming evidence was found in support of one        
over the other. 

Previous work on LE craters has examined the        
surface through visible imagery and the very shallow        
subsurface (<1-2 m) with thermophysical data. For this        
work, we examined LE crater using Mars       
Reconnaissance Orbiter Shallow Radar (SHARAD)     
sounder data. SHARAD has the potential to sense        
through the whole ejecta blanket and provide estimates        
of bulk composition in cases where the ejecta layer is          
sufficiently thick (> ~ 15 m) to be resolved. 

Methods: SHARAD transmits a swept 25-to-15       
MHz signal, giving a freespace vertical resolution of        
15 m [5]. When the radar waves encounter a change in           
dielectric properties part of the signal is reflected back         
toward the spacecraft. The returned signal is recorded        
and typically displayed using 2D radar profiles       
“radargrams” with along-track distance on the      
horizontal axis and delay time on the vertical axis (the          
latter can be converted to depth with knowledge of the          
wave speed in the different media encountered). When        
interpreting radargrams, it is import to consider surface        

returns from off-nadir “clutter” that may interfere with        
or be mistaken for subsurface returns. To mitigate this        
problem, we compare all radargrams used in this study         
to simulations of surface returns for nadir and off-nadir         
sources. This step is particularly important when       
examining LE as the topography of the crater,        
surrounding terrain and the ejecta itself can generate        
significant amounts of clutter that can be easily        
confused with subsurface returns. 

As a part of a separate project (Subsurface Water         
Ice Mapping (SWIM) on Mars; see Putzig et al., this          
conference), ~6000 radargrams were analyzed across      
the northern hemisphere (up to 60°N). This work        
provided an opportunity to also look at LE craters in          
this region since the radargrams crossing LE craters        
were already being analyzed. Members of the SWIM        
Team examined the craters from Hoover et al. [4] and          
LE craters with equivalent ejecta radii greater than 24         
km from the Robins and Hynek [6] crater catalog that          
were within the SWIM study region.  

Once we have identified a subsurface return, we        
can sometimes use the topographic relief of the ejecta        
relative to the surrounding plains to estimate the depth        
to the subsurface reflector (presumed to be at the base          
of the ejecta). With this estimated depth, we can         
calculate the real dielectric permittivity (ε’) of the        
ejecta layer, which can be used to constrain the         
composition of that layer. 

Preliminary Results: To date, we have examined       
28 craters for subsurface reflectors. Of these craters,        
we found good evidence of a subsurface reflector for 3          
craters, inconclusive results for 8 craters, and either no         
reflectors or indecipherable clutter for the remaining       
17 craters. All but 3 of the craters had significant          
amounts of clutter, highlighting the importance of       
using clutter simulations when studying these features.  

For one of the craters with a subsurface reflector,         
we were able to confidently estimate ε’. All of the 20           
observations crossing the LE blanket showed the       
reflector. For 6 of those observations, the topography        
allowed us to estimate the depth to the reflector. We          
found an average ε’ of 4.22 with values ranging from 3          
to 6. This low value for the dielectric permittivity is          
consistent with the LE containing a mixture or layering         
of roughly equal proportions of water ice and regolith. 

Continued Work: After completing initial LE      
mapping within the SWIM study region, we will        
examine the remaining craters studied by Hoover et al.         
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[4] and those with equivalent ejecta radii greater than         
24 km that did not fall within the SWIM study region.           
Additional LE craters may be analyzed if there is         
reason believe they are more likely to have subsurface         
returns (e.g., LE with low surface roughness). For LE         
craters that lie near enough to the polar region, we will           
use preexisting 3D SHARAD volumes that encompass       
the polar regions [7] to look for subsurface returns         
associated with the ejecta. 

 

  
Figure 1. (a) Crater 07-00183 in THEMIS day IR with          
SHARAD coverage in green lines and observation       
2355402 highlighted in yellow. (b) Radargram for       
SHARAD observation 23554-02 shows a strong     
apparent subsurface return (above green arrows)      
below the LE. (c) Clutter simulation for the same         
observation has no corresponding returns at the same        
delay time, supporting the interpretation of the       
reflector not being clutter.  

As a final effort to derive information about LE         
craters with SHARAD, we will integrate techniques       
developed by Campbell et al. [8] and Bain et al. [9] to            
scrutinize the surface reflection seen by SHARAD.       
While SHARAD was designed to probe the subsurface        
through sounding, the surface reflection contains a       
wealth of information about surface roughness and       
near-surface Fresnel reflectivity. SHARAD surface     
returns can be used to give a measure of 10- to           
100-m-scale roughness that is valuable in identifying       
craters with low clutter where subsurface reflections       
would be easier to identify[8].  

Further work can be done to isolate the Fresnel         
reflectivity of the surface return, which provides a        
measure of the density of the shallow subsurface        
materials. Since ice is a low-density material,       
especially in comparison to the regolith and rock that         
make up most of Martian surface materials, measuring        
reflectivity offers a strategy to search for near-surface        
ice-rich deposits. Within this context, the ‘surface       
return’ is defined by the SHARAD central wavelength,        
which effectively samples the upper ~5 m of the         
subsurface. Consequently, the bulk density over this       
range can be constrained. As every SHARAD       
measurement includes a value of the surface power        
returned, we can generate density estimates across the        
planet and use them to search for regions of low power           
that can be indicative of shallow ice[9]. 

Conclusion: A better understanding of the      
formation process for LE craters on Mars can help us          
understand the geologic surface properties that were       
present during their formation. SHARAD is a powerful        
tool to help better understand the composition and        
density of these craters. Preliminary results show       
promise that we can use the radar data to better          
understand LE composition, but more work is needed        
to be able to make more definitive conclusions about         
LE craters based on SHARAD results.  

References: [1]Barlow et al. (2000) JGR, 105,       
26733-26738. [2] Carr et al. (1977) JGR, 82,        
4055-4065. [3] Schultz and Gault (1979) JGR, 84,        
7669-7687. [4] Hoover et al. (2019) JGR,       
Submitted,[5] Seu et al. (2007) JGR, 112. [6] Robins         
and Hynek (2012) JGR, 117 [7] Putzig et al. (2018)          
Icarus, 308, 138-147. [8] Campbell et al. (2013) JGR,         
118, 436-450 [9] Bain et al. (2019) 50th LPSC         
Abstract #2726 
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Introduction: The Mars Science Laboratory Rover 
Curiosity has observed abundant calcium sulfate veins in 
all the bedrock examined to date in Gale Crater, except 
for the Bradbury Rise or Rocknest Outcrop areas. 
Recently in the upper Murray, ChemCam analysis of 
light-toned rocks have suggested the presence of a 
cemented porous sandstone with moderate Ca and S. The 
ChemCam analyses normally consist of 30 laser shots, 
with the first 5 shots omitted from the average value to 
avoid dust contamination [2]. To further investigate the 
nature of the targets, we have used ChemCam shot to shot 
data to evaluate the heterogeneity of Ca-S bearing targets 
that may represent cement, veins, and other depositional 
features. 

Detection of calcium sulfate cement: In sandstone, 
typical porosities vary between 5% by volume up to ~ 
30% by volume, with poorly sorted materials having 
less pore space. Therefore, the relative maximum for 
pore-filling cement is around 30 wt% for Ca-sulfate [1]. 
Pure Ca-sulfate veins tend to contain Ca in abundance 
of around 35-45 wt%. Thus, CaO abundances around 20 
wt% would be consistent with a cemented sandstone.  

Cemented sandstones have very homogeneous 
shot-to-shot trends with a low standard deviation (<2.0 
wt %). We compiled all the shot-to-shot data from 
targets averaging 10 to 25 wt% CaO, and found that 
approximately 80% of the targets with moderate CaO 
exhibited a homogeneous trend, and that most targets 
with intermediate CaO represent cemented rocks and 
not the edge of a vein. This has been verified by 
Mastcam context imagery. We then examined more 
closely the targets displaying heterogeneous shot to shot 
patterns, which we call special targets. 

Analysis of shot to shot data for special targets: We 
have begun looking at the shot-to-shot patterns to 
determine different classifications for types of targets 
we are hitting. These patterns include flat-trending, 
continuous increasing or decreasing, concave increasing 
or decreasing, and several irregular and complex 
patterns. Understanding and theorizing the potential 
causes of different shot-to-shot patterns may allow us to 
determine possibilities for what type of targets each 

pattern represents and use this information to learn 
about the environment the feature was deposited in. 

The flat-trending or straight targets may be 
indicative of a homogenized material, such as would be 
expected of a cement that permeated into empty pore 
space (Fig. 1). This is the most common patterned 
encountered among the moderate CaO targets (Fig. 6). 

 

Fig. 1 A. Cango_Caves Observation Point #6 (sol 1876) shows 
a flat trend at an average of 13.3 wt % CaO and a standard 
deviation of 0.54 wt % CaO. B. Tombua Observation Point #1 
shows a flat trend as well with an average of 15.2 wt % CaO 
and a standard deviation of 0.47 wt % CaO. 

The steady increasing and decreasing targets 
indicate progressive change from the top to the bottom of 
the shot profile. Instances in which this would occur 
would be if the laser hit the vein at an oblique angle and 
the profile is slowly transitioning from vein into bedrock 
(Thunderbolt target, Fig. 2 A.) or vice versa. The laser 
could also be encountering an increasing/decreasing 
concentration of cement (Zuluand_ccam, Fig. 2 B.). The 
steady increasing or decreasing profile is the second most 
common among the heterogeneous targets (Fig. 6). 

 

Fig. 2 A. Thunderbolt Observation Point #6 (sol 1033) is a 
heterogeneous target that shows a decreasing trend with a slope 
of -1.3342 and a standard deviation of 9.96 wt % CaO. B. 
Zululand_ccam Observation Point #3 is a heterogeneous target 
that shows an increasing trend with a slope of 0.57 and a 
standard deviation of 4.3 wt % CaO.  

The concave up and concave down targets 
demonstrate a more rapid increase of CaO in a short time 
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span. These targets may represent a target that is mostly 
cement or bedrock but transitions rapidly at either the 
beginning or end of the profile, or it may represent 
variabilities in the cement concentration. This profile is 
relatively uncommon among the heterogeneous targets 
(Fig. 6). 

 

Fig. 3 A. Big_Arm_2 Observation Point #8 shows a 
concave/convex up trend with a standard deviation of 2.8 wt % 
CaO. B. Epwort_3 Observation Point #3 shows a 
concave/convex down trend with a standard deviation of 4.2 wt 
% CaO. 

Irregular patterns have sharp changes or nonlinear 
trends (Fig. 4). We suspect that this occurs in one of 3 
ways: when the laser hits an irregular mix of Ca-sulfate 
cement and bedrock, it hits Ca-sulfate grains embedded 
within the bedrock, or it hits thin Ca-sulfate veins filling 
in the cracked bedrock. It is the most common pattern 
observed among the heterogeneous targets (Fig. 6). 

 

Fig. 4 A. Aegis_post_1849a Observation Point #3 shows a 
homogeneous trend with a sharp increase at shot 23. This 
observation point has a standard deviation of 10.1 wt % CaO. 
B. Straight_Cliffs Observation Point #5 shows extreme 
variation in wt % with a standard deviation of 11.2 wt % CaO. 

Complex patterns are relatively flat or gently 
increasing/decreasing trends with slight variations in wt 
% that form bimodal or trimodal peaks (Fig. 5). This 
could be the result of variance in layering of the Ca-
sulfate cements or a variance in abundance of Ca-sulfate 
particles within the bedrock. Complex patterns are also 
uncommon trends for heterogeneous targets to show 
(Fig. 6). 

 

Fig. 5 A. Biljim Observation Point #7 shows a bimodal 
complex pattern with a standard deviation of 0.63 wt % CaO 

and an average of 25.1 wt % CaO. B. Carter_cove Observation 
Point #1 shows a trimodal complex pattern with a standard 
deviation of 1.87907 wt % CaO and an average of 23 wt % CaO. 

 

Fig. 6 As visible by the pie chart, straight/flat targets are the 
most common (66.3%) followed by irregular (11.3%), 
increasing/decreasing (9.95%), concave/convex (6.79%), and 
complex (5.74%). 

Special Shot to Shot Patterns in Relation to Grain 
Sizes: The diameter of the laser is very small (350-500 
μm in diameter FWIW); and the depth of penetration 
even smaller, only ~0.3-0.4 μm/pulse in basalt, and 
closer to ~1-2 μm/pulse in a sandy dolomite as found by 
Lanza et al. [3]. Since the fine sand grain size class is 
from 125 – 250 μm, homogenous mixtures of materials 
smaller than this should have a relatively constant shot to 
shot pattern, even if the individual grains are different in 
composition. If the grains (or the edge of a vein partly 
intercepted by the beam) are approaching the medium 
sand size (250 – 500 μm), the shot to shot data could vary 
as seen in some of the patterns. For the homogeneous 
cement targets, we do not see this, therefore we can 
conclude that even if the grains are larger than the laser 
beam, they are all the same composition. Further analysis 
could be conducted concerning special patterns and if 
they have any significant relation to grain sizes in 
heterogeneous targets. A network of homogeneously 
distributed tiny Ca-S veins, less than a few tens of 
microns could explain the data, but such an occurrence 
could be considered to be one type of cement. 

Conclusions: We have confirmed the likely presence of 
Ca-S cement (interpenetrating a silicate matrix) in many 
ChemCam analyses using the typical 25 dust free shots 
on each target point. To further our investigation of the 
nature of these special patterns and targets, we are 
looking for correlations between the special targets and 
their characteristics in the ChemCam RMI and MastCam 
imagery.  

References: [1] Newsom et al. 2016 LPSC, and 2017 LPSC, 
and in preparation. [2] Lasue, J. et al., (2018). Martian eolian 
dust probed by ChemCam. Geophysical Research Letters. [3] 
Lanza et al., (2015) Icarus. 
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HELICOPTERS ON MARS: COMPELLING SCIENCE OF EXTREME TERRAINS ENABLED BY AN 
AERIAL PLATFORM.  J. Balaram1, I. J. Daubar1, J. Bapst1, T. Tzanetos1, Jet Propulsion Laboratory, California 
Institute of Technology, Pasadena, CA, USA (j.balaram@jpl.nasa.gov). 

 
Introduction:  The Mars Helicopter will be flying 

on the Mars 2020 mission [Balaram et al. 2018] with 
the goal of demonstrating the feasibility of rotorcraft 
flight on Mars for the first time. The emphasis of this 
technology demonstration mission is on validating aer-
odynamics and end-to-end autonomy of operations.  
Tests will be conducted with a 1.8 kg vehicle over a 
30-day mission, with flights taking place over relative-
ly flat, rock-free terrain using a visual-inertial naviga-
tion system.  

 

 
Figure 1 Mars Helicopter Technology Demonstra-
tor 
 
Currently researchers at Jet Propulsion Laboratory 
(JPL) and the NASA Ames Research Center are work-
ing to extend these capabilities to develop a Mars Sci-
ence Helicopter (MSH).  MSH scales up rotorcraft 
systems masses to the 5 to 20 kg range to enable more 
payload, longer sorties, all terrain overflight capability,  
and communication through an orbiter to enable opera-
tion at unrestricted distances from other landed assets.  
The planned capabilities would also be demonstrated 
on an Earth surrogate vehicle at Mars representative 
science sites.  
 

 
Figure 2 Mars Science Helicopter Concept 
 

Capabilities: The MSH would have the unique 
ability to explore extreme terrains that a rover or lander 
could not access.. For example, it can overcome and 
hover next to steep slopes, fly over rocky ground, and 
otherwise observe hazardous terrains that would be 
inaccessible to a rover. Visible imaging from a helicop-
ter would bridge the resolution gap between orbital 

images and landed investigations. MSH designs that 
could carry 2-3 kg of science payload are being con-
sidered, with daily range in the 3 km range.   
 

Mission Architectures: One candidate mission 
concept would involve landing within a broad ellipse 
on the flat, smooth floor of a crater with RSL and/or 
gullies on its interior walls. A remote sensing platform 
on the lander could perform long-duration, multi-
instrument remote observations of the surrounding 
walls from the crater floor. This would be augmented 
by contact interrogations performed by the helicopter.  
 
An alternative concept would involve one or more 
stand-alone helicopters communicating directly with 
orbiters to relay data to Earth. This larger helicopter 
could scout out complex terrains with many different 
geologic features of astro-biologic importance.  
 

Science Investigations: A study was conducted in 
June 2018 to explore possible scientific areas of study 
that would be enabled by these technical capabilities. 
These include: 

Mapping/Stratigraphy:  A helicopter would be able 
to access regional geology in three dimensions, making 
it very capable for a mapping and stratigraphy investi-
gation. Layered deposits, for example, could be imaged 
and sampled through their depths across tens to hun-
dreds of kilometers. 

Polar Science:  Recent revisions to goals of Mars 
Exploration Program Assessment Group were made in 
support of polar science objectives. An aerial vehicle 
could conduct detailed mapping of ice-rich layers ex-
posed at the poles (e.g., polar troughs). These layers 
are thought to reflect changes in climate over the past 
few million years. Steep, cliff-like terrain along the 
periphery of the polar layered deposits is another can-
didate site that would benefit from exploration of a 
Mars helicopter. 

RSL: Recurring Slope Lineae (RSL) are special re-
gions that are difficult to explore without danger of 
contamination. However, a helicopter could fly or hov-
er over RSL without touching them. Spectral proper-
ties, daily changes and the timing of appearance and 
fading behaviors, and nearby moisture and wind con-
tent could all reveal the true nature of these enigmatic 
features. 

Low-Latitude Volatiles (Icy scarps): An aerial plat-
form could conduct along-scarp mapping of ice-rich 
layers comprising an ancient ice sheet, now exposed at 
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the surface (Figure 3). In addition to characterizing icy 
layers, the vehicle could also study ice sheet overbur-
den and the erosional products at the base of the scarp. 

 

100 m

 
Figure 3 Water ice sheet exposed in a scarp in the 
southern mid-latitudes (55.1 S,109.4 E). 
ESP_048683_1245 

 
Atmospheric Science: Vertical profiles can be ac-

quired for atmospheric species of interest (e.g., H2O, 
CO2, CH4) in the lowest region of the boundary layer, 
difficult to obtain from orbit. Vertical changes in wind 
speed could also be measured. These measurements are 
crucial for understanding interaction between the sur-
face and the atmosphere. 

Subsurface Geophysics: Geophysical studies of 
Mars are especially timely given the new information 
the InSight mission is revealing about the interior of 
Mars. The subsurface could be explored in detail over 
a wide area using the capabilities of a helicopter. 
 
By providing a new platform for regional high-
resolution sensing and extreme terrain access, Mars 
helicopters could enable new mission concepts respon-
sive to the strategic themes of life (e.g., access to RSL), 
geology (access to diverse sites and extreme terrains), 
climate (direct observation of low-altitude wind fields), 
and preparing for human exploration (demonstrating 
helicopter scouting concepts). 
 

Conclusions: Helicopters are potentially powerful 
tools for exploring Mars. Advances in miniaturization 
will enable low-mass scientific instrumentation to be 
carried over extreme terrains on Mars, enabling any 
number of compelling scientific investigations.  
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After a flawless launch and a quiet half-year cruise 

to Mars, the InSight spacecraft landed safely in Elysium 
Planitia [1] on 26 November, 2018, carrying a scientific 
payload focused on the exploration of the deep interior 
of the planet. The three core experiments are SEIS [2] 
(Seismic Experiment for Interior Structure), a six-sen-
sor, broad-band seismic instrument to detect global seis-
mic [3,4] and impact [5] activity and use this to probe 
planetary structure [6,7]; HP3 [8] (Heat flow and Physi-
cal Properties Package) for measuring the ground tem-
perature/gradient, thermal conductivity and mechanical 
properties from the surface to 5 m depth; and RISE [9] 
(Rotation and Interior Structure Experiment), a geodetic 
planetary rotation investigation using sub-decimeter-
scale precision tracking. These are augmented by APSS 
[10] (Auxiliary Payload Sensor Suite), an environmen-
tal sensor suite comprising a pair of wind and air tem-
perature sensors (TWINS, Temperature and Winds for 
INSight), a pressure sensor (PS) and a magnetometer 
(IFG, InSight FluxGate); and an Instrument Deploy-
ment System (IDS) [11,12], including a robotic arm, a 
mid-resolution color camera (IDC, Instrument Deploy-
ment Camera) and a wide-angle color camera (ICC, In-
strument Context Camera). Although the latter two sub-
systems were included in the mission to aid in the de-
ployment and data interpretation of SEIS and HP3, they 
also provide compelling science in their own right, 
providing continuous monitoring of surface meteorol-
ogy [13] and magnetic field, and supporting investiga-
tions of the lander's surroundings [14]. 

In-situ imaging with InSight's cameras has been 
combined with orbital data to investigate the character 
and history of the landing site. InSight appears to have 
come to rest in a "hollow", a filled, quasi-circular de-
pression that is inferred to be a highly-degraded impact 

crater. 
This landing site turned out to be remarkably well-

suited for the deployment of SEIS. After full installation 
of the seismometer and its protective shield was com-
pleted on sol 70 and calibration and tuning around sol 
90, the sensors have been operating with unprecedent-
edly low noise levels during the quietest parts of the day 
(roughly 6 PM to midnight, local time). At the time of 
this writing at least one probable marsquake and several 
additional likely events, all extremely small, have been 
detected. These are already starting to reveal aspects of 
the martian interior. 

HP3 was deployed to the surface near the end of Feb-
ruary of 2019, but mole penetration stalled very soon 
after the start of hammering, at a depth of >40 cm. Sev-
eral months were spent acquiring additional data and 
planning a recovery campaign. This talk will describe 
the latest status and prospects for the heat flow experi-
ment. 

The atmospheric sensors have been operating nearly 
continuously at high acquisition rates since shortly after 
landing. This has allowed the detailed observation of at-
mospheric phenomena at time scales ranging from 
months to seconds. Synergistic observations with the 
seismometer have proven to be particularly valuable for 
boundary layer studies. 

Finally, the first magnetic measurements from the 
surface of Mars have revealed a number of exciting re-
sults, including a background field many times larger 
than that observed from orbit and dynamic field varia-
tions that have not been previously observable. 

In this presentation we will discuss these and other 
key scientific results from the first six months of science 
operations, along with the latest mission status. 
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Figure 1. Comparison of ICC (Instrument Context Camera) images early and late in the mission. (Left) Image taken 
on sol 0. The numerous specks are presumably clumps of soil thrown up by the landing jets. The frame of the trans-
parent protective dust cover can be seen in the corners. (Right) Image taken on sol 153, showing the deployed SEIS 
WTS (Wind and Thermal Shield and HP3. Most of the lens contamination has cleared over the intervening months. 
 

 
Figure 2. Mosaic of the science deck and solar panels acquired on sols 106 and 133 (March 15 and April 11, 2019) 
showing considerable dust accumulation. Some notable items that are visible include the two white TWINS booms 
on either side of the deck, the white pressure sensor inlet in the center, and the cylindrical UHF antenna to the right. 
Some mosaicking artifacts of the IDA are visible at the seven o'clock position (the IDC is mounted to the "forearm" 
of the IDA). This mosaic was constructed from 14 IDC images [see 15]. 
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Introduction:  NASA’s Mars InSight Spacecraft 

landed on Nov 26, 2018 (Ls=295°) in Elysium Planitia 
(~4.5°N, 136°E) with the main scientific purpose of 
investigating the interior structure and heat flux from 
Mars. However it is also equipped with a very capable 
meteorological station. To help remove environmental 
noise from the seismic signals, InSight has a very pre-
cise pressure sensor (PS). To aid in removing the at-
mospheric pressure-induced seismic noise, and to 
identify periods when wind-induced seismic noise 
may reduce sensitivity, InSight also carries a pair of 
Wind and Air temperature sensors (TWINS)[1]. Com-
plementing these are a radiometer in the HP3 suite to 
measure surface radiance, the seismic measurements 
of SEIS which can record interesting atmospheric 
phenomena, and the InSight cameras to image clouds 
and dust devils and estimate atmospheric opacity from 
dust or clouds. The Lander also carried accelerome-
ters that can be used to reconstruct the atmospheric 
structure during descent. We will discuss results 
drawn from atmospheric measurements on board In-
Sight from the ~8 months of operation, highlighting 
the new perspectives permitted by the novel high-
frequency, and continuous nature of the InSight data 
acquisition. Pre-landing scientific perspectives for 
atmospheric science with InSight are found in [2]. 

Description of APSS-PS & TWINS:  InSight’s 
pressure sensor is a fast-response, high precision in-
strument compared to previous Mars pressure sensors.  
It is sampled at 20Hz continuously and has a single 
observation noise level of about 10 mPa. The absolute 
calibration is accurate to about 1.5 Pa with expected 
drift over the 1 Mars year of the mission of <~1.5 Pa. 
It is equipped with a special inlet designed to reduce 
wind-induced dynamic pressure perturbations [1]. 

The wind and air temperature sensors for InSight 
have high heritage from the REMS sensors from the 
Curiosity rover [3], with specific improvements to 

their ability to operate under cold conditions. The two 
booms face opposite directions near the edge of the 
lander deck to minimize wind and air temperature 
perturbations from the lander itself. The resolution of 
the air temperature measurements is about 0.1K (with 
an absolute accuracy of <5K). The wind sensors are 
able to distinguish wind directions with an angular 
resolution of <22°, and wind speed to <0.4 m/s for 
low wind speeds, rising to <2 m/s for higher wind 
speeds [1]. 

Operational Aspects:  To enable identification of 
Mars quakes that may happen anytime, InSight con-
tinuously records data from its seismometers as well 
as the APSS-PS & TWINS sensors.  These data are 
then downlinked to Earth after down-sampling to fit 
within downlink data volume allocations. Selected 
data snippets that are expected to be scientifically 
interesting based on the down-sampled continuous 
data could then be requested and downlinked at high-
er sampling rates (up to the full sampling rate). For 
the first ~6 months of the mission, pressure was ob-
tained continuously at 2Hz and wind and air tempera-
ture continuously at 0.1Hz, but extensive periods of 
data for pressure, air temperature and winds have 
been downlinked at the full sampling rates.  After 6 
months, the continuous data rates were increased. 

Scientific Results:  InSight is observing meteoro-
logical phenomena at all scales from seasonal/global 
down to the boundary layer turbulence. At the longest 
timescales, InSight’s pressure sensor is recording the 
annual pressure cycle with consistency with prior 
landed missions, but interesting, as-yet unexplained 
differences. On top of this there is also the expected 
diurnal pressure variation controlled by the diurnal 
and semidiurnal thermal tides [4]. A surprising addi-
tion to these diurnal variations are the 2.5-sol oscilla-
tions from baroclinic waves along the northern polar 
vortex. While waves like this were recently identified 
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at the MSL location [5], their amplitude at InSight is 
much greater (as high as 7 Pa peak to peak). This may 
be due to amplification of the waves by the local to-
pography near InSight (i.e., the dichotomy boundary 
to the South and Elysium Mons to the North). 

InSight experienced a large regional scale dust 
storm starting around sol 40 (Ls~320°) where the local 
atmospheric opacity measured by IDC increased from 
~0.8 to about 2.0 in ten sols. This increased the semi-
diurnal pressure amplitude as expected [6], but more 
surprisingly changed the daily wind behavior. Prior to 
the dust storm, the winds were primarily from the 
NNW only varying by about 60 degrees azimuth 
throughout a sol. During the first 2 weeks of the dust 
storm, the winds changed to circulating all the way 
around the lander, the daytime wind speeds were in-
creased, while nighttime wind speeds significantly 
decreased. Modeling suggests that the dust storm re-
duced a large-scale, steady wind component that al-
lowed a moderate, diurnally reversing slope wind to 
then dominate the winds. 

InSight’s highly sensitive pressure sensor is the 
first to have detected frequent evening and night-time 
pressure oscillations (and occasionally associated 
wind speed, wind direction and air temperature oscil-
lations) with periods between 300-1000s and pressure 
amplitudes of order 1 Pa. These oscillations are con-
sistent with gravity waves in the strong night-time 
static stability and may be associated with mountain 
wave from relatively distant topography. 

In addition to the gravity waves, InSight also regu-
larly saw morning and evening pressure bumps (as 
large as 4 Pa) first notable during the dust storm. 
These evolved in terms of amplitude, and time of oc-
currence as the dust storm decayed. These pressure 
bumps were typically followed by long-period pres-
sure oscillations (~1000s) and associated wind speed 
and direction changes, making them reminiscent of 
undular bores. In this case at Mars, this may be 
caused by katabatic flows from Elysium Mons. 

During daytime, the active convective boundary 
layer produces large turbulent pressure (~0.5 Pa), air 
temperature (~10K) and wind speed fluctuations with 
timescale ranging up to 200-500s. These are likely the 
advection past the lander of Rayleigh-Benard convec-
tive cells with scales set by the diurnally evolving 
convective boundary layer.  

InSight has also detected afternoon dust-devil-like 
vortices at a greater rate than previous landers (twice 
as many as Pathfinder and five times as many as 
Phoenix and Curiosity). The population of these vor-
tices matches that found terrestrially with a power law 
exponent of 2.6 [7]. While InSight is an active site for 
vortices, we have not yet imaged an active dust devil 

by Sol 150 in spite of several intense imaging cam-
paigns. The lack of visible dust devils in spite of the 
frequent occurrence of vortices may suggest that some 
component required for dust lifting is absent at the 
InSight Landing site. The largest vortex passage to 
date (Sol 65, 13:36 LTST, 9 Pa) appears to have 
caused a minor clearing of the solar panels, for the 
first time confirming that it is likely vortices that 
clean Martian solar panels (e.g., Spirit & Opportunity) 
rather than straight-line wind gusts. 

Possible expressions of infrasound have been de-
tected by InSight as well, with ~80s oscillations (too 
fast for gravity waves) in both pressure and wind. 
However, the expected expression of these possible 
infrasound waves on the seismometer do not match 
expectations, so their actual source is still uncertain. 
A second type of infrasound is also detected by In-
Sight: <1s period oscillations embedded on top of the 
signature of some vortex passages.  This may be noise 
induced by the vortex itself, perhaps asymmetry in the 
vortex, with the period indicating its rotation period. 

The pressure power spectral density shows an ex-
pected -5/3 slope at frequencies below 0.1 Hz. How-
ever, between 0.1-2Hz the slope is closer to -1. The 
cause of this unexpected behavior of the smaller ed-
dies is unclear, with one possible explanation being 
local enhancement of small scale eddy energy by the 
lander obstacles. Another possible explanation could 
be a transition zone in the spectrum between the 
buoyancy range at low frequencies and the inertial 
range at high frequencies [8] 

As the aphelion cloud season starts, we have re-
cently begun seeing clouds from InSight, with gravi-
ty-wave-like structures in their shapes. Illumination 
changes at sunset which may indicate their altitudes. 
From their angular speed across the sky, advecting 
wind estimates can be produced. 

We have undertaken a long-term campaign to de-
tect aeolian changes around the InSight Lander, and 
the characterize the wind speeds required to produce 
these changes.  InSight’s continuous and high sam-
pling rate measurements are particularly suited to this 
purpose. To date we have seen changes in dust distri-
butions and some grain motions, but large-scale aeoli-
an change of soil has not been observed. 

 
[1] Banfield, et al. (2018), Sp. Sci. Rev.  215:4 
[2] Spiga, et al. (2018) Sp. Sci. Rev. 214:7 
[3] Gomez-Elvira, et al. (2012) Sp. Sci. Rev. 170:583 
[4] Hess, et al. (1977) J. Geophys. Res. 82, 4559-4574 
[5] Haberle, et al. (2018) Icarus, 307:150-160 
[6] Lewis & Barker (2005) Adv. Sp. Res. 36:2162 
[7] Jackson & Lorenz (2015) J. Geophys. Res.120:401 
[8] Cheng, et al. (2018), arXiv:1801.05847 
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Introduction: The history of the Martian climate is 

recorded in Mars’ fragmentary rock record. By under-

standing the processes in which these rocks were de-

posited and the conditions required to preserve them, 

the environment of deposition and the regional climate 

can be inferred. The Stimson formation, Gale crater, 

Mars is dominated by an aeolian sandstone facies that 

accumulated on an erosional unconformity stratigraph-

ically above the lacustrine Murray formation. By recon-

structing the ancient dunes represented by the Stimson 

formation, insight can be gained to the size of the an-

cient dune field and the regional climate at the time of 

deposition.  

Between Sols 987 and 1454, the Mars Science 

Laboratory rover Curiosity was used to examine out-

crops of the Stimson formation; the team documented 

the nature and distribution of facies within this aeolian 

sandstone to determine the origin, depositional pro-

cesses, stratigraphic relationships, and the regional 

palaeoclimate at time of deposition. 

 
Figure 1: Map of the distribution of Stimson outcrops. 

Emerson Plateau: The northern most outcrops (Sols 

987-1055) occur within the Emerson plateau area (Fig-

ure 1). They are characterized predominantly by simple 

metre-scale cross sets, up to 1 m thick (Figure 2). These 

sets are bounded by decametre-length sub-horizontal 

bounding surfaces, which are interpreted to be inter-

dune surfaces [1] (1st order bounding surface [2,3]). No 

fine-grained interdune deposits were observed in this 

region. Internally, these cross sets consist of uniform 

laminations with thicknesses upto 4 mm which are in-

terpreted as grain fall and windripple strata, with no 

evidence for grainflow strata observed. Textural analy-

sis of grains using the Mars Hand Lens Imager showed 

bimodaly-sorted, well rounded grains, suggesting aeoli-

an processes. Cross set dip-azimuths across the Emer-

son Plateau record a dominant sediment transport direc-

tion toward the north east. 

Murray Buttes: The southern outcrops, in the Murray 

Buttes (Figure 1) are characterized by compound cross 

sets (cosets), with measured thicknesses up to 4 m 

(Figure 2). Coset bounding surfaces are formed by sub-

horizontal bounding surfaces, which can be traced lat-

erally across the width of many of the buttes; these are 

interpreted to be interdune surfaces. Bounding surfaces 

which are inclined relative to the interdune surfaces, 

which bound cross sets ~1 m thick can be identified; 

these are interpreted to be superposition surfaces (2nd

order surfaces [2,3]. These smaller cross sets contain 

cross laminations with a similar visual expression and 

apparent uniform thickness as those observed in the 

Emerson Plateau. No evidence of fine-grained inter-

dune deposits, or damp aeolian processes were recorded 

in the Murray Buttes. Interdune surfaces are interpreted 

to have formed by passage of a scour pit preceding a 

migrating draa-scale bedform (a complex or compound 

dune), with superposition surfaces formed by scouring 
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as transiting superimposed dunes crossed the lee slope 

of the draa. The superposition surfaces record the ori-

entation of the draa’s lee slope, and can be used to de-

termine migration direction for the draas, while the 

cross lamination dip-azimuth can be used to determine 

sediment transport direction in the superimposed bed-

forms. In the Murray Buttes, draas migrated toward the 

north-north-west, while superimposed bedforms mi-

grated to the north east. 

Reconstruction: The traverse across and among the 

outcrops of the Stimson formation using the Curiosity 

rover records a transect from the margin to the centre of 

a dry aeolian dune field. The outcrop at Emerson Plat-

eau represents a more distal section of the erg, charac-

terized by simple dunes approximately 10 m high, with 

wavelengths of ~160 m. The outcrops at the Murray 

Buttes represents a central part of an erg, where draas 

with heights upto 60 m, and wavelengths up to 900 m 

were present. Superimposed bedforms migrated 

obliquely across the lee slope of the draas indicating a 

complex wind regime. 

References: [1] Mountney & Thompson (2002) Sedi-

mentology. [2] Brookfield (1977) Sedimentology. [3] 

Kocurek (1991) Annu. Rev. Earth Planet. Sci., 

Figure 2: Representative outcrops examples. Left: Williams outcrop, Emerson Plateau. Right: Butte 9, Murray Buttes 

Figure 3: Reconstruction of bedforms in the Stimson formation. Left: Simple dunes, Emerson Plateau. Right: Draas, 
Murray Buttes
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Introduction:  The polar regions of Mars host Polar 

Layered Deposits (abbreviated as NPLD for the north) 
that are up to ~3 km-thick sequences of water ice with 
varying degrees of dust [1]. The spatial extent of the 
NPLD is substantial, extending equatorward from the 
pole to roughly 80ºN, at all longitudes. Both PLDs are 
thought to have formed over the recent geologic past 
(~106–108 yr; [2-6]), where climate change is expected 
to be driven by changes in orbital elements [7]. 

The northern residual cap (NRC) spans a large frac-
tion of the NPLD extent. The NRC is composed of water 
ice and is on the order of a meter thick, though likely 
exhibits some regional heterogeneity [8]. Several stud-
ies have analyzed NRC albedo, composition and mor-
phology; yet comparably few have addressed its ther-
mophysical state (e.g., [9]) and none have addressed 
how its properties change with depth.  

The focus of this study is the physical nature of the 
NRC, or what we consider the most-recent and poten-
tially-active layer of the NPLD. We investigate how rel-
evant properties (e.g., density, albedo) vary, both later-
ally, and vertically into the subsurface. The NRC inter-
acts strongly with the current climate, e.g., supplying al-
most all atmospheric water vapor in summer [10]. Past 
residual caps (now layers within the NPLD) were also 
likely influenced by past climates. Thus, understanding 
the thermal properties of the NRC can inform us of the 
potential link between climate and polar geology. 

Methods:  Constraining the thermophysical proper-
ties of today’s NRC is achieved using observed temper-
atures and a number of thermal model simulations (sen-
sitive to depths <5 m). Many studies have used observed 
temperatures and thermal modeling to derive depth-de-
pendent properties [11-17]. Here use derived tempera-
tures acquired by the Thermal Emission Spectrometer 
(TES) aboard Mars Global Surveyor (MGS). MGS was 
operational over four Mars Years (MY), specifically 
MY24-28. MGS’s primary science orbit was inclined 
approximately 93°, which resulted in high data density 
near the poles, useful for the study of polar surface prop-
erties. Unfortunately, this also resulted in a region of 
low-to-zero data density poleward of 87°N. Queried 
data are separated into 10 by 10 km bins for fitting. We 
ignored bins with less <100 observations. Almost all 
bins are above this threshold, and many near the pole 
have >1000 observations per bin.  

Best-fit properties are determined by minimizing the 
RMS error between the observed and model tempera-
tures. All observations within a single bin are fit simul-
taneously, but is restricted by a prescribed seasonal win-
dow (here LS=110–180º). This window is necessary to 
avoid springtime data which can result in erroneous der-
ivations. 

Depth-density Relationships:  How density varies 
with depth constrains key conditions (e.g., ice accumu-
lation rate), and thus aids in understanding how climate 
affects polar stratigraphy. Predicted depth-density pro-
files are especially sensitive to the accumulation rate 
[20]. In addition to a homogeneous case (constant prop-
erties with depth), we explore three relationships of 
depth versus density, in order to compare the near-sur-
face structure of the NRC with predicted profiles of ac-
cumulating ice on Mars. The three depth-density rela-
tionships explored are abrupt changes in density (e.g., 
ice table), and exponentially- and linearly-increasing 
density with depth. For depth-dependent cases the value 
of porosity is prescribed at the surface and varies with 
depth. 

Results: Because our model is customized to re-
trieve the thermal properties of porous ice, results over 
regolith-covered surfaces should be ignored. Bins with 
derived thermal inertia (TI) <1000 J m-2 K-1 s-1/2 from 
homogeneous fits are masked out in Figure . 

For the homogeneous case, derived TI is relatively 
high (≥1400 J m-2 K-1 s-1/2) across the NRC and its outli-
ers (Figure 1). Derived albedo of the NRC is consistent 
with the pattern of observed albedo across the NRC 
from TES [18]. 

 

Figure 1. Derived albedo and TI for the north polar region of 
Mars above 70ºN for the depth-homogeneous case. 
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Figure 2. Best-fit albedo, surface TI, and depth-dependence 
for the three cases explored. The depth-dependence plots have 
regolith-dominated regions masked out (black). The linear 
case of depth-dependence is expressed as an e-folding depth 
for easy comparison to the exponential case. 

 
For cases where temperatures are tested against 

depth-dependent models, we find that the interior re-
gions of the NRC and its outliers (i.e., the high-albedo 
regions) exhibit lower surface TI (600–1000 J m-2 K-1 s-

1/2) than the periphery of the NRC (Figure 2). The edge 
regions with higher TI vary in extent from 10s of km to 
100s of km. They are commonly characterized by lower 
albedo and higher surface TI (≥1400 J m-2 K-1 s-1/2). We 
do not show derived albedo but it is similar to the ho-
mogeneous case. The icy outliers span a range of sur-
face TI <1000 J m-2 K-1 s-1/2, and are therefore more sim-
ilar to the NRC interior than edges (they also share a 
similarly high albedo).  

When comparing RMS values of our fits between 
layered and unlayered models, specific locations show 
evidence of improvement (Figure 3). In these regions, 
derived properties are consistent with a porous layer at 
the surface (>40% porosity), which densifies with depth 

into a pure-ice layer (0% porosity), within the upper 0.5 
m. The edges of the residual cap exhibit small or zero 
improvements over the homogeneous model, indicating 
denser ice with derived porosities of <40% and lower 
albedo. 

 

 
Figure 3. RMS improvement for each layered case compared 
to the homogeneous case. Note the improvement in fit is lo-
calized to Gemina Lingula and the icy outliers. 
 

Conclusions:  Here, we investigated the thermo-
physical nature of the upper-most layer of the NPLD, 
the NRC, and its icy outliers, with emphasis on depth-
density relationships within the subsurface (up to depths 
of a few meters). We find the strongest evidence for lay-
ering associated with Gemina Lingula and the icy outli-
ers (i.e., a more-porous layer of ice overlying a denser 
layer). We interpret this as a result of recent accumula-
tion. This change in density occurs typically within 0.5 
m of the surface. At the edges of the NRC we derive a 
more-homogeneous subsurface that is denser, and likely 
older, ice. We interpret this ice as having undergone re-
cent ablation, which is consistent with and may help ex-
plain its lower albedo. 
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In 2018, the Mars Exploration Directorate at the Jet 

Propulsion Laboratory sponsored a study to examine 
the capabilities of small spacecraft missions for Mars 
exploration. The purpose of the study was to examine 
the technical feasibility of sending small spacecraft to 
Mars to conduct compelling science for a total mission 
cost, including launch costs, of below $250 million.  
The study is focused on three key areas: identification 
of high-priority science investigations consistent with 
MEPAG goals that could be performed by small space-
craft; investigation of methods of transport for small 
spacecraft from Earth to Mars; and determination of 
the technical feasibility and mission cost of small 
spacecraft mission concepts. For the purposes of the 
study, small spacecraft is defined as < 200 kg of dry 
mass to Mars.  The study investigated both orbiter and 
lander concepts. 

The study began by surveying science instruments 
suited to meet the mass, volume, power, and cost con-
straints of a small spacecraft.  The survey led to the 
creation of a science traceability matrix  traceable to 
MEPAG goals.  Special attention focused on science 
goals that are related to (1) global observations and 
global context, allowing the derivation of a 3D map of 
Mars properties from orbit and on ground (3D net-
works and “mini-scouts”) and particularly (2) global 
4D (3D in space + time = 4D) observations of fast var-
ying processes with changes occurring over periods of 
less than a few sols. The latter does not only provide a 
global context but would allow to constrain causality 
between processes on the planet[1].  

It should be mentioned that the low cost point of 
small spacecraft missions can enable unique mission 
concepts with higher than normal mission risk.  This 
increase in risk can create opportunities for low-cost, 
compelling science missions in regions that may be 
otherwise unexplored by higher-cost, high-risk-averse 
missions.  Higher-risk surface exploration sites may 
include unexplored regions such as the polar layer de-
posits or the vast depths within Valles Marinas. 

Getting to Mars: To get small spacecraft from 
Earth to Mars, three methods were identified: hosted 
payload or “piggyback”, rideshare as a secondary pay-
load on a traditional launch vehicle (e.g., ULA Atlas V, 
Space X Falcon 9), and primary payload on one of an 
emerging class of small launch vehicles (e.g. Firefly 
Alpha, Relativity Terran 1, ABL Space RS1) with ad-
vertised pricing ranging between $10 and $15 million 
for a dedicated launch.  The rideshare investigation of 

the study concluded that a spacecraft in a secondary 
payload configuration could reliably count on multiple 
launch opportunities per year to geosynchronous trans-
fer orbit (GTO).   

Assuming a 200 kg dry mass, approximately 10 
km/s delta V would be required to get to from GTO to 
Mars.  Conceptual mission design indicates that a small 
spacecraft flight system utilizing solar electric propul-
sion could achieve the required velocity while meeting 
the mass and volume constraints of an EELV second-
ary payload adapter (ESPA) [2].  

High Orbit Science: Aside from a survey of appli-
cable science instruments, several mission concepts 
were developed.  One of those missions was an Areo-
stationary SmallSat orbiter called Areo Trace Gas Lo-
calizer, see figure 1.  The science goal of the concept 
was localize the sinks and sources of trace gases using 
a multi-channel nadir-pointed spatial heterodyne spec-
trometer (SHS).  

 

Figure 1: Areostationary Small Spacecraft Concept. 
 
Another attribute of small spacecraft that was ex-

plored was the use of small spacecraft in a constella-
tion. In the context of an areostationary orbit a constel-
lation of three small orbiters placed equidistant from 
each other in areostationary orbit can provide continu-
ous scientific observation of most latitudes of Mars.  A 
first order analysis on cost indicated a single spacecraft 
would be under the $200 million cost target and a con-
stellation of three small orbiters estimate cost could fit 
within the current $500 million Discovery class mis-
sion cost cap. 

Mars impact lander concept: Conventional meth-
ods of landing payloads on the surface of Mars rely on 
a multistage entry/descent/landing (EDL) approach 
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with separate technologies to address each of these 
stages: 
• heatshields for entry 
• parachutes for descent 
• and thrusters/airbags/skycranes for landing 

As a result, conventional EDL technologies are typ-
ically massive, complex, and expensive.  

In order to reduce the cost of landing small pay-
loads on Mars, a new technology is being developed: 
the Small High Impact Energy Landing Device concept 
(SHIELD), see figure 2. The cost target for a SHIELD 
lander concept is <$50M per lander or <$200 million 
for up to three SHIELDs, a transit stage, and launch.    

 

 
Figure 2: SHIELD Lander Concept. 

 
The limitations of SHIELD are that the landing de-

celerations are significantly higher than more conven-
tional Mars EDL technologies, roughly 9,800 m/sec^2, 
or 1000 g.  As a result, not all payloads will be compat-
ible with SHIELD.  To provide context to a 1000 g 
deceleration, product-level drop impact tests of cellular 
phones indicate that a cell phone dropped from 1 m can 
experience decelerations up to 1.2 ms with magnitudes 
as high as 1400 g’s.[3]  

For existing compatible or ruggedized payloads, 
SHIELD would provide access to the surface of Mars 
at substantially lower cost and with a substantially 
greater frequency of opportunities. The low mass of 
SHIELD-based missions allows these missions to be 
flown more frequently as secondary payloads on larger 
missions, small dedicated missions, and in large num-
bers (>10) on larger dedicated missions. 

Conclusion: Small spacecraft have the capability to 
provide frequent access to Mars orbit or surface from 
Earth GTO as a secondary payload utilizing existing 
solar electric propulsion technology.  Small spacecraft 
missions can conduct traceable compelling science.  
Within the cost and launch constraints considered here, 
small spacecraft can offer science payload capability of 
up to 15 kg for orbiters and up to 5 kg of for landers.  

 
References:  [1] Barba. N. et al. (2019) IEEE Aer-

ospace Conference. [2] Maly. J. et al (2018) Moog  
[3]Ong Y.C. (2003) IEEE Electronics Packaging 
Technology 
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NEW INSIGHTS INTO THE CHARACTERISTICS AND FORMATION OF CENTRAL PIT CRATERS 
ON MARS.  N. G. Barlow, Dept. Astronomy and Planetary Science, Northern Arizona University, Flagstaff, AZ 
86011-6010  Nadine.Barlow@nau.edu

Introduction: Craters with central depressions, 
called central pit craters, have been reported on Mars, 
Ganymede, and Callisto since the 1970’s explorations 
by the Viking and Voyager spacecraft, respectively. 
The discovery of central pit craters on bodies with vol-
atile-rich crusts led to the hypothesis that target vola-
tiles are required for pit formation. Detailed study of 
other solar system bodies now reveals that central pits 
are found on many objects, including “drier” bodies 
such as Mercury and the Moon. My team has conduct-
ed morphologic and morphometric studies of central 
pit craters on Mercury, the Moon, Mars, Ceres, Gany-
mede, Callisto, Dione, Rhea, Tethys, and Pluto. The 
results of this comparative analysis combined with de-
tailed geologic and structural mapping of well-
preserved central pit craters on Mars, allow us to re-
consider the proposed formation models for these pits.

Formation Models: Central pit craters are charac-
terized by a pit either directly on the crater floor (“floor 
pit”) or atop a central peak (“summit pit”) [1, 2] (Fig. 
1). Several models have been proposed, mostly to ex-
plain the formation solely of floor pits. The formation 
models include (1) explosive release of impact-
produced vapor [3, 4], (2) collapse of a central peak [5, 
6], (3) excavation through layered targets [7], (4) melt-
ing and drainage of target materials [6, 8, 9], and (5) 
impacts of low-velocity projectiles [10]. Some have 
suggested that central pits are erosional features similar 
to the central structure in Gosses Bluff, Australia [11].

Figure 1: Example images of a floor pit crater (left; crater is 
20.7-km-D; 22.46 N 340.41 E) and summit pit crater (right; 
crater is 22.2-km-D; 5.73 N 304.64 E)

Methodology and Observations: We have used
the best-resolution global images for each body to 
identify central pit craters and classify them as floor or 
summit pits. We utilize GIS capabilities to measure 
crater and pit diameters, determine location, measure 
basal diameter of peaks on which summit pits are 
found, and compare distributions with geologic units, 
topography, etc. In each case, the ratio of pit-to-crater 

diameter (Dp/Dc) and peak basal diameter to crater 
diameter (Dpk/Dc) were calculated. In the case of Mar-
tian central pit craters, we used THEMIS daytime IR 
images (100 m/px resolution) to identify central pit 
craters and used THEMIS VIS (18 m/px), CTX (6 
m/pixel) and HiRISE (up to 0.3 m/px) to characterize 
all central pit craters and conduct detailed geologic 
and/or structural mapping of selected well-preserved 
central pit craters. Topographic information was ob-
tained from MOLA profiles and DEMs created from 
CTX and HiRISE. 

Central pit craters comprise less than 10% of all 
craters on the bodies studied. On Mars, they account 
for 7.7% of all craters analyzed to date (approximately 
¾ of the planet’s surface). Of the 2083 currently-
identified Martian central pit craters, 1310 (63%) are
classified as floor pits and 773 (37%) are summit pits.

The median Dp/Dc value for floor pits is 0.16 
whereas that for summit pits is 0.12. This indicates that 
floor pits are larger relative to their parent crater than 
summit pits. Dpk/Dc for the peaks on which summit pits 
are found is 0.32, which is statistically identical to the 
value found for unpitted Martian central peaks (Dpk/Dc
= 0.30). This indicates that there is no difference in the 
formation of pitted versus unpitted central peaks.

The distribution of both floor and summit pit cra-
ters on Mars is random, with no preference shown for 
specific latitude zones or geologic units. This is similar 
to what we have observed on the other bodies where 
we have conducted central pit crater studies.

Floor pits were initially subdivided into rimmed, 
partially rimmed, and non-rimmed, based on the pres-
ence/absence and extent of uplifted material surround-
ing the edge of the pit as seen in THEMIS daytime IR 
images [12]. Upon further investigation with higher 
resolution THEMIS VIS and CTX images, we find that 
pits originally classified as unrimmed are either heavily 
covered with dust or have undergone degradation to 
remove or cover the pit rim. Thus all floor pits are 
rimmed or partially-rimmed upon formation. Thermal 
inertia analysis of the partially rimmed floor pit in 
16.3-km-diameter Esira crater (8.95 N 313.40 E) sug-
gests that even in places where no rim is exposed at the 
surface that uplifted bedrock exists immediately below 
the surface [13]. We find no evidence for post-pit-
formation uplift of the pit floor on Mars [14], unlike 
the case with some of the icier bodies such as Gany-
mede, Callisto, and Pluto where domes possibly caused 
by diapiric activity are common.
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Our detailed structural and geomorphologic map-
ping of several fresh central pit craters on Mars reveals
insights into the timing and process of central pit for-
mation. Pitted material indicative of impact melt [15, 
16] is seen on the floors of very fresh floor pits and 
summit pits, indicating that pit formation is contempo-
raneous with crater formation. Mapping of structural 
features in the pit rim reveal evidence of uplifted bed-
rock from beneath the crater floor. This suggests a se-
quence of uplift followed by collapse to form the pit.

Implications for Formation: Utilizing the infor-
mation from the studies of central pit craters on Mars
and other solar system bodies, we have produced the
table below showing how the proposed formation mod-
els agree or disagree with the predictions of the current
central pit formation models. None of the current mod-
els are entirely consistent with our observations. This
has led us to propose a new formation model which
includes aspects of the central peak collapse and lay-
ered targets models. In this scenario, craters excavate
through layered targets which have a strong layer over-
lying a weak layer. The weak layer may consist of
volatile-rich material but could be volatile-poor brecci-
ated material as well. A central peak is formed during

crater formation—if the overlying layer is relatively
weak, the central peak largely collapses to form a floor
pit with only the outer edge of the central peak remain-
ing as the pit rim. If the overlying layer is relatively
strong, the central peak remains and only the central
core partially collapses to form a summit pit. We are
working on resolving questions about diameter range
and small central pit crater percentages.

References: [1] Barlow N. G. (2010), GSA SP 465, 15-
27. [2] Barlow N. G. et al. (2017), Meteoritics Planet. Sci., 
7, 1371-1387. [3] Wood C. A. et al. (1978) Proc. 11th LPSC,
2221-2341. [4] Williams N. R. et al. (2015) Icarus, 252,
175-185. [5] Passey Q. R. and Shoemaker E. M. (1982) Sat-
ellites of Jupiter, 379-434. [6] Bray V. J. et al. (2012) Icarus, 
217, 115-129. [7] Greeley R. et al. (1982) Satellites of Jupi-
ter, 340-378. [8] Senft L. E. and Stewart S. T. (2011) Icarus, 
214, 67-81. [9] Elder C. M. et al. (2012) Icarus, 221, 831-
843. [10] Schultz P. H. (1988) Mercury, 274-335. [11] Mil-
ton D. J. (1972) Science, 175, 1199-1207. [12] Garner K. M. 
L. and Barlow N. G. (2012) 43rd LPSC, Abstract #1256. [13] 
Maine A. et al. (2015), 46th LPSC, Abstract #2944. [14] 
Kagy H. M. and Barlow N. G. (2008) 39th LPSC, Abstract 
#1166. [15] Tornabene L. L. et al. (2012) Icarus, 220, 348-
368. [16] Boyce J. M. et al (2012) Icarus, 221, 262-275.

Formation Model
Observations consistent with Model 

Predictions
Observations inconsistent with Model 

Predictions

Central Peak Collapse [5, 
6]

Structural analysis in pit rim reveals evidence 
of uplift followed by collapse to form the pit.

Only see a transition from central peaks in 
smaller craters to central pits in larger craters
for icy bodies.

Central pits are more common in weaker crustal 
materials and pit Dp/Dc is smaller than a peak 
Dpk/Dc for floor pits.

Vapor Release [3]
Gas produced during excavation stage has to 
be retained until modification stage
Do not see "ejecta" blocks exterior to pit.
There is impact melt inside pit which would 
be destroyed by this mechanism

Layered Targets [7]
Does not require subsurface volatiles but their 
presence would enhance layer weakness

Expect to see a terrain dependence in distribu-
tion of central pit craters

Both floor pits and summit pits can be pro-
duced in same locations

Melt Drainage [6, 8, 9]
Only craters in certain size range will have 
central pits due to impact energy considerations

Only works for bodies with volatiles and can-
not explain central pit craters on bodies with 
volatile-poor crusts. Does not explain pres-
ence and structure of pit rim.

Melt Contact [4]

Do not see "ejecta" blocks exterior to pit.
There is impact melt inside pit which would 
be destroyed by this mechanism
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MARTIAN B STORM GENESIS AND EVOLUTION: INITIAL ANALYSIS OF THERMAL DATASETS.  
C. M. L. Batterson1,2, M. A. Kahre2, A. F. C. Bridger1, and R. J. Wilson2. 1SJSU Department of Meteorology, 
Duncan Hall 614, courtney.batterson@sjsu.edu, alison.bridger@sjsu.edu, 2NASA Ames Research Center, Moffett 
Field, CA, melinda.a.kahre@nasa.gov, robert.j.wilson@nasa.gov  

 
Introduction:  Dust lifting on Mars likely occurs 

primarily as a result of the exchange of momentum 
between the atmosphere and the surface via saltation. 
During saltation, sand-sized particles are mobilized 
but do not enter into suspension.  When these larger 
particles fall back to the surface, kinetic energy is 
transferred to smaller dust particles which are then 
lofted into suspension in the atmosphere.  Depending 
on the altitude to which dust is lofted, it can have a 
significant effect on atmospheric temperatures. As a 
strong absorber and emitter in the infrared, dust can 
influence atmospheric heating and modify the global 
circulation and weather on Mars [1,2]. 

Although dust is present in Mars’ atmosphere 
throughout the year, the atmosphere is generally dust-
ier during the second half of the year when Mars is 
near perihelion.  Observations reveal that episodic 
global-scale dust storms and fairly regular regional-
scale dust storms are superimposed on a well-defined 
and highly repeatable seasonal cycle of dust opacity 
and associated mid-level atmospheric temperature 
responses.  Kass et al. (2016) used 50 Pa temperature 
observations from MRO/MCS to identify three highly 
repeatable time periods during which regional dust 
storms occur, and designated them the “A”, “B” and 
“C” storms.  While “A” and “C” storms have been 
studied a fair amount to-date, “B” storms have not yet 
been investigated in detail.  

This study explores the generation and evolution 
of the annually recurring regional dust storm known 
as the “B” storm, which was identified and catego-
rized by Kass et al. (2016) based on 25 km (50 Pa) 
temperature observations. The B storm is a southern-
hemisphere (SH) phenomenon that originates at the 
cap edge just after perihelion and which reaches peak 
intensity during the SH summer solstice, Ls 270. It 
may originate from the cap edge storms that spawn 
near the edge of the seasonal CO2 cap during retreat, 
but the mechanisms for B storm genesis have yet to be 
determined definitively [1].  

 
Methods:  We will use observational data sets 

and a global climate model (GCM) to investigate 
“B” regional storms.  The data analysis compo-
nent will include the analysis of imagery from 
MGS/MOC and MRO/MARCI, and spectroscop-
ic data sets of dust and temperatures from 

MGS/TES and MRO/MCS with the goal of fully 
characterizing the behavior of these storms. 

Both MGS and TES provide data well-suited for 
temperature analysis at 25 km. MCS measures atmos-
pheric temperature, dust extinction, and water ice 
extinction at 5 km intervals from the surface to about 
80 km.  TES measured atmospheric temperatures, 
column dust and water ice opacities, and column wa-
ter vapor abundances. Measurements made by TES 
extended from the surface to about 40 km [1].  

At the 50 Pa (25 km) level, local dust events usu-
ally confined to shallower depths are effectively fil-
tered out of the analysis leaving the regional dust 
events identifiable by their temperature signatures [1]. 
Our preliminary analysis makes use of the fact that 
the brightness temperature at 15 microns (T15 tem-
perature) is a close approximation to observed tem-
perature at 25 km. We first reproduce the zonal mean 
50 Pa level temperature plots for MY 29-32 to estab-
lish a baseline for our procedures moving forward [1]. 
Expanding on Kass et al. (2016), we include recent 
MCS data from MY 33 and 34 as well. 

 
Preliminary Analysis:  The daytime (3PM) T15 

temperatures in Figure 1 indicate: in MY 29, a strong 
A storm at Ls 240, a B storm at high southern lati-
tudes just after Ls 270, and a C storm at Ls 320; in 
MY 30, a B storm at Ls 270; in MY 31 & MY 32, a B 
storm just before Ls 270; in MY 33, a B storm at Ls 
270; and in MY 34, a strong A storm in the northern 
hemisphere at Ls 210, and a B storm around Ls 270 
although there is a data gap. For the B storms, each is 
indicative of lofted dust and resultant warming.  

The daytime temperature structure illustrates that 
the B storm occurs annually around Ls 270 and is 
confined to high southern latitudes. It reaches its peak 
intensity around SH summer solstice, Ls 270, consist-
ently for all six MY assessed. 

Since direct solar heating is absent overnight, the 
nighttime T15 temperatures (Figure 2) are often use-
ful for differentiating the heat signature of direct solar 
heating from the dynamical response to that heating. 
However, in the southern polar latitudes at perihelion 
the sun does not set and direct solar heating remains 
present throughout the night. Importantly for our 
study, dust lofted in the B storm experiences this di-
rect heating day and night for the entirety of its life-
time.  
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The B storm expands as far north as -60 latitude 
and decays in latitudinal extent more gradually than it 
grows. This feature is less obvious in the nighttime 
(3AM) T15 temperatures (Figure 2).  

The temperature signal is stronger at night for MY 
30-33. The warm pool is larger in area relative to the 
background at night in these four cases. This more 
uniform warming masks the “tail” feature somewhat, 
such that it is barely noticeable during these years.  

Unfortunately, gaps in MCS data in MY 29 and 34 
prevent confirmation of the tail feature during those 
years, however, the B storm temperature signature 
follows a very different pattern than that described for 
MY 30-33. MY 29 and 34 appear to show smaller 
centers of warming at night and larger centers of 
warming during the day. This is in opposition to that 
previously described for MY 30-33. 

 

 
Figure 1.  3PM zonally averaged T15 temperatures 
at 50 Pa between Ls 180-360 for Mars Years 29 
through 34. 

 

 
Figure 2.  Same as Figure 1 but for 3AM. 

 
Conclusions and Future Work:  We will contin-

ue investigating the heat signatures of B storms by 

looking at the total column heating as recorded by 
TES. We will also look at lower altitudes for patterns 
that may describe the relationship between B storms 
and the cap edge storms that develop while the sea-
sonal cap is retreating. In the future, we will use GCM 
simulations to determine the atmospheric and thermo-
dynamic conditions associated with these storms. 

 
References: [1] Kass D. M., Kleinbohl A., 

McCleese D. J., Schofield J. T. and Smith M. D. 
(2016) Geophs. Res. Letters, 43, 6111–6118. 
[2] Wang, H. and Richardson, M. I. (2015). Icarus, 
251, 112-127. [3] Heavens N. G. et al. (2011). J. Ge-
ophys. Res., 116. 
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MODELING GROUNDWATER FLOW TO GALE IN A WARMING CLIMATE.  Mark Baum1 and Robin 
Wordsworth1,2, 1Department of Earth and Planetary Sciences, Harvard University (markbaum@g.harvard.edu), 
2School of Engineering and Applied Sciences, Harvard University (rwordsworth@seas.harvard.edu). 

 
 
Introduction:  Orbiter and rover data have re-

vealed a long and complex hydrological history in Gale 
Crater, constraining the climate history of Mars [1]. At 
least three separate lake stands have been identified 
from satellite imagery of deltas and other features in 
the crater, thought to have formed between ~3.6 Ga 
and ~3.4 Ga [2]. These lakes were likely part of a sus-
tained hydrological cycle and were sourced by an 
evolving balance of local surface water, regional sur-
face water, and subsurface flow. Individual lake stands 
are thought to have formed over tens of thousands to 
hundreds of thousands of years. The intermittency, 
relatively brief persistence, and apparently sudden ini-
tiation/cessation of these lake sustaining periods ap-
pears compatible with a primarily cold climate punctu-
ated by geologically brief periods of hydrological ac-
tivity. 

Groundwater flow to Gale Crater during lake-
sustaining periods is not well constrained, but it may 
have been significant. As noted by many, Gale’s deep 
crater floor and location directly at the base of the hem-
ispheric dichotomy make it a likely destination for 
topographically driven groundwater. Modeling of inte-
grated regional hydrology surrounding Gale in a 
steady, warm climate indicates that a semiarid scenario 
matches lake levels and that subsurface flow accounts 
for roughly 40 % of the water flux to Gale [3]. 

However, based on the observations, an unsteady 
climate with wide-ranging surface temperatures needs 
further exploration. Climate transience would impact 
all components of the hydrological cycle, but the 
groundwater response to changing climate is not well 
accounted for and the long timescales of groundwater 
flow and heat propagation through the crust could 
make the subsurface a relatively stable water source. 
Understanding this source is a crucial part of inferring 
past climates from ancient lake deposits at Gale. 

Model: We model groundwater flow to Gale in a 
warming climate over a wide range of physical parame-
ters. The model is as simple as possible while capturing 
the effect of the regional topography at Gale (Figure 1), 
depth dependent hydraulic properties, and a downward 
thawing aquifer. Specifically, the heat equation is 
solved in the vertical dimension, determining the depth 
of the freezing point (273 K in the model). The Bous-
sinesq (vertically averaged) groundwater equation is 
solved in one horizontal dimension for the water table 
elevation, where the freezing point determines the bot-

tom of the mobile groundwater zone and the surface is 
represented by idealized/averaged Gale topography. 

Porosity and permeability decrease exponentially 
with depth in our model. Although the hydraulic prop-
erties of the Martian crust are not known, roughly ex-
ponential profiles are common in Earth’s crust [4] and 
agree with seismic study of the Moon’s near-surface 
[5]. Given the enormous uncertainty, we test a wide 
range of surface values and decay lengths for the expo-
nential profiles. The temperature dependence of wa-
ter’s viscosity is included in the model. A range of 
thermal conductivities representative of water saturated 
basalt are used. The geothermal heat flux is set to 30 
mW/m2. This value is not well constrained but has very 
little bearing on the results. 

 

 
Figure 1: Idealized topography used for modeling. Grey dots 
show a cross-section of MOLA topography running north 
into Gale. The orange line shows model topography, generat-
ed by a series of fits. 
 

Starting with a water-saturated crust, a cold surface 
temperature (220 K), and an equilibrium crustal tem-
perature profile (a geotherm), the surface is rapidly 
warmed to 285 K over tens of years and the water table 
evolves over 5000 yr. As the freezing point propagates 
downward, the mobile thickness of the crustal aquifer 
increases, liberating an increasing section of the satu-
rated zone for flow. Groundwater converging at the 
center of Gale pushes the water table to the surface. 
We assume all water breaching the surface is removed 
from the subsurface. In reality, upwelling groundwater 
may have pooled or fed an existing lake, but we mainly 
consider the early period of lake formation when lake 
levels are low enough not to significantly affect the 
hydraulic gradient. To establish a baseline set of re-
sults, recharge is zero throughout the model domain. 

Results: First, we examine sensitivity to the princi-
ple physical parameters in the model. The permeability 
is, perhaps unsurprisingly, the dominant control on 
groundwater flow. However, the volume flux of water 
is mostly insensitive to surface porosity in the range 
0.05 to 0.2. This is because the rate of water table rise 

6187.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



is inversely proportional to porosity but the volume of 
water breaching the surface is proportional to it, so the 
surface porosity cancels. The decay lengths of the ex-
ponential permeability and porosity profiles have only 
very small impacts on the total water flux (Figure 2) 
because the freezing point migrates only 100-200 m 
below the surface after thousands of years. The mod-
eled decay lengths are larger than 1 km, so the shal-
lowest 200 m are similar in porosity and permeability. 

 
Figure 2: Water volume flux (area flux for 1D model) to 
Gale for a factor of 2 difference the exponential decay length 
of the porosity ( n) and the exponential decay length of the 
permeability ( k), holding all other parameters constant. 
These lengths have very little impact. 
 

Next, we make an assessment of the time required 
to generate significant groundwater flow in a warming 
climate. Figure 4 shows the volume flux to Gale for a 
wide range of surface permeability values and a factor 
of 2 difference in the thermal conductivity. The highest 
permeability generates maximum flow in about 100 
years, a climatically short interval. Lower permeability 
leads to a slower increase in the water flow, but the 
flow rate plateaus within one or two thousand years for 
the whole range, a meaningfully short timescale in the 
context of the estimated 10,000-100,000 year lake-
sustaining periods. In all cases, thermal conductivity 
has only a marginal effect. 

 
Figure 3: Water volume flux (area flux for 1D model) for a 
wide range of surface permeabilities (k0) and a factor of 2 
difference in thermal conductivity ( ). All other parameters 
are held constant. The conductivity has a small effect, but the 
permeability dominates. 

 
Figure 4: Water volume flux (area flux for 1D model) to 
Gale for a range of surface permeabilities (k0) with a steady, 
warm crust and with a cold crust warmed rapidly at the sur-
face. Warm starts began with a surface temperature of 285 K 
and cold starts with 220 K. 

 
Finally, we compare the rapidly warming scenario 

to a steadily warm scenario where a full 8 km of the 
crust is available for flow. Figure 3 shows the volume 
flux to Gale for a range of permeabilities and 
cold/warm initial surface temperatures. As expected, 
the difference is greatest during the initial warming. 
After several thousand years, the difference between 
warm and cold starts is one or two orders of magnitude.   

 
Further Work: These results demonstrate that 

permeability is unquestionably the dominant parameter, 
provide a rough timescale for groundwater flow to 
Gale in a warming climate, and begin comparing 
warming climates to steadily warm ones. However, the 
results must be considered in the context of lake stabil-
ity. In particular, we will assess the circumstances un-
der which these volume fluxes could be a meaningful 
fraction of lake water influx for a range of evaporation 
rates, surface water fluxes, and recharge rates. 

 
References: [1] J. P. Grotzinger et al. (2015) Sci-

ence, 350. [2] M. C. Palucis et al. (2016) JGR, 121, 
472-496. [3] D. G. Horvath and J. C. Andrews-Hanna 
(2017) GRL, 44, 8196-8204. [4] D. Demming (1954) 
Introduction to Hydrogeology. [5] S. M. Clifford 
(1993) JGR, 98, 10973-11016. 
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WHY MARS SAMPLE RETURN IS OF INCREASINGLY COMPELLING INTEREST TO THE 
INTERNATIONAL MARS EXPLORATION COMMUNITY.  D. W. Beaty1, S. Vijendran2, M. A. Meyer3, E. 
Sefton-Nash2, B. L. Carrier1, Chad Edwards1, M. M. Grady4, H. Y. McSween5, T. Kumaraswamy2. 1Jet Propulsion 
Laboratory, California Institute of Technology, Pasadena, CA, 2European Space Agency, 3NASA Headquarters 4Open 
University, UK, 5University of Tennessee, Knoxville, TN. 
 

Introduction. The transport to Earth of samples 
from Mars was first proposed within NASA’s space sci-
ence program in the 1970s.  Since then it has progres-
sively gained support from the international Mars ex-
ploration community. 

Technical. There have been developments in sev-
eral areas surrounding Mars Sample Return (MSR) con-
cept studies that have changed within the past decade or 
so that have caused interest toincrease: 

1. Advances in the study of martian meteorites.  
Although the number of martian meteorites has 
now grown to over 100, it has become apparent 
that meteorite studies have several limitations 
including limited sampling of rock types (i.e., 
fluvial, lacustrine, aeolian, granular, hydrother-
mal, and pyroclastic materials have NOT been 
sampled as meteorites), lack of geological con-
text, biased sampling of rock ages, and the al-
teration that can occur via the ejection processes 
themselves. 

2. New mission results from Mars.  Fabulous new 
results have been obtained by the in-situ explo-
ration program (of particular note, MSL and the 
expected results to come from ExoMars).  
These results have served to emphasize the ad-
ditional value that would come from narrowing 
the spatial focus, and widening the diversity of 
instrumentation, both of which would happen 
by means of making Mars samples available to 
terrestrial laboratories. Discoveries in the past 
decade have increased our understanding of po-
tential habitable environments on Mars through 
time, including the presence of hydrothermal 
and silica deposits by MER and the detection of 
organics in the near sub-surface by MSL. These 
discoveries also raise new questions which can 
best be addressed by returning samples to ter-
restrial laboratories for more in-depth grain-by-
grain analysis. 

3. Planning for human exploration.  We have a 
greatly improved understanding of the ways in 
which the risks, performance, and cost of put-
ting humans on Mars can be improved by ac-
quiring advance information—especially sam-
ple-related information. 

4. Astrobiology.  Although the search for extra-
terrestrial life has been key driver of Mars ex-
plorationwe now have a much better under-
standing of the potential for preservation in the 
geologic record, the evolution of Mars on a 

planetary basis, and (by means of the study of 
biochemistry on Earth) the details of biological 
processes. This allows for far more effective 
search strategies. In order to carry out coordi-
nated investigations for multiple categories of 
potential biosignatures we need to be able to 
bring multiple instruments and sample prepara-
tion techniques to bear, and this can only be 
done effectively in terrestrial laboratories 

5. Instrument developments.  We are seeing un-
precedented improvements in our collective 
ability to prepare and analyze very small sam-
ples in Earth laboratories.  Highly visible exam-
ples are the work on Hayabusa asteroid samples 
(JAXA) and the Stardust comet samples 
(NASA). 

6. Engineering developments. Over the past dec-
ade there have been substantial improvements 
in the cability of the world’s space agencies to 
acquire and preserve samples (most notably, the 
M-2020 sampling system), the development of 
the Mars Ascent Vehicle concept, and critical 
progress in breaking the chain of contact. 

 
As recently summarized at the technical conclusion of 
the 2018 2nd International MSR Conference,  
The scientific exploration of Mars and the search for extra-
terrestrial life have advanced to the point that the return of 
samples from Mars is more important than ever to enable the 
next big discoveries in Mars exploration. Capitalising on 
major engineering progress in recent years by the world’s 
space agencies and industries, we are technically ready to 
start the development of the flight missions associated with 
retrieving the samples. In parallel, planning for the potential 
receipt and evaluation of the samples has started, and should 
accelerate, as well as for the processes associated with mak-
ing the samples available to the world’s science community. 
Given the nature and scope of the notional Mars Sample Re-
turn campaign, we expect that engaging the public early and 
keeping them involved throughout will be a particularly im-
portant component of this effort. We have the opportunity 
and the motivation to make the Mars Sample Return cam-
paign an international endeavour and a reality for all hu-
mankind. 

References: [1] iMOST (International MSR Objec-
tives and Samples Team:  co-chairs: D. W. Beaty, M. 
M. Grady, H. Y. McSween, E. Sefton-Nash; documen-
tarian: B. L. Carrier; team members: F. Altieri, Y. Ame-
lin, E. Ammannito, M. Anand, L. G. Benning, J. L. 
Bishop, L. E. Borg, D. Boucher, J. R. Brucato, H. Buse-
mann, K. A. Campbell, A. D. Czaja, V. Debaille, D. J. 
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Des Marais, M. Dixon, B. L. Ehlmann, J. D. Farmer, D. 
C. Fernandez-Remolar, J. Filiberto, J. Fogarty, D. P. 
Glavin, Y. S. Goreva, L. J. Hallis, A. D. Harrington, E. 
M. Hausrath, C. D. K. Herd, B. Horgan, M. Humayun, 
T. Kleine, J. Kleinhenz, R. Mackelprang, N. Mangold, 
L. E. Mayhew, J. T. McCoy, F. M. McCubbin, S. M. 
McLennan, D. E. Moser, F. Moynier, J. F. Mustard, P. 
B. Niles, G. G. Ori, F. Raulin, P. Rettberg, M. A. 
Rucker, N. Schmitz, S. P. Schwenzer, M. A. Sephton, 
R. Shaheen, Z. D. Sharp, D. L. Shuster, S. Siljestrom, 
C. L. Smith, J. A. Spry, A. Steele, T. D. Swindle, I. L. 
ten Kate, N. J. Tosca, T. Usui, M. J. Van Kranendonk, 
M. Wadhwa, B. P. Weiss, S. C. Werner, F. Westall, R. 
M. Wheeler, J. Zipfel, and M. P. Zorzano) (2019), The 
Potential Science and Engineering Value of Samples 
Delivered to Earth by Mars Sample Return, Meteoritics 
& Planetary Science, vol. 54 (3), p. 667-671 (executive 
summary only), https://doi.org/10.1111/maps.13232; 
open access web link to full report (Meteoritics & Plan-
etary Science, vol. 54, S3-S152): 
https://doi.org/10.1111/maps.13242. 

 
Disclaimer: The decision to implement Mars Sam-

ple Return will not be finalized until NASA’s comple-
tion of the National Environmental Policy Act (NEPA) 
process. This document is being made available for in-
formation purposes only. 
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Introduction: The South Polar Layered Deposits 
(SPLD) of Mars are kms-thick stratified deposits of ice 
and dust, whose internal structure can be observed 
remotely through troughs that dissect their volume. 
Oscillations in Mars’ astronomical parameters, which 
directly affect insolation and thus climate, are believed 
to be responsible for the layered accumulation of the 
PLD [1]. One of the main objectives of Mars polar 
science is to attempt to connect patterns in the bed 
structure to patterns in these oscillations, in order to 
“read” the Martian climate record [2]. Many 
observations and models of the North PLD support this 
theory of orbital forcing [2–7]. However, the SPLD 
(Fig. 1) appear to be orders of magnitude older than the 
NPLD [8,9], and the southern strata are thicker, darker, 
and more eroded than in the north [10–12]. In addition, 
Mars’ orbital solutions become chaotic before 20 Ma 
[13], near the SPLD surface age, hindering the prospect 
for age dating the SPLD. Here, we measure periodicities 
in SPLD bedding exposures and compare them to the 
characteristic frequencies of Mars’ insolation to test for 
astronomical forcing. We use Digital Terrain Models 
(DTMs) of SPLD outcrops made from stereo images 
taken by the HiRISE [14], along with the first DTM of 
the SPLD produced by TGO’s CaSSIS [15]. We 
investigate discrepancies in the signals that may 
discriminate between different epochs of accumulation, 
and estimate accumulation rates. In addition, we 
compare the detected signals and stratigraphic profiles 
of the SPLD to those of the NPLD, to investigate the 
relationship between orbitally forced accumulation in 
Mars’ polar caps. 

Data and Methods: Our dataset (Fig. 1a) is 15 
HiRISE DTMs (e.g. Fig. 1b,c, [16]) and 1 CaSSIS DTM 
(Fig. 1d) of exposed SPLD beds. The CaSSIS stereo 
image pair was taken within the same orbit of TGO [15], 
and the DTM was produced using the 3DPD pipeline 
[17]. The stratigraphic analysis was performed on linear 
profiles of depth-varying bed properties, or “virtual ice 
cores” of the SPLD. We extracted profiles of bed 
protrusion within a 350m window, a proxy for 
resistance to erosion [18]. For both, five profiles ~10 m 
apart along-strike are averaged to minimize noise. An 
example profile is shown in Fig. 2a. 

We searched for periodicities in the profiles using 
wavelet analysis [19]. The depth-varying wavelet power 
spectrum (WPS, Fig. 2a) reveals dominant forcing 
wavelengths in the profile, and their depth-dependence. 
To ensure statistical significance, we required the 
detected wavelengths have higher power than 95% of 
10000 red noise background simulations (Fig. 2a; 

[6,19]). We also required they be valid for at least 5 
times the wavelength value, and for at least 20% of the 
depth of the total extracted profile. This ensures true 
periodicity in sections of stratigraphy of at least 50 m in 
the smallest profile. We could test for orbital forcing by 
comparing the ratio of pairs of wavelengths measured in 
the stratigraphic profile with the ratio of forcing 
frequencies in Mars’ insolation function [6,13]. 

To search for correlations between different 
geographic and stratigraphic locations, we used 
Dynamic Time Warping (DTW), a signal-matching 
algorithm previously used to compare profiles of real 
and simulated stratigraphy in the NPLD [18,20]. DTW 
tunes a stratigraphic profile to search for the optimal 
match between it and another profile that is kept fixed. 
We also used DTW to compare our SPLD profiles to the 
NPLD profiles of [6] and [18]. 

Results: We grouped the study sites based on their 
stratigraphic and geographic location (Fig. 1a): 
Promethei Lingula (PL), Ultima Lingula (UL), Australe 
Scopuli (AS), and Australe Mensa (AM). In addition to 
searching for signals of orbital forcing, we tested 
whether each of these groups represented a separate 
climate record.  

     Thirteen out of the sixteen sites (81%) display 
dominant wavelengths in their protrusion profiles that 
meet our significance criteria, and nine (56%) have 
overlapping wavelength pairs, and thus an identifiable 
climate signal. In the AM group, S11 is the only site that 
qualifies, with wavelengths of 37m and 20 m for a ratio 
of RM = 1.85±0.48. The AS group has two “valid” 
profiles, with an average long wavelength of 16m and a 
short of 9m, for a ratio of RS = 1.78±0.35.  

The sites in PL and UL sample similar elevations in 
the SPLD and have similar average wavelengths and 
ratios, both Lingulae are stratigraphically and 
morphologically similar regions of the SPLD, and past 
work has implied that they constitute one stratigraphic 
unit [11,22]. We thus combined PL and UL into one 
group (PUL), with average dominant wavelengths of 
35±3 m and 16±2 m, and a ratio RPU = 2.19±0.33. 

DTW analysis showed that UL profiles match well 
with each other and with PL profiles. Other groups do 
not display strong correlations with each other. Using 
DTW to compare the 16 SPLD profiles with previously 
extracted NPLD profiles [6], UL profiles again achieved 
better matches than do other groups. This suggests that 
the most consistent and ordered record is in UL, in 
agreement with radar results that find more neatly 
stacked beds in UL and PL compared to other locations 

6273.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



[22], and supports the PUL representing one separate 
epoch of accumulation [11,21,22]. 

Discussion: A positive detection of pairs of 
stratigraphic periodicities allows a comparison between 
their ratio and that of the insolation periods, which 
permits an estimate of limits on the accumulation time 
of the different SPLD units. These are presented in Fig. 
2b, where the long wavelength is tied to the 120 kyr 
period, and the short to the 51 kyr period. For the PUL, 
the accumulation rate derived from the 35 m and 16 m 
wavelengths is 0.29–0.31 mm/yr. The wavelengths of 
16 m and 9 m observed in the AS profiles imply a 
decrease in accumulation rate to 0.13–0.18 mm/yr, and 
the AM wavelengths of 20 and 37 m signify an increase 
back to 0.31–0.39 mm/yr. 

Assuming a constant, geographically uniform 
accumulation rate, and no long periods of net ablation, 
order-of-magnitude estimates on the accumulation time 
for the SPLD can be made. If we assume the fastest 
accumulation rate of 0.39 mm/yr – that of AM – to be 
valid for the whole SPLD stack, it would have taken 
~9.7 Myrs to accumulate the 3.8 km [23] of SPLD 
material. If we consider the slowest accumulation rate 
of 0.13 mm/yr – that of AS – then the time would have 
been ~28.5 Myrs. A more detailed estimation of 
accumulation times for each unit can be calculated by 
using prior thickness estimates [11,22,23] and the 
absolute elevations in the DTMs. The PUL group 
exposures are located in a region of the SPLD between 
0.5 and 2 km thick [11]. In AS, this thickness is 2.5–3.0 
km. Based on the elevation ranges of our profiles 
compared with the radar-based thickness measurements 
of [23], we infer that the AS unit must span at least ~500 
m, and if up to 2 km of material corresponds to the PUL, 
then 0.5–1 km must correspond to AS. The profiles in 
AM are located in the thickest part of the SPLD, with a 
maximum thickness of 3.8 km. Therefore, 0.8–1.3 km 
of material could correspond to the AM record and 
overlie the PUL and AS groups. In Fig. 2b, we show the 
minimum estimated accumulation time case in which 
AS is 0.5 km thick and AM is 1.3 km thick. With these 
numbers, the 2km stack of the PUL would have 
accumulated in 6.4–6.9 Myr; the 0.5 km of AS would 
have been deposited in 2.8–3.9 Myrs, and the 1.3 km in 
AM in 3.4–4.2 Myrs. These times combine to give a 

total accumulation time for the entire SPLD between 
12.6 Myrs and 15 Myrs.  

Conclusions: Statistically significant signals of 
climate forcing are present in the SPLD, from which 
accumulation times independent of crater ages can be 
calculated. These indicate at least three periods of 
accumulation separated by increases in deposition rate, 
but probably forced by the same oscillations. UL 
contains the most consistent record and is thus probably 
the best place to continue paleoclimate analysis. This 
happens to be ideal for CaSSIS, given that the 74º 
inclination of the orbit of TGO provides abundant 
observation opportunities of bedding outcrops here [24].  

References: [1] Murray et al. Science, 1973. [2] Smith et 
al. Icarus, 2017. [3] Laskar et al. Nature, 2002. [4] Milkovich 
& Head, JGR, 2005. [5] Levrard et al. JGR, 2007. [6] Becerra 
et al. GRL 2017. [7] Hvidberg et al. Icarus, 2012. [8] 
Herkenhoff et al. Icarus, 2000. [9] Koutnik et al. JGR, 2002. 
[10] Byrne & Ivanov, JGR, 2004. [11] Milkovich & Plaut, 
JGR, 2008. [12] Limaye et al. JGR, 2012. [13] Laskar et al. 
Icarus, 2004. [14] McEwen et al. JGR, 2007. [15] Thomas et 
al. Space Sci. Rev., 2017. [16] Kirk et al. JGR, 2008. [17] 
Simioni et al. ISPRS, 2017 [18] Becerra et al. JGR, 2016. [19] 
Torrence & Compo, Bull. Am. Met. Soc., 1998. [20] Sori et al. 
Icarus, 2016. [21] Whitten et al. GRL, 2017. [22] Whitten et 
al. JGR, 2018. [23] Plaut et al. Science, 2007. [24] Becerra et 
al. EPSC, 2019. [25] Smith et al. Science, 2016. 
 

  
Fig. 1. (a) Map of the SPLD with the study site locations and 
their grouping. Basemap is a coloured elevation map from 
Mars Orbiter Laser Altimeter (MOLA) data. (b) HiRISE 
coloured relief view of DTM of site S5. In (b), (c), (d), and (e) 
black lines trace the ground track of the extracted profiles. (c) 
HiRISE orthoimage of site S5 displaying the exposed bedding. 
(d) Coloured relief view of CaSSIS DTM. (e) CaSSIS full 
colour image composed of the RED, PAN and BLU filters. 
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The Martian subsurface is of enormous interest for 
astrobiology, geochemistry, climatology, and In Situ 
Resource Utilization (ISRU) objectives, which cannot 
be addressed with surface missions alone. Specifically, 
subsurface data are needed to continue the search for 
extinct of extant life started by the Viking landers more 
than forty years ago and to prepare for human explora-
tion. If Mars ever had life, whether it emerged on or 
below the surface, then as the atmosphere thinned and 
global temperatures dropped[1], life may have fol-
lowed the groundwater table to progressively greater 
depths where stable liquid water could persist. At such 
depths, life could have been sustained by hydrothermal 
activity and rock-water reactions. Hence, the subsur-
face likely represents the longest-lived habitable envi-
ronment on Mars. Moreover, while the preservation of 
ancient molecular biosignatures on Mars is debated, the 
consensus is that detection at depths greater than a few 
meters is favored because of the shielding from harm-
ful radiation [e.g., 2, 3] and the possibility to preserve 
water/ice resources.  

On one hand, if Mars hosts extant life, then the 
most likely place to find evidence of it may well be at 
depths of a few hundred meters to many kilometers, 
where groundwater may persist depending on local 
geothermal gradient [e.g., 4, 5]. On the other hand, we 
also face today the need to determine the presence and 
accessibility of resources for potential use (ISRU) and 
hazards to human health within the Martian subsurface, 
as part of the process of planning future human mis-
sions to the Red Planet. 

The need to explore the Martian subsurface for as-
trobiology/science and resource purposes, with the 
support of national space agencies, academia, and the 
commercial sector has motivated a Keck Institute of 
Space Studies workshop titled “MarsX: Mars Subsur-
face Exploration for Life and Resources”, held Feb. 
12-16, 2018 in Pasadena, CA, with participants from 
NASA, JPL, ESA, SpaceX, Schlumberger, Honeybee 
Robotics, and various universities and research insti-
tutes. It also lead to a recent community-driven publi-
cation in Nature Astronomy [6] presenting the technol-
ogy that would enable Mars subsurface exploration in 
the next decade. We specifically find that Mars subsur-
face missions can today capitalize on recent technological 
achievements for sounding, drilling, cave exploration, and 
in situ sample analysis, on progress in our scientific 3D 
understanding of the Martian subsurface, and on com-
mercial and small spacecraft opportunities. Here, we will 
present these opportunities and discuss the scientific ra-
tionale for ‘going deep’ on Mars. 

Orbiters, landers and rovers, especially the two 
MERs and Curiosity, have delivered data that have revo-
lutionized our understanding of ancient Martian surface 
environments. Those data support a rich history of 
groundwater flow and a diverse, and from the surface 
very different, world hiding beneath the oxidized surficial 
regolith. InSight and future missions like the ExoMars 
and Mars 2020 rovers will aim to extend our knowledge 
of ancient habitable surface environments, to produce 
unprecedented data on global large-scale interior proper-
ties, and to inform us about the very shallow Martian 
regolithic subsurface. However, questions, in particular 
about whether there ever was or is still life on Mars, how 
the Martian climate changed over long periods of time, 
whether there still is liquid water and whether there are 
enough accessible resources for an extended human pres-
ence, will remain unanswered until we start to ‘go deep-
er’. ‘Going deep’ and using Mars as a testbed for subsur-
face exploration was recognized as a critical step when 
searching for life by the National Academy of Sciences 
Committee on the Strategy for the Search for Life in the 
Universe [7]. 

‘Going deep on Mars’ is an interdisciplinary project 
that calls for expertise from the whole Mars community. 
It does not only bridge astrobiology, polar sciences, cli-
mate, surface geology, geochemistry, spectroscopy, geo-
physics and ISRU, but it builds on existing technologies 
and scientific expertise that are part of current and future 
missions like Curiosity, InSight, Mars 2020, ExoMars and 
the present orbiters around Mars. Moreover, Mars subsur-
face exploration deeply connects planetary sciences with 
the human exploration program, linking the search for 
usable resources and hazards to the quest for signs of past 
and especially present life, ices and liquid water. The 
emerging capabilities of Mars subsurface science and 
exploration technology in combination with the commer-
cial space market have positioned the Martian under-
ground as the next great frontier of human endeavors. As 
such, implementing a bold program of Martian subsurface 
exploration — with a focus on extant and extinct life, 
ISRU and past climate — would serve as an ideal central 
focus for NASA’s next Planetary Decadal Survey. 
References: [1] Jakosky, B. M. et al., (2017), Science 
355, 1408–1410. [2] Kminek, G., and J. Bada, (2006), 
EPSL, 245(1-2), 1-5. [3] Pavlov et al., (2016), LPSC, 
Abstract 2577. [4] Clifford, S. M., et al., (2010), JGR, 
115(E7). [5] Grimm, R.E. et al., (2017) J. Geophys. 
Res. Planets, 122, 94–109. [6] Stamenković et al. 
(2019), Nature Astronomy 3, 
https://www.nature.com/articles/s41550-018-0676-9.     
[7] National Academies of Sciences, Engineering, and 
Medicine An Astrobiology Strategy for the Search for 
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Life in the Universe (The National Academies Press, 
Washington, DC, 2018).  
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Introduction: Understanding the geologic process-

es that shape planetary surfaces is a major goal in plan-
etary science. From steep to more gentle slopes on ter-
restrial bodies, side walls of impact craters show exten-
sive rugged topography with rocky alcoves, and some 
with bedrock chutes, gullies and downslope debris ta-
lus cones ([1,2]). Such channelized bedrock gully sys-
tems resemble water-shaped landforms on Earth, which 
require fluvial or debris flow processes and hence the 
presence of a fluid [6-11]. Dry granular flow (i.e., 
rockfall material on talus sediment) is thought to be 
only effective on slopes exceeding the angle of repose 
>30° for most natural material, which is the mean slope 
of fresh Martian gullies [2]. Dry hillslope processes are 
typically thought to be diffusive, smoothing topography 
rather than incising chutes and gullies [13]. However 
degrading crater walls, like of Endeavour crater on 
Mars, shows extensive rocky cliffs, alcoves and chutes, 
despite prevailing dry hillslope, impact and eolian pro-
cesses. Similar non-diffusive landforms exist on the 
Moon (albeit on slopes of 40°; [3,14]). Here we ex-
plore whether dry granular flows can produce rocky 
alcoves and chutes, rather than diffusive landforms, 
due to bedrock erosion from the process dynamics of 
rockfall. 

Our hypothesis builds from the observation that for 
boulders that are relatively large compared to the un-
derlying surface roughness, granular friction angles can 
be far smaller than the typical 30 - 40° angle of repose, 
allowing boulder transport at lower slopes [15]. The 
lower friction angle occurs because large boulders can 
easily roll over a relatively smooth bedrock surface, 
whereas the angle of repose is a more appropriate met-
ric for boulders rolling over boulders of equal size, like 
in a talus slope. Boulder transport is also enabled by 
initial momentum due to rockfall from a vertical or 
very steep cliff. Finally, we propose that boulder 
transport pathways can be guided by bedrock topogra-
phy, such that bedrock erosion due to rockfall and 
boulder runout may create a topographic trough that 
focuses future rockfall. This morphodynamic feedback 
might then lead to formation of a bedrock chute or gul-
ly. To test this hypothesis, we present preliminary re-
sults from numerical modeling, laboratory experiments 
and application of the model to Endeavour crater. 

Methods: Laboratory Experiment. A 4 m long and 
0.7 m wide tilting flume was filled with smooth, homo-
geneous polyurethane foam, acting as a substitute for 

bedrock (scalable by its tensile strength [16]). Dry 
gravel was sourced from the top accounting for initial 
rockfall momentum, and tracked from above and the 
side by high-speed cameras. The foam surface evolu-
tion was surveyed by repeat vertical laser scanning and 
high-resolution structure from motion. Particle imaging 
velocimetry (PIV) from the cameras and sub-mm 
change detection on the foam surface delivered statis-
tics on particle trajectories (hop dimension, velocities, 
angles) and impact erosion along the flume.  

Rockfall erosion model. Based on a field-data cali-
brated sediment routing model that treats grain impact 
momentum loss by a modified Coulomb friction law 
[15], we developed a discrete D16 cellular grain salta-
tion trajectory model, which is coupled with volumetric 
grain impact erosion [1777]. Particle trajectories are 
influenced by bedrock roughness and emerging topog-
raphy, and are probabilistic routed by a weighted 
downslope gradient [15]. The rockfall erosion model 
was compared to the experimental results and applied 
to rocky crater walls on Mars. 

Endeavour crater gully modelling: Marathon Val-
ley and Perseverance Valley are two low-sloping, 
rocky chutes on the west rim of Endeavour crater, that 
have been visited by the MER Opportunity rover 
[18,13,19]. Both have low gradient valley floors (at 18° 
and 15°), are tens to a few hundred meters wide, more 
than 100m long, and are surrounded by bedrock cliffs. 
At the resolution of HiRISE DEMs, the valley floors 
are relatively smooth, but there are scattered large 
boulders several meters in diameter [13]. We simulated 
grain transport and erosion over the 1m DEM surfaces 
[20] with rockfall sourced from their surrounding 
cliffs, and various grain sizes and fall heights based on 
estimated local fracture densities and boulder sizes. 

Results: Initial flume runs with angular granitic 
gravel (1.9cm) over an initially planar bedrock slope of 
35° sculpted both an upper alcove-like structure and a 
downslope coalescence of chutes (Figure 1A). Tests 
with larger, but rounded 3 cm andesite gravel revealed 
possible transport even down to slopes of 20° (Fig-
ure 1B). With increasing slope impact energy in-
creased, but so did particle hop lengths, which de-
creased the impact rate. Thus, average local erosion 
rate reached a maximum for slopes near the angle of 
repose. 

The erosion model was calibrated by the measured 
trajectories statistics from PIV and the mean impact 
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erosivity from change detection. The model is able to 
reproduce the evolved flume topographies including 
different grain entrance configurations (e.g., the dis-
crete sourcing in Figure 1A). 

Perseverance Valley has a topographic notch at its 
crater rim entrance, which we speculate could have 
been the source for rockfall. In this scenario, the miss-
ing rock from the notch would have delivered a rock-
fall volume of 27,500 m3. Here we evaluate whether 
that volume of rockfall would have been capable of 
carving Perseverance Valley downslope, which is a  
low relief (< 50 cm) chute with a volume of about 
1,700 m3 (170 m x 20 m x 0.5 m). Modelling rockfall 
of 1 m boulders from a 2-m high cliff and using weak 
and strong rock scenarios resulted in a mean runout of 
half the valley length and 0.1 – 4 cm of erosion aver-
aged over the valley area (Figure 2). These erosion 
amounts are lower than the observed relief of the valley 
(~ 0.5 m), but our model is conservative because it 
assumes rock is not fractured, and that fracturing only 
occurs by boulder impacts during the abrasion process. 
Fractured breccia that composes the crater walls likely 
would produce greater amounts of erosion by rockfall 
impacts. The low relative roughness (0.15 m surface 
roughness compared to 1 m boulder size in our model) 
caused a lower sensitivity to boulder size than to initial 
drop height, and showed that boulders can easily over-
come small ridges along their pathway (Figure 2).  

Conclusions: Rockfall-driven bedrock erosion is a 
so-far unrecognized actor of rocky slope erosion and 
channelization, and a potential sustainer of the rugged 
topography during degradation of crater walls. Our 

experiment and model results show that erosive boul-
der transport over smooth and shallow-angled bedrock 
slopes is possible even far below the angle of repose. 
More erodible bedrock and focused rockfall sources 
allow topographic steering of boulders to create self-
formed channels, even in the absence of a fluid. The 
rugged cliffs and chutes on the walls of Endeavour 
crater are potentially shaped and maintained by this 
process. Ongoing work on the rockfall erosion process 
will assess process sensitivities, importance of boulder 
cover, interaction with diffusive hillslope processes, 
and application of rockfall modeling to Mars and the 
Moon. 
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Figure 1: (A) foam erosion pattern on the large flume at 35°
after discrete sourcing of 280kg 1.9cm angular grains, (B)
calculated erosivity (erosion volume along flume) for vary-
ing flume slopes and constant feeding of 2.3cm grains. 

Figure 2: Simulation of inner valley erosion in Perseverance
Valley by given rockfall from the upper cliff notch. Shown is
cumulated vertical cell change for two assumed bedrock
strengths (A) Sandstone, and (B) Basalt. The white lines
show the valley area (based on watershed algorithm account-
ing for flow accumulation from topographic steering), the
pink rectangle enclose the assumed inner valley, and the
circle on top indicate the rockfall source from the notch. 
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TOWARDS A BIOMANUFACTURING-DRIVEN REFERENCE MISSION ARCHITECTURE FOR 
LONG-TERM HUMAN MARS EXPLORATION.  A. J. Berliner1,2 (aaron.berliner@berkeley.edu), G. 
Makrygiorgos1,3, M. Mirkovic1,4, A. A. Menezes1,5, A. Mesbah1,3, A. P. Arkin1,2,6 

1. Center for the Utilization of Biological Engineering in Space (CUBES) 
2. Department of Bioengineering, University of California, Berkeley, CA 94720, USA 
3. Department of Chemical and Biomolecular Engineering, University of California, Berkeley, CA 94720, USA 
4. Department of Electrical Engineering and Computer Sciences, University of California, Berkeley, CA 94720, USA 
5. Department of Mechanical and Aerospace Engineering, University of Florida, Gainesville, FL 32611 
6. Environmental Genomics and Systems Biology Division, Lawrence Berkeley National Laboratory, One Cyclotron Road, Berkeley, 

94720, CA, USA 
 
Introduction: Despite a myriad of national space 

agencies, industrial partners, university laboratories, 
and policy groups preparing for human exploration of 
the Martian surface, there remains a need for a single 
reference mission architecture (RMA) that models and 
captures the vast design parameter space, and hence the 
complexities, of a Mars human exploration operation.  

The available literature often focuses on shorter-
term, opposition-class exploration missions of 
approximately 30 days of surface operations, instead of 
the more probable, longer-term, conjunction-class 
exploration missions of approximately 500 days of 
surface operations. A critical aspect of these longer 
duration missions is determining the food, medicine, 
and materials that are necessary to support a crew over 
the specified lengthy time-period [1-8]. 

 

 
Figure 1 

Methods: Current mission requirements specify 
agricultural, pharmaceutical, and materials products to 
support such a mission. We propose that a 
biomanufacturing approach to providing these 
necessities can be achieved with vastly reduced mission 
cost by efficient use of in situ resources and efficient 
recycling.  

Results: We provide a model-driven reference 
mission architecture that calculates the parametric 
constraints on and tradeoffs among these bioprocesses 
such that they meet or exceed mission need and are 
engineered to minimize the risk of failure under 
different crew and landing site scenarios.  The high-
level components of this model are shown in Figure 1.  

We determine the savings in equivalent system 
mass [1] between carrying necessary end-products from 
Earth to Mars compared to different manufacturing and 
biomanufacturing processes on-planet. For the latter 
scenario, we include recycled waste that leads to 
mission strategies with the greatest efficiencies. Our 
proposed, detailed RMA and accompanying model for 
efficient biomanufacturing provides a logistical 
roadmap for on-planet support of a manned Mars 
mission. 

References: [1] M. S. Anderson, M. K. Ewert, and 
J. F. Keener, “Life support baseline values and 
assumptions document,” 2018. [2] A. A. Menezes, M. 
G. Montague, J. Cumbers, J. A. Hogan, and A. P. 
Arkin, “Grand challenges in space synthetic biology,” 
J. R. Soc. Interface, vol. 12, no. 113, 2015. [3] E. 
Musk, “Making Humans a Multi-Planetary Species,” 
New Sp., vol. 5, no. 2, pp. 46–61, 2017. [4] A. A. 
Menezes, J. Cumbers, J. A. Hogan, and A. P. Arkin, 
Towards synthetic biological approaches to resource 
utilization on space missions, vol. 12, no. 102. The 
Royal Society, 2015. [5] D. Rapp, Human Missions to 
Mars. Springer, 2007. [6] K. R. Sridhar, J. E. Finn, and 
M. H. Kliss, “In-situ resource utilization technologies 
for Mars life support systems,” Adv. Sp. Res., vol. 25, 
no. 2, pp. 249–255, 2000. B. G. Drake, S. J. Hoffman, 
and D. W. Beaty, “Human exploration of Mars, design 
reference architecture 5.0,” in Aerospace Conference, 
2010 IEEE, 2010, pp. 1–24. [8] G. Sanders, “In Situ 
Resource Utilization on Mars-Update from DRA 5.0 
Study,” in 48th AIAA Aerospace Sciences Meeting 
Including the New Horizons Forum and Aerospace 
Exposition, 2010, p. 799. 

 

Cargo

Cargo

Cargo

Earth

Plant

Cargo

Cargo

Mars

Plant

Cargo

Cargo

Plant

Rover

Hab

Cargo

Mars
Ice Depot

Regolith

Cargo

Sunlight

Atmosphere

Reactors

Crew

Storage

Recyclers

Hab

Crew

Storage

Rover

6261.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



SEARCHING FOR BIOSIGNATURES ON MARS: EXPERIMENTAL PERSPECTIVES.  S. Bernard1, J.C. 
Viennet1,2, P. Jacquemot1,2, C. Le Guillou3, E. Balan1, L. Delbes1, B. Rigaud4, T. Georgelin5, M. Jaber2, 1IMPMC, 
Muséum National d’Histoire Naturelle, Sorbonne Université, CNRS, Paris, France (sbernard@mnhn.fr), 2LAMS, 
Sorbonne Université, CNRS, Paris, France, 3UMET, Université de Lille, CNRS, Villeneuve-d’Ascq, France, SIMPC, 
Sorbonne Université, Paris, France, 5CBM, CNRS, Orléans, France. 

 
 
Introduction:  Life may have existed on Mars. 

Pursuing previous successful missions having visited 
the red planet, upcoming exploration of Mars aims at 
identifying potential biosignatures [1], with organic 
carbon obviously constituting the grail to be sought 
after [2-3]. Paradoxically, and despite the continuous 
UV irradiation of the surface [4], organic remains of 
ancient life should be better preserved in ancient rocks 
on Mars than on Earth: because Mars has no evidence 
of active plate tectonics [5], its subsurface has acted as 
a giant freezer since the Noachian (3.7 Ga) [6].  

 
Yet, even sporadic, volcanic events or crater-

forming impacts have likely generated transitory hy-
drothermal systems, altering the subsurface [7-8]. As a 
corollary, a better mechanistic understanding of the 
impact of hydrothermal alteration processes on organic 
biogeochemical signals is of uttermost importance for 
conducting the future search for organic biosignatures 
on Mars with any reasonable degree of confidence. 

 
The ExoMars and Mars2020 missions will explore 

the subsurface of Martian ancient terrains (>3.7 Ga) 
covered by clay minerals [1]. Because of their high 
‘organic preservation potential’ [9], the presence of 
clay minerals at landing sites is believed to maximize 
the chances of detecting diagnostic organic molecules. 
Nevertheless, little is known regarding the interactions 
between clay minerals and (biogenic or abiotic) organ-
ic compounds under hydrothermal conditions. 

 
Methodology:  We experimentally submitted RNA 

(i.e. the emblematic bioactive organic molecule) to 
hydrothermal conditions (at 200°C in pure bi-distilled 
water for 7 days) in equilibrium with a CO2 atmos-
phere (to simulate Noachian Martian atmosphere [10]) 
in the presence of Mg-smectites (i.e. one of the most 
widespread clay mineral present on Mars and on the 
future landing sites [1,9]) We conducted additional 
experiments under the same conditions with RNA in 
the absence of Mg-smectites and with Mg-smectites in 
the absence of RNA to serve as controls. The water-
insoluble experimental residues were characterized at a 
multiple length scale using X-ray diffraction and ad-
vanced microscopy and spectroscopy tools. 

 

Results:  The crystal structure of the Mg-smectites 
did not suffer significant transformation during the 
experiments, but XRD data are consistent with the 
presence of organic compounds within their interlayer 
spaces. XANES data reveal that the organic com-
pounds associated to smectites mainly contain saturat-
ed aliphatic (288 eV) and amide groups (288.2 eV), as 
well as aromatic and/or olefinic carbons (285 eV) and 
ketone and/or phenol groups (287.2 eV) (Fig. 1).  

 
In addition, experimental residues also contain 

some rare organic masses displaying peaks of carbox-
ylic groups (288.5 eV) and conjugated cycles and/or O- 
or N-heterocycles (285.5 eV), as well as some even 
rarer aromatic particles displaying peaks of conjugated 
aromatic cycles (285.3 eV) and conjugated cycles 
and/or O- or N-heterocycles (285.5 eV) (Fig. 1). 

 

 
Figure 1: STXM-based XANES spectra of organic 
compounds encountered in the experimental residues. 
The spectrum of RNA is shown for comparison. 
 

STEM investigations show that the organo-mineral 
experimental residues are highly heterogeneous. In 
addition to organic-rich Mg-smectites, the residues 
contain (Mg,Ca,Al)-phosphates, Ca-carbonates, as well 
particles of amorphous SiO2 (Fig. 2).  
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Figure 2: A. STEM image of the residues of experiments. B-
C. Maps of minerals and organic compounds. 

 

Discussion:  The formation of the observed mineral 
assemblage can be easily explained. Under hydrother-
mal conditions, the dissolution the Mg-smectites to-
gether with the interlayer cationic exchange release Al, 
Mg and Ca in the system. Ca-carbonates then precipi-
tate, the carbon source being either RNA degradation 
products or the CO2 rich atmosphere.  

 
Meanwhile, the phosphate mono-ester groups of 

RNA underwent hydrolysis, leading to the precipitation 
of Al-, Ca- and Mg-phosphates. In parallel, N-rich ali-
phatic organic compounds produced by the degradation 
of RNA are trapped mainly in the interlayer spaces of 
the remaining Mg-smectites as a result of cationic ex-
change (the NH3

+ groups of these organic compounds 
replacing the initial Ca2+ cations in the interlayer spac-
es of the Mg-smectites). 

 
Implications: The present experimental results are 

of major importance for the upcoming exploration of 
Mars. Although the trapped organic molecules do not 
carry any information on the chemical structure of 
RNA anymore, these experimental results demonstrate 
that clay minerals can efficiently trap organic carbon 
under hydrothermal conditions which likely prevailed 
in Martian subsurface, confirming the pertinence of 
digging for organic carbon in Martian subsurface.  

 
As shown here, the hydrothermal degradation of 

(N,P)-rich organic molecules leads to the precipitation 
of a quite uncommon mineral assemblage comprising 
submicrometric (Al,Mg,Ca)-phosphates and Ca-
carbonates together with amorphous silica and clay-
organic complexes. Such assemblage may be stable 
under Martian subsurface conditions and may thus 
stand for long periods on Mars. Martian targets exhibit-
ing this mineral assemblage will thus constitute highly 
relevant candidates for sample return as they may result 
from the hydrothermal degradation of (N,P)-rich organ-
ic molecules potentially of biogenic origin. 

 
References: [1] Vago J.L. et al. (2017) Astrobiolo-

gy, 17, 471-510. [2] Westall F. et al. (2015) Astrobiol-
ogy, 15, 998-1029. [3] MacMahon S. et al. (2018), 
JGR Planets, 123, 1012-1040. [4] Fornaro T. et al. 
(2018), Life, 8, 56. [5] Breuer D. & Spohn T. (2003), 
JGR Planets, 108, 5072. [6] Bibring J.P. et al. (2005), 
Science, 307, 1576-1581. [7] Schwenzer S.P. & Kring 
D.A. (2009), Geology, 37, 1091-1094. [8] Osinski 
G.R. et al. (2013), Icarus, 224, 347-363. [9] Ehlmann 
B.L. et al. (2008), Nat. Geo., 1, 355. [10] Wordsworth 
R.D. (2016), Ann. Rev. Earth Planet. Sci., 44, 381-408. 
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SIMULATION OF THE 2018 GLOBAL DUST STORM ON MARS USING THE NASA AMES MARS 
GCM: A MULTI-TRACER APPROACH.  T. Bertrand1 , and R. J. Wilson1 and M. A. Kahre1, 1 NASA Ames 
Research Center, Moffett Field, CA 94035, USA (tanguy.bertrand@nasa.gov). 

 
 
Introduction: Global dust storms (GDS) on Mars 

are the largest spatial-scale dust lifting events and rep-
resent one of the most puzzling phenomena of the Mars 
dust cycle. The most recent of these events, the 
2018/MY34 GDS, was observed by several instru-
ments, including the Mars Color Imager (MARCI) on-
board Mars Reconnaissance Orbiter (MRO), which 
produced daily global maps of Mars during this period 
[1], and by the Mars Climate Sounder (MCS) which 
produced profiles of temperature and aerosol. Although 
the 2018/MY34 GDS was monitored by these instru-
ments, many fundamental issues remain unsolved re-
garding its evolution and the sources of dust lifting 
(and more generally the evolution of the present-day 
dust cycle on Mars), which calls for modeling efforts of 
the dust storm. In particular: What controls and trig-
gers the onset of GDS or other regional storms? Why 
and by which mechanisms do they stop expanding? 
Where and how is dust lifted and transported in the 
atmosphere? 

 
In order to provide new insights on these questions, we 
model the 2018/MY34 GDS with the NASA Ames 
Mars GCM (MGCM). The MGCM now employs the 
NOAA/GFDL cubed-sphere finite-volume dynamical 
core with the Legacy MGCM physics implemented as 
described in [2]. We make use of the available gridded 
MCS opacity maps of the MY34 GDS [3] to aid in 
identifying lifting centers and accounting for 3-D dust 
transport. We perform an analysis of the dust sources, 
sinks, and transport and discuss the results by 
comparing with the available observations.  

Additionally, we use a multi-tracer approach [4], 
which is a promising method recently developed for the 
MGCM that allows for the exploration of a large 
number of scenarios for dust lifting and transport. 

The multi-tracer approach: Recently, the dust cycle 
in the MGCM has been fitted with a multi-tracer 
capability. The following updates have been made:  

(1) Multiple and simultaneous aerosol size 
distributions have been implemented, including dust 
bins AND two-moments populations. Both schemes 
and each population have their own set of parameters, 
but only one selected population is radiatively active.  

(2) Multiple and simultaneous parameterizations 
for dust lifting have been implemented, including 
assimilated dust (following a prescribed dust scenario) 
AND non-assimilated dust (dust is lifted following 
equations describing convective and wind stress lifting 
processes [5-7]). The application of these dust lifting 
schemes is very flexible and can be applied differently 
for each tracer population.  

(3) The tagging method has been implemented. This 
method “tags” or “labels” dust according to a chosen 
criterion (e.g. location / local time / type of lifting, 
amplitude of the dust source or wind stress, reached 
altitude, etc.), and enables us to keep track of the 
labeled dust during the entire simulation. Each dust tag 
is transported by the model as a tracer and behaves like 
the dust tracer they follow but remains completely 
passive and does not alter the predictions.  

Modeling the 2018/MY34 GDS: In the model, dust is 
lifted off the surface and transported by model winds. 
The amplitude of the dust source is calculated so that 
the model tracks observed dust column opacities, taken 
from the daily gridded 9.3 μm absorption maps 
constructed by [3][8], with a recent update (v3-2_beta) 
derived from special MCS v3.2 retrievals (dust 
scenario). 

 

Figure 1. Evolution of the global mean column dust 
VIS opacity in the GCM and in the dust scenario. 

We will present our best-case simulation of the global 
dust storm, analyze the sources and sinks of dust and 
compare with available observations (e.g., dust 
opacities from absorption maps and 15 μm brightness 
temperatures (depth-weighted at ~30 Pa) as seen by 
MCS. Note that a companion abstract focuses on the 
analysis of the surface pressure record observed by the 
MSL Curiosity in Gale crater during the dust storm and 
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the comparison of this dataset with GCM results [9]. 
We will also highlight the discrepancies between the 
observations and the model results.  

Discussion and further analysis of the storm using 
the multi-tracer approach: As some discrepancies in 
temperatures and opacities are obtained between model 
results and observations, we investigate how to 
improve the realism of the GDS simulation. First, we 
apply changes to the prescribed dust scenario by 
removing the predictions of opacities leading to an 
extreme and unrealistic dust lifting. Second, we prevent 
dust lifting in the simulation at the location where we 
think no dust is available (e.g. high thermal inertia 
terrains). 

We investigate further how limited dust reservoirs and 
surface wind stress control the onset and evolution of 
the storm. Indeed, during the decay phase of the GDS, 
our simulations show that surface stress still increases 
at many locations, because it is mostly driven by the 
Hadley cell return branch circulation. This suggests 
that negative feedbacks, such as limited dust reservoirs, 
take place to limit dust lifting during this period and 
trigger the decay phase.  

To do this, we derive a multi-tracer simulation from the 
reference assimilated dust simulation. The analysis of 
sources and sinks of dust in the reference simulation 
helps to define the spatial evolution and strength of the 
source regions that appear to be necessary to capture 
the observed life cycle of the dust storm. We use this 
source scenario as a basis for injecting dust in the 
model using parameterizations of dust devils and wind 
stress in order to derive/detect a reasonable description 
of how the dust lifting evolved during the storm, and 
how atmospheric transport shaped the dust field and so 
influenced the thermal structure. We also consider how 
parameterized lifting (stress, with finite availability of 
dust) account for the life cycle of dust lifting.  

Acknowledgements: T. B. is supported for this 
research by an appointment to the National Aeronautics 
and Space Administration (NASA) Post-doctoral 
Program at the Ames Research Center administered by 
Universities Space Research Association (USRA) 
through a contract with NASA. The estimated column 
dust opacities (v5.3) were provided by the MCS team.  
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RAMAN SPECTROSCOPY FOR MARS EXPLORATION: INSIGHTS FROM NWA7533 MARTIAN 
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M. Gauthier1, S. Pont1, V. Sautter1, S. Bernard1, J.C. Boulliard1, R. Hewins1, O. Gasnault2, S. Maurice2. 1IMPMC, CNRS, Sor-
bonne Université, MNHN, Paris, France, (Olivier.Beyssac@upmc.fr), 2IRAP, OMP, Toulouse, France. 

 
 
Introduction:  Raman spectroscopy is an im-

portant technique of the scientific payload onboard 
NASA Mars2020 and ESA ExoMars rovers with vari-
ous instrumental designs and scientific strategies. 
Mars2020 Sherloc instrument is a deep UV Raman and 
fluorescence instrument optimized to detect organics in 
situ at the near contact with the rock target [1], 
Mars2020 SuperCam instrument is a remote multi-tool 
instrumental suite including a time-resolved (TR) Ra-
man and luminescence instrument [2] and ExoMars 
RLS is a continuous-wave (CW) Raman microscope 
working on powder after drilling and grinding [3]. On 
Mars, Raman is expected to detect and identify possi-
ble organics as well as to characterize mineral structure 
and provide chemical information whenever possible. 
In addition, TR luminescence may provide crucial de-
tection for some trace elements like REE in minerals. 

Here we combine and compare CW and TR Raman 
and luminescence spectroscopy to investigate diverse 
minerals in various sections of NWA7533 Martian 
regolith breccia [4-6] and on reference minerals and/or 
rocks relevant to Jezero crater, the landing site of the 
Mars2020 rover . In NWA 7533, we put particular 
emphasis on phosphates which are important markers 
of volatiles composition during magma evolution or 
alteration, and other accessory mineral phases present 
in the mineral matrix. For Jezero, we present Raman 
data for a large series of minerals detected from orbital 
IR spectroscopy [7] . In particular, we document the 
Raman signature of a large series of carbonates includ-
ing polymorphs and variously hydrated Mg-carbonates 
as they may be present in the targeted olivine-
carbonate unit of the landing site and could provide 
key environmental information on fluid-rock interac-
tions.  

Methodology:  Polished uncoated sections of 
NWA7533 and a series of reference minerals and rocks 
(raw or saw) were selected. These minerals were first 
characterized by X-ray diffraction and their chemistry 
was analyzed when necessary: some of them are not 
completely pure and exhibit traces of other mineral 
phases and/or organic matter. Raman measurements 
were carried out at IMPMC (Paris, France) using a 
homemade time-resolved Raman/luminescence in-
strument with both microscopic and remote macro-
scopic analysis working at 532 nm. This instrument 
can be operated in a SuperCam-like configuration in 
terms of irradiance (in the range 1010-1011 W. m-2) and 

data collection (ICCD gating of 100 ns, spectral resolu-
tion of Ca. 10 cm-1). All samples were also analyzed 
using a CW Raman microspectrometer (Renishaw In-
Via, excitation 532 or 785 nm) in a configuration close 
to the ExoMars RLS instrument. When needed, Raman 
micro-mapping was performed to decipher microtex-
tural information between mineral phases (not imple-
mented on instruments going to Mars). To complete 
the dataset and make the link with orbital and future 
SuperCam IR data, diffuse reflectance IR spectra were 
obtained by using a Nicollet 6700 in the range 1.3-2.6 
μm on some samples. 

 
Some insights from NWA 7533 Martian breccia: 

Figure 1 depicts a Raman image of a phosphate grain 
with a merrillite core and an apatite rim in NWA7533.  

 

Figure 1: Raman image of a phosphate grain in 
NWA7533 and corresponding Raman spectra. The 
core is composed by merrillite and the rim by apatite. 

 
Such microtexture has been observed in other sec-

tions of this meteorite and suggests that apatite is sec-
ondary after merrillite. Interestingly, except detection 
of this merrillite/apatite assemblage, all Raman data 
are remarkably homogeneous within the various 
NWA7533 sections, in agreement with existing litera-
ture: pure apatite is detected (constant position at 960 

6176.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



cm-1 of the νPO4 mode) with low or no water detected 
(chlorapatite as confirmed by EMP analysis). Only TR 
luminescence data suggest diverse REE patterns 
among the phosphate grains that will be discussed 
combined with microtextural observation. Major (oli-
vine, pyroxenes, plagioclases...) and minor mineral 
(zircon, Fe-oxides...) and organic phases are docu-
mented by Raman and discussed in light of existing 
literature. 

 
Raman spectroscopy for Jezero mineralogy: 

Mars2020 rover will land at Jezero crater and will like-
ly further explore the region around the crater towards 
the Midway ellipse. During its trip, the rover will trav-
erse a wide diversity of lithologies and mineralogy [8] 
including mafic rocks, detrital rocks in the delta origi-
nating from geologically diverse sources, 
mafic/igneous rocks with various degrees of hydro-
thermal alteration (in particular the olivine-carbonate 
unit). Not only the Raman instruments onboard the 
rover are expected to identify minerals complementing 
chemical information from LIBS and PIXL, but Ra-
man is powerful to investigate structure, possible hy-
dration and even chemistry for these minerals. Howev-
er, analysis on Mars will be challenged by many pa-
rameters like dust, raw and rough surfaces, grain size 
compared to spot size, complex mineralogical assem-
blages likely including luminescent phases... that can 
be tested in the laboratory. Such tests were performed 
and main conclusions and recommendations will be 
presented. 

To go further in terms of Science, we present Ra-
man data for carbonates which are expected at various 
places at Jezero. Carbonates are actually key players in 
the Martian carbon cycle and they may constitute a 
rocky shallow carbon reservoir which has likely inter-
acted with the Martian atmosphere through time [9]. 
Carbonates are also tracers of shallow or deeper fluid-
rock interactions (hydrothermalism) identified on Mars 
[10], in particular around Jezero. Last but not least, one 
of the main objectives of the Mars 2020 mission is the 
identification of past or present life on Mars. Car-
bonates being frequently formed by biological pro-
cesses on Earth in lacustrine environments possibly 
similar to Jezero, they are also excellent candidates to 
trace Life on Mars surface. A series of reference car-
bonate minerals were analyzed including Ca-, Fe-, Mn- 
and (hydro)Mg-carbonates and some compositions in 
between. Figure 2 depicts Raman spectra for a series of 
hydrated Mg-carbonates obtained with (i) convention-
nal CW configuration and (ii) our TR Raman instru-
ment in SuperCam configuration. Monocrystals of pure 
endmembers (e.g. calcite, aragonite, magnesite, sider-

ite, rhodocrosite) are rather easy to analyze and yield 
high-quality Raman spectra for both configurations. In 
contrast,  all fine-grained carbonates and most (hydro-) 
Mg carbonates analyzed with the CW mode were char-
acterized by an intense background often masking the 
Raman peaks. Alternatively, using the TR instrument 
and closing the ICCD gate around the laser pulse al-
lows us to significantly decrease this background and 
in most cases to retrieve high quality Raman spectra 
even when these minerals are dispersed in rocks.  We 
will briefly discuss some environmental implications 
of the presence of these phases in particular for fluid-
rock interactions. 

 
Figure 2: Raman spectra for various (hydrated or not) 
Mg-carbonates acquired in CW (green) and TR (red) 
Raman at 532 nm. Note that the strong background 
present in the CW spectra and masking the Raman 
signal can be removed with time-resolution. Note that 
lattice vibrations (<400 cm-1) and internal modes (e.g. 
νCO3 at ca. 1085-1090 cm-1) are easily observed in TR 
spectra and that the presence of OH or H2O in the 
structure generates bands in the range 3000-4000 cm-1.   
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MARS EVOLUTION AND HABITABILITY: THE EVOLUTION OF PARADIGMS.  J-P. Bibring, J. Carter 
and F. Poulet, IAS, Bâtiment 121, 91405 Orsay Campus, France, bibring@ias.u-psud.fr. 

 
 
Introduction:  Following the identification of 

hematite by TES on board the NASA MGS mission 
[1] as first witness of  ancient chemical aqueous altera-
tion at Mars, the discovery of aqueously formed min-
erals by OMEGA/Mars Express (MEx) [2,3] further 
refined by CRISM/MRO [4]  and that of sulfates by 
Opportunity [5], have triggered a profound revisiting 
of Mars History based on mineralogy [6]. An ancient 
era during which liquid water was likely stable at the 
surface or within its sub-surface was exhibited, within 
sites having preserved these records, identified, char-
acterized and located. Noticeably, they were spread 
over the ancient cratered terrains, rather than within 
the reddish areas once considered having been oxi-
dized by liquid water. A critical paradigm was being 
challenged.  

The potential for Mars to have hosted habitable 
conditions was reactivated in a profoundly revisited 
frame; the possibility to search for witnesses through 
in-depth in situ characterization drove the objectives of 
the Mars missions launched afterwards. These mis-
sions, together with the still operating MEx and MRO, 
have drastically enlarged the scope of the alteration 
history of Mars: a wide diversity of altered phases has 
been identified, translating the evolution of Mars envi-
ronment along the first billion years. A number of key 
steps have been identified, among which a global cli-
matic change, with the associated escape of most 
greenhouse gases, and transients aqueous episodes of 
various levels, accounting for some of the diversity of 
altered minerals identified.  

With Mars evolution profoundly revisited, funda-
mental paradigms are being challenged, which a spe-
cial emphasis on those related to the question of the 
“emergence” of life on Earth, at Mars and beyond; 
with a direct outcome on an even more critical one: at 
what scale, in time and space, is Earth unique ? 
 

Genericities and contingencies: The search for 
records of Mars habitability translates the long stand-
ing belief that life emergence is a generic step in cos-
mic evolution, provided a number of conditions are 
met, with the presence of long standing bodies of liq-
uid water a prerequisite. The discovery, primarily 
through that of phyllosilicates,  that ancient Mars envi-
ronment might have harbored liquid water has thus be 
seminal. However, a key outcome of the solar system 
exploration is the degree of diversity which character-
izes the solar system bodies, as does the identification 
and characterization of exoplanets and stellar systems, 

both wholly unexpectedly. The deciphering of the 
complex sequence of processes that has driven their 
evolution advocates for a totally distinct view, empha-
sizing the key role of contingency to account for the 
diversity revealed. 

As examples, the very specific migration of Jupiter 
and Saturn, while the protoplanetary disk was still pre-
sent, is now viewed as having played a major role in 
shaping the distinct planet evolutionary pathways, as 
did the subsequent giant impacts, each with its specific 
parameters. Beyond the formation of the Moon with its 
major effects on Earth climate evolution, the Moon 
forming impact influenced a number of other key ef-
fects, including the formation of oceans, and the de-
gree of hydration of the outer layers which in turn 
shaped the very specific plate tectonics. Planet migra-
tion and giant impacts are thus exemplary of generic 
processes, operating at a large scale in space, but with 
highly specific – contingent – forms which may well 
constitute the actual drivers of the diversity of evolu-
tion.  

Similarly, multiple contingencies paved the chemi-
cal evolution of C-rich compounds which ended up in 
“living species”, from the collapse of the dense proto-
solar cloud, the collisional and turbulent building of 
cometary-like bodies irradiated by the young Sun, the 
potential immersion of some of them in terrestrial wa-
ter, at specific temperature, pH, content in cations and 
other catalyzers, which define the Earth early habita-
bility; beyond the sole presence of water.  

Until recently, all these steps were viewed as ge-
neric, essentially similar from one site to the next, ac-
counting for the “plurality of worlds” which dominat-
ed one’s vision of cosmic evolution over centuries. 
With contingency now taking over genericity, these 
paradigms are presently being violently shacked, with 
an urgent need for observational validation; Mars ex-
ploration is central, and the upcoming missions at its 
epicenter.   

 
New addresses: from global processes to local 

habitats:  To which extent can the processes that led 
to “enabling long lasting standing bodies” of water 
with specific properties, on Earth in its ancient past, 
thus further hosting the chemical evolution towards 
living structures, have taken place at Mars? On Earth, 
the specific Moon-forming giant impact is likely to 
have played a key role in the formation of stable 
oceans. In contradiction to the “last veneer” input of 
volatiles, it seems, most water and organics were likely 
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brought within the inner solar system during the turbu-
lent early dynamics, from comet-like and/or asteroid-
like bodies, during the proto-planet accretion. The sub-
sequent giant impact, given its properties (relative 
mass ratio, geometry, etc…) triggered a global magma 
ocean, the cooling of which would have raised water in 
part to the surface, where the thermodynamic condi-
tions, shaped by the impact, favored the stability of 
liquid water. Under such scenario, the initial organics 
trapped in the bulk were in part transformed and dif-
fused as atmospheric CO2. At Mars, both surface and 
global properties favor a scenario in which the largest 
impact, given its contingent properties, would have 
driven distinct effects - notwithstanding other contin-
gent events. In such a scenario, the moons which po-
tentially formed would be much less massive, with no 
obliquity stabilization effects. The impact triggered 
magma ocean would be limited to the outer layers, and 
the rise of both water and CO2 much reduced: most of 
the initial inputs would still be stored deep inside 
Mars, and never show-up at the surface. This could 
account for both a limited and highly specific water 
history and a tenuous CO2 atmosphere.  

However, the discovery of pervasive Martian 
Fe/Mg phyllosilicates which formed at a planetary 
scale, over tens to hundreds meter in depth, advocates 
for ancient surface or subsurface standing water; it 
may have been seeded as on Earth with similar contin-
gently-formed organics from exogenous input. Was 
Mars environment, along its ancient past, at least local-
ly in time/space, sufficiently similar to the Earth habit-
able one to enable the chemical evolution of these ex-
ogenous organics towards enabling structures similar 
to those which initiated the terrestrial living tree?  

 
New paradigms, new missions: The vast onset of 

data acquired now, both remotely and in situ, offers to 
scrutinize and constrain the evolution of Mars envi-
ronment over its first billion years, with a special focus 
on the potential for Mars to have harbored “habitable” 
conditions at given steps.  

Specifically, the huge diversity of altered minerals 
identified at Mars surface, in hundreds of thousands 
spots [7], when placed within their geomorphological 
context, translates the time-evolution of Mars History, 
so as to challenge the potential coupling of increased 
diversity and enhanced habitability.  

We shall present, review and discuss most of the 
findings of relevance, as a contribution of the upcom-
ing Mars missions: NASA/Mars 2020, ESA/ExoMars, 
China/HX1, JAXA/MMX, MSR and followers... 

Specific outcomes will be to identify favored evo-
lutionary steps with respect to Mars having harbored 

habitable environments, and to specify types of bio-
relics potentially preserved and detectable.  
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SALTY RESIDUES ON MARS MARK CHANGING GEOCHEMICAL ENVIRONMENTS.    J. L. Bishop1,  
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Introduction:  Remote characterization of unique 

salty outcrops on Mars using CRISM, HiRISE and 
HRSC imagery indicate geochemical transitions from 
sedimentary phyllosilicate beds to evaporative, acidic, 
or hydrothermal environments. We have identified 
these salty residues using a spectral “doublet” feature 
near 2.21-2.23 and 2.26-2.28 µm at multiple locations 
including Mawrth Vallis, Noctis Labyrinthus, Melas 
Chasma, and Ius Chasma. This study builds on previous 
analyses [1-8] to characterize the band centers and rela-
tive band depths of the “doublet” signatures in the de-
posits that were difficult to resolve in the past, using 
new image calibration [9,10] and processing techniques 
[11]. All occurrences of these “doublet” materials are 
associated with phyllosilicates and sulfates, and indicate 
changes in pH, salt levels, and/or water/rock ratio.  

 
Figure 1.  View of multiple mineral horizons at Mawrth Vallis. 
a) HRSC oblique view, 5x vertical, featuring phyllosilicate- 
and sulfate-bearing outcrops in CRISM false-color data with 
allophane (green), Al-clays (blue),“doublet” unit (yellow), 
and nontronite in (red),  b) CRISM false-color data overlain 
on HiRISE for region in yellow box in (a).  

Methods and Data: Recently developed MTRDR 
images [9] were evaluated that contain joined spectra 
across the 0.4-3.9 µm range and improved spectral qual-
ity due to enhanced flat field and other corrections. 
Spectral parameters [12] were used to map individual 
mineral units in complex outcrops in CRISM scenes and 
overlay these on CTX imagery and HRSC DTMs using 
ArcGIS [4] as in Fig. 1. 

We are also using CRISM images prepared with a 
new algorithm developed by Itoh and Parente [10] for 
simultaneous atmospheric correction and denoising. Im-
ages calibrated using this new method remove most of 
the residual of the atmospheric correction from the vol-
cano scan method, as well as spurious noise that masks 
surface spectral signatures in the 1.0-2.6 µm spectral 
range. Spectra of selected “doublet” units at Mawrth 
Vallis were analyzed from images calibrated with both 
methods to ensure consistency (Fig. 2).  

 
Figure 2.  Selected CRISM spectra illustrating variations in 
“doublet” type units for 5 sites across the Mawrth Vallis re-
gion (yellow, Fig. 1), compared with the more common Al-rich 
smectite (blue, Fig. 1) and Fe-rich smectite (red, Fig. 1) spec-
tra (data from multiple CRISM images).  

We are processing images identified by our team 
having this “doublet” feature with a new feature extract-
ing algorithm [11] based on Generative Adversarial 
Networks (GANs). This method is highly effective at 
identifying locations of the “doublet” unit and mapping 
subtle differences in the “doublet” materials using hy-
perspectral factors in the feature extraction rather than 
just one band, ratio, or slope in the spectrum (Figs. 3-4). 

Results: The “doublet” units spanning the Mawrth 
Vallis, Noctis Labyrinthus, Melas Chasma, and Ius 
Chasma sites exhibit features characteristic of jarosite in 
some cases [1,2] with bands near 1.85 and 2.27 µm [13] 
(Fig 2: spectra 1, 5). More typically, these units are char-
acteristic of jarosite or gypsum mixtures with phyllo-
silicates or opal [8]. In the Mawrth Vallis region some 
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“doublet” materials (100-500 m across) surround tiny 
jarosite outcrops (50-100 m across) [14], suggesting that 
these are related and that jarosite is present at variable 
amounts in these sites, but only observed where it is 
more abundant. Observations of the shape of the “dou-
blet” units at Mawrth Vallis vary widely (Fig. 2), con-
sistent with multiple types of materials.  

 
Figure 3.  View of Ius Chasma “doublet” units. a) CRISM 
false color images over CTX on HRSC DTM. b) 3D view of 
CRISM FRT0000A202 over MOLA highlighting the “dou-
blet” materials in pale blue/white and smectites in green, 10x. 
c) map of 2 distinct “doublet” phases using feature learning 
[11]. Small occurrences of other hydrated phases (blue, red) 
observed beneath or intermixed with “doublet” unit. 

At Ius Chasma, the “doublet” type unit occurs across 
35 km of light-toned material at Geryon Montes [6] and 
is associated with smectites and other hydrated materi-
als. The “doublet” type units at Noctis Labyrinthus and 
Melas Chasma occur in smaller outcrops and are asso-
ciated with phyllosilicates and sulfates [2-3]. 

Implications: Comparison of these “doublet” out-
crops with terrestrial analog sites enables identification 
of alteration environments producing such features. 
Shallow salty lakes in Western Australia contain mix-
tures of phyllosilicates, opal, gypsum, and jarosite [15], 
similar to Chilean salars [16]. The highly variable “dou-
blet” type signatures at Mawrth Vallis, interspersed 

between the Al-smectite and Fe-smectite strata could be 
due to evaporative processes, similar to these environ-
ments. Acid leaching of volcanic ash at Kilauea, HI [17] 
and LaSolfatara, Italy [18] has produced mixtures of 
nontronite, jarosite, gypsum, and opal. This scenario 
may better explain the “doublet” units observed at Noc-
tis Labyrinthus and Melas Chasma. The extensive “dou-
blet” units observed at Ius Chasma are attributed to a 
more regional process and could be due to alteration of 
ash in shallow salty ponds or acidic water from melting 
snow/ice over sulfate rocks. The presence of different, 
overlapping “doublet” units is consistent with a change 
over time in the pH, salt levels, or water/rock ratio. 

 
Figure 4.  Unratioed, continuum removed (CR) CRISM spec-
tra of 4 “doublet” type sites from the Ius Chasma region com-
pared with the more common Al-rich, Fe-rich and Mg-rich 
smectite spectra. Spectra 2 and 3 illustrate typical “doublet” 
type material, while spectrum 1 likely contains opal and spec-
trum 4 may be a mixture of montmorillonite and nontronite. 
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LITHOCHEMICAL ROCK SUITES OF ENDEAVOUR CRATER, MARS: COMPARING 
PERSEVERANCE VALLEY, SPIRIT OF ST. LOUIS, AND MARATHON VALLEY M. C. Bouchard1, and B. 
L. Jolliff1,  1Washington University in St. Louis (mcbouchard@wustl.edu), St. Louis, MO. 
 

 
Endeavour Crater: The Opportunity rover ex-

plored the rim of the heavily degraded, Noachian aged, 
22-km diameter, Endeavour impact crater between Au-
gust 2011 and June 2019 [1-5]. The diverse suites of 
rocks investigated by Opportunity around the rim of En-
deavour crater include: sulfate sandstones of the Burns 
formation that dominate Meridiani Planum and embay 
the rim of Endeavour crater [6], the impact-breccias of 
the Shoemaker formation exposed in the rim of Endeav-
our [4], the clastic post-Endeavour Grasberg formation, 
and the pre-Endeavour Matijevic formation, identified 
at Cape York [4], as well as float rocks, basaltic erratics, 
and non-martian meteorites [7].  

Marathon Valley & Spirit of St. Louis feature: Mar-
athon Valley cuts west to east across the rim of Endeav-
our crater and was targeted for exploration based on 
smectite detections from CRISM [8]. The Spirit of St. 
Louis (SoSL) feature is a 25-35 m ovoid feature that ap-
pears bluish in HiRISE color, just west of the entrance 
to Marathon Valley [9-12]. SoSL is eroded to the same 
topographic level as Marathon Valley and has a thin, 
reddish alteration zone along its perimeter that is en-
riched in Si and Al and referred to as a “red zone” owing 
to its appearance in Panoramic Camera (Pancam) false 
color L257 (753, 535, 432 nm composite) images. 

Perseverance Valley: Perseverance Valley (PV) is a 
250 m long, ~30 m wide, anastomosing feature visible 
in HiRISE that cuts through Endeavour’s Western crater 
rim [9-10, 13-23]. PV contains the highest density of 
unique rock lithologies with the exception only of areas 
investigated at Cape York. The four rock suites of PV 
indicate aqueous alteration, wind and mass wasting ero-
sion, and possible vertical offset of pre-impact litholo-
gies [24] in the Endeavour crater rim.  

“Blue” Volcanic Rocks Of Endeavour: Along it’s 
traverse through Meridiani Planum and along the En-
deavour crater rim, Opportunity has encountered rocks 
that are “blue” in false color L257 Pancam imagery. 
Mostly observed as float rocks, the first outcrop of 
“blue” rocks was a unit along the rim of Endeavour 
crater overlooking the entrance to Marathon Valley. 
Analyses were done with the Alpha Particle X-Ray 
Spectrometer (APXS) at the Sergeant Charles Floyd 
target location (Fig. 1). A ~3 m tall outcrop of “blue” 
rocks was explored within the SoSL feature and an 
APXS analysis was done at the Roosevelt Field target.  

From their aphanitic, homogenous texture and their 
broadly basaltic (tholeiitic) compositions, the “blue” 
rocks are likely igneous in origin [10,13]. On the basis 

of geologic context and geochemical differences, we 
group them into different generations of basalt that may 
both pre-date (Sgt Charles Floyd) and post-date (Roose-
velt Field) the Endeavour crater impact [10]. 

Suite Grouping Methods: Elemental compositions 
were acquired with the APXS, and textural and contex-
tual target imagery were obtained with the Microscopic 
Imager (MI) and the mast-mounted Pancam [25-27]. 
Rock suites and individual rock composition relation-
ships are established with a statistical grouping model 
that includes a hierarchical cluster analysis and an error-
weighted, 2 similarity index [28]. Pancam and MI im-
agery provide additional information for assessing rock 
classification and groupings. 

Perseverance Valley Rock Suites: APXS analysis 
was done on 16 targets within the valley, which we have 
divided into four distinct lithochemical groupings based 
on the statistical grouping model. 

San Miguel Type “Blue” Rocks: The San Miguel 
(Jornada Del Muerto, Fig. 2B) outcrop was analyzed at 
the lowest point investigated within PV. This outcrop is 
“blue” in false color Pancam images and, based on bulk 
composition and its aphanitic texture, it is classified as 
an outcrop of “blue” rocks. The same lithology was an-
alyzed ~16 m up the valley (Nueva Vizcaya), and in the 
“South Fork” of the valley channel (Inde, La Joya). The 
PV “blue” rocks exhibit a rough surface lineation likely 
formed by aeolian erosion. The San Miguel class of 
rocks are highly similar to the pre-Endeavour “blue” 
rock outcrop that overlooks the entrance to Marathon 
Valley (Sgt Charles Floyd), indicating that Jornada del 
Muerto is from the same pre-impact unit (Fig. 2).  

Pitted, Silica-Rich Rocks: Adjacent to the tabular 
“blue” rock outcrop (Inde, La Joya) lies a distinctly pit-
ted-rock outcrop (Allende, Tome, Nazas, Fig. 3). These 
rocks have several-cm-diameter surficial pits and are 
“purple to dark blue to tan” in false color Pancam [19]. 
These rocks have some of the highest SiO2 (53-63 wt%) 
content of the rocks examined by Opportunity. Some of 
the pits appear to be filled with material that is possibly 
a secondary mineral (e.g., a zeolite [20]), and there are 
indications of the presence of crystalline ferric oxide in 
Pancam spectra [19-20]. Another outcrop of silica-rich, 
pitted rocks (Sgt Nathaniel Pryor) was examined adja-
cent to the “blue” outcrop (Sgt Charles Floyd) at the 
Marathon Valley Overlook (Fig. 1).  
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Valley Floor Fill Material: The PV floor comprises 
a loose collection of regolith and cobbles of a few cm 
size and smaller, and was analyzed at five locations (Za-
catecas, Albuquerque, Carrizal, Durango, Bernallio). A 
multi-component mixing model was used to test end-
member components from the APXS target field of 
view. The average PV floor is best represented as a three 
component mixture of martian soil (~13-28%), a breccia 
similar in composition to the floor of SoSL (~47-55%, 
represented by the Harold M Bixby, Donald A Hall, and 
Roosevelt Field APXS targets), and cobbles of San Mi-
guel class “blue” rocks (~21-31%) [28]. 

Ysleta del Sur Outcrop: PV viewed in HiRISE im-
agery has a morphology reminiscent of anastomosing 
channels, but these features are only cm in relief. Op-
portunity investigated the nose of one of the “channel 
forks” at Ysleta del Sur, a breccia with sub-cm angular 
clasts in a fine-grained homogenous matrix. The clasts 
are more resistant than the matrix, and wind tails form 
in the matrix behind the clasts, indicating an up-valley 
wind direction. The composition of the outcrop overlaps 
with most PV material but has lower MnO and higher 
MgO in targets abraded with the Rock Abrasion Tool. 
The clast-poor lower Shoemaker breccias have also 
been interpreted [18] as a pre-Endeavour lithology. 
Implications for Perseverance Valley Formation:  

The formation mechanisms of PV are still an open 
question; however, interpretations based on the above 
rock suites and textures point to several active mecha-
nisms: 1) valley-trending lineations across all compe-
tent rock outcrops and wind tails on Ysleta Del Sur re-
flect recent aeolian erosion in the valley; 2) a local en-
richment in Mg and S, pit-filling alteration minerals in 
the pitted rocks, and alteration “red” zones along valley-
trending fractures point to local aqueous alteration along 
crater radial structures; and 3) debris filling the “chan-
nel” consists of a mixture of local materials, resulting 
from mass wasting. The occurrence in PV of rocks sim-
ilar to those seen at the MV overlook suggests a possible 
vertical offset of pre-Endeavour units, indicating that 
crater structures are an important controlling factor in 
the formation and modification of PV. 
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Figure 1: Lineated “blue” and pitted “purple” rocks juxaposed 
on the rim overlovooking Marathon Valley, Sol 3948. 

 
Figure 2: These “blue” rocks of Marathon Valley (2A) and 
Perseverance Valley (2B) are aphanitic, lineated, and are 
highly similar in composition.  

 
Figure 3: Pitted rocks analyzed near the outcrop in Fig. 3. 
Allende is similar in composition to Sgt. Nathaniel Pryor of the 
Marathon Valley over look.  
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GLOBAL CIRCULATION OF THE THERMOSPHERE OF MARS AS REVEALED BY MAVEN/NGIMS 
MEASUREMENTS. S. W. Bougher1, M. Benna2, Y. Lee2, K. J. Roeten1, E. ,3, P. R. Mahaffy2, and B. Jakosky4,
1University of Michigan, Ann Arbor, MI (bougher@umich.edu), 2NASA Goddard Space Flight Center, Greenbelt. 
MD, 3George Mason University, Fairfax, VA, 4LASP, University of Colorado, Boulder, CO.

Introduction: Global circulation in planetary ther-
mospheres plays an important role in redistributing en-
ergy and momentum both locally and globally, it 
strongly affects neutral and ion composition distribu-
tions, and it drives a variety of electrodynamic pro-
cesses. From initial studies, we report the results of the 
first mapping of the global circulation in the thermo-
sphere of Mars that was made by the Mars Atmosphere 
and Volatile Evolution mission (MAVEN) spacecraft. 
The Neutral Gas and Ion Mass Spectrometer (NGIMS)
instrument has collected observations of thermospheric 
winds organized in 33 campaigns that span 2 years 
(2016 – 2018) [1]. The measured neutral winds (cross 
track and along track components) reveal seasonally-
stable equatorial and transpolar flow patterns, with stag-
nation and convergence regions on the day and night 
sides, respectively. However, striking short-term (orbit-
to-orbit) variability of these winds is also observed on 
~4.5 hour timescales [1, 2]. Lastly, these winds exhibit 
pronounced correlation with the underlying topography 
likely due to the impact of upward propagating oro-
graphic gravity waves. 

NGIMS Wind Measurements and Campaigns:
Since April 2016, a new observational technique has 
been implemented that enables the NGIMS instrument 
to take regular measurements of horizontal neutral
winds [1]. During this sampling mode, the normal data 
collection of NGIMS is paused [3, 4] to allow for wind 
observations to be conducted. The new wind measure-
ment technique relies on the ability of the MAVEN 
spacecraft to rapidly and continuously vary the 
boresight pointing by nodding the articulated payload 
platform (APP) on which NGIMS is mounted back and 
forth by ±8° off the spacecraft ram direction. Wind ve-
locities were extracted from the observed modulations 
of neutral and ion fluxes as the instrument pointing di-
rection changed. The data reduction procedure is de-
tailed elsewhere [1]. The resulting wind measurements 
were retrieved over an altitude range of ~140 - 240 km. 
Measurements were separated by the 30 seconds it takes 
for the instrument boresight to complete a full APP mo-
tion cycle. Reconstructed along- and across-track wind 
magnitudes have a random uncertainty typical of 20 m/s 
and 6 m/s, respectively. These uncertainties are care-
fully evaluated and are mainly due to inherent errors in 
the reconstructed ephemeris of the spacecraft and the di-

rection of the instrument boresight, in the energy reso-
lution of the instrument’s mass filter, and in counting 
statistics. See [1] for details.

The resulting dataset of zonal and meridional wind 
measurements is now an MAVEN NGIMS Level 3 data 
product. Most wind measurements were collected in 
monthly campaigns, typically of two to three day dura-
tion. NGIMS conducted a set of consecutive 5-10 orbits 
of neutral wind observations over the same local time 
and latitude region (but different longitudes as the 
planet rotates). For the purpose of comparing to the M-
GITM model [5] , these 5-10 consecutive orbits can be
averaged to produce a campaign-average profile. Cam-
paign averaging is effectively also a longitudinal aver-
age, as the MAVEN periapsis traverses the planet in 
longitude approximately  once every five orbits [6]. To 
help assess the orbit-to-orbit variability of the winds, a 
quantity called the coefficient of variation (COV) was 
also calculated [2, 7 ]. This quantity provides a dimen-
sionless scalar measure of the orbit-to-orbit variability 
of the winds related to both variability in direction and 
magnitude.

M-GITM Corresponding Simulations: The Mars 
Global Ionosphere Thermosphere Model (M-GITM) 
[5], a primarily solar driven climate model, was run for
sampling conditions corresponding to selected cam-
paigns to create a suite of baseline predictions of neutral 
winds which were compared to the corresponding 
NGIMS wind measurements [1, 2]. Pre-MAVEN simu-
lations are used in this specific study [5]. M-GITM wind 
vector maps at a constant altitude for a given season and 
solar EUV-UV flux conditions can be used for initial
comparisons with the suite of NGIMS wind campaign 
measurements.

Global Thermospheric Flow Patterns:  The cur-
rent collection of all neutral winds (averaged wind vec-
tors assessed for each campaign) that were measured is
illustrated in Figure 1. These average neutral winds 
(whiskers) and the magnitude of their orbit-to-orbit var-
iability (whisker’s color code) are plotted as observed 
by NGIMS during 33 monthly campaigns spanning
April 2016 to July 2018. The orbit-to-orbit variability of 
the winds for a given location is captured by the COV 
(color scale). No variability is assessed for campaigns 
that involved a single orbit (black whiskers). The 
MAVEN ground tracks are shown by the black traces. 
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The location of the periapsis is depicted by the black 
dots. The relevant season of each campaign is indicated 
by the Solar Longitude (L

s
). 

An underlying neutral wind flow map generated by 
the M-GITM model is shown in gray for a general com-
parison [5]. This MGITM map represents the expected 
winds at 150 km for Ls = 180 (equinox) season and un-
der moderate solar EUV conditions. These NGIMS av-
erage neutral wind observations provide the first global 
view of thermospheric circulation at Mars. However, 
the sampling coverage over latitude and solar local time 
is not complete. Continued measurements during 
MAVEN Extended Mission-4 will fill in  many of these 
gaps, and provide sampling that spans multiple seasons 
for the same location.

Figure 1.  Thermospheric wind vector map for NGIMS 
wind campaigns (C#1 to C#33). The color code indi-
cates the COV index (described in the text). Taken from 
Benna et al. (2019).

Notice that: (a) the measured neutral wind vectors re-
veal seasonally-stable equatorial and transpolar flow 
patterns, with stagnation and convergence regions on 
the day and night sides, and (b) the COV scalar diagnos-
tic identifies campaigns when orbit-to-orbit variability 
was minimal (blue colors) and campaigns when varia-
bility was significant (yellow-orange-red colors). Data-
model comparisons of winds (magnitudes and direc-
tions) show agreement sometimes, and diverge at other 
times. These features have implications for the drivers 
of the mean global circulation and its significant short-
term variations [2].

Correlation of Winds with Underlying Topogra-
phy: Due to planetary rotation, the MAVEN spacecraft 
overflies distinct Martian terrains on successive orbits
[1, 6]. The analysis of the orbit-to-orbit variations of the 
measured winds during campaigns C#17 and C#18 re-
vealed a pronounced correlation between the observed 
wind variability and the underlying topography of the 
planet. These two campaigns are unique in two im-
portant aspects. First, they covered the latitudinal band 

of ±30 over which Mars exhibits its topographic transi-
tion between the southern highlands and the northern 
lowlands. This band encompasses also the pronounced 
elevated terrains of the Tharsis plateau (i.e. volcanoes).
Second, these two campaigns captured the relatively 
strong and steady equatorial westward flows that advect 
thermospheric constituents from day to night. These 
steady flows exhibit the lowest orbit-to-orbit COV of all 
equatorial campaigns. We postulate that the intrinsic 
stability of the neutral flows in this region was key to
revealing the faint (background) disturbances that are 
induced by the varying Martian topography. This topo-
graphic correlation represents the first detection of oro-
graphic gravity wave signatures in the upper atmosphere 
of a planet, including that of Earth. Measurements of 
additional topographic correlations at other seasons and 
locations are clearly needed. In the future, detailed wave 
modeling is also essential to demonstrate the causal 
mechanism impacting thermospheric winds involving 
vertical propagating orographic gravity waves [8, 9].

Summary: Observations from the MAVEN 
NGIMS instrument at Mars have provided the first map-
ping of the global circulation of a planetary thermo-
sphere other than Earth. Studies are underway to deter-
mine the physical processes which play a significant 
role in driving mean thermospheric winds speeds and 
directions (and their variations) during these campaigns. 
Solar  forcing appears to compete with gravity wave im-
pacts resulting from coupling with the lower Martian at-
mosphere during specific seasons and at specific loca-
tions around the planet.
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Glacial landscape and paleoglaciation in Terra Sabaea: Evidence for a 3.6 Ga plateau ice cap. A.Bouquety1, 
A.Séjourné1, F.Costard1, S.Bouley1 and E.Leyguarda1, 1GEOPS-Géosciences Paris Sud, Université Paris-Sud, 
CNRS, Université Paris-Saclay,  91405 Orsay, France. 
 

Introduction:  The early Mars climate is today one 
of the most debated subject in the martian community 
[1]. In the one hand, the observation of an early wet 
and warm climate, carried by the presence of valley 
network and hydrated minerals, which are best lines of 
evidence for prolonged liquid water on Mars [2]. The 
presence of valley networks similar to those on Earth 
show that during the Noachian (4.5-3.7 Ga), a hydro-
sphere was active at the surface of Mars with relatively 
warm and wet conditions. In the other hand, a new vi-
sion of an early cold climate, called “icy-highlands” is 
increasingly considered. This globally sub-zero scenar-
io is carried by climate modelling which indicate that 
with Noachian/Early Hesperian conditions, namely an 
atmospheric pressure less than 1 bar, a reduced Tharsis 
bulge topography and an obliquity of 45° there is a 
preferential deposition of ice in the southern highlands 
at high altitude > 1000 m [3,4]. These climate model-
ling are supported by a geodynamic modelling which 
indicates that without the Tharsis dome, the valley net-
work would be in a south tropical band from 40°S to 
0°, the same distribution as observed today [5]. This 
tropical band is located in the same area where the ice 
can settle and accumulate following the climate model-
ing [4,5,6]. So, following these models, the valley net-
works could have been formed under a cold climate. 
Nevertheless, the “icy-highlands scenario” is often 
questioned, one of the main argument against this sce-
nario is the a lack of geomorphologic evidence of gla-
cial landscapes in Noachian terrains [2]. However, in a 
previous study, we demonstrated for the first time, 

thanks to a detailed morphometrical analysis, the pres-
ence of glacial landscape in the south of Terra Sabaea 
at an elevation > 1000 m in two impact craters and one 
mountain [7]. These glacial landscapes are composed 
of glacial cirques linked with glacial valleys (Fig. 1). 
The glacial landscape in Terra Sabaea have the same 
morphometric characteristics as terrestrial and martian 
glacial valleys and cirques. They are also very different 
from those observed in fluvial valleys on Earth and 
Mars. The purpose of this paper is to study craters in 
Terra Sabaea using the same morphometric method 
described in [7] and understand the distribution and 
type of glacial landscape at regional scale. We per-
formed a comparison between morphologies found in 
this area and paleoglaciations found on Earth. By stud-
ying the morphometry of the valleys, we can define 
what was the paleo-environnement in the south of Ter-
ra Sabaea 3.6 Ga ago.  

Data and method:  We used Context Camera im-
age (CTX) with a resolution of 6 m/pixel to character-
ize the valleys on Mars. Then, to constrain their geom-
etry, we used the Digital Terrain Map Reduced Data 
Record (DTMRDR) data with 1 m numeric height 
resolution from High-Resolution Stereo Camera 
(HRSC). We made our measurements using ArcGIS. 

Study area: We focus our study on an area at the 
southwest of Terra Sabaea, between 8°S to 11°S and 
31°E to 33°E. This area is one of the highest part in 
Terra Sabaea with a mean elevation of 3000 m. We can 
divide the area into three parts based on their relief: (1) 
the plateau which is wide and sub-flat with a mean ele-

Fig. 1: Comparison between glacial landscapes of (a) the Svinafell glacier in Iceland on Earth and (b) Dawes crater on Mars. 
Images credit Google Earth 
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vation of 3150 m, it is the highest zone of the area. (2) 
3 large size impact craters on the plateau. These three 
craters have unmapped valleys on their inner walls. (3) 
Several valleys flowing downstream radially from the 
plateau.  

Morphometric comparison: The morphometric 
measurement allowed us to characterized 183 valleys 
from different locations.  

The morphometric analysis revealed that the valleys 
are similar to terrestrial and martian glacial valleys. In 
fact, they have a length to width ratio > 1, which is 
more similar to Dawes crater glacial valleys than to 
Bakhuysen fluvial valleys which have a length to width 
ratio >> 1. Their cross-sectional/drainage area ratio are 
four times larger than Bakhuysen fluvial valleys and 
similar to the Dawes crater glacial valleys (Fig. 2). On 
Earth, this value of four is characteristic between gla-
cial and fluvial valleys [8]. Finally, the valleys are at an 
elevation around 2275 m which is similar to the eleva-
tion where we found glacial landscape in a nearby re-
gion in Terra Sabaea [7].  

Fig. 2: Box and whisker plot of cross-sectional area/ drain-
age area for the studied valleys. 

 
Interpretation: On Earth, ice caps are known to be 

ineffective agents of erosion by their cold-based regime 
[9,10]. But it had been demonstrated that at the ice cap 
margin, the erosion rates are much higher than the av-
eraged across the ice cap as a whole and closely re-
semble at the erosion rate of alpine glacier with surface 
meltwater accessing the glacier bed at the distance of 
tens of kilometers from the terminus [10].  

By analogy to several sites on Earth (Scotland, 
Cantal, Tibetan plateau…) we proposed that the glacial 
landscape in Terra Sabaea was characterized by an 
erosional polythermal regime where the highest eleva-
tion were protected by a cold-based plateau ice cap 
while, at the margin of this plateau and at lower-
altitude, warmed-based alpine glacial valleys flowed 
radially from the plateau on the slopes and craters inner 
walls (Fig. 3).  

 
Fig. 3: Distribution of the glacial valleys on the inner walls 

of Crater 2, 3 and 4 and the supposed plateau ice cap. 
 

Conclusion: The morphometrical analyses allowed 
us to identified glacial valleys and a supposed glacial 
ice cap located on a high plateau in Terra Sabaea at an 
elevation > 2000 m, this glacial landform have mor-
phological and geometrical similarities with glacial 
landforms on Earth. This study strongly supports the 
presence of englaced landscape in Terra Sabaea during 
the Noachian/early Hesperian and adds 71 glacial val-
leys and a supposed plateau ice cap to the previous 
demonstrated glacial landscape. 
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Motivation:  All other things being equal, if Mars 

had a global magnetic field that persisted to today 
would it be much different? In general, does whether 
a planet possesses a global magnetic field help to de-
termine whether it is habitable or possesses a signifi-
cant atmosphere? These are challenging questions to 
answer because they dwell on “what if?”, which can 
be difficult to determine.  

It had long been assumed, for example, that a 
global magnetic field will shield a planet’s atmos-
phere from being stripped away to space through in-
teractions with the solar wind. Under this assumption, 
the shut-off of a global dynamo field at Mars contrib-
uted to the loss of significant atmosphere – enough to 
explain the evidence for liquid water on the surface 
long ago. This assumption has been questioned in 
recent years, in part based on the similarity in ion 
escape rates between Venus, Earth, and Mars [1]. It 
has been instead proposed that the presence of a glob-
al magnetic field may even enhance atmospheric es-
cape because the planet presents a larger electromag-
netic cross-section to the solar wind. 

Observational inter-planet comparisons are chal-
lenging because planets differ in many ways – Earth 
and Venus have different atmospheric compositions 
and rotation rates, for example. Mars, however, offers 
a unique opportunity to test the importance of a mag-
netic field in altering ion escape rates. This is because 
Mars possesses both magnetized and unmagnetized 
regions of the crust – allowing a relatively ‘con-
trolled’ evaluation of the importance of magnetic 
fields in regulating ion escape. 

Previous Work:  Previous investigators have ex-
amined global observations from Mars to determine 
the variability in ion escape rates as the planet rotates 
(thereby placing the strong crustal magnetic fields at 
different positions with respect to the incident 
shocked solar wind flow) [2,3]. Taken together, these 
analyses have been inconclusive since one predicts 
minimal influence of the crustal fields (~20%) and the 
other predicts a substantial influence. (~2.5x)  

Global plasma models have fared similarly. If 
crustal fields are added to such models then the ion 
escape rate changes by as much as a factor of 30 or as 
little as 10%, depending upon the model [e.g. 4,5]. If 
crustal fields are instead rotated through a day, the 
variability in ion escape rates ranges from ~10% to 
4x, depending upon the model [e.g. 6,7]. 

Such analyses (both observational and theoretical) 
are global, and therefore do not necessarily distin-
guish between ion escape from magnetized and un-
magnetized regions. They instead look at the collec-
tive effect of crustal fields on the total ion escape 
from Mars. To truly answer the central question we 
have posed, a more spatially confined analysis fo-
cused on specific magnetized and unmagnetized re-
gions is called for.  

Present Analyses:  In this presentation we will 
review the evidence ‘for’ and ‘against’ magnetic 
fields playing an important role in atmospheric reten-
tion. We will summarize MAVEN measurements of 
neutral and ion escape rates that place ion escape in 
context with other processes. And we will present the 
results of observational and theoretical analyses ongo-
ing in our group. These include: Statistical ion escape 
rates above magnetized and unmagnetized regions; 
evaluation of ion outflow above individual cusps; 
model calculations of energy deposition and upper 
atmospheric heating by solar energetic electrons in 
crustal field regions; modeling of charged particle 
kinetics in magnetic cusps; and global plasma model-
ing of magnetized and unmagnetized Mars. We will 
especially emphasize localized observational results 
for this presentation. 
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Introduction:  The meridional transport of heat, mo-
mentum, water, dust, trace species and gases is critical 
for the control of Mars’ climate.  Though the nature 
and structure of the mean meridional circulation has 
been previously studied, questions remain regarding 
the seasonal forcing mechanisms, and the implications 
on the combined thermal and dynamical response for 
Mars’ climate.  A useful diagnostic of the mean merid-
ional circulation and transport in the middle atmos-
phere is polar warming.   

Polar warming is a dynamically induced phenome-
non that results from the compressional heating of air 
in the descending branch of the Hadley cell.  It is char-
acterized by a reversed (poleward) meridional tempera-
ture gradient in the mid-to-high latitudes during winter, 
spring, and fall.  Polar warming was first observed 
within temperature profiles derived from Mariner 9 
IRIS spectra [1],[2].  Since Mariner 9, there have been 
many thermal observations which exhibit polar warm-
ing such as; Mars Global Surveyor (MGS) /TES [3]; 
Mars Odyssey aerobraking [4], [5], [6]; Mars Recon-
naissance Orbiter (MRO) /MCS [7], [8], [9], [10], [11]; 
and Mars Express (Mex) /SPICAM [12].  The study by 
[11] utilized the MRO/MCS-derived atmospheric tem-
peratures to characterize the magnitude, structure, and 
seasonality of the Martian polar warming.  From this 
study, trends in the polar warming behavior were iden-
tified to suggest the need to further understand the 
complex mean meridional circulation. 
Discussion:  Observations along with numerical stud-
ies can help isolate and quantify the relative contribu-
tion and importance of various forcings.  Previous nu-
merical work has been done focusing on the contribu-
tions of water and dust and their radiative forcings, 
along with gravity waves, planetary (Rossby) waves, 
global thermal tides, and other large-scale eddies (e.g. 
[13], [14], [15], [16], [17], [18], [19], [20], [21], [22]).  
However, these studies were all focused on a single 
season.  The type of systematic analysis of polar warm-
ing that was done by [11] with observations has not 
been done with a numerical model to understand the 
seasonal forcing mechanisms. 

The presented work sets out to identify and quanti-
fy the seasonal forcing mechanisms of polar warming 
by utilizing the NASA Ames Mars Global Climate 
Model (MGCM), which is supported by the Agency’s 
Mars Climate Modeling Center.  The MGCM now em-

ploys the NOAA/GFDL cubed-sphere finite-volume 
dynamical core with the Legacy MGCM physics im-
plemented as described in [23].  A “baseline” simulat-
ing will be compared to the [11] vertical cross-sections 
of MCS derived polar warming as shown in Figure 1.  
Then a series of numerical simulations will be conduct-
ed to analyze the contribution from clouds, gravity 
waves, and radiative effects.  Understanding the sea-
sonal forcing mechanism(s) of polar warming will help 
discern trends of other polar phenomenon (e.g. 
nightglow emissions) and further, controlling processes 
of the net mean meridional circulation. 

 
Figure 1: Vertical cross-sections of MCS derived polar 
warming at 10° -Ls intervals for MY 30 adopted from 
[11].  The color bar is in K with contours drawn every 
2 K. 
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Introduction: The Greenheugh pediment and Gediz 
Vallis (GV) ridge at the base of northern Aeolis Mons 
(Mt. Sharp), features to be explored during the third ex-
tension of the MSL mission, are hypothesized to have 
been more aerially extensive in the past [1], with im-
portant implications for geomorphic, geologic, and cli-
mate history interpretations. We investigate using 
HiRISE-derived topography and rover-based images 
the possibility that the pediment and associated capping 
unit extended across Vera Rubin ridge several kilome-
ters to the north. We further suggest two possible 
endmember conditions for the former extent of the 
Gediz Vallis ridge deposits.  

Greenheugh pediment: A long-recognized land-
form on the lower slopes of Mt. Sharp, [1-5], now re-
ferred to as the Greenheugh pediment [12] consists of: 
1) an erosional unconformity (as proposed by [2, 10] 
and mapped by [5,12]) truncating sediments of the 
lower Mt. Sharp group [8], and 2) a ~1m thick capping 
unit covered in well-organized relatively evenly spaced 
(~10 m) ridges (Figs. 1 and 2) [12]. As described by 
[12], the Greenheugh pediment is a distinct planar sur-
face bordered by an arcuate erosional edge (Fig.1). It 
has been considered to be part of a “mound-skirting 
unit” [2, 13], and may correlate to the Stimson for-
mation [5,6,7,11]. The recently completed Vera Rubin 
ridge (VRR) campaign has raised questions about the 
relationship between the pediment and the VRR. The 
planview trace of the northern edge of the pediment par-
allels the curvature of VRR (Fig. 1). Further to the north 
there are distinct mesas that appear to be capped by a 
dark-toned unit possibly the Stimson fm. (Fig 3a,b; [5, 
6]). Here we explore whether simple projections of the 
pediment northward would unite the pediment, VRR, 
and the mesas. 

Fig. 4 shows topographic profile A-A’ (Fig. 1) with 
two hypothetical Greenheugh surface reconstructions 
extending from the distal end of the present Greenheugh 
pediment and terminating north of the floor-mound tran-
sition. The first is a linear extrapolation of the lower-
most Greenheugh surface. The second is a polynomial 
interpolation that connects the pediment surface and a 
distal plateau. At the scale of these projections, it is as-
sumed the Greenheugh surface roughly parallels the un-
derlying unconformity. 

Both the linear and nonlinear projections shown in 
Fig. 4 intersect Pile and Lobster mesas within a few me-
ters of the apparent contact between the butte-capping 
units and the underlying Murray fm. (Fig. 3a,b). These 
projections indicate that the unconformity, perhaps gen-
erated by pedimentation may have extended well north. 
They also suggest that the VRR surface exposures vis-
ited by the rover were just below this truncation surface.  

Gediz Vallis ridge: The Gediz Vallis (GV) ridge 
extends nearly 2 km downslope from an inverted chan-
nel that originates as a boulder-chocked sinuous channel 
upslope in Gediz Vallis (Fig 2). At its thickest, the ridge 
stands ~70 m above the Greenheugh surface (Fig. 2). 
The ridge appears to be heterolithic, with a combination 
of boulder-rich and finer-grained (containing ~decime-
ter-scale bedding) deposits [12,14]. The GV ridge has 
been interpreted as an erosional remnant of a fan that 
once covered the current extent of the pediment (and its 
shape was defined by the current outline of the pedi-
ment) [2] Alternatively, the fan may comprise partially 
preserved coarser grained deposits that terminated in 
transient lakes [4]. The timing of deposition relative to 
the pediment remains unclear [1-5]. Recent stratigraphic 
mapping from HiRISE images suggests that bedding 
within the GV ridge is dominantly sub-horizontal [12]. 
The nearly flat-lying bedding invites two possible 
endmember reconstructions irrespective of the strati-
graphic relationship between the GV ridge and the ped-
iment: 1) The GV ridge is a remnant of a fan that once 
extended well beyond Vera Rubin Ridge; 2) The rela-
tively flat lying deposits record the topsets of fan-
delta(s) that prograded into proximal lacustrine environ-
ments [4].  

 Curiosity encountered a small patch of heterolithic, 
non-lithified cobbles on VRR that may record a more 
extensive fan deposit. More compelling information 
should come from the closer survey Curiosity will con-
duct of outcrop exposures at the distal end of the ridge.  
In particular, effort will be made to detect any evidence 
of foreset beds [4,9,12].  

Exploration of GV ridge and Greenheugh pediment 
will allow us to evaluate previous interpretations that 
these landforms record major shifts in geomorphic, sed-
iment transport, and climatic conditions in Gale.  
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Fig. 2: View looking towards the southeast. 
 
 

Fig. 1: Location map showing topography (25 m red contours draped on HiRISE image) ,MSL traverse (white to date, 
yellow in the future), pediment outline (blue) and topographic transect (black dashed line). 

Fig. 3a,b Mesas encountered by Curiosity. Note the thick ~2-4m dark capping unit over Murray sediments. 

 
Fig. 4. Topographic profile A-A’ (Fig. 1) with labeled locations and hypothetical reconstructions (linear and nonlinear fits) 
of the Greenheugh basal surface (unconformity).  

b) a) 
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Introduction:  A Massive CO2 Ice Deposit (MCID) 

that rivals the mass of Mars’ current, 96% CO2 atmos-
phere was recently discovered to overlie part of Mars’ 
southern H2O cap [1]. The MCID is layered: a top layer 
of 1-10 m of CO2, the Residual South Polar Cap (RSPC) 
[2], is underlain by ~10-20 m of H2O ice, followed by 
up to three 100s-meter-thick layers of CO2 ice, sepa-
rated by two layers of ~20-40 m of H2O ice [3] (Fig. 1). 
Previous studies invoked orbital cycles to explain the 
layering, assuming the H2O ice insulates and seals in the 
CO2, allowing it to survive periods of high obliquity 
[3,4]. We also model that orbital cycles [5] drive the 
MCID’s development, but instead assume the MCID is 
in continuous vapor contact with the atmosphere rather 
than sealed. Pervasive meter-scale polygonal patterning 
and km-scale collapse pits observed on the sub-RSPC 
H2O layer [1,3] are consistent with it being fractured and 
permeable to CO2 mass flux. Using currently observed 
optical properties of martian polar CO2 ice deposits [6], 
our model demonstrates that the present MCID is a rem-
nant of larger CO2 ice deposits laid down during epochs 
of decreasing obliquity that are eroded, liberating a re-
sidual lag layer of H2O ice, when obliquity increases. 
With these assumptions, our energy balance model ex-
plains why only the south polar cap hosts an MCID, why 
the RSPC exists, and the observed MCID stratigraphy. 
We use our model to calculate Mars’ pressure history 
and the age of the MCID.  

Methods: We use a 1D energy balance model to 
find the equilibrium frost temperature Teq for which 
thermal emission flux equals mean annual absorbed in-
solation flux for various orbital configurations. Teq sets 
the equilibrium pressure Peq at the MCID top through 
vapor pressure equilibrium. We account for changes in 
altitude of the MCID top due to mass exchange and sim-
ultaneously solve for MCID mass, atmospheric mass, 
and zero-elevation reference pressure Peq,0 normalized 
to the current pressure Ppresent,0. We calculate Mars’ Peq,0 

history from a lookup table of polar insolation as a func-
tion of orbital elements. 

Model Results: H2O Layer Formation. Our model 
predicts that the MCID loses mass during epochs of ris-
ing polar insolation (Mars’ present state), and gains 
mass when insolation falls. H2O ice impurities (~1%) 
also accumulate onto the MCID along with the CO2 ice 
in both epochs of rising and falling insolation (Fig. 2). 
During epochs of rising insolation, the MCID loses ~10-

3 m yr-1 CO2, leaving behind impurities (~10-4 m yr-1 
H2O) that consolidate into a lag layer. 

RPSC existence. H2O lag is darker and less volatile 
than CO2 ice, so annual absorbed solar flux exceeds 
emitted thermal flux if H2O is exposed at any time. Ex-
cess energy (heat) is conducted to the CO2 below, caus-
ing CO2 to sublime beneath the H2O layer. Thus, H2O 
exposure self regulates. If CO2 sublimation in a given 
year overshoots equilibrium atmospheric pressure be-
cause the extent and/or duration of exposed H2O is too 
large then the excess pressure leads to increased persis-
tence of surface CO2 (covering the H2O) during the next 
year, and vice versa. Consequently, the CO2 layer cov-
ering the H2O layer (i.e., the RSPC) has near net-neutral 
mass balance (consistent with observation [2]) while the 
MCID beneath the H2O layer is presently losing net 
mass as insolation increases.  

Pressure history. Mars’ Peq,0 has been increasing for 
the past 40 kyr from a 0.7 × P0,present low (Fig. 2A). The 
current 0.01 Pa yr-1 increase implies ~0.4 Pa gain from 
Viking 1 to Mars Science Laboratory, consistent with 
no mean annual pressure change detected between these 
missions, given the ~10 Pa measurement error [7]. Us-
ing the statistical distribution of Mars’ chaotic orbital 
states over the past 3 Gyr [5], we find median Peq,0 
throughout the Amazonian is 1.3 × Ppresent,0 with an in-
terquartile range of 0.7 to 1.7 × Ppresent,0 (not including 
any secular change to Mars’ CO2 inventory). 

Figure 1: Radar cross-section from [3] with H2O ice “Bounding Layers” (BL) and latitude-longitude end points. Observed 
mean layer thicknesses [3] compared to our model-predicted H2O layer thicknesses and CO2 mass in each layer. CO2 layer thick-
nesses are depicted to scale.
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MCID Stratigraphy. The Peq,0 history sets MCID 

stratigraphy (Fig. 2). When insolation increases, H2O 
lag consolidates as CO2 sublimes until an insolation 
maximum. Lag layers formed at relative insolation max-
ima that are followed by greater insolation maxima are 
subsumed into the lag that forms at the greater maxima. 
If insolation is intense enough (e.g., at 510 kyr; Fig. 2B), 
the entire MCID ablates and all H2O lag merges with 
the underlying South Polar Layered Deposit (SPLD), re-
setting the MCID stratigraphy. Condensing CO2 buries 
lag layers when insolation decreases. Fractions of prior 
CO2 deposits remain because the amplitudes of the 
obliquity maxima have been mostly decreasing during 
the past ~510 kyr (Fig. 2). Our model produces a stra-
tigraphy comparable to observation (Fig. 1). 

Discussion: Our model highlights the importance of 
regional factors (e.g., dustiness, snowfall, etc.) to ex-
plain the north-south differences in the polar caps [6]. 
Our model yields a southern (not northern) MCID for 
all orbital configurations so long as currently observed 
martian CO2 optical properties hold, a result robust for 
up to a 50% increase in northern emissivity or albedo. 

Finally, our model predicts that the interface be-
tween the MCID and underlying SPLD should be at al-
titude +4 km, similar to observation [3], suggesting that 
the top of the H2O-rich SPLD may have adjusted over 

many orbital cycles such that the MCID just barely dis-
appears at especially high peaks in absorbed mean an-
nual polar insolation (e.g., at 510 kyr). In this scenario, 
the SPLD below the MCID may record a climate history 
not preserved elsewhere in Mars’ polar deposits. 

Conclusions: Our model in which the martian at-
mosphere and MCID co-evolve through vapor contact 
at all times [8] offers a self-consistent interpretation of 
the MCID’s stratigraphic development and age that also 
provides a prediction of the RSPC and its equilibration 
with present atmospheric pressure. The process of CO2 
and H2O co-evolution and pressure history we describe 
here is important for deciphering Mars’ Amazonian cli-
mate, and connection to polar cap stratigraphy. 
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Figure 2: A. Model-predicted pressure history over the past 550 kyr, with monotonically decreasing Peq,0 maxima (green dots) 
since the last total ablation of the MCID.  B. Model-predicted evolution of MCID stratigraphy in 5-kyr steps. MCID mass shown 
to scale. H2O layer thicknesses are depicted proportionally to each other, but at a different scale than the CO2 for clarity. During 
epochs of rising polar insolation, CO2 ablates and H2O lag covered by a thin layer of CO2 forms at the top of the deposit. At ~510 
kyr, the entire MCID ablates, H2O lag liberated from the MCID merges with the SPLD and the top of the SPLD ablates to the 
model-predicted zbase. During epochs of decreasing insolation, CO2 accumulates, burying prior stratigraphy. Stars indicate times 
when all the CO2 between two H2O layers ablates so the H2O layers merge.  
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Background:  Numerous morphological features 

indicate the presence of liquid water on the surface of 
Mars during the Noachian. Among them are the spec-
tacular valley networks. Based on the ages reported by 
[1], these valley networks were suggested to exist only 
during the late Noachian, what would imply a relatively 
short period of a ‘climate optimum’ for allowing liquid 
water at the surface. However, the ages reported by [1] 
could correspond to the last liquid water activity phase, 
i.e., the time when water was no longer available to 
modify former morphological features. In such case, 
beginning of valley networks formation remains un-
known and one cannot exclude that  valley networks 
were active during the entire Noachian. The Noachian 
crater degraded morphology actually supports rainfalls 
throughout the Noachian [2]. However, to maintain 
liquid water during the Noachian, the atmosphere must 
have been denser than today and probably, apart from 
CO2, contained other greenhouse gases, such as water, 
dihydrogen and methane [i.e.: 3]. If such environments 
persisted during the Noachian, carbonates are expected 
to have formed due to the interactions with the basaltic 
crust, water and the atmosphere [4]. However, the 
quest of finding widespread surface-formed carbonates 
remained unsuccessful, carbonates detected are mostly 
hydrothermal [i.e.: 5] and debates on possible inhibi-
tion or later dissolution of carbonates remained incon-
clusive [6]. Therefore, the apparent lack of carbonates 
has led to suggesting a mostly cold and icy Mars with 
only limited period(s) of warming. But, such warm 
episode(s), even short, do not disqualify the necessity 
for an atmosphere denser than today and, therefore, of 
carbonate formation. The Noachian climate therefore 
remains a puzzle. Here we focus on the weathering 
profiles (WP) reported in [7] to search for carbonates 
and discuss the implication of their finding for the  
climate. 

 
Identification of carbonates in WP:  [8] used a 

new spectral criteria in near infrared and reported the 
detection of carbonates formed together with clay min-
erals in WP. The WP consist of different horizons 
listed here from the top to bottom: Al-rich clay miner-
als, Al-rich clay minerals and carbonates, Al,Fe-rich 
clay minerals and carbonates, Fe,Mg-rich clay minerals 
and carbonates and finally, Fe,Mg-rich clay minerals. 
Morphological investigation of these profiles showed 

lack of unconformities between the horizons favoring 
the interpretation of WP over sedimentary deposits 
[7,9]. The WP differ in their degree of preservation 
(with best examples in Mawrth Vallis) from a spectro-
scopic point of view and, in some locations, partial 
stratigraphy is retained, and the top horizons are lost. 
We suggest that finding of carbonates in WP is coher-
ent with a Noachian being, at least episodically, a 
warm period with stable liquid water on the surface [7]. 

 
Implications:  
Surface weathering at a global scale and the Noa-

chian climate puzzle: Based on the mineralogical and 
the morphological description of the stratigraphy of Al-
rich clay minerals over Fe,Mg-rich clay minerals, [7] 
suggests a formation by weathering within humid cli-
mate. This is also coherent with terrestrial analog study 
[9]. Both geochemical modeling [4] and laboratory 
experiments [10, 11] imply that the formation of WP 
involves at least the presence of inorganic carbon in the 
starting solution and possibly local presence of other 
acid(s). The composition of the percolating fluid and 
its pH evolve towards alkaline values from the top to 
the bottom of the profiles. Moreover, the overall wide-
spread distribution of the profiles suggests that this 
weathering occurred at global scale. From crater counts 
[12], the weathering process operated during the Noa-
chian. It is consistent with morphological studies that 
conclude about extensive water-related resurfacing 
during the Noachian [13, 14]. The presence of car-
bonates associated with global-scale weathering prod-
ucts that formed during Martian wetter period is con-
sistent with denser, CO2-rich atmosphere, such as sug-
gested by climate models to account for liquid water at 
the surface of Mars [i.e.: 3]. It is coherent with experi-
mental results of [11] and with recent effort to quantify 
the atmospheric pressure suggesting that 0.125 bar to 2 
bars was present up to the late Noachian [15]. There-
fore, finding of carbonates does not solve by itself the 
climate puzzle but infills some gaps and as such serves 
as an important piece of information. As highlighted by 
[16], based on climate modelling, warm conditions can 
be attained on Mars, but an important parameter often 
used remains putative: H2 (or CH4) levels suggested are 
high and might not be reached during Noachian.  
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Continuously warm vs. episodically warm Noachi-
an: To overcome the difficulty of a continuously warm 
Noachian, episodic warm period(s) has been suggested 
[i.e.: 15]. Supporting this view, [17] suggests several 
relatively short warm periods to explain the thickness 
of hydrated mineral. Finding of carbonates in the WP 
might not solve the debate of episodic versus continu-
ously warm Noachian. But, if the Noachian was only 
warm episodically and considering the strong volcanic 
activity of this period, some WP could have had the 
time to be covered by lava flows, the latter being 
weathered subsequently. Such stratigraphy of overlap-
ping WP has so far not been documented. Therefore, a 
single warm episode (long enough to produce the WP) 
or a continuously warm Noachian remains the best 
explanation. Furthermore, we remark that if having a 
warm planet is difficult, warming a cold and icy planet 
(once or multiple times) would be even more difficult 
[18].  

 
Suggested additional puzzle pieces: To solve the 

problems outlined here, we suggest to consider Mars as 
a planet with a wide range of different cohabiting cli-
mates distributed across the planet during the Noachi-
an. Indeed, simultaneous coexistence of icy, cold re-
gions and warm, humid or arid regions cohabiting in 
Noachian Mars is consistent with  the diverse morpho-
logical records (ice and liquid water-related morpholo-
gies [19, 20]). To solve the problem of correlation be-
tween the modeled rainfall and the morphology linked 
to liquid water presence at the surface often pointed out 
by climate modelling [21], we suggest that it could be 
explained by the challenge to date correctly the mor-
phological features themselves. Indeed, we need to 
discriminate the morphological structures representa-
tive of the Noachian and the ones postdating the Noa-
chian (e.g. end of Noachian and early Hesperian). The 
morphologies observable today might be more repre-
sentative of the Hesperian period and have erased Noa-
chian related morphology. To solve the problem of H2 

(or CH4) levels, serpentinization [22], radiolytic H2 
production [23] and volcanism [3] have been suggest-
ed. However, the numbers still do not quite match the 
H2 level needed and this remains an open question. 
Moreover, if multiple warm episodes are needed, sev-
eral cycles of H2 (or CH4) production-destruction 
should have existed while building up an atmosphere 
with enough H2 (or CH4) to warm the planet is already 
challenging, having multiple episodes seem to be high-
ly improbable. 

 
Conclusion:  While carbonates formed on the sur-

face of Noachian Mars - supporting a CO2-rich atmos-
phere denser than today - have finally been found, they 

are not  sufficient to solve the debates about climate on 
Mars. However, they remain an important piece of the 
puzzle and confirm the presence of inorganic carbon in 
Noachian rainfalls. Overall, climatic models, miner-
alogical and morphological interpretations can be rec-
onciled. The determination of the composition, propor-
tion and more precise mineralogical associations of the 
carbonates present in the WP could lead to a quantifi-
cation of the pCO2. This might be possible with the 
ExoMars2020 rover if it reaches the WP. Finally, com-
prehensive studies of the WP on Mars and comparison 
with Earth analogues and laboratory experiments could 
help to distinguish signatures of different climates and 
test our suggestion of a Noachian period with warm-
arid, warm-humid and cold-icy climate zones coexist-
ing. 
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MARS-GRAM SUPPORT TO THE MARS ASCENT VEHICLE PRELIMINARY ARCHITECTURE 
ASSESSMENT.  K. L. Burns1, 1Jacobs Space Exploration Group/NASA Marshall Space Flight Center Natural En-
vironments Branch; Kerry.L.Burns@nasa.gov. 

 
 
Introduction:  The Mars Ascent Vehicle (MAV) 

will deliver cached core samples (gathered by the 2020 
rover) from the planet’s surface into orbit where it will 
be acquired by the Earth Return Orbiter.  The MAV 
Preliminary Architecture Assessment (PAA) is current-
ly producing preliminary vehicle designs for two pro-
pulsion architectures, a hybrid rocket system and a 
two-stage solid rocket system.   

The PAA is attempting to develop preliminary 
closed-loop designs and complete performance esti-
mates for both architectures.  Knowledge of the opera-
tional environment at the launch site and throughout 
the ascent profile is necessary for several concomitant 
analyses. 

The Mars Global Reference Atmospheric Model 
(Mars-GRAM) is an engineering model of the Martian 
atmosphere that is specifically designed to provide the 
environment definitions needed to support the types of 
analyses being done by the MAV PAA team. 

General approach:  A series of assumptions are 
necessary in order to set up a given input scenario and 
produce an appropriate Mars-GRAM simulation.  
These will be described fully in the presentation.  In 
addition, a liftoff date and time need to be specified.  A 
trajectory file is necessary to specify the vehicle’s posi-
tions along the ascent profile.  A solar activity level 
needs to be specified that approximates what will be 
occurring during the mission time frame.  Also, a rep-
resentative dust optical depth must be provided.   

Once these inputs are specified, and the trajectory 
file is in place, Mars-GRAM is run, producing 1000 
Monte Carlo runs for each architecture.  Statistics are 
then computed from these outputs. 

Variables analyzed:  The environment definition 
requested included kinematics (meridional, zonal, and 
vertical wind components), thermodynamics (tempera-
ture, pressure, and density), constituent chemical com-
positions for 10 gas species, and the derived quantities 
speed of sound and gamma, the ratio of specific heats. 

Results and applications: Results are being iterat-
ed with the MAV PAA team to ensure both that the 
given  Mars-GRAM simulations are appropriate for the 
mission scenarios being considered, and that the team 
is correctly applying the definitions provided in their 
respective subsequent analyses.  Outputs from ongoing 
analyses will be presented. 
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MATERIAL TRENDS FROM REMOTE SENSING ANALYSIS OF PALEOLAKE BASINS.  J. Buz1, C. S. 
Edwards1, 1Northern Arizona University, Department of Astronomy and Planetary Sciences, Flagstaff, AZ 86001 
(jennifer.buz@nau.edu) 

 
Introduction: Past, current, and future Mars rover 

missions have targeted basins with putative paleolakes 
[1–4]. Basins are geologically important because of 
their nature as sinks for fluids and sediments over areas 
much larger than themselves (e.g., [5]).  Furthermore, 
and as a direct result of this catchment, basins often 
show remarkable mineralogical and sedimentological 
diversity [e.g., 1,6–9].  The materials they accumulate 
provide a record of previous environmental conditions 
as they are deposited in sedimentary layers.  

However, the ability of basins to collect a useful rec-
ord of deposition unfortunately also leads to the accu-
mulation of post-lacustrine materials fully or partially 
obscuring the lacustrine deposits. Remote sensing is re-
lied upon for site selection and mission planning be-
cause it enables rough characterization of mineralogy 
and surface properties in the vicinity of a landed mis-
sion.  The signal recorded through remote sensing in-
struments, particularly in the Vis-NIR, combines both 
the material/layer of interest (in this case paleolacustrine 
deposits) and other confounding sources (e.g., atmos-
phere, dust, regolith).   

In this work we will characterize the fundamental 
properties of paleolacustrine basins, specifically trends 
in grain size distributions and mineralogy across a basin.  
We will then evaluate how these properties may be mis-
construed in remote sensing analysis through compari-
son of our remote sensing interpretations with in situ 
and laboratory measurements of the basin surface and 
materials at depth (i.e., below any potential post-lacus-
trine material). The results will be applied to remote 
sensing analysis of paleolacustrine sites on Mars with 
implications for future missions and past basin analysis. 

Methods:  Paleolake basins of comparable size and 
with available Vis-NIR and IR data have been selected 
on Mars (Fig. 1) and Earth.  On Mars, THEMIS and 
CRISM are used for remote sensing analysis in the IR 
and Vis-NIR respectively.  The former dataset allows 
for thermal inertia/grain size quantification while the 
latter for mineralogy. Analogous IR (MASTER, 
ASTER) and Vis-NIR (AVIRIS, Hyperion) datasets are 
available for Earth.   

We calculate thermal inertia on Mars using the KRC 
thermal model [10] with the following inputs: 
MOLA/HRSC blend topography, slope and azimuth, 
TES lambert albedo, modeled atmospheric opacity for 
observation latitude and year, material properties of bas-
alt, and 12.5 μm surface temperature.  Apparent thermal 
inertia is calculated on terrestrial remote sensing data 
following [11].   

 
Figure 1: Mars paleolacustrine sites selected for detailed 
study.  Images are calculated thermal inertia overlaid on 
THEMIS daytime IR mosaics [12] A) Jezero B) 
Eberswalde C) Ismenius Lacus D) Kashira E) Rahe F) 
Unnamed at 256.7° E, -39.2° N G) Unnamed at 129.3° 
E, -9.6° N H) Unnamed 125° E, -13.5° N 

 
For mineral identification and chemistry on Mars we 

use volcano-scan atmospherically corrected and photo-
metrically corrected CRISM images [13].  We first iden-
tify minerals using summary parameters for common 
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Mars materials [14,15] and follow-up with custom sum-
mary parameters and detailed spectroscopic analysis.  A 
similar pipeline exists for terrestrial data [16].  

Terrestrial sites will be visited and cores of ~60 cm 
will be collected across the same transects used for re-
mote sensing analysis.  The depth of the cores is based 
off of previous literature on the thickness of regolith and 
desert pavement in the Great Basin (the region contain-
ing all of the terrestrial paleolacustrine sites of interest) 
[17,18].  The cores will be subdivided into sub-samples 
from various depths. Mineral abundances and grain size 
distributions will be quantified through laboratory anal-
ysis (e.g., sieving, EMPA, XRD) to determine trends 
across the basin and with depth.   

Preliminary Results:  Thermal inertial for our Mar-
tian sites is shown in Figure 1. In general, thermal iner-
tia appears to increase with proximity to basin center.  
This phenomenon is particularly pronounced at Isme-
nius Lacus (Fig 1C) and two unnamed craters (Fig 1 
F/G).   

Terrestrial studies of paleolacustrine environments 
show mineral zonation with solubility [19]. Typically 
this results in carbonates at the margins of a lake, sul-
fates at intermediate elevations, and halides in the basin 
center.  No evaporites have been identified at any of the 
martian sites of interest.  Similarly, previous work on 
Jezero crater has shown carbonates at the margin of the 
basin with clay mineral abundance and mineral hydra-
tion increasing toward the center [e.g., 20] (Figure 2).  
However, analysis of the regional mineralogy has lead 
previous investigators to conclude that the clay and car-
bonate minerals are detrital rather than authigenic [e.g., 
3,20].  Work at Kashira and Eberswalde craters has also 
shown clay signatures within the paleolacustrine basin, 
with the former detection interpreted as authigenic 
[21,22] and the latter as detrital [23,24].   

 
 
Discussion: Although the mineral distributions 

within a basin on Mars mimic those within basins on 
Earth, with carbonate on the margins and clays in the 
interior, the reason for this distribution seems to be dif-
ferent (i.e., solubility related on Earth, source mineral-
ogy and hydrologic timing on Mars).  This may be due 
to a shorter lake lifetime and therefore less time for min-
eral formation.  In the case of carbonate, CO2 in the at-
mosphere is expected to be reduced when compared to 
Earth [25]. 

Current/Future Work: A trial site, Stonewall 
Playa, will be visited.  In situ and laboratory measure-
ments will be presented.  Spectral analysis of CRISM 
data is ongoing.  Further analysis of each hyperspectral 
image will include mineral endmember determination 
and abundance estimates. We will employ the tech-
niques in [26] to calculate degree of crystallinity or sil-
ica content in the THEMIS data [27].  Mineral types, 
their abundances throughout the basin, the crystallinity 
and grain sizes will all help comparison between Mar-
tian and terrestrial sites and aid in determining the rea-
sons for material segregation.   

We will validate our results and interpretations of 
the Martian remote sensing data by using data collected 
by MER and MSL rovers.  We will predict mineral 
abundances and grain size distributions at Jezero and 
ground-truth with the Mars 2020 rover payload.   
References: [1] Grotzinger J. P. et al. (2014) Science 
(80-. ). 343, DOI 10.1126/science.1242777. [2] Schon 
S. C. et al. (2012) Planet. Space Sci. 67, 28–45. [3] 
Goudge T. A. et al. (2015) J. Geophys. Res. 120, 775–
808. [4] Ruff S. W. et al. (2014) Geology 42, 359–362. 
[5] Ehlmann B. L. and Buz J. (2015) Geophys. Res. Lett. 
42, 264–273. [6] Bish D. L. et al. (2013) Science (80-. ). 
341, DOI 10.1126/science.1238932. [7] Blake D. F. et 
al. (2013) Science (80-. ). 341, DOI 
10.1126/science.1239505. [8] Sautter V. et al. (2014) J. 
Geophys. Res. 119, 30–46. [9] Stolper E. M. et al. 
(2013) Science (80-. ). 341, DOI 
10.1126/science.1239463. [10] Kieffer H. H. (2013) J. 
Geophys. Res. Planets 118, 451–470. [11] Scheidt S. et 
al. (2010) J. Geophys. Res. Earth Surf. 115, DOI 
10.1029/2009JF001378. [12] Edwards C. S. et al. 
(2011) J. Geophys. Res. Planets 116, DOI 
10.1029/2010JE003755. [13] McGuire P. C. et al. 
(2009) Planet. Space Sci. 57, 809–815. [14] Pelkey S. 
M. et al. (2007) J. Geophys. Res. 112, E08S14. [15] 
Viviano-Beck C. E. et al. (2014) J. Geophys. Res. 119, 
1403–1431. [16] Kruse F. A. (2012) Geomorphology 
137, 41–56. [17] Matmon A. et al. (2009) GSA Bull. 
121, 688–697. [18] Springer M. E. (1958) Soil Sci. Soc. 
Am. J. 22, 63–66. [19] Baldridge A. M. et al. (2004) J. 
Geophys. Res. Planets 109, DOI 
10.1029/2004JE002315. [20] Ehlmann B. L. et al. 
(2009) J. Geophys. Res. 114, DOI 
10.1029/2009je003339. [21] Wray J. J. et al. (2009) 
Geology 37, 1043–1046. [22] Goudge T. A. et al. (2015) 
Icarus 250, 165–187. [23] Le Deit L. et al. (2012) J. 
Geophys. Res. 117, DOI 10.1029/2011JE003983. [24] 
Milliken R. E. and Bish D. L. (2010) Philos. Mag. 90, 
2293–2308. [25] Edwards C. S. and Ehlmann B. L. 
(2015) Geology 43, 863–866. [26] Smith M. R. et al. 
(2013) Icarus 223, 633–648. [27] Rice M. S. et al. 
(2013) Icarus 223, 499–533.  

Figure 2: 
Modified from 
[20].  Showing 
carbonate at the 
basin margins 
and hydration to-
ward the interior 
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CLIMATE ORBITER FOR MARS POLAR ATMOSPHERIC AND SUBSURFACE SCIENCE (COMPASS): 
DECIPHERING THE MARTIAN CLIMATE RECORD  S. Byrne1, P. O. Hayne2, P. Becerra3, The COMPASS 
Team  1Lunar and Planetary Laboratory, U. of Arizona, Tucson, AZ, USA, shane@lpl.arizona.edu, 2Laboratory for 
Atmospheric and Space Physics, U. of Colorado Boulder, CO, USA. 3University of Bern, Bern, Switzerland. 

 
Introduction: In many ways, Mars’ icy climate rec-

ord is recognizable to a terrestrial paleoclimatologist.  
Polar Layered Deposits (PLD) of water ice and dust at 
the north and south poles (NPLD & SPLD) are together 
similar in volume to the Greenland ice sheet and their 
stratified structure likely records climate over millions 
to tens of millions of years (Fig. 1) [1].  Surface water 
ice deposits that cover the NPLD interact with the cur-
rent climate and may be the dominant source of water 
vapor in the annual global cycle [2].  Models suggest 
that depths to buried ice-sheets and pore-filling ice in 
the mid-latitudes should adjust with changing atmos-
pheric conditions in a similar way to ice in the Antarctic 
Dry Valleys [3].  However, Mars has a host of unfamil-
iar ice deposits that also record climate: the geomor-
phology of a surficial CO2 ice cap near the South Pole 
evolves by meters per year [4,5], and a buried CO2 ice 
deposit at least equivalent in mass to the current atmos-
phere also resides in this area [6]. 

 

 

Fig. 1: COMPASS focuses on the interaction of the climate 
and ice deposits (top, HRSC image of the north polar region 
with clouds) and the climate record of the deposits themselves 
(bottom, HiRISE image of exposed bedding in the NPLD). 

 Despite decades of research based on remote sens-
ing observations, key knowledge gaps prevent a full un-
derstanding of the martian climate and how it is rec-
orded in icy deposits. Interaction of the atmosphere with 
surface and subsurface ice depends critically on atmos-
pheric humidity near the surface, yet water vapor has 
only been quantified in column-integrated measure-
ments or at specific landing sites.  Winds have never 
been systematically measured on Mars – introducing 
large uncertainties into the modeling of atmospheric 
volatile transport. Buried ice sheets in the mid-latitudes 
have been detected by various means, but systematic 
measurements have not been made of their locations, 

depths, thicknesses and internal layering. PLD layers 
can only be viewed at heavily-mantled outcrops or in 
radar data that do not fully resolve them. 

The Climate Orbiter for Mars Polar Atmospheric 
and Subsurface Science (COMPASS), is a Discovery-
class mission that will provide the key missing datasets 
to leverage and apply our understanding of terrestrial 
climate records and meteorology to Mars. COMPASS 
will study Mars from the subsurface through the atmos-
phere using unprecedented measurements to defini-
tively answer the question, “How is the climate we ob-
serve today related to past climate variations recorded 
in Mars’ ice deposits?” 

 
Science Objectives: Ice is the key to understanding 

past climate variations on Mars, because volatiles are 
sensitive tracers of atmospheric and surface tempera-
tures through time [7]. Surface and subsurface ices in-
teract with the atmosphere on different timescales, rang-
ing from the seasonal CO2 cycle to the multi-year ad-
vance and retreat of ground ice, to glacial/periglacial 
landforms and the polar layered deposits, which formed 
~1 – 10 Myr ago [1,3,8]. The atmosphere acts as a con-
duit between these different ice reservoirs under chang-
ing conditions.  

To fully understand past volatile exchange and the 
underlying climate forcings, COMPASS will observe 
present climate processes and volatile transport contem-
poraneously with measurements of icy reservoirs (Fig. 
2) to achieve two science goals:  
1. Understand interactions between the current cli-

mate and icy deposits
2. Map locations, quantify volumes and characterize 

layering of Amazonian-aged ice reservoirs globally  

Fig. 2: COMPASS investigates interconnected processes 
in Mars’ climate-ice system, including those illustrated 
here for the north polar winter. (Adapted from [9]) 
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Proposed Mission Overview:  The COMPASS 
mission accomplishes its science goals through atmos-
pheric, surface and subsurface measurements taken with 
four instruments (Figs. 3,4): 

CROME (COMPASS Radar Observer for Mars Ex-
ploration), a dual-mode L-band radar (Fig. 2) allows 
COMPASS to locate and resolve sub-meter scale layer-
ing within ice deposits on Mars. Buried ice will be de-
tected and located by near-global Synthetic Aperture 
Radar (SAR) coverage.  SAR data will also penetrate 
and characterize the dust that covers one third of the 
martian surface, and overlie subsurface ice deposits.  
Layers of ice and dust within the PLD and buried mid-
latitude ice-sheets will be examined in a radar sounder 
mode.  At an order of magnitude higher vertical-resolu-
tion than MRO’s SHARAD, these sounder data allow 
the detailed correlation of stratigraphic beds with oscil-
lations of orbital elements. 

 
Fig. 3: COMPASS spacecraft with deployed six-meter mesh 
antenna. Orbital motion parallel to solar panels. CROME is 
located on the deck facing the antenna. 

AMCS (Advanced Mars Climate Sounder), a ther-
mal IR limb sounder based on MRO’s MCS [10] and 
LRO’s Diviner will retrieve temperature and content of 
water vapor, dust, and condensates as a function of 
height.  Nadir observations can monitor surface frosts 
and surficial thermal behavior to deduce the presence of 
the shallowest and lowest-latitude ground ice. AMCS 
will have twice the vertical resolution of MCS and new 
filters specifically designed to discriminate water vapor 
from the other atmospheric components. 

WAVE (Wind And Vapor Experiment), a sub-mm 
limb sounder [11], allows the systematic measurement 
of winds for the first time.  Two antennae observe the 
limb allowing for reconstruction of both horizontal ve-
locity components as a function of height. Water vapor 
and temperature profiles will be retrieved under higher 
optical depth conditions than suitable for AMCS.  Iso-
topic abundances will be tracked as tracers between 
sources and sinks of water vapor. 

MAVRIC (Mars Atmosphere Volatile and Resource 
Investigation Camera), a wide-angle camera with a 
near-simultaneous stereo imaging capability, images 
limb-to-limb each dayside pass in several visible and 

near-IR bands. Daily global coverage permits character-
ization of seasonal frost, clouds and dust storm evolu-
tion. Near-IR bands allow discrimination of CO2 and 
H2O frosts, while multiple visible bands allow discrim-
ination of dust and volatile clouds. 

 
Fig. 4: COMPASS nadir instrument panel with FOVs indi-
cated for AMCS (purple), WAVE (brown) and MAVRIC 
(green). Orbital motion into page. 

COMPASS will have a low-eccentricity sun-syn-
chronous orbit during its one-Mars-year (2-Earth-years) 
primary science mission. With an inclination of 93°, 
such an orbit is naturally concentrated in the ice-rich 
higher latitudes and provides near-global coverage. An 
equator-crossing local time of 3 pm allows integration 
of the IR sounder and wide-angle imaging data with the 
legacy datasets of MRO, Mars Odyssey and Mars 
Global Surveyor. An orbital altitude of 250–300 km en-
ables high-resolution observations and low atmospheric 
drag over the course of the primary mission. 

COMPASS brings together highly-experienced 
partners and high-heritage technology resulting in high 
science return at low risk and cost.  The University of 
Arizona (UA) runs the PI office and Science Operations 
Center utilizing experience from the Osiris-Rex mission 
and the Phoenix Lander. The Laboratory for Atmos-
pheric and Space Physics (LASP) provides the Astro-
labe spacecraft bus (similar to that used by the Emirates 
Mars Mission) as well as mission management and op-
erations. The Canadian Space Agency (CSA) contrib-
utes CROME based on Earth-orbiting heritage through 
industry partner MDA Corporation. The Jet Propulsion 
Laboratory (JPL) provides AMCS and WAVE based on 
heritage instruments in orbit around Mars and Earth re-
spectively. The Applied Physics Laboratory (APL) pro-
vides a MAVRIC based on existing Mars systems.  Our 
diverse science team is comprised of leaders in the field 
from throughout the US, Canada and Europe. 

References: [1] Byrne et al. (2009) Ann. Rev. Earth 
Planet. Sci. [2] Jakoksky and Haberle (1992) [3] 
Schoghofer and Aharonson (2005) [4] Malin et al. 
(2001) JGR [5] Thomas et al. (2009) Icarus [6] Phillips 
et al. (2011) Science [7] Leighton and Murray (1966) 
Science [8] Head et al. (2003) [9] McCleese et al. 
(2016), International Mars Polar Conference, Iceland.
[10] Kleinboehl et al. (2016) 3rd Int. Workshop on Inst.
for Planetary Missions. [11] Read et al. (20018) Plan. 
Space Sci.  
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GO WHERE YOU KNOW: BEGIN HUMAN EXPLORATION OF MARS AT LOW LATITUDES.  F. J. 
Calef III1 B. Cohen2, M. Seibert3, 1Jet Propulsion Laboratory-Caltech, fcalef@jpl.nasa.gov, 2NASA Marshall Space 
Flight Center, 3Colorado School of Mines 

Introduction:  Mars is the “horizon goal” for hu-
man space flight [1]. Towards that endeavor, factors 
influencing landing site suitability for a human-rated 
mission include: entry, descent, and landing (EDL) 
characteristics, scientific diversity, and the type, form, 
and accessibility of in situ resources [2]. Precursor 
robotic missions offer the ability to understand the 
operational environment at the ground level. All mis-
sions require a careful balance of reducing risks and 
increasing scientific return for the mission, though for 
the first human missions, a higher emphasis on safety 
is to be expected. Towards those goals, we outline why 
equatorial sites (below 30° latitude) offer the best op-
portunities for safe and scientifically rich human land-
ing sites on Mars. 

Safety First: Of primary importance for the first 
human mission will be the safety of the astronauts. The 
crew perspective on safety can be described as, to par-
aphrase astronaut Stan Love from the 1st Mars Human 
Landing Site Workshop [3], “We don’t care where we 
go, but we want it to be safe.” Equatorial sites offer 
several engineering advantages that bring down the 
risk of large systems because of their location, includ-
ing: 

1. moderate and stable temperature regimes: as 
on Earth, temperature remains stable at low 
latitudes with less variability in range [4]. 
The thermal environment can be reliably pre-
dicted and compensated for with less ex-
tremes to contend with. 

2. consistent “high-angle” light: during high-
latitude winter, sun angle approaches the 
horizon which can interfere with visibility by 
humans and robots (who rely on stereo im-
ages to create navigable terrain data) 

3. known operational conditions: seven of the 
nine successful landed missions have visited 
equatorial locations. All three rover-only 
missions have operated between 6-15 years 
each on the martian surface recording tem-
perature, tau (atmospheric dust content) as 
measured from the surface, pressure (MSL), 
radiation environment (MSL), terrain materi-
al types, and traverse capability over ~73 km. 
Both the NASA Mars 2020 and ESA 
Rosalind Franklin rover landing sites will 
visit additional equatorial locations adding to 
these data sets. 

High latitude sites suffer from challenging temperature 
regimes which reduce mission performace from in-
creased energy use and reduced mechanical “up time” 

(extended heating times), not to mention the reduced 
material lifetime from harsher heat/cooling cycles. 
Seasonal effects, like low lighting, can reduce opera-
tional hours for collecting science observations and be 
a nuisance for stereo correlation used by ‘assistant’ 
robotic spacecraft. 

 “Go where you know”: Current and proposed 
“final round” robotic landing sites receive extensive 
analysis during landing site selection and are well 
characterized with high resolution (25 cm/pixel) stereo 
and hyperspectral (18 m/pixel) datasets. The final four 
MSL (Eberwalde Crater, Gale Crater, Holden Crater, 
Mawrth Vallis) and additional five unique Mars 2020 
(Columbia Hills, Nili Fossae trough, Northeast Syrtis, 
Jezero Crater, Southwest Melas Chasma) landing sites 
have near contiguous orbital coverage sufficient to 
land a spacecraft within a 20x25 km ellipse. For legacy 
and current Mars missions with extensive lifetimes (<1 
year), MER Spirit, MER Opportunity (Figure 1), and 
MSL Curiosity (Figure 2) offer ground truth over sev-
eral to tens of kilometers both in and outside their 
nominal landing ellipses. While the HiRISE instrument 
provides unprecedented detail of Mars’ surface for 
current and future missions, the insitu observations of 
rock density, soil mechanics, temperature fluctuations, 
dust opacity, radiation (via Curiosity), traversability, 
not to mention insitu science, are not sufficiently 
measureable or resolvable by orbital assets. In terms of 
safety and science return, revisiting previously ex-
plored robotically can only reduce risk by removing 
uncertainty or shrinking errors bars in science and en-
gineering landing site analysis. Insitu data decreases 
risk compared to other potential landing sites that have 
never been visited. Human-rated missions will require 
one or more precursor missions to understand the 
landed surface to reduce risk. From a financial per-
spective, insitu data is ‘priceless’ for a human-rated 
mission, removing the need for a precursor. Mission 
designs can be tailored to site specific constraints 
down to the smallest details.  

“Water, Water, Everywhere”: A primary driver 
in the current human landing site selection process, is 
the desire to have insitu resource utilization (ISRU) 
support initial human missions. Water availability is 
considered a critical factor to establishing a “perma-
nent” scientific research station/settlement for human 
use (drinking/oxygen generation) and perhaps electri-
cal (fuel cell) or as rocket propellent. It is not clear if 
access to near surface water ice at higher latitudes, is 
worth the trade in operational safety/consistency when 
compared to equatorial sites with hydrated surface 
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materials. Regolith at equatorial latitudes, e.g. the MSL 
science target “Rocknest” [5] using 2 weight% water, 
estimated a cubic meter of soil would produce ~32 L 
of water. You would need to process more material for 
equivalent water return, though Mars ice is very cold 
and closer in mechanical properties to rock; mining it 
may be just as difficult as processing regolith for the 
same effect and yield other valuable byproduct (e.g. 
sands for construction). Developing ISRU capability to 
process water from regolith would allow landing sites 
almost anywhere on Mars, regardless of water-ice 
availability. 

Scientific Diversity: The majority of human land-
ing site suggested were from the equatorial regions [3]. 
Partially this is an artifact of robotic landing site selec-
tion, but also because the martian equator cuts through 
all three major age units (Noachian, Hesperian, Ama-
zonian) and contains major geologic outcrops driving 
scientific inquiry. Major clay units are being explored 
at Gale crater and a braided stream system at Jezero 
crater. Meridiani Planum itself holds the record of an 
ancient inland sea [6]. 

Conclusion: Mars’ equatorial region offers an 
abundance of scientific diversity, benign operational 
environments, and nine landing sites with high-
resolution orbital datasets. Three rover landings sites 
come with invaluable insitu measurements of ISRU 
resources, human and robotic operational characteris-
tics, and cm-scale terrain details that are invaluable to 
any human-rated mission to the surface. If we want to 
go to Mars in the near future, we should aim for land-
ing sites that fit known operational capability and sci-
entific interest. By utilizing our existing Mars opera-
tions knowledge base and insitu datasets, we can excel-
lerate our timeline to getting astronauts on the surface, 
safely. 
 
References: [1] Pathways to Exploration, ISBN: 978-
0-309-30507-5, 2014. [2] Human Exploration of Mars 
DRA v5.0, NASA-SP-2009-566, 2009. [3] (Bussey and 
Hoffman, IEEE, 2016. [4] Christensen et al., J. 
Geophys. Res., 106(E10), 23,823–23,871, 2001. [5] 
Archer et al., JGR, 2014, doi:10.1002/2013je004493. 
[(4)5] Grotzinger et al., Science, 2013. [6] Squyres et 
al., Science, 2004. [7] Cohen and Seibert, HLS2, 
#1030, 2014. [8] Calef et al., HLS2, #1020, 2014. 

 
Figure 1: Meridiani Planum Exploration Zone (EZ) 
from Cohen and Seibert [7]. 

Figure 2: Gale Crater EZ from Calef et al. [8] 
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REVISITING THE PROPOSED SCIENTIFIC OBJECTIVES FOR MARS SAMPLE RETURN.  B. L. Car-
rier1, M. M. Grady2, H. Y. McSween3, E. Sefton-Nash4, D. W. Beaty1 & the iMOST Team. 1Jet Propulsion Laboratory, 
California Institute of Technology, Pasadena, CA, 2Open University, UK, 3University of Tennessee, Knoxville, TN, 
4European Space Agency. 
 

Introduction. In light of the ongoing planning for a 
potential Mars Sample Return (MSR) campaign, 
IMEWG (the International Mars Exploration Working 
Group) began evaluating the degree of international in-
terest in MSR science by means of a working group re-
ferred to as iMOST (the International MSR Objectives 
and Samples Team).  A primary purpose of iMOST was 
to establish international consensus positions related to 
the potential value of returning to Earth the samples to 
be collected by the Mars 2020 rover mission.  We have 
concluded that the analysis in Earth laboratories of the 
samples that could be returned from Mars is of ex-
tremely high interest to the international Mars explora-
tion community.   

The iMOST Study. The International MSR Objec-
tives and Samples Team was comprised of a team of 71 
members representing 15 different countries and a broad 
range of scientific disciplines.The group was chartered 
in November 2017 and completed their report in August 
2018 and was subsequently published in 2019 [1].  

Proposed Objectives.  The iMOST Report has pro-
posed a taxonomy of seven primary scientific objectives 
for Mars Sample Return, some of which have been bro-
ken down further into sub-objectives. The shorthand for 
these seven objectives is as follows 1) Geology, 2) Life, 
3) Geochronlogy, 4) Volatiles, 5) Planetary Evolution, 
6) Understand/Reduce the Risks for Humans to Mars, 7) 
In-Situ Resource Utilization (ISRU). 

Objective 1-Geology: The first objective is to inter-
pret the primary geologic processes and history that 
formed the martian geologic record, with an emphasis 
on the role of water. The intent of this objective is to to 
investigate the geologic environment(s) represented at 
the Mars 2020 landing site, provide definitive geologic 
context for collected samples, and detail any character-
istics that might relate to past biologic processes. This 
objective has been further divided into 5 sub-objectives 
reflecting specific geologic environments which may be 
present on Mars: sedimentary systems, ancient hydro-
thermal environments, deep subsurface groundwater, 
subaerial environments and igneous terrane. These en-
vironments are detailed separately as the strategies and 
types of samples desired are different for each of them. 

Objective 2-Life: Assess and interpret the potential 
biological history of Mars, including assaying returned 
samples for the evidence of life. The intent is to investi-
gate the nature and extent of martian habitability, the 
conditions and processes that supported or challenged 
life, how different environments might have influenced 

the preservation of biosignatures and created nonbiolog-
ical ‘mimics’, and to look for biosignatures of past or 
present life. 

This objective has been broken down into 3 sub-ob-
jectives: 1) Assess and characterize carbon, including 
possible organic and pre-biotic chemistry; 2) Assay for 
the presence of biosignatures of past life at sites that 
hosted habitable environments and could have pre-
served any biosignatures; 3) Assess the possibility that 
any life forms detected are alive, or were recently alive.  

Objective 3-Geochronology: Quantitatively deter-
mine the evolutionary timeline of Mars. The intent of 
this objective is to provide a radioisotope-based time 
scale for major events, including magmatic, tectonic, 
fluvial, and impact events, and the formation of major 
sedimentary deposits and geomorphological features. 

Objective 4-Volatiles: Constrain the inventory of 
martian volatiles as a function of geologic time and de-
termine the ways in which these volatiles have inter-
acted with Mars as a geologic system. The intent of this 
is to recognize and quantify the major roles that volatiles 
(in the atmosphere and in the hydrosphere) play in mar-
tian geologic and possibly biologic evolution. 

Objective 5-Planetary Evolution: Reconstruct the 
processes that have affected the origin and modification 
of the interior, including the crust, mantle, core and the 
evolution of the martian dynamo. The intent is to use 
returned Mars samples to quantify processes that have 
shaped the planet’s crust and underlying structure, in-
cluding planetary differentiation, core segregation and 
state of the magnetic dynamo, and cratering. 

Objective 6-Understand the Risks for Humans to 
Mars: Understand and quantify the potential martian en-
vironmental hazards to future human exploration and 
the terrestrial biosphere. Returned martian samples 
could be used to define and mitigate an array of health 
risks related to the martian environment associated with 
the potential future human exploration of Mars. 

Objective 7-Prepare for In-Situ Resource Utiliza-
tion: Evaluate the type and distribution of in-situ re-
sources to support potential future Mars exploration. 
The primary intent is to quantify the potential for ob-
taining martian resources, including use of martian ma-
terials as a source of water for human consumption, fuel 
production, building fabrication, and agriculture. 

 
Other Findings from the iMOST Report: 
Several specific findings were identified during the 

iMOST study. While they are not explicit recommenda-
tions, we suggest that they should serve as guidelines 
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for future decision-making regarding planning of poten-
tial future MSR missions. 

1. The samples to be collected by the Mars 2020 (M-
2020) rover will be of sufficient size and quality to ad-
dress and solve a wide variety of scientific questions. 

2. Samples, by definition, are a statistical represen-
tation of a larger entity. Our ability to interpret the 
source geologic units and processes by studying sample 
sub-sets is highly dependent on the quality of the sample 
context. In the case of the M-2020 samples, the context 
is expected to be excellent, and at multiple scales: (A) 
Regional and planetary context would be established by 
the on-going work of the multi-agency fleet of Mars or-
biters; (B) Local context would be established at field 
area- to outcrop- to hand sample- to hand lens scale us-
ing the instruments carried by M-2020. 

3. A significant fraction of the value of the MSR 
sample collection would come from its organization into 
sample suites, which are small groupings of samples de-
signed to represent key aspects of geologic or geochem-
ical variation. 

4. If the Mars 2020 rover acquires a scientifically 
well-chosen set of samples, with sufficient geological 
diversity, and if those samples were returned to Earth, 
then major progress can be expected on all seven of the 
objectives proposed in this study, regardless of the final 
choice of landing site. The specifics of which parts of 
Objective 1 could be achieved would be different at 
each of the final three candidate landing sites, but some 
combination of critically important progress could be 
made at any of them. 

5. An aspect of the search for evidence of life is that 
we do not know in advance how evidence for martian 
life would be preserved in the geologic record. In order 
for the returned samples to be most useful for both un-
derstanding geologic processes (Objective 1) and the 
search for life (Objective 2), the sample collection 
should contain BOTH typical and unusual samples from 
the rock units explored. This consideration should be in-
corporated into sample selection and the design of the 
suites. 

6. The retrieval missions of a MSR campaign should 
(1) minimize stray magnetic fields to which the samples 
would be exposed and carry a magnetic witness plate to 
record exposure, (2) collect and return atmospheric gas 
sample(s), and (3) collect additional dust and/or regolith 
sample mass if possible. 

 
References: [1] iMOST (International MSR Objec-

tives and Samples Team:  co-chairs: D. W. Beaty, M. 
M. Grady, H. Y. McSween, E. Sefton-Nash; documen-
tarian: B. L. Carrier; team members: F. Altieri, Y. Ame-
lin, E. Ammannito, M. Anand, L. G. Benning, J. L. 
Bishop, L. E. Borg, D. Boucher, J. R. Brucato, H. Buse-
mann, K. A. Campbell, A. D. Czaja, V. Debaille, D. J. 
Des Marais, M. Dixon, B. L. Ehlmann, J. D. Farmer, D. 

C. Fernandez-Remolar, J. Filiberto, J. Fogarty, D. P. 
Glavin, Y. S. Goreva, L. J. Hallis, A. D. Harrington, E. 
M. Hausrath, C. D. K. Herd, B. Horgan, M. Humayun, 
T. Kleine, J. Kleinhenz, R. Mackelprang, N. Mangold, 
L. E. Mayhew, J. T. McCoy, F. M. McCubbin, S. M. 
McLennan, D. E. Moser, F. Moynier, J. F. Mustard, P. 
B. Niles, G. G. Ori, F. Raulin, P. Rettberg, M. A. 
Rucker, N. Schmitz, S. P. Schwenzer, M. A. Sephton, 
R. Shaheen, Z. D. Sharp, D. L. Shuster, S. Siljestrom, 
C. L. Smith, J. A. Spry, A. Steele, T. D. Swindle, I. L. 
ten Kate, N. J. Tosca, T. Usui, M. J. Van Kranendonk, 
M. Wadhwa, B. P. Weiss, S. C. Werner, F. Westall, R. 
M. Wheeler, J. Zipfel, and M. P. Zorzano) (2019), The 
Potential Science and Engineering Value of Samples 
Delivered to Earth by Mars Sample Return, Meteoritics 
& Planetary Science, vol. 54 (3), p. 667-671 (executive 
summary only), https://doi.org/10.1111/maps.13232; 
open access web link to full report (Meteoritics & Plan-
etary Science, vol. 54, S3-S152): 
https://doi.org/10.1111/maps.13242. 

 
Disclaimer: The decision to implement Mars Sample 
Return will not be finalized until NASA’s completion 
of the National Environmental Policy Act (NEPA) pro-
cess. This document is being made available for infor-
mation purposes only. 
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Introduction: The martian surface has been 

shaped by impact craters throughout the planet’s his-
tory; these craters allow for many observations to be 
made about the surface’s geologic history. Sedimen-
tary central mounds occur within impact craters 
across the martian surface. Mt. Sharp, within Gale 
Crater, where the Mars Science Laboratory (MSL) 
rover is located, is a prime example of such a sedi-
mentary mound. Craters hosting sedimentary mounds 
offer an opportunity to analyze the transition from wet 
to dry conditions on Mars near the Noachi-
an/Hesperian boundary and constrain the ages of cer-
tain martian surfaces.  

Crater sedimentary central mounds are unlike cen-
tral peaks because the central mounds were formed 
post-impact by sediment accumulating in the crater 
via a variety of processes. The central mounds come 
in all shapes and sizes, and are sometimes offset from 
the center of their host craters [1]. 

Sedimentary central mounds exist in abundance 
across the martian surface, yet their origins are still 
unexplained. Currently, the best estimate as to the 
formation time of these mounds is thought to be on 
the order of 10-100s Myr [2]. There are many hypoth-
eses as to how the central mounds formed, but the 
most prominent hypothesis is that sediment filled the 
craters and was then eroded over time, resulting in the 
mound morphology that is currently observed [1,2]. 
The mound sediment may have been deposited as the 
result of a variety of processes, such as: explosive 
volcanic, ice related, aeolian, impact, groundwater 
upwelling, lacustrine, deltaic, alluvial, or submarine 
processes [1,2].  

The reason that these mounds may aid in under-
standing of the transition from a wet to a dry climate 
on Mars comes from theory as well as experiment. For 
example, the central mound in Gale crater (location of 
the Curiosity rover) exhibits clay minerals at the base 
of the mound and sulfates higher up the mound [3]. 
Curiosity has shown that the lowest layers of the 
mound were deposited in a lake [4]. This likely repre-
sents a transition from a wet environment to a drier 
environment on ancient Mars.  

Using crater statistics to calculate ages of surfaces, 
specifically within the Medusae Fossae Formation 
(MFF) and Arabia Terra which contain the majority of 
the mounds, allows us to compare the age of the 
mounds to observations to be made related to the 
morphology, composition, and crater populations of 

these mounds. This data then allows us to constrain 
the types of geologic processes that formed and modi-
fied these central mounds. 

Methods:  We hypothesize that the age of the 
crater and the age of the crater floor (revealed after 
the mound has been eroded) can be used to estimate 
the age of the central mound. We use the age of the 
crater ejecta as the maximum age of the mound and 
we use the age of the crater floor as the minimum age 
of the mound.  

In order to get the necessary age dates, JMARS [5] 
was used to collect crater statistics, and CraterStats2 
[6] was used to determine a model age based on crater 
size and frequency. We created shapefiles of known 
sedimentary central mounds, as well as the mounds’ 
accompanying crater ejecta and crater floor shape-
files. The crater floor shapefiles were made to avoid 
terrain that cannot be dated such as sand dunes or 
locations of substantial modification. The crater ejecta 
shapefile, which outlines the ejecta blanket of each 
crater, estimated the ejecta blankets using the Rce = 
(2.348) R1.006 formula, with Rce being the radius of the 
ejecta and R being the radius of the crater [7]. This 
formula was necessary for creating the crater ejecta 
shapefile because, unlike the crater mounds and 
floors, the ejecta cannot always be outlined perfectly 
without an empirical method. This formula was creat-
ed using empirical data of lunar craters but has been 
proven to be accurate for martian crater ejecta blan-
kets as well [8]. The Mars Reconnaissance Orbiter’s 
(MRO) Context Camera (CTX) images were used to 
identify craters, and the internal JMARS crater count-
ing tool was then employed to mark each crater by 
fitting a circle to its diameter. Craters 100 m in di-
ameter and greater were measured. The resulting 
crater diameters were then imported into CraterStats2, 
where the Hartmann & Neukum (2001) chronology 
function and Ivanov (2001) production function, 
along with a resurfacing correction when needed, was 
employed to estimate surface exposure age of the dif-
ferent regions [9,10]. The largest craters were primari-
ly used to estimate the ages of the surfaces due to the 
fact that smaller craters are more susceptible to pref-
erential modification. 

Results:  We have completed the analysis of sev-
eral crater floors, mounds and ejecta blankets on 
Mars. To first order, we observe that the ejecta is sig-
nificantly older than the mound and crater floors.  As 
can be seen in Figure 1, the numbers of craters in each 
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size frequency bin can be quite small, especially for 
the mound and crater floor.  It is important to assess 
the differences in area counted when examining crater 
size frequency distributions, especially when consid-
ering the cross-comparisons we aim to conduct. Re-
surfacing corrections also result in large age differ-
ences, though in many cases it is clear that significant 
resurfacing, which would preferentially destroy 
smaller craters has been at work.  

Future Work: Further analysis is required before 
robust conclusions can be made across the suite of 
crater mounds. We anticipate completing the analysis 
of >20 craters to obtain a robust regional/global un-
derstanding of the ages of craters containing mounds 
and their associated features. This will be done by 
obtaining more crater statistics using JMARS and 
interpreting the data into age dates of certain surfaces 
using CraterStats2, as previously outlined. A detailed 
assessment of areal size counted vs age will also be 
conducted to ensure we are not mis-representing the 
age dates. Once these age dates are complete we aim 
to relate the different mound morphologies and char-
acteristics to age distributions in order to help con-
strain the origins, degradation histories and evolution 
of these enigmatic martian features. 
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Figure 1 (below): The results of crater counting at an 
unnamed crater (11.8 E, 6.7 N). This shows the esti-
mated age (from left to right) of the crater ejecta (3.7 
Ga +/- 0.02 Ga), the crater floor (120 Ma +/- 70 Ma), 
and the central mound (230 Ma +/- 70 Ma). While the 
surrounding ejecta has sufficient crater density to ob-
tain reliable statistics, the crater floor and mound may 
not.  
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THE MARS ORBITAL CATALOG OF CHEMICAL ALTERATION SIGNATURES (MOCCAS). J. Carter1 
and the OMEGA1 and CRISM2 teams, 1IAS, Paris-Saclay University, France. 2APL, MD, USA. (john.carter@ias.u-
psud.fr). 

 
Introduction:  The Mars Orbital Catalog of Chem-

ical Alteration Signatures (MOCCAS) was a 10-year 
endeavor to provide the Mars community with a relia-
ble repository of knowledge of aqueously altered min-
eral deposits at Mars as observed from orbit. It builds 
upon previous work which provided the first global 
views of Mars’s aqueous mineralogy [1-6], and is simi-
larly based on data from the OMEGA and CRISM 
VISNIR imaging spectrometers [7,8]. The approach 
selected for the MOCCAS project is to map and char-
acterize aqueous mineral deposits throughout Mars 
(except at polar latitudes), at the highest resolution and 
sensitivity provided by currently available data. The 
catalog has now been completed and is ready for sci-
ence exploitation 

 
Data: All nadir pointed NIR OMEGA observations 

with valid data from the first years of operation have 
been processed. Similarly, all multispectral CRISM 
observation over the first few years were processed and 
screened for their aqueous mineral content. Thousands 
of CRISM high-resolution targeted observations were 
also analyzed globally. In total, 5076 OMEGA and 
24352 CRISM observations were used to build this 
catalog, providing near global coverage of the surface 
down to the 100s m/pixel scale.  

From ~ 1000 mineral deposits identified in previ-
ous studies, a dataset of 100,000s of deposits is now 
available.     

 
Building a mineral detection map: To provide 

robust detections while not forfeiting sensitivity, sever-
al methodological approaches to the data are concur-
rently implemented and integrated into a workflow: 
- Approach #1. Global spectral reconnaissance map-
ping with OMEGA and CRISM. Generates a spectral 
criteria map at 200 m/pix sampling with CRISM and 
1.5 km/pix sampling with OMEGA. Provides best, near 
global coverage of spectral criteria maps that suggest 
spectral features consistent with aqueous minerals. This 
method is fast but to retain good detection sensitivity, it 
has a high rate of false positives (over 50%) and re-
quires significant subsequent screening. All candidate 
detections are then screened by detailed analysis which 
allows confirmation/rejection of a mineral deposit. 
Provides target suggestions for more in-depth mapping 
with CRISM (approach #3) 
- Approach #2. Global full aqueous mineral mapping 
at >1 km/pixel sampling with OMEGA. Provides near 
global coverage with lower resolution OMEGA data, 

maps aqueous mineral deposits directly without gener-
ating the less reliable “browse products” of spectral 
criteria maps. Moderately slow but provides global 
coverage with high sensitivity. No subsequent screen-
ing required as only confirmed aqueous mineral depos-
its are retained for mapping. Also provides target sug-
gestions for more in-depth mapping with CRISM (ap-
proach #3). 
- Approach #3. Detailed regional mineral mapping of 
select regions of interest with CRISM. Performs de-
tailed mapping with all available CRISM data within a 
given geographic extent (up to 1000s of km across). 
Exceedingly slow but most sensitive, yields only con-
firmed aqueous mineral deposit detections. 
 
The final step, common to all these approaches, is al-
ways to confirm each individual candidate aqueous 
mineral deposit. This is the most time consuming part 
which involves manual (visual) inspection of the spec-
troscopic data representative of a given aqueous miner-
al deposit candidate, its confirmation as such and its 
attribution to a mineral class by trained human work-
ers.  
The mineral classes derived through this approach are 
kept broad so that they may be less susceptible to vari-
ous spectral interpretations. They are shown in Figure 
1: Fe/Mg phyllosilicates (red), poly hydrated sulfate 
salts (green), mono hydrated sulfate salts (blue), alumi-
nosilicates or hydrated silica (cyan), mixtures of clays 
and salts (yellow). 
Once mineral detection maps have been built and indi-
vidual aqueous mineral deposits catalogued, the 
data is projected and mosaicked. 
 

Refined products: the detection map thus built is 
further refined by two additional steps in the spectro-
scopic analysis:  
i) linear spectral unmixing is performed automatically 
on the representative spectrum of each mineral deposit 
(average of a region of interest) to provide refined 
mineral interpretation. A score is attributed which pro-
vides the likelihood of having a specific aqueous min-
eral within a given deposit. 
ii) non-linear spectral unmixing using Shkuratov radia-
tive transfer theory is implemented to derive abundanc-
es of the aqueous and anhydrous species. This is im-
plemented in the lower resolution OMEGA data (typi-
cally km/pix scale). In turn an estimate of the water 
content is provided [9]. 
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Additionally, while the database is nominally generated 
at 200m/pix, specific areas are generated at the best 
CRISM resolution available (~10m/pix), in particular 
for prospective landing site studies. This also allows 
validating the methodology and benchmarking the de-
tection sensitivity in areas which have been intensively 
scrutinized from orbit before. An example is shown of 
the Jezero crater and whereabouts, for the Mars 2020 
rover (Figure 2). 

 
Prospects: The goal of MOCCAS is to enable new 

science opportunities for Mars aqueous alteration stud-
ies. Many new regions of interest have been detected 
based on a preliminary survey of the deposits in the 
catalog [10], including future landing sites (e.g. Oxia 
Planum for ExoMars 2020). This should allow for de-
tailed, local-scale studies. The principal aim of this 
project remains however to provide reliable statistics 
on Mars aqueous alteration, to better understand how it 
fits into the geologic evolution of the planet. One of the 
requirements to achieve this will be to quantify altera-
tion at Mars (GEL, sequestration of CO2, etc.) based on 
volume and abundance estimates which can now be 
derived globally.  
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Figure 2: Aqueous mineralogy of the Mars 2020 land-
ing site region based on the MOCCAS catalog. 
 
 
 
Figure 1: Global view of the aqueous mineral deposits 
based on broad classification.  
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Mars has lost most of its initial water to space as 

atomic H and O. The H portion of this loss was long 
thought to be controlled by the O loss via a photochem-
ical feedback cycle that ensures planetary redox neu-
trality [1, 2]. Recent measurements of H loss, dust ac-
tivity, and middle atmospheric water content have 
shown that each of these vary strongly with season, 
suggesting a causal connection between climate cycles 
that drive dust and H escape [3-10]. However, no prior 
study has captured the full chain of events leading to H 
loss. Here we present measurements from the Mars 
Year 34 regional C storm (Jan-Feb 2019), unambigu-
ously establishing that even regional dust events en-
hance planetary H loss by a factor of several. Because 
this storm occurred after perihelion and southern sum-
mer solstice in the declining phase of the seasonal 
trend, these observations allow us to conclude that 
dust, not season or EUV flux, is responsible for the 
enhanced escape. Combining dust, ice, and temperature 
measurements from MRO/MCS, water vapor meas-
urements from TGO/NOMAD and TGO/ACS, and 
cloud and hydrogen measurements from 
MAVEN/IUVS allows us to establish the timescale of 
dust impacts on the water and H abundances of the 
upper atmosphere. We find that it takes approximately 
one week for lower atmospheric dust to affect water 
abundances at 60 km, and an additional week for this 
water to induce a change in the upper atmospheric H 
inventory and escape rate. Our results suggest that in 
addition to escape rates controlling the climate system 
of Mars on long timescales, feedback of climate and 
dust cycles on escape is possible and strong, introduc-
ing the possibility of a planetary death spiral as atmos-
phere is lost. 

Background: Early models for atmospheric escape 
at Mars [1,2] posited a strong cold trap similar to 
Earth's, with water confined to the troposphere by de-
clining temperatures with altitude and efficient conden-
sation. Under this scene, long-term evolution of the 

atmospheric water inventory is governed by a photo-
chemical feedback cycle in which thermal hydrogen 
escape is controlled by the inventory of molecular hy-
drogen (H2), an abundant non-condensable species that 
can carry H to the upper atmosphere. H2 inventories 
are in turn controlled by the atmospheric O2 ratio, 
which responds to O escape on ~10-million year time-
scales. In this classical scheme, H escape responds to 
the solar forcing that controls O loss, with no strong 
response to seasonal or climate cycles. 

Evidence now suggests the lower and upper atmos-
phere of Mars are more closely connected than previ-
ously realized. Mars Express solar occultations detect-
ed water at high altitude in excess of saturation [3], 
suggesting that more effective transport and/or less 
efficient condensation than previously expected. The 
hydrogen inventory of the upper atmosphere was seen 
by Mars Express and the Hubble Space Telescope to 
be strongly responsive to season [4,5,6], with the high-
est escape rates in Southern Summer. Photochemical 
modeling suggested that high-altitude water could pro-
duce a rapid change in coronal H inventory [7]. Soon 
afterward, MRO cloud observations were used to infer 
the middle atmospheric water abundance [8], showing 
that it responds strongly to dust events and is correlated 
with high H loss. Further observations with Mars Ex-
press showed that water abundance at high altitude is 
enhanced in every southern summer at southern lati-
tudes, with a global response in dust storm years at-
tributed to enhanced interhemispheric transport [9]. 
Recent observations during the 2018 global dust storm 
measured middle atmospheric water with higher preci-
sion, confirming its correlation with atmospheric dust 
and placing limits on the speed of the response [10]. 

Observations: We present observations made dur-
ing the Mars Year 34 regional C storm, which occurred 
from Jan-Feb 2019. For clarity, we emphasize that the 
regional dust storm we study here is not the global dust 
storm that occurred earlier in the same Mars year. The 
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reason we focus on the regional storm is twofold: First, 
and most importantly, the MAVEN orbit was roughly 
aligned with the terminator during the global event, 
which makes determining the H abundance of the co-
rona and the escape rate difficult; Second, focusing on 
the C storm allows us to attribute the effects we ob-
serve to dust alone, without the complication of disen-
tangling a rising seasonal trend from the observations. 

 

 
Figure 1: MRO/MCS daytime dust and temperature in 
the vicinity of the C event. Ls 320 corresponds roughly 
to 7 Jan 2019 and Ls 340 to 15 Feb. 

Our observations are summarized in Figures 1 and 
2. MRO/MCS measurements of vertical dust opacity 
show that the storm began near 7 January, peaked near 
15 January, and declined into mid-February. As soon 
as the dust is introduced, atmospheric temperatures 
respond strongly, increasing by ~50 K at the 5 Pa level 
and showing a strong shift in circulation pattern that 
significantly warms the poles. Due to this warming, ice 
condensation is inhibited and vertical ice opacities 
drop. 

In the middle atmosphere, TGO observes little to 
no water before the storm, but water line depths in-
crease immediately after the storm begins and peak 
approximately one week into the event. After the peak 
of the event, the TGO orbit allows no occultations, 
introducing a gap in the water abundance timeline. 
After occultations resume, water abundance is seen to 
be elevated well into the declining phase of the storm.  

 
Figure 2: MAVEN IUVS Lyman alpha brightness pro-
files. Profiles evolve smoothly due to orbit precession 
until about 13 Jan, when these profiles increase uni-
formly in brightness at all altitudes with no corre-
sponding change in solar brightness. Afterward, pro-
files return to normal on a slower timescale. 
 

At the highest altitudes, MAVEN observes the 
Mars hydrogen corona in Lyman alpha. Because this 
emission is optically thick, the brightness observed by 
MAVEN is a function of the H abundance, the solar 
brightness, and the observation geometry. These obser-
vations occurred as MAVEN's orbit apoapsis was 
slowly evolving in the vicinity of the subsolar point, 
minimizing geometrical effects. The brightnesses we 
report here have been normalized using MAVEN-
measured solar brightnesses from EUVM, so that what 
remains is due to geophysical variation in hydrogen.  

We observe a strong increase in H abundance soon 
after the dust storm begins, with a peak response nearly 
one week after water appears at 60km. H brightnesses 
remain elevated well into February, as long as the wa-
ter is present. The brightening occurs at all altitudes, 
providing strong evidence for an increase in H loss. As 
a corroborating observation, we see greatly enhanced 
proton aurora occurrence rates as brightening in Ly-a 
near 150km due to solar wind ENAs produced in the 
denser upstream corona at this time depositing their 
energy in the atmosphere. 
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333, 1868–1871 (2011). [4] Chaffin, M. S. et al. Geophys. Res. Lett. 
41, 314–320 (2014). [5] Clarke, J. T. et al. Geophys. Res. Lett. 41, 
8013–8020 (2014). [6] Bhattacharyya, D. et al. Geophys. Res. Lett. 
42, 8678–8685 (2015). [7] Chaffin, M. S. et al. (2017). Nature 
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Searching for organic molecules is a main goal for 

current and future Martian space missions. Indeed, 
many sources of organic molecules could be possible 
at the surface of this planet: exogenous sources such as 
the interplanetary medium and/or endogenous sources 
like hydrothermalism… or even a potential biological 
activity. However, only few organics have been detect-
ed so far [1, 2] and are not related to any endogenous 
sources nor to the compounds that are brought to the 
surface by interplanetary bodies [3, 4, 5].  
One explanation is that organic molecules are not well 
preserved in the Martian environment. This environ-
ment is characterized by different parameters i.e strong 
oxidants (perchlorates, iron oxides…), energetic radia-
tion (UV, X-rays…) that can degrade organic matter.  
The detection of perchlorates in the Martian regolith, 
(0,4-0,6% by weight) [6, 7], leads to think that these 
strong oxidants (containing ClO4

- ion) could react with 
the organic molecules [8] especially when they are 
activated by energetic sources such as X-rays and UV 
light. This could explain why it is so hard to detect 
organics on the surface and near-surface of Mars.  
 
Understanding the effect of perchlorates on organic 
matter in the Martian environment is a high priority for 
current and future space missions aiming to look for 
organic molecules on Mars especially as Life tracer.  
 

 
Figure 1: Mars Organic Matter Irradiation and  

Evolution 

The MOMIE (Mars Organic Matter Irradiation and 
Evolution) experiment (Figure 1) is meant to study the 
evolution of organic molecules in a simulated Martian 
environment especially in terms of temperature, pres-
sure and UV radiation. In the context of prebiotic 
chemistry, nucleobases are organic molecules of inter-
est. Some of them were proven to be UV resistant in 
Mars-like conditions [9]. Furthermore, some nucleo-
bases were detected in meteorites [10] and were there-
fore brought to the surface of Mars at some point.  To 
investigate the effect of perchlorates on prebiotic or-
ganic molecules, we selected those nucleobases to 
study with the MOMIE experiment. 
 This study is focused on the evolution of different 
nucleobases (uracil, cytosine…) in the presence of a 
calcium perchlorate solid phase. 
On one hand, first results showed that perchlorates 
accelerate the degradation of uracil. On the other hand, 
a new compound is formed when cytosine is in contact 
with perchlorates even when the sample is not exposed 
to any UV radiation.  
 
 
Keywords:  
Organics on Mars – Nucleobases – Perchlorates – 
Ultra-Violet radiation – experimental simulations  
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Like Earth, Mars has differentiated into a 

dense metallic core overlaid by less dense 
materials. Mars is a terrestrial planet that con-
sists of minerals containing silicon and oxy-
gen, metals and other elements that typically 
make the rock. The surface of Mars is primar-
ily composed of tholeiitic basalt, although 
some parts are more silica-rich than typical 
basalt and may be similar to andesitic rocks or 
silica glass on Earth. It has been observed by 
several spacecraft and Lander Onboard Mis-
sion on Martian surface giving clue towards 
the Martian fluvial system and the various 
surface processes such as Impact Crater, Vol-
canic neck, River like drainage patterns, Val-
ley network, Canyons, fluvial erosion-
al/depositional terraces, Gully erosion, etc. 
The present study focuses on Mars-like terre-
strial analogue site in Kachchh Basin for the 
comparative studies from images of Mars and 
Earth. These studies are necessary because 
they help to understand geological processes 
(on Earth) which can be extrapolated to other 
solar system bodies in order to interpret and 
validate the data received from orbiters or 
planetary rovers. There are few sites in 
Kachchh which resemble the Martian surface 
like the volcanic neck, Lobate flow of Deccan 
traps, Volcanic Bomb, Gullies and their mor-
phology found in the Mesozoic and Tertiary 
rocks of Kachchh. Fluvial terraces in the 
Kachchh Basin illustrate their origin as cli-
mate and tectonic both operated in the diffe-
rential scale which results in the formation of 
unpaired terraces as compared to the same, 
landforms have been observed by using CTX 
images on Surface of Mars which are closely 
co-relatable with the terrestrial processes re-
lating their formation on Martian surface. 

Hence, Kachchh basin provides a better geo-
morphic analogue site for the Martian Analo-
gue studies.   
Keywords: Martian, Analogue, Canyon, Cra-
ter, Tertiary 
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Introduction: InSight is the first Mars surface mis-

sion that carries a magnetometer, making Mars the 
third planetary body, after the Earth and the Moon, that 
has made surface magnetic field measurements. The 
measurements from the InSight FluxGate (IFG) magne-
tometer experiment are being examined to investigate 
the strength and variations of the surface magnetic field 
at the landing site [1, 2]. 

One of the research topics that can be studied by 
using the IFG observations is magnetic pulsations. 
With frequencies in the ultra-low-frequency (ULF) 
band that spans between 1 mHz and 1 Hz, many types 
of magnetic pulsations have been observed on the ter-
restrial surface. All the terrestrial magnetic pulsations 
have origins in the outer space, including the iono-
sphere, the magnetosphere, and the solar wind. The 
observation of each type of magnetic pulsations can 
often imply the occurrence of a specific physical pro-
cess above the atmosphere [3]. 

Past and ongoing Mars orbiter missions have ob-
served several types of magnetic pulsations near the 
planet, such as the upstream waves excited by back-
streaming ions from the bow shock [4], impulsive os-
cillations associated with magnetic reconnection or flux 
ropes in the induced magnetotail [5, 6], and the Kelvin-
Helmholtz instability that occurs due to the shear flow 
between the solar wind and the induced magnetosphere 
[7]. Only magnetic field measurements at the ground 
level can confirm whether any of these waves can reach 
the surface of Mars.  

Understanding the nature of magnetic pulsations on 
Mars can contribute to the knowledge needed for elec-
tromagnetic sounding (EMS) of the planetary interior. 
Because waves at the ULF frequencies provide the 
input energy for the EMS of the Martian crust and 
mantle, identifying the sources and propagation of 
these waves is useful for establishing proper boundary 
conditions in future EMS investigations on Mars. 

IFG Measurements: We study the IFG data that 
begin on November 30, 2018 to examine whether and 
what types of magnetic pulsations are present on the 
Martian surface. Most of the continuous pulsations (Pc) 
found are in the nightside with frequencies of the order 
of 10 mHz. Pc at frequencies of the order of 1 mHz has 
also been seen in local morning. 

Comparison with Other Measurements: Because 
the IFG sensors are mounted on the lander, we consider 
scenarios where non-magnetic variations in the sur-
roundings could result in the observed oscillations in 
the IFG data. For example, a wind-driven twist of the 
lander causes a directional change of IFG sensors and 
possibly deviations in the IFG readings, depending on 
the orientation and magnitude of the ambient magnetic 
field. Any motion of the metal parts near the magnetic 
sensors could produce signatures in the IFG data. We 
have examined the data from InSight’s Temperature 
and Wind for InSight Subsystem (TWINS) and Pres-
sure Sensor (PS) but have not found any indication that 
atmospheric variations are the source of the observed 
pulsations in the IFG data. No lander activity was 
found responsible for the nighttime pulsation events 
either. 

We have also examined the observations by 
MAVEN during some of the strongest pulsation events 
seen by IFG to date. In the first two months of In-
Sight’s operation, the apoapsis of the MAVEN orbit 
was on the sunward side of Mars in the solar wind. The 
simultaneous InSight-MAVEN observations suggest 
that the upstream waves in the solar wind do not pro-
duce similar signatures on the Martian surface. The 
apoapsis of the MAVEN orbit will soon move to the 
nightside of Mars, facilitating the comparison between 
surface and orbital measurements for nighttime pulsa-
tion events. 

Discussion: We present initial results concerning 
the magnetic pulsations observed by InSight. The 
nighttime continuous pulsations found by IFG are un-
expected because they are distinct from what are typi-
cally observed on the Earth surface at the same local 
time. On the other hand, we have not found the Mars 
counterparts for many types of geomagnetic pulsations 
well known in Earth studies. We speculate that the ob-
served magnetic pulsations by InSight to date are asso-
ciated with fluctuations in the induced magnetotail and 
on the magnetospheric boundary. Under this scenario, 
the distinct field and plasma environment at Mars rais-
es interesting questions about how these oscillations 
propagate through the magnetosphere and ionosphere 
and reach the surface. 
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Introduction: Although there have been several at-
tempts to land and operate a microphone on Mars 
[1,2], no has been recorded in the audible range (from 
20 Hz to 20 kHz) on the planet’s surface. Recently the 
NASA InSight lander may have recorded potential 
infrasounds with its Auxiliary Payload Sensor Subsys-
tem (up to 20 Hz) [3] and wind induced solar panel 
vibrations with the short period sensors of the SEIS 
instrument [4]. For outreach purposes, this signal shift-
ed in frequency to make it audible. In 2021, the Mars 
2020 rover will land in Jezero crater with two micro-
phones onboard: one to record sounds during the entry, 
descent and landing and one that will operate at the 
surface, as part of the SuperCam instrument suite [5], 
on top of the mast of the rover. The latter is the focus 
of this work. 

  
Sound Propagation on Mars: Despite the tenuous 

atmosphere (pressure at the surface is less than 1% of 
Earth sea level pressure), sounds in the audible range 
can be heard on Mars. Martian sounds propagate at a 
velocity of around 240 m/s (compared to 343 m/s at 
ambient on Earth) such a high value since the propaga-
tion velocity depends only on temperature and mean 
molecular weight. The main difference in the Martian 
vs. Earth acoustics comes from the chemical composi-
tion of the atmosphere (95% of CO2) that drastically 
absorbs the sound. This absorption is frequency de-
pendent and is due to two different mechanisms: 
− Attenuation due to viscosity and heat conduction 
− Molecular attenuation due to carbon dioxide rota-

tional and vibrational relaxation 
Therefore, a pressure wave on Mars is damped by a 
factor exp(-αx) when it propagates over a distance x, 
with α being the total frequency dependent attenuation 
coefficient computed by taking into account the two 
aforementioned mechanisms. Fig. 1 shows the total 
attenuation coefficient on Mars given by two semi-
empirical models [6,7], compared with the attenuation 
coefficient on Earth [8]. An uncertainty still remains 
between those models at low frequencies and, to a low-
er extent, around 2 kHz. 
 

The Mars2020/SuperCam Microphone: The Su-
perCam Microphone (based on the Knowles Electret 
EK-23132 COTS component) and its associated elec-

tronics were designed and tested [9] in order to record 
sounds in the audible range, from 100 Hz to 10 kHz.  

 

 
Figure 1 - Total attenuation coefficient computed by Wil-
liams [6] model (red solid) and by Bass and Chambers 
[7] model (red dashed) for T = 220 K and P = 600 Pa 
(typical Martian values). Comparison with attenuation 
coefficient on Earth by the Bass [8] model (blue) for air 
at 1 bar and 300 K and for a water vapor concentration 
of 0%. 
 
The primary objective of the Microphone is to support 
the Laser-Induced Breakdown Spectroscopy (LIBS) 
investigation but it will also to contribute to basic at-
mospheric science and record many rover artificial 
sounds. 

 
Operating modes. The SuperCam Microphone can 

be operated at two sampling frequencies (25 kHz and 
100 kHz) with four stages of amplification over three 
different recording sequences: 
− Microphone Only: a stand-alone recording to mon-

itor environmental noise without any other Super-
Cam operation. It can provide a 180 s long acqui-
sition in the 25 kHz sampling mode.  

− LIBS + Microphone (Hashed): a 60 ms long re-
cording window synchronized with each laser shot 
to listen to the laser-induced shock-wave on Su-
perCam LIBS targets. It can cover a LIBS raster 
up to 500 shots in the 100 kHz sampling mode. 

− LIBS + Microphone (Continuous): A continuous 
recording covering a full LIBS sequence from the 
1st shot to the last shot, to monitor both the laser-
induced shock-wave and environmental noise.  
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Sound sources and compliance with science ob-
jectives: The expected sound sources to be recorded 
on Mars are both rover induced and natural. First, it 
will record the LIBS induced shock-wave up to 4 me-
ters. But, it will record the aerodynamic pressure fluc-
tuations caused by the wind flowing past the micro-
phone. Tests conducted under a simulated Martian at-
mosphere have demonstrated that the microphone will 
provide: 

 
A support to SuperCam LIBS investigations. Re-

cording the acoustic signal of the LIBS shock wave 
shows that the amplitude of the signal decreases as a 
function of the number of shots, as the laser penetrates 
into the target. Fig. 2 shows the linear relationship be-
tween the acoustic energy and the measured LIBS pit 
depth. This correlation, first observed at Earth ambient 
pressure [10], is now extended to Mars pressure and 
demonstrates that the SuperCam Microphone can be 
used as a tool to monitor the ablated depth. This will 
provide valuable information to study the thicknesses 
of coatings and alteration layers with the LIBS capabil-
ity of SuperCam. Moreover, it was shown that the de-
crease of the acoustic energy during a LIBS raster is 
indicative of the hardness of the target [11]. 
 

Basic Atmospheric Science. A test campaign was 
performed in April 2019 in the Aarhus Wind Tunnel 
Simulator II [12] to test the influence of the wind speed 
and its orientation on the microphone signal. A repre-
sentative model of the upper part of the Mars 2020 
mast and a model of the SuperCam microphone were 
placed in a varying wind speed flow of 10 mbar of CO2 
in order to keep a Mars atmosphere density of 
0.02 kg/m3. Fig. 3 shows that the microphone signal 
RMS is proportional to the wind speed squared (i.e., to 
the dynamic pressure). This preliminary analysis shows 
that it should be possible to determine the wind speed 
on Mars from the microphone RMS signal.  

 
Conclusions and ongoing work: Although the 

Martian sounds are strongly attenuated by the carbon 
dioxide of the planet’s atmosphere, the SuperCam Mi-
crophone is expected to detect sounds that will sup-
plement SuperCam science: 
− Documentation of the LIBS targets by inferring 

hardness and laser pit depth. A calibration with an 
exhaustive set of geological samples is ongoing. 

− Contribution to basic atmospheric science by de-
ducing wind speed and orientation with micro-
phone RMS signal, in coordination with MEDA’s 
wind analyses. A detailed study of 2019 Aarhus 
test campaign is currently performed. 

 

 
Figure 2 - Normalized acoustic energy at the bottom of 
the LIBS pit (i.e. last shot acoustic energy) as a function 
of the cavity depth for 4 targets with various physical 
properties, ablated with increasing number of shots 
 

 
Figure 3 - Normalized RMS of the signal recorded by the 
SuperCam Microphone as a function of the wind speed 
(green crosses). RMS values are normalized to maximum. 
For this data set, the wind flow is facing the microphone.  
 
References: [1] Delory, G.T., et al. (2007). Development 
of the first audio microphone for use on the surface of 
Mars. J. Acous. Soc. of Am., 121(5), [2] NASA - Mars 
Descent Imager (MARDI), Phoenix Mission website 
https://www.nasa.gov/mission_pages/phoenix/spacecraft/
mardi.html [3] Banfield D. et al., This Conference, [4] 
Pike W.T. et al. (2019), LPSC L, Abstract #2109, [5] R.C. 
Wiens, S. Maurice, F.R. Perez, The supercam remote 
sensing instrument suite for the mars 2020 rover mission: 
a preview, Spectroscopy 32 (2017), [6] Williams, J.-P. 
(2001). Acoustic environment of the Martian surface. J. 
Geophys. Res. 106, [7] Bass H.E. and Chambers J.P 
(2001) J. Acoust. Soc. Am. 109. [8] Bass H.E. et al., 
(1984), Absorption of sound by the atmosphere, in Physi-
cal Acoustics, Vol. XVII, pp. 145–232, [9] Murdoch at al. 
(2019) Plan. Space. Sci. 165, [10] Chide B. et al. (2019) 
Spectro. Chem. Acta B, [11] Chide B., et al. (2019), 
LPSC L, Abstract #1411 [12] Holstein-Rathlou, C. et al. 
(2014) J. Atmos. Ocean. Technol. 31.  
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ADVANCED CRISM PROCESSING RESULTS AND IMPLICATIONS FOR CURIOSITY’S TRAVERSES 
ON MOUNT SHARP.  J. R. Christian1,2, R. E. Arvidson1,2, and K. E. Powell3,4, 1Department of Earth and Planetary 
Sciences, 2McDonnell Center for the Space Sciences, Washington University in St. Louis (jchristian@wustl.edu), 
3Department of Physics & Astronomy, Northern Arizona University, 4School of Earth & Space Exploration, Arizona 
State University 

 
 
Introduction: Our WUSTL processing pipeline 

[1,2,3] for hyperspectral image data acquired with the 
Mars Reconnaissance Orbiter’s (MRO) CRISM in-
strument (0.362 to 3.92 μm, [4]) models atmospheric 
contributions and the Hapke function [5] to convert 
from I/F values measured by the instrument to an esti-
mate of surface single-scattering albedos (SSA). SSA is 
a measure of surface scattering efficiency independent 
of atmospheric conditions, lighting, and viewing geom-
etries. We also use a neural network approach to model 
the mixed solar reflection and thermal emission portion 
of the CRISM data for wavelengths >2.65 μm [6]. In 
this abstract we apply these techniques to CRISM data 
over Mount Sharp for regions traversed and to be trav-
ersed by the Curiosity rover, with a focus on the de-
tailed characteristics of the sulfate-bearing strata [7]. 
We also introduce the concept of back-projecting high 
resolution topographic data to CRISM sensor space to 
populate local incidence and emergence angles, which 
are used in radiative modeling to retrieve slope-
corrected SSA spectra and surface kinetic temperatures 
(SKT) at 12 to 18 m/pixel spatial scales. 

SSA Retrieval and Regularization Over Mount 
Sharp: CRISM scenes FRT0000B6F1 and 
FRT000248E9 (and ATO) covering the northern por-
tion of Mount Sharp traversed and to be traversed by 
Curiosity were processed using our pipeline. The 
DISORT radiative transfer code was used to remove 
gases and aerosols and retrieve SSA spectra, then a log 
maximum likelihood algorithm was used to retrieve the 
best estimate of the SSA spectra in the presence of 
Poisson-dominated noise [1,2,3]. Our neural network 
was used to retrieve SKT and SSA values at long 
wavelengths. Illustrative results are shown in Figs. 1, 2 
and described in the caption for Fig. 1. In addition, 
relatively high values of the 3 μm integrated band 
depth (Fig. 2), indicative of hydrated phases, can be 
seen in Glen Torridon, where CRISM data also show 
evidence for ferric smectites based on a 2.3μm absorp-
tion [8]. Several other areas of enhanced hydration are 
also evident in regions to the north traversed by Curi-
osity and also associated with selected strata on Mount 
Sharp above Glen Torridon. Results shown in the Fig-
ures will help define Curiosity’s traverses. 

High Spatial Resolution Local Incidence and 
Emergence Angles: Although our pipeline utilizes 
local incidence and emergence angles on a pixel by 

pixel basis the results are compromised by use of 
MOLA-based slopes to compute these values. The in-
trinsic individual pixel size for projected CRISM data 
is ~18 m. On the other hand MOLA gridded data have 
pixel sizes ~250 m. Thus there is a large spatial differ-
ence between the two data sets and only broadly vary-
ing angles can be computed (Fig. 3). We have thus also 
pursued use of a 6 m/pixel DEM generated from MRO  
Context Image data and provided courtesy of Michael 
Malin, MSSS.  Specifically this high resolution DEM 
was used to compute local incidence and emergence 
angles at a spatial scale equivalent to CRISM pixels, 
and then back-projected onto the CRISM sensor space 
to use in our pipeline processing. 

The DEM was first coregistered to CRISM 
FRT0000B6F1 projected data using an  orthorectified 
CTX mosaic generated as part of the MSSS stereo 
pipeline. Slope angles at each CRISM pixel were esti-
mated from the gradient in the DEM calculated through 
second-order finite differences [9], and the surface 
radius at each CRISM pixel was estimated from 
MOLA data. The direction of the sun (accounting for 
surface curvature) and direction of MRO (accounting 
for the motion of the spacecraft as the observation was 
made) were then determined. The angles between each 
of those directions and a vector normal to the local 
surface gradient, respectively, gave the CTX-derived 
local incidence and emergence angles (Fig. 4). 

An additional useful result is the identification of 
surfaces where the incidence or emergence angle (or 
both) is greater than 90° for a given CRISM observa-
tion. These high values mean that a given surface is 
either shadowed or tilted away from MRO at such a 
high angle that it is entirely unobserved. Any pixels in 
a CRISM observation where one of these orientations 
occurs cannot be used to provide a valid SKT or SSA 
value. These features can only be identified through 
spatial data at this resolution; MOLA topography is too 
coarse to identify hidden pixels in the scenes tested. 

Work is proceeding on incorporation of CTX-
derived local angles into our pipeline. Initial back pro-
jection into sensor space and use in processing are en-
couraging in that much more stratigraphic and mineral-
ogic detail is evident, particularly for the sulfate sec-
tion. In addition, finer details are evident in retrieval of 
SKT values, longer wavelength SSA values, and 3 μm 
hydration absorption patterns. 
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Figure 1: The color coding uses RGB as SINDEX2, 1.9 
μm hydration, and high calcium pyroxene, respective-
ly, from [10]. Blue areas based on comparison with 
HiRISE and Curiosity data correspond to modern 
wind-blown basaltic sands. The green areas contain 
hydrated phases. The yellow areas correspond to poly-
hydrated sulfate-bearing strata. The red areas, on the 
other hand, do not have a significant 1.9 μm hydration 
absorption, and examination of spectra show the pres-
ence of a 2.1 μm absorption indicative of the presence 
of one or more mono-hydrated mineral(s) such as kie-
serite. White line shows Curiosity’s traverse and yellow 
line shows the MSAR-8 planned extended mission 
traverse. The smaller frame is the ATO and parameter 
maps are shown overlain onto a HiRISE-based mosaic. 

 

Figure 2: Retrieved 3 μm integrated band depths are 
shown for FRT0000B6F1 and indicate enhanced 
hydration in Glen Torridon and selected areas in other 
regions. Vera Rubin Ridge and Greenheugh pediment 
do not show high values. 

 
Figure 3: Incidence angles (INA) in degrees derived 
from smoothed MOLA topography over Gale Crater 
for CRISM scene FRT0000B6F1 over a HiRISE mosa-
ic. Illumination is from the west (~303° clockwise from 
north) at ~32° above the local horizon; sun-facing 
slopes have low incidence angles. 

 
Figure 4: Incidence angles (INA) derived from the 
CTX DEM over Gale Crater for CRISM scene 
FRT0000B6F1, using the same color scale as Figure 1. 
CTX-derived incidence angles provide much more 
detail as compared to angles derived MOLA data. 
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ON THE IMPORTANCE OF SAMPLING PLANET-WIDE PROCESSES FOR MARS SAMPLE RETURN.  
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Introduction:  Beginning with Viking, it was real-

ized that Mars is blanketed with a global soil of unique 
but universal composition, and from MPF and MER 
that such soils can have secondary components derived 
from local materials.  From MER-A, MER-B, MSL, 
and martian meteorites has come evidence that certain 
rock and sediment compositions reoccur across multi-
ple localities on Mars and may therefore be ubiquitous 
on the planetary scale.  Although it will be tempting for 
the upcoming M2020 rover mission to emphasize the 
MSR samples to represent the geologic units it encoun-
ters during exploration of Jezero and its surrounds, it is 
also important that when and if samples representative 
of widespread occurrences are encountered they also 
are given serious consideration and appropriate priority 
even if out of context. 

Criteria for Global Importance:  Not all of Mars 
can be explored in situ.  Orbital missions are valuable 
for detecting specific spectral and morphological fea-
tures, and mapping their global occurrences.  Both re-
mote and direct determination of geochemical compo-
nents therefore play a role in identifying materials of 
global commonality.  Here, we consider a variety of 
examples of potential importance. 

Cl-enriched coatings:  Many samples of float and 
bedrock have surfaces whose composition is higher in 
chlorine content than in their interiors or in soil. 

Commonality.  By comparing brushed surface 
compositions with surfaces after grinding or with drill 
tailings, many examples have been found by MER-A, 
MER-B, and MSL, e.g., Table-1.  In some cases, dis-
continuous coatings are obvious from imagery, Fig. 1. 

 
Table 1.  A Few Examples of Proven and Potential 

Coatings/Veneers on Mars samples. 

 
 

Why it is important.  Extant surface coatings of sol-
uble salt species surviving eolian abrasion provide a 

window into Amazonian climate cycling during epochs 
of higher obliquity, which has astrobiological implica-
tions, as does also the variety and relative levels of 
oxychlorine species. 
 

 
  
Fig. 1.  Dark coating on Esperance Fracture Fill 

 
PYTi-NiCr Signature:  Certain rocks have very 

high phosphorus, Y, and Ti, accompanied by uncom-
monly low Ni and Cr (note:  some Y values are TBD). 

Commonality.  First discovered by MER-A as the 
Wishstone and Watchtower series of rocks in Columbia 
Hills [1], similar types have now been found by MER-
B in Perseverance Valley (Nazas, sol B5053; Allende2, 
B5073).  Isolated occurrences have been also been 
found in Gale Crater (Nova, C0687; Waternish, 
C2022).  Some martian meteorites exhibit weaker 
forms of this signature (e.g., QUE 94201 [2].   

Why it is important.  These rocks have been inter-
preted as being of igneous origin, but variously as de-
rived from carbonatites [3] or jotunites.  A returned 
sample could quickly distinguish between origins.  
These rocks were significantly altered and could also 
reveal episodes in martian weathering history. 

Mn/Fe fractionation:  This ratio can be measured 
to uncommonly high accuracy by the APXS instru-
ments on the rover missions because sample matrix 
effects will be almost identical due to their adjacent Z.  
The CCAM LIBS instrument on MSL also detects Mn 
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and has the advantage of a smaller analysis footprint 
and ability to analyze many more samples. 

Commonality.  For MER-B and MSL, the range in 
Mn/Fe is more than a factor of 40, where Mn can be as 
high as 25 atoms of Mn per 100 atoms Fe.  For MER-A 
samples, the highest Mn/Fe was less, i.e. 9.2/100.  As 
detected by CCAM, many additional cases of high Mn 
have also been detected.   

Why it is important.  The Mn/Fe ratio has often 
been used as evidence for the oxidation potential of the 
environment.  The relative solubilization stability of 
Mn and Fe are both pH and Eh dependent, although 
evaporation can also concentrate one over the other 
[4]. Many other minor/trace elements also sometimes 
exhibit strong enrichments/depletions. 

Montmorillonite compositions:  From geochemi-
cal analogs alone, this smectite has compositions which 
are high in Si, with a tell-tale high Al/Si ratio, along 
with very low concentrations of other major elements.  
It also can be detected from XRD measurements by 
ChemMin on MSL. 

Commonality.  Independence outcrop (A0542) has 
element composition concordant with the typical range 
of terrestrial montmorillonites [5], although it may not 
be crystalline. Esperance fracture fill of a boxwork in 
the rim of Endeavour Crater (B3305) matches a SiO2-
enriched montmorillonitic composition [6].  Numerous 
smectite clay compositions have been detected by or-
bital observations, especially for mafic forms.  MSL is 
currently investigating the “clay unit” detected by the 
CRISM instrument on MRO.    

Why it is important.  The detailed compositions and 
forms of smectite clays can inform alteration history as 
well as climate factors (RH).  Besides protecting or-
ganic molecules against environmental degradation, 
they sequester trace elements and have also been 
shown to aid prebiotic evolution toward life. 

Extreme Sediments:  In addition to smectite com-
positions, some soils and deposits have only one or two 
major constituents.  Some poorly consolidated materi-
als have extreme compositions, such >90% SiO2 or 
mixed solely with Fe2(SO4)3.  Very high SiO2 occur-
rences have also been detected with CCAM.  Nearly 
pure CaSO4 veins occur.  Significant MgSO4 enrich-
ments were found in Viking duricrust, in Peace Rock, 
and sub-surface concentrations.  From the TES instru-
ment on the ODY spacecraft, chloride deposits have 
been detected.  Organics are a “given” to return. 

Commonality.  Although APXS has not found end-
member concentrations of these units universally, the 
CCAM spot measurements often indicate strong con-
centrations of many of these.  CaSO4 veins have been 
discovered at all three major rover sites.  Jarosite oc-
curs at several locations. 

Why they are important.  Neutral salts and silica are 
well-known to be preservative for organics [7].  Their 
high concentrations imply large integrated water/rock 
ratios.  Their formation and preservation can be indica-
tors also of temperature / pH conditions.   

Summary and Conclusion:  Numerous independ-
ent sample types have clear compositional similarity 
among the widely dispersed exploration sites of Hus-
band Hills (Gusev crater), Meridiani Planum, Endeav-
our Crater, and Gale Crater.  Only one case (Bounce 
rock, B0068), so far, obviously matches closely any of 
the three classes within the SNC martian meteorites.  
Most rocks and sediments on Mars are easily drilled or 
grinded, compared to many terrestrial rocks and lithi-
fied sediments, presumably indicating  widespread and 
pervasive interior alteration by corrosive fluids and 
possibly expansive minerals.   

To understand martian mantle composition, as well 
as the progression of igneous differentiation, and even 
more importantly the styles and universality of surficial 
alteration processes, it is important to return samples of 
as great diversity yet representativeness as practical.  In 
most cases, the examples provided above were not spe-
cifically anticipated in previous generic studies of MSR 
sampling strategies because although Mars is very 
similar to Earth to the first order (silicates), it is none-
theless populated by many assemblages that would be 
uncommon or even nonexistent on Earth.   

It is not practical to routinely over-sample Mars as 
one does on Earth with systematic mapping of mineral 
fields or extensive documentation of field geologic 
traverses.  Rather, it will be important to integrate the 
knowledge gained by all previous Mars missions with 
the upcoming measurements by PIXL (micro-XRF), 
SHERLOC (Raman) and SuperCam (LIBS) on the 
M2020 rover, and applicable measurements (Raman; 
Organics) by the ExoMars rover, as well as results 
from new orbiter missions to seek samples which could 
tell us so much about Mars writ large. 

References:  
[1] Ming, D.W. et al. (2007) JGR, 111, E2. 

[2] Clark, B. et al. (2006) LPSC Abs 1609. [3] Usui, T. 
et al. (2008) JGR 113, E12S44. [4] Berger, J. W. et al. 
(2019) LPSC Abs 2847. [5] Clark, B.C. et al. (2007) 
JGR 112. [6] Clark, B.C. et al. (2016) Am. Miner, 101, 
1515-26. [7] Summons, R.E. et al. (2011), Astrobiol. 
11, 157–181 
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The PanCam instrument for the Rosalind Franklin (ExoMars 2020) rover.  A.J. Coates1 for the ExoMars 
2020 PanCam team(*), 1Mullard Space Science Laboratory, University College London, Holmbury St Mary, Dor-
king, RH5 6NT, UK (a.coates@ucl.ac.uk)  

 
 
Introduction:  The scientific objectives of the 

ExoMars Rosalind Franklin rover [1] are designed to 
answer several key questions in the search for life on 
Mars. In particular, the unique subsurface drill will 
address some of these questions for the first time, 
such as the possible existence and stability of sub-
surface organics. PanCam [2] will establish the sur-
face geological and morphological context for the 
mission, working in collaboration with other context 
instruments. Here, we describe the PanCam scientific 
objectives in geology, atmospheric science and 3D 
vision. We discuss the design of PanCam, which in-
cludes a stereo pair of Wide Angle Cameras (WACs), 
each of which has an 11 position filter wheel, and a 
High Resolution Camera (HRC) for high resolution 
investigations of rock texture at a distance. The cam-
eras and electronics are housed in an optical bench 
that provides the mechanical interface to the rover 
mast and a planetary protection barrier.  The electron-
ic interface is via the PanCam Interface Unit (PIU), 
and power conditioning is via a DC-DC converter. 
PanCam also includes a calibration target mounted on 
the rover deck for radiometric calibration, fiducial 
markers for geometric calibration and a rover inspec-
tion mirror. 
* A.J. Coates,1,2 R. Jaumann,3 A.D. Griffiths,1,2 M. 
Carter,1,2 C.E. Leff,1,2 N. Schmitz,3 J.-L. Josset,4 G. 
Paar,5 M. Gunn,6 E. Hauber,3 C.R. Cousins,7 P. 
Grindrod,8 J.C. Bridges,9 M. Balme,10 S. Gupta,11 I.A. 
Crawford,2,12 P. Irwin,13 R. Stabbins,1,2 D. Tirsch,3 
J.L. Vago,14 M. Caballo-Perucha,5 G.R. Osinski,15 and 
the PanCam Team 
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4Space Exploration Institute, Neuchâtel, Switzerland. 
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7Department of Earth & Environmental Sciences, 
University of St Andrews, St Andrews, UK. 

8Natural History Museum, London, UK 

9Space Research Centre, University of Leicester, 
Leicester, UK. 
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A NEW ATLAS OF MARS IS COMPLETE.  K. S. Coles1  K. L. Tanaka2, and P. R. Christensen3, 1Geoscience 
Dept., Indiana U. of PA, kcoles@iup.edu, 2U.S. Geological Survey, retired, 3Arizona State U., Tempe, AZ. 

 
 
Introduction:  The Atlas of Mars: Mapping Its 

Geography and Geology (in press at the time of this 
writing; hereafter "Atlas") [1, 2] is inspired by recent 
collection, mapping, and analysis of spacecraft data, 
particularly the Geologic Map of Mars [3]. The previ-
ous printed atlas of Mars dates from the Viking era [4]; 
orbiter missions since then have collected global data 
sets while landers have added greatly to understanding 
of surface materials and processes. Both images and 
geologic mapping are far more detailed than two dec-
ades ago, permitting significant advances in knowledge 
of Mars.  

We aim to serve multiple audiences. Researchers 
can find the Atlas useful as a reference, while nonspe-

cialists will find in it a summary of discoveries to date 
and some of the outstanding questions about Mars. We 
also hope to reach beyond the scientific research com-
munity to the broader community of readers interested 
in Mars. These readers can learn of the most important 
scientific discoveries about Mars, including those 
made recently. They can comprehend the spatial con-
text for features at a range of scales from local to glob-
al. Throughout the work we aim to distinguish between 
interpretations widely accepted in the research com-
munity and major outstanding questions and unsolved 
problems. For the latter we present alternative explana-
tions proposed by researchers. 

Figure 1: MC-16 Memnonia nomenclature map on THEMIS daytime IR base. 
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Organization of Atlas:   
Front matter and text.  Illustrated chapters in the 

front of the Atlas explain coordinates and other param-
eters used in descriptions and maps of Mars; briefly 
review robotic missions to Mars; present overviews of 
global datasets; summarize the geographic regions of 
Mars; and describe geologic history, processes, materi-
als, and landforms. 

Map sheets.  The thirty sheets of the Mars Chart 
(MC) series are plotted at 1:10 million scale showing, 
on facing pages, elevation in Mars Orbiter Laser Al-
timeter (MOLA) hillshade and nomenclature on a 
Thermal Emission Imaging Spectrometer (THEMIS) 
daytime infrared (IR) image mosaic (Figure 1). Fol-
lowing each pair of maps is a geologic map of the 
quadrangle at 1:20 million scale from [3]. Text and 
images show features of interest in each quadrangle 
with the goal of presenting examples of each major 
process or landform somewhere in the Atlas. We show 
the location of images on an index map of the quad-
rangle and wherever possible give the image number 
and geographic coordinates in the caption. 

Back matter.  We include a glossary of geologic 
and planetary terms to help the nonspecialist reader 
with technical descriptions. The gazetteer (details be-
low) of names on Mars and an index will aid in locat-
ing features and other information. 

Features Created for the Atlas:   
• A new THEMIS daytime IR image mosaic for all 

of Mars was created for the Atlas with increased cov-
erage and image quality over previous mosaics [5].  

• The Gazetteer of Planetary Nomenclature (GPN 
[6]) maintained by the U.S. Geological Survey provid-
ed names (as of 31 May 2017) for the maps. Informal 
names used by the Mars research community are 
shown on a separate map and designated as informal 
when used in the text. We were able to correct a num-
ber of inconsistencies in the GPN while compiling the 
Atlas. 

• Global maps of physiography, geophysical and 
derived parameters, mineral and elemental abundances, 
geologic features abstracted from [3], and the geologic 
map of Mars with a simplified set of units all give the 
reader an overview of the Red Planet. 

• Our partners at Cambridge University Press opted 
to produce the entire atlas, including the cover and 
binding, in landscape format rather than just the map 
sheet section. 

• We searched for new images whenever the most 
widely circulated images did not show features or pro-
cesses we wished to highlight. Some of the best-known 

images, however, still excel at revealing Mars for the 
reader and we used those as well. 

• New graphics of the Neukum and Hartmann time-
scales [7, 8] show the timing of major episodes in the 
geologic history of Mars. 

• The Atlas considers the geography and geology of 
Mars in comparison with analogous features on Earth 
for tectonics, volcanism, dunes, fluvial and deltaic fea-
tures, shoreline processes and deposits, and glaciation. 

Additional Formats:  The publisher, Cambridge 
University Press, makes many of its books available in 
digital form and expects to do so with the Atlas. The e-
book will have limited resolution to keep the size man-
ageable for portable readers. Internal links will also 
make the digital version more useful to the reader. 

Figure 2: Geologic map of MC-16 Memnonia, from 
the Geologic Map of Mars [3]. 
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SEDIMENTARY STRUCTURE AND MORPHOLOGY OF THE IRESON HILL DEPOSIT, GALE 
CRATER, MARS. J. M. Comellas1, H. E. Newsom1, L. A. Scuderi1, Z. E. Gallegos1, R. C. Wiens2, J. C. Bridges3, S. 
Banham3 T. Seeger4. 1Earth and Planetary Science Dept., Institute of Meteoritics, Univ. of New Mexico, Albuquerque, 
NM, U.S.A. (jcomellas@unm.edu). 2Los Alamos National Lab., NM. 3Space Research Centre, University of Leicester, 
UK. 3Imperial College London, UK. 4Western Washington University, Bellingham, WA, U.S.A. 
 

Figure 1. Long Distance ChemCam RMI of Ireson Hill from the North. 
 
Introduction: Ireson Hill, located on the Murray 

formation in Gale Crater, shows stratification that indi-
cates a different depositional and erosional history than 
the surrounding area. The Curiosity Rover gathered data 
and images of this feature between Sols 1538 and 1610, 
capturing a series of images beginning with the long dis-
tance RMI (Figure 1) with subsequent views covering 
around 270 degrees. Orbital data was collected using 
HiRISE imagery to determine the overall nature and 
physical structure of Ireson Hill providing insights into 
the local geologic history.  

The Murray Formation makes up the base of Mt. 
Sharp, and is overlapped in some areas by the Stimson 
Formation in the form of buttes or mesas, which consist 
of sandstones dark in coloration and includes cross lam-
inations. This formation has been concluded to be aeo-
lian in nature. [1]. 

As shown in Figures 2 and 3, the superimposed lay-
ers of Ireson Hill have different coloration suggesting 
they are a different unit than the surrounding area. It is 
unclear whether the depositional history of the for-
mation was influenced by aeolian or fluvial processes. 
Since this feature is in an area with relatively small ele-
vation variability, it likely exhibits a resistance to ero-
sion unique to its specific sedimentary composition [2].  

At the time of the MSL observations, preliminary in-
terpretations done by Steve Banham suggested that the 
cap of Ireson Hill may include Stimson formation mate-
rials and potential alteration halos. The discolorations 
were hypothesized to be signs of bleaching from fluid 

flow indicating a difference in permeability. However, 
there is no indication of the typical aeolian cross bed-
ding found in Stimson material, although some analyti-
cal data on float rocks seemed to be of Stimson compo-
sition. 
 

 
Figure 2. HiRISE Image of Ireson Hill and the  traverse 
map of the Curiosity Rover  
 

Tina Seeger’s preliminary analysis of the layering 
and compositional components of Ireson Hill showed ir-
regular contact between the units and varying chemical 
signatures of the material. The majority of the Chem-
Cam and APXS measurements on the capping unit of 
Ireson did not show chemical similarities to the Stimson 
Layer, except the sample Perry, which also was very 
similar texturally to Stimson.  
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Figure 3. Close up HiRISE Image of Ireson Hill and 
the  traverse map of the Curiosity Rover. 
 
 

 
Figure 4. MastCam Image of Ireson Hill from the East, 
Sol 1598. 
 
    Methods: The nature of the contact between the 
Murray Formation and the capping unit will be 
determined using spatial analysis. Elevation models and 
profiles created using data from the Curiosity rover 
provide in-formation on the morphology of Ireson Hill. 
High resolution images are used to study the disparate 
dip angles on different places around the hill. Using the 
HiRISE high-resolution digital elevation models and 
ARCGIS, we will investigate the sedimentary structure 
and map where the contact layer re-sides and the angles 
of the dips. 
      Preliminary indications from the images taken from 
the North (Figure 1) and from the East (Figure 4) 
suggest the contact with the Murray Formation is 
dipping to the South West. 
 

References: [1] Banham et al. (2017) Sedimentology. 
[2] Roger C. Wiens et al. (2019), in preparation. [3] 
Bridges et al. (2019) MetSoc abstract. 
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INVESTIGATION OF CRYSTALLINE HEMATITE IN MERIDIANI PLANUM THROUGH 
COORDINATED ANALYSES OF TES, CRISM, AND OPPORTUNITY ROVER DATA.  T. Condus1, R. E. 
Arvidson1, L. He2, J. A. O’Sullivan2, M. J. Wolff3, and R. V. Morris4, 1Dept. of Earth and Planetary Sciences, Wash-
ington University in St. Louis, St. Louis, MO (tcondus@wustl.edu), 2Preston M. Green Dept. of Electrical and Sys-
tems Engineering, Washington University in St. Louis, St. Louis, MO, 3Space Science Institute, Boulder, CO, 
4NASA Johnson Space Center, Houston, TX. 

 
Introduction: Analysis of Mars Global Surveyor 

Thermal Emission Spectrometer (TES, 5.8 to 50 μm) 
data showed a widespread detection of crystalline hem-
atite in the Terra Meridiani region of Mars [1,2]. Be-
cause hematite can form in aqueous environments, this 
discovery led to the selection of Meridiani Planum as 
the landing site of the Mars Exploration Rover Oppor-
tunity [3]. Rover-based data show that the hematite 
signature is due to the presence of hematitic concre-
tions concentrated on the surface by weathering from 
Burns formation sulfate-rich sandstones [4]. 

In contrast to TES-based results, Mars Reconnais-
sance Orbiter (MRO) Compact Reconnaissance Imag-
ing Spectrometer for Mars (CRISM, 0.362 to 3.92 μm) 
[5] reflectance data typically show a crystalline hema-
tite signature in and around craters, where wind likely 
has concentrated the concretions (e.g., [6]). Our goal is 
to conduct synergistic analyses of TES, CRISM, and 
Opportunity data to understand the reasons for these 
differences and implications for surface properties. 

Methods: Because solar reflection and thermal 
emission describe different physical phenomena, we 
process TES (emission) and CRISM (mixed solar and 
emitted terms) spectral radiance data to single scatter-
ing albedo (SSA) for direct comparison. The Hapke 
function is used to retrieve SSA spectra [7]. SSA is a 
function of surface material optical constants and grain 
size distribution, and is independent of the lighting and 
viewing geometry. 

The DISORT radiative transfer code [8] is used to 
calculate spectral radiance on sensor on a per-scene 
basis, accounting for scatter, absorption, and emission 
by atmospheric gases, aerosols, and the surface. For 
reflectance (of direct-solar and downwelling irradi-
ance), the Hapke bidirectional reflectance factor is 
used [7]. For thermal emission, the Hapke bidirectional 
reflectance factor is integrated over the upper solid 
angle to obtain a directional-hemispherical form, and 
subtracted from unity using Kirchhoff’s Law to derive 
the directional emissivity. Scene-appropriate lighting 
and viewing angles, surface pressures, dust and ice 
opacities, and a range of surface kinetic temperatures 
(SKT), and SSA values for each spectral band are in-
puts to DISORT and band-dependent radiances for 
various combinations of temperatures and SSA values 
are outputs. 

For bands that are not affected by thermal emission 

(<2.65 μm, i.e., CRISM data), there is a one-to-one 
mapping from radiance to SSA values using DISORT 
results. For bands that are affected by thermal emission 
(>2.65 μm, i.e., long wavelength CRISM and TES da-
ta), the system is underdetermined because of an un-
known SKT, in addition to an SSA value for each band 
and pixel. We use scene-dependent DISORT results 
and a neural network [9,10] to train a relationship be-
tween input radiance, and output SKT and SSA spectra 
using an artificially constructed scene and SKT values 
for each pixel. The trained neural network is then ap-
plied to CRISM and TES data, thereby retrieving pixel-
dependent SKT values and SSA spectra. 

Initial Results: A CRISM scene and a TES obser-
vation that partially overlap Opportunity’s traverses are 
shown to illustrate initial processing results (Fig. 1). 
For the CRISM scene the spectral parameter BD860_2 
[11] (0.86 μm band depth, Fig. 2) due to crystalline 
hematite is shown, with elevated values located within 
and around Endeavour Crater and the plains to the 
south. TES spectra from ~3 km wide pixels from the 
northern plains, southern plains, and over Botany Bay 
within Endeavour Crater (Figs. 1,3) are also shown. 
Opportunity observations show that Botany Bay (red 
box) exhibits a high areal abundance of hematitic con-
cretions, likely due to enhanced wind erosion and for-
mation of a concretion lag [12]. This is consistent with 
the enhanced 0.86 μm band depth in this area (Fig. 2). 
Low values are associated with the northern plains 
whereas high values are located in the southern plains. 

The Reststrahlen peak (33 μm) associated with the 
crystalline hematite fundamental vibrational mode in 
TES spectra does show a positive correlation with the 
0.86 μm band depth in that these peaks have greater 
amplitudes in Botany Bay and the southern plains as 
compared to the northern plains (Fig. 3). This result is 
indeed preliminary and additional CRISM and TES 
scene processing is underway to further test this corre-
lation. 

Future Work: The ultimate goal, using CRISM 
and TES data, is to be able to acquire the entire SSA 
spectrum for the same regions of interest, ranging from 
0.392 to 50 μm, and perform linear unmixing to re-
trieve information on the modal mineralogy. This in-
formation will be used synergistically with the 14-year 
archive of Opportunity’s surface-based measurements 
during the rover’s ~45 km of traverses to understand in 
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detail the reasons for the spectral signatures, the nature 
of surface materials within this region, and implications 
for joint use of reflectance and emission data in other 
regions of Mars. 

References: [1] Christensen P. R. et al. (2001) 
JGR: Planets, 106(E10), 23823-23871. [2] Christensen 
P. R. et al. (2000) JGR: Planets, 105(E4), 9623-9642. 
[3] Squyres S. W. et al. (2003) JGR: Planets, 
108(E12). [4]  Squyres S. W. and Knoll A. H. (2005) 
Earth and Planet. Sci. Lett., 240(1), 1-10. [5] Murchie 
S. et al. (2007) JGR: Planets, 112(E5). [6] Powell K. 
E. et al. (2016) JGR: Planets, 122(5), 1138-1156. [7] 
Hapke B. (1993) Theory of Reflectance and Emittance 
Spectroscopy. [8] Stamnes K. et al. (1988) Appl. Opt., 
27, 2502-2509. [9] He L. et al. (2019) LPS L, Abstract 
#2094. [10] Condus T. et al. (2019) LPS L, Abstract 
#3069. [11] Viviano-Beck C. E. et al. (2014) JGR: 
Planets, 119(6), 1403-1431. [12] Arvidson, R. E. et al. 
(2014) JGR: Planets, 120(3), 429-451. 

 
Figure 1. CRISM HSV0002A2DC hematite index map 
overlain onto a MRO CTX mosaic of the portion of the 
Meridiani plains containing Endeavour Crater (north), 
Iazu Crater (south), and the Opportunity rover traverse 
shown in white. SSA spectra for areas shown in boxes 
are shown in Fig. 2 for CRISM data and in Fig. 3 for 
TES spectra from observation OCK 3927. 

 
Figure 2. Continuum-removed and smoothed CRISM 
SSA spectra with color coding same as for boxes 
shown in Fig. 1. Data are averaged for pixels within 
boxes. The middle spectrum is from Botany Bay and 
shows an intermediate band depth. The shift to longer 
wavelength relative to 0.86 μm is a consequence of 
inclusion of pyroxenes and ferrous silicate absorptions 
associated with the ubiquitous basaltic sands, based on 
Opportunity observations [12]. 

 
Figure 3. (top) TES SSA spectra corresponding to the 
color-coded boxes in Fig. 1. (bottom) Laboratory-
based reflectance spectrum for hematite [2] (converted 
from directional emissivity to directional-hemispherical 
reflectance using Kirchhoff’s Law) for comparison. 

¯
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Regional-Scale Weather Highlights from the MAVEN/IUVS Instrument. K. Connour1, N. M. Schneider1, J. 
Deighan1,  1Laboratory for Atmospheric and Space Physics (kyle.connour@colorado.edu) 

 
 
Introduction:  The Imaging Ultraviolet Spectro-

graph (IUVS) instrument on the Mars Atmosphere and 
Volatile EvolutioN (MAVEN) spacecraft takes mid-ul-
traviolet (MUV) spectral images of the Martian surface 
and atmosphere. Due to MAVEN’s short-period, ellip-
tical orbit, IUVS has the ability to measure local time 
variability of an assortment of atmospheric features in-
cluding: topographic clouds, polar hoods, and regional 
dust storms. This puts our instrument in a unique posi-
tion to determine how these features evolve over the 
course of a day and, when taken as a whole, determine 
their seasonal evolution [1, 2].  

We present IUVS apoapse observations of the afore-
mentioned phenomena, along with evolution of the po-
lar caps, to the broader Mars science community. These 
observations may prove beneficial for contextualizing 
local atmospheric conditions, or expand other datasets 
if we made concurrent measurements.  

Observations: All observations were taken with 
MUV data spanning 200—300 nm. Images created with 
the data are taken in native swath format---what the in-
strument sees as it scans across the planet. To create 
these images, the spectral bins at 200, 255, and 300 nm 
are used to create the separate RGB color channels. 
Each color channel was independently optimized to cre-
ate maximum contrast across the entire image.  

Topographic clouds: Topographic clouds are a sub-
set of aphelion cloud belt (ACB) clouds and are indica-
tive of local temperature structures. The ACB forms 
around aphelion (Ls = 71˚) and remains longitudinally 
continuous until around Ls = 140˚, when these clouds 
start to thin. After this time, only topographic clouds re-
main and persist throughout the year. These clouds are 
only able to form as winds increase the density of water 
around the volcanoes and cause temperature perturba-
tions large enough for these clouds to form [3].  

IUVS observed a plethora of topographic clouds and 
watched their seasonal evolution. Most of our observa-
tions show discrete structures around the Tharsis volca-
noes, with trailing streaks and aster patterns (see Fig. 1).
Air parcels cool as the cross the evening terminator, re-
sulting in more spatially extended clouds. Approxi-
mately every eleven orbits IUVS returns to the same lo-
cation and is thus able to watch seasonal changes in 
these features.  

 
Fig. 1: An example of an IUVS observation of topo-

graphic clouds, taken around Ls = 180˚. 
 
Polar hoods: Polar hoods are a thick conglomeration 

of clouds centered on the poles which form during fall-
winter-spring. These clouds often form amorphous 
structures, but they do sometimes exhibit streaks and 
gravity waves along their boundary. These clouds are 
associated with extremely cold temperatures over the 
pole and presumably influence the amount of water ice 
exchanged between the clouds and polar cap. Ozone 
(which appears magenta in our images) is also associ-
ated with polar hoods, playing a significant role in re-
gional photochemistry [3]. 

 

 
Fig. 2: Examples of cyclonic features, contrails, and 

general clouds observed over the north pole. 
 
IUVS observed polar hoods over several seasons. 

During northern fall, our dataset shows examples of cy-
clonic features, vorticies, and contrails (see Fig. 2).
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During southern winter, we see generally-amorphous 
clouds around the pole and an abundance of ozone.  

 
Dust storms: Dust storms regularly occur on Mars 

and may play a significant role in controlling water es-
cape from the planet. They are most likely to occur dur-
ing the perihelion season and range from local to global 
scales. During the largest of these storms, the increased 
abundance of dust in the atmosphere leads to increased 
heating rates. Previous work has correlated the presence 
of global dust storms with increased H escape measure-
ments, suggesting that dust storms may cause enough 
heating to allow water to reach the high altitudes needed 
for escape [4]. See Fig. 3 for an example image.  

 

 
Fig. 3: A regional dust storm in our dataset. The 

black patches are dust, while the red-orange-yellow is 
brightened dust. This brightening is normal for observa-
tions near the limb.   

 
IUVS already observed evidence of enhanced water 

escape rates. During the early 2019 regional dust 
storms, we observed clouds disappear during the dust 
storm and reappear after the storm (see Fig. 4). During 
this time, IUVS also observed an enhancement in H es-
cape rates. This may tie together the story of dust-drive 
H escape and shed light on how water is lost from the 
planet.  

 

 
Fig. 4: IUVS observed clouds before the storm, an 

abatement of these clouds during dust loading condi-
tions, and clouds returning upon cessation of dust ac-
tivity. This provides observational evidence dust 
storms break the cold trap, allowing water to reach 
higher altitudes where it may escape.  

 
Polar caps: IUVS also imaged the polar caps. From 

this dataset we have been able to observe polar retreat
(see Fig. 5), and future data will allow us to watch polar 
growth. In particular, we are hopeful that our far ultra-
violet channel may be able to distinguish spectroscopic 
differences between water ice and CO2 ice, allowing us 
to independently observe their changes.  If combined 
with other datasets, we hope these observations may be 
useful for determining how water is transported from 
the poles and circulated throughout the atmosphere.   

 
 

References: [1] Jakosky, B.M. et al. (2015) Space Sci-
ence Reviews, 195, 3-48. [2] McClintock, W.E. (2015) 
Space Science Reviews, 195, 75-124. [3] Clancy, R.T. 
et al. The Atmosphere and Climate of Mars, Chapter 5, 
Cambridge Univeristy Press. [4] Chaffin. M.S. et al. 
(2013) GRL, 41, 314-320. [5] Madeleine, J.-B. et al. 
(2012) GRL Planets, 39, doi: 10.1029/2012GL053564.  
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Classification of 59 Igneous Rocks Analyzed by ChemCam at Gale Crater, Mars.  A. Cousin1, V. Sautter2, V. 
Payré3, O. Forni1, N. Mangold4., O. Gasnault1, L. Le Deit4, P.Y. Meslin1, J. Johnson5, S. Maurice1, R. C. Wiens6, W. 
Rapin1. 1IRAP, Toulouse, France; 2MNHN, Paris, France; 3Rice University, Houston, TX, USA; 4LPGN, Nantes, 
France; 5Johns Hopkins University Applied Physics Laboratory, MD; 6LANL, Los Alamos, NM 

 
Introduction: The Mars Science Laboratory 

(MSL) rover Curiosity, which landed in Gale crater in 
2012 at the northern edge of the heavily cratered Noa-
chian highlands, discovered evidence of magmatic di-
versity [1-5], as suggested from orbital observations 
[6,7]. Such evidence also comes from new Martian me-
teorites such as the regolith breccia NWA 7034 and its 
paired samples [8-12]. These observations of igneous 
rocks are of high interest as they provide a unique win-
dow into the planetary interior (mantle partial melt, 
magma fractionation, crystal accumulation, etc).  

Curiosity’s drive began at Bradbury Landing, on a 
plain at a distal portion of an alluvial fan [13]. The Cu-
riosity rover has the ability to characterize rock textures 
and compositions at diverse distances with its sophisti-
cated payload. Two remote instruments are located on 
the top of the rover mast. The MastCam instrument 
[14,15], which is a set of 2 cameras mounted on the 
rover mast, provides critical contextual images. The 
ChemCam suite is a Laser Induced Breakdown Spec-
trometer (LIBS) combined with a high-resolution im-
ager (Remote Micro Imager; “RMI” – [16,17]). The 
ChemCam instrument gives access to the chemistry of 
rocks and soils at a sub-millimeter scale, and is widely 
used on Mars due to its tactical ease, as targets can be 
analyzed up to 7 m away from the rover.

The Curiosity rover encountered >50 igneous rocks 
during its traverse, mostly at the beginning while still in 
the plain close to the alluvial fan. This study presents 
the classification and characterization of igneous rocks 
as observed by the ChemCam instrument mainly during 
the first 800 sols [18]. We first describe the texture of 
these rocks using a large number of images acquired by 
the rover, in order to first differentiate them from sedi-
mentary rocks, and to classify them either as intrusive 
or as extrusive. Then, their chemistry is presented, and 
their mineralogy is inferred. In tandem, these textural 
and chemical analyses are used for a petrological assess-
ment of the selected rocks. Finally, distribution of these 
rocks along the traverse is discussed, as well as their 
comparison with previous igneous rocks observed in 
situ by the Mars Exploratio Rovers (MER), and with 
Martian meteorites.  

Methodology: The first objective that is evident 
on Earth but very tricky on Mars, is to differenciate sed-
imentary rocks to igneous ones. In that purpose we have 
used images such as those from the MastCam and 
ChemCam instruments. Rocks showing sedimentary 
textures such as stratifications were characterized as 
sedimentary, such as stratified or laminated sandstones 
commonly observed during the traverse. Now, 

differentiating extrusive igneous rocks like basalts from 
fine-grained sandstones or pyroclastic flows is more 
challenging. For this purpose, the texture of all these 
rocks have been meticulously observed. Rocks present-
ing specific igneous textures that cannot be formed by 
any sedimentary processes like vitrous or porphyric tex-
tures along with characteristic magmatic features like 
vesicules or conchoidal fracturing, have been retained 
and classified as igneous (Figure 1). The present study 
focuses solely on effusive and intrusive igneous rocks, 
excluding any putative volcanoclastic rocks. Therefore, 
samples with any kind of sedimentary features were dis-
carded, with exception of individual pebble analyses. 
Also, rocks with undefined textures [13] such as 
Jake_M [1] – also analysed by APXS - have been elim-
inated for this study. More details on rock classification 
can be found in [13]. Chemical analyses used in this 
study are obtained from the ChemCam instrument. The 
quantification of the ChemCam data is described in 
[19]. 

 
Figure 1: MastCam and RMI images of igneous rocks. A/ Pisolet, 

aphanitic texture with conchoidal fracture (MastCam 
0332MR1346001000E1 and ChemCam CRM_426959815), B/ 

Bindi, felsic cumulate (MastCam 0544MR0021920010303721E01 
and ChemCam CRM_445795625). 

 
Textural analyses:  From the analyses of the im-

ages, 59 igneous rocks have been classified. We were 
able to differenciate intrusive from extrusive igneous 
rocks. Three groups of extrusive rocks have been de-
fined. Group 1 (20 rocks) contains dark and aphanitic 
rocks, with characteristic conchoidal fractures; Group 2 
(10 rocks) consists of porphyritic rocks up to cumulates 
(Bindi) with elongated whitish elongated phenocrysts 
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(several mm) set in a dark grey mesostasis; Group 3 (6 
rocks) represents aphanitic light-toned rocks with vesic-
ulated or pumiceous features. Rocks with intrusive tex-
tures are organized in 2 groups. Group 4 (10 rocks) con-
tains dark rocks with the same proportion of hundreds 
µm- to mm-sized light-toned and dark-toned crystals, 
and Group 5 (13 rocks) corresponds to vesiculated 
coarse-grained light-toned rocks also containing greyish 
translucent crystals. 

Chemistry and Mineralogy:  Assessing the chem-
istry and mineralogy of the sampled targets is possible 
by combining visual observations and chemical and 
mineralogical diagrams. For the chemistry, diagrams 
such as FeO vs SiO2 and alkali vs Al2O3 are used to dif-
ferenciate between mafic and felsic phases. Group 1 
shows a cluster with no obvious trends between the ele-
ments. Group 2 shows points enriched in alkali and Si 
that correspond to felsic phases, and more mafic points 
corresponding to the mesostasis. Group 3 points are all 
clustered and alkali-rich, with few points corresponding 
to Fe-oxides. Group 4 shows a negative mixing trend 
between Fe and Si, and positive trend between alkali 
and Al. Finally, Group 5 is low in Fe, enriched in Si, 
alkali, Al and Ca contents.  

Ternary diagrams were then used to asses the min-
eralogy, using relatively clean points only (from the vis-
ual point of view and from the chemistry). The main 
feldspar phases observed correspond to andesine (in 
groups 2, 4, 5), and anorthoclase and few K-spars in 
composition (Group 3). Zoning between plagioclase 
and K-rich feldspars was observed in few rocks such as 
Harrison [2]. Pyroxenes observed in Gale igneous rocks 
are quite Fe-rich and Ca-poor, corresponding mainly to 
Fe-rich pigeonites and augites (Fs32-67), which is con-
sistent with LIBS passive observations [20]. Sedimen-
tary rocks analyzed by XRD with CheMin [21] rather 
contain Mg-rich pyroxenes (Fs11-63). Those differences 
could be explained by the fact that ChemCam did not 
sample really clean samples. A few apatites were also 
observed in rocks from groups 1, 2 and 4. 

Petrology:  When plotting these rocks in a TAS di-
agram (Figure 2), Group 1 corresponds mainly to basalts 
with few trachybasalts and tephrites, Group 3 expands 
the trachyte group described in [2], and Group 4 corre-
sponds to gabbro-norite from its textural analysis and its 
normative composition (~ 48% plagioclase, ~ 2-10% or-
thoclase, ~ 30-35 % pyroxene, ~ 5-19 % olivine and ~ 
1-3 % ilmenite). In this present study no new rock from 
Group 2 (trachyandesites) and Group 5 (quartz-diorite) 
have been observed since [2], and therefore these two 
groups are not discussed later.  

Discussion: The felsic targets (Group 2 trachyande-
sites, Group 3 trachytes and Group 5 quartz-diorites) 
have been observed near the landing site, close to the 

alluvial fan. They could have been transported by fluvial 
activity and therefore could represent a sampling from 
the crater northern rim, while the mafic targets such as 
the basalts and the gabbros are mainly observed later on 
the traverse. Basalts represent the main type of igneous 
rocks sampled by ChemCam. Nevertheless, the second 
most common igneous rocks correspond to the quartz-
diorites. Moreover, the felsic igneous rocks all together 
represent up to 49 % of the observed igneous rocks, 
meaning that feldspars are widespread at Gale crater. 

Group 1 and Group 4 rock types plot in the TAS di-
agram close to the field of Columbia Hills and basaltic 
rocks form Gusev crater [22]. However, looking at the 
mineralogy, rocks from groups 1 and 4 (as any other ig-
neous rocks at Gale) do not show any olivine pheno-
crysts in contrast to the MER basaltic rocks. Also, most 
of the Gale basaltic rocks are enriched in Fe (Mg# < 0.5) 
compared to MER basaltic rocks [23, 24, 25]. This sug-
gests that the basaltic rocks observed at Gale are more 
evolved than those observed by the MER. Many alkali 
feldspars have been observed in the Gale igneous rocks 
contrary to what was observed in those of the MER lo-
cations, but these alkali feldspars are similar to those in 
NWA7034 [8-12].  

The iron-rich basaltic composition of some of the 
Group 1 rocks such as Watterson is similar to the Na-
khlite parental magma (NPM) [26, 27], which seems to 
have fractionated to a significant extent from its compo-
sition as well as from experimental data [28]. This sug-
gests that the iron-rich type of basalt could be the mafic 
end-member of the calculated liquid line of descent 
passing through the rocks of Group 4 which parallels the 
liquid line of descent calculated by [28]. 

Conclusion: Overall, the in situ data from Gale 
crater provide unprecedented insights into the diversity 
of igneous rocks at the surface of Mars. The sub alkaline 
rocks observed could be some relicts of an early martian 
crust [22]. The origin of the alkali-rich targets is un-
clear; they could have been formed by fractional crys-
tallization from a basalt like Group 1 (Watterson), or 
from an impact melt. The textural analysis does not per-
mit to decipher between these two hypotheses. 
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2014, 3Sautter et al., 2015; 4Sautter et al., 2016; 
5Schmidt et al., 2014; 6Carter and Poulet, 2013; 7Wray 
et al., 2013; 8Agee et al., 2013; 9Humayun et al., 2014; 
10Nyquist et al., 2016; 11Santos et al., 2015; 12Udry et al., 
2015; 13Palucis et al.,  2014; 14Malin et al., 2010; 15Bell 
et al., 2012; 16Wiens et al., 2012; 17Maurice et al., 2012; 
18Cousin et al., 2018 ; 19Clegg et al., 2017; 20Johnson et 
al 2015; 21CheMin; 22Sautter et al. This meeting ; 
23McSween et al., 2006a; 24McSween et al., 2006b; 
25Squyres et al., 2006; 26Stockstill et al. 2005; 27Sautter 
et al. 2012; 28Udry et al. (2018).  
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THE ROLE OF FLUVIAL PROCESSES IN HIGHLANDS CLASTIC BEDROCK FORMATION.                    
J.C. Cowart and A.D. Rogers, Department of Geosciences, Stony Brook University, Stony Brook, NY (jus-
tin.cowart@stonybrook.edu) 

 
 
Introduction:  The Martian cratered highlands 

contains the planet’s oldest terrain [1]. This region was 
heavily resurfaced by fluvial, cryogenic, volcanic, im-
pact and aeolian processes [2]. The relative contribu-
tions of these processes have implications for the evo-
lution of the Martian interior, surface, and atmosphere 
during the planet’s first billion years. While the chro-
nology and extent of resurfacing processes have been 
well-documented [e.g. 3], the distribution and origin of 
intact resurfacing products are less well understood.  

Exposed, intact resurfacing products may be identi-
fied by their thermal inertia (TI), a thermophysical 
property effectively related to grain size and indura-
tion. At km-scales unconsolidated regolith materials 
generally exhibit TI < 300 J k-1m-2s-1/2 (thermal inertia 
units, or TIU). Highlands intercrater basins host expan-
sive regions of TI > 325 TIU corresponding to large 
exposures of rugged, mechanically competent materials 
(‘bedrock plains’) at the 6 m/px imaging scale of the 
Mars Reconnaissance Orbiter Context Camera (CTX) 
[4]. Bedrock-dominant surfaces show sharp thermo-
physical and morphological boundaries with the sur-
rounding regolith- or dust-dominant surfaces.  

We recently produced a map of bedrock-dominant 
regions within the Martian cratered highlands (Fig. 1) 
[5]. During map production, we performed morpholog-
ical assessments to help determine bedrock lithology 
and origins. Our observations show ample evidence for 
a clastic origin of many intercrater bedrock plains. In 
addition, they indicate that many clastic plains experi-
enced fluvial deposit on and/or modification. 

Morphological Assessment: Our morphological 
assessment of bedrock plains materials used CTX im-
agery to analyze surface texture and crater retention as 
proxies for lithology. Clastic lithologies are more likely 

to rapidly erode, leading to poor crater retention and 
wind-sculpted surface features such as yardangs. Bed-
rock plains with low crater retention and highly-
developed erosional features are identified as possibly 
clastic in origin. To further constrain these observa-
tions, we catalogued process-related landforms, the 
presence and style of layering within bedrock materi-
als, and stratigraphic relationships between bedrock 
plains and the surrounding low thermal inertia materi-
als. We found that 34 of our 139 mapped bedrock 
plains contain landforms that are plausibly related to 
fluvial processes.  

Bedrock Materials With Dendritic Outcrops: 
Many bedrock plains are located within intercrater ba-
sins at the confluence of incised highlands valley net-
works. Some incised valley networks contain exposures 
of bedrock materials near their terminus. In these cases, 
bedrock materials are found up to 100 m above the 
modern surface of the bedrock plain (Fig. 2a). This 
topographic relationship suggests bedrock materials 
originated from material transported via incised valley 
networks, rather than later flood volcanism within the 
basin that began to reoccupy the incised valleys.  

Nine intercrater bedrock plains contain tonally-
distinct bedrock materials with a dendritic outcrop pat-
tern (Fig. 2b). These surfaces show narrow outcrops 
converging on an axis oriented towards the center of 
the intercrater basin. These materials commonly dis-
play moderate to high erosional susceptibility, suggest-
ing that they are composed of clastic materials. These 
materials appear to fall within a  stratigraphic succes-
sion of bedrock materials, rather than resulting from 
later surface modification. 

Sinuous Ridges: Twenty-three bedrock plains host 
sinuous ridge systems. The morphology and context of 

 
Figure 1. Map of bedrock-dominant surfaces in the Martian cratered highlands. This map outlines bedrock plains deter-
mined using a TES-derived thermal inertia threshold >325 TIU and THEMIS radiance morphology. This map displays TES al-
bedo over MOLA shaded elevation, bounded between 50 degrees latitude. 
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Figure 2. Examples of bedrock with dendritic outcrops. A1) THEMIS regional context image showing a bedrock plain in Tyr-
rhena Terra (white outline) and surrounding highlands plateau (black outline). A2) CTX mosaic showing bedrock plains material 
occupying a sinuous path at the base of a major incised highlands valley network. B) Bedrock materials in Terra Cimmeria. 

sinuous ridge systems varies between bedrock plains. 
In some bedrock plains, sinuous ridges exist as short 
segments near the base of incised highlands valley 
networks (Figure 3a). HiRISE imagery of these sinu-
ous ridges shows that these ridges are tonally layered 
(Figure 3b). In other bedrock plains, sinuous ridge 
systems exist as winding, broken segments within rela-
tively low-gradient regions (Figure 3c). HiRISE im-
agery of one bedrock plain with broken sinuous ridge 
segments shows tonally-layered bedrock materials with 
high erosional susceptibility. (Figure 3d). These ob-
servations may indicate significant fluvial input into 
intercrater bedrock plains. 

Light-Toned Material with Sinuous Outcrop 
Patterns: Some Terra Cimmeria bedrock plains con-
tain small outcrops of light-toned surfaces. These mate-
rials, which have a sinuous outcrop pattern, are inset 
within a broader (200-300 m wide), several km long of 
texturally-featureless materials (Figure 4a). Available 
HiRISE imagery of the light-toned materials shows that 
they have a coarse (10-20 m scale) polygonal texture 
(Figure 4b). The broader, texturally-featureless mate-
rials appear to form a thin (5-10 m thickness) capping 
unit that overlies the light-toned material. Both the 
light-toned material and the capping unit appear to be 
friable. It is unclear whether these materials form part 
of a stratigraphic sequence within bedrock plains mate-
rials, or represent later modification and deposition. 

References: [1] Tanaka, K.L. (1986), JGR: Solid 
Earth, 91(B13), E139-E158 [2] Carr, M.H. and Head 
J.W. (2010), EPSL, 294, 185-203 [3] Tanaka, K.L. et 
al. (2014), PSS, 95, 11-24 [4] Rogers, A.D. et al, this 
conference [5] Cowart, J.C. et al., submitted to JGR.  
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Figure 3. Sinuous ridges and associated deposits. 

 
Figure 4. Light-toned materials with sinuous outcrop patterns. 
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Introduction:  Modified impact craters are ubiqui-

tous features found throughout the Noachian highlands 
of Mars, including at higher latitudes.  Morphologic 
analyses of these craters indicate that a combination of 
both diffusional transport processes associated with rain 
splash and advective transport processes associated with 
surface runoff occurred [1]. Because modified craters 
are preserved in different stages of erosion, rainfall and 
surface runoff must have been operated throughout the 
Noachian as new craters continued to form [1].   

However, modified impact craters appears to have 
formed under unique and extremely controlled environ-
mental conditions .  Landscape evolution models, for 
example, indicate that if environmental conditions had 
any appreciable precipitation during the Noachian, val-
ley networks formation would have initiated, and thus 
valley networks would have had more time to become 
better integrated with the cratered landscape then what 
is observed [2, 3].  Instead, output from landscape evo-
lution models suggest that the Noachian environment 
was mostly arid, which was episodic, and was hypo-flu-
vial [4, 5].  The conundrum is that the processes respon-
sible for modifying the craters have caused them to en-
large through backwasting by as much as ~30% [1, 6, 
7], yet often there is no clear evidence of other fluvial 
features on the interior walls or sedimentary deposits at 
the base of the crater walls, and this needs to be ex-
plained.  In fact, the absence of more complicated flu-
vial features or deposits associated with modified im-
pact craters has led some investigators to suggest that 
fluvial erosion had nothing to do with their formation.  
Instead, liquefaction induced by seismic shaking by 
subsequent impact craters has been presented as an al-
ternative [8], particularly for explaining the rounded na-
ture of the crater rims [e.g., 9, 10]. Here we examine the 
possible influence of an early reducing CO2-rich atmos-
phere on Noachian environmental conditions and how 
this may have enhanced crater modification.   

The Chemical Breakdown of Rock/Minerals:  
The dissolution of most silicates minerals in acidic so-
lutions (pH ≤ 5) is expressed as the rate of release of 
elements to solution (r, mol s-1), which can be modeled 
as a function of the surface area of the dissolving min-
eral, A, and the activity of hydrogen ion, aH : 

r kA(aH )n

where k is the rate constant (mol silicate/cm2/sec) and n 
(unitless) is the apparent reaction order with respect to 
the H activity (aH ), which for most soils is controlled 
by pCO2, mineral and organic acids, and dissolu-
tion/precipitation reactions [11].   

Assuming steady-state regolith thickness, the 
weathering rate per land surface area (W; M L-2 T-1) can 
be expressed as  

W = mC − mE /Δt 
where mC (M L-2) is the mass per land surface area of 
weatherable minerals entering the column through the 
advance of the weathering front, mE (M L-2) is the mass 
of weatherable minerals leaving through erosion, and t 
is time [12]. The mass of material in the weathering col-
umn (mC) is expressed as: 

mC = E Χm Δt 
where E is the weathering advance rate (M L-2 T-1), and 
Χm is the mass fraction of chemically mobile material 
(i.e., 1 – Χm is the fraction of chemically inert material). 
It has been found that the rate of weathering of individ-
ual minerals in basalt is consistent with the well-known 
susceptibility series of glass ~ olivine > plagioclase > 
pyroxene > opaque minerals. The resulting clay miner-
als are dominated by smectites [13]. 

Effects on Crater Modification:  Exposed surfaces 
would have quickly broken down under the natural 
acidic conditions that would have been present in a CO2-
rich atmosphere.  This would have greatly affected 
higher frequency topographic features, such as undulat-
ing fresh crater ejecta, but also crater rims.  Chemical 
weathering would have also preferentially attacked 
steeper slopes, such as crater wall interiors.  The ad-
vancement of the chemical weathering front would have 
aided crater enlargement, but it also would have helped 
create the rounded crater shapes attributed to diffusional 
erosional processes.  Fluvial processes would have still 
been involved, particularly precipitation, but it would 
have been aided by chemical weathering induced by 
acidic rains.  
Effects on Noachian Terrain:  Recent analyses of No-
achian aged intercrater planation surfaces show tec-
tonic stability with slow pedogenesis caused by aqueous 
weathering [14]. This appears to have resulted in the 
formation of duricrust and deep chemical weathering.  
Subsequent erosion by intense fluvial processes (often 
represented by valley network formation) and aeolian 
stripping has exposed duricrust surfaces as well as 
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etchplains in some parts of the highlands (Figure 1). The 
etchplains typically have some relief, which reflects dif-
ferences in the resistance of the underlying bedrock to 
weathering.  

Conclusions:  Because of the reducing conditions 
of the early martian atmosphere, any rainfall that oc-
curred would have been acidic [e.g., 15], which would 
have aided the chemical breakdown the basaltic crust, 

thus enhancing crater erosion and modification.  Instead 
of producing sand size particles or even larger clasts, 
surface materials would have weathered directly into 
clays, which are easily transported.  The evidence for 
these conditions appears to not only be preserved in the 
morphology of the modified craters, but it often mani-
fests itself in exposed etchplains that common features 
found throughout the Noachian highlands. 

 
 

 
Figure 1.  (A) Example of a possible duricrust exposed by the erosion of Arda Vallis in the cratered highlands.  There 
are many examples of similar bright or light colored materials exposed in places throughout the cratered highlands 
that have not been explained.  This area is located west of Cardona crater center at approximately 19.42 S, 32.13 W.  
(B) Example of a possible etchplain exposed by fluvial erosion and aeolian stripping. The exposed mounds and irreg-
ular surfaces likely reflect differences in the erodibility of the bedrock.  This area is located in the Iapygia quadrangle 
centered at 23.33 S., 289.38 W and southwest of Saheki crater.   
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EFFECTS OF THE SEPTEMBER 2017 SOLAR FLARE ON NEUTRAL SPECIES ABUNDANCES IN THE 
MARTIAN THERMOSPHERE.   A. G. Cramer1, P. Withers2, and M. K. Elrod3,   1,2Boston University Astronomy 
Department (725 Commonwealth Avenue, Boston, MA 02215, USA), 3NASA Goddard Space Flight Center 
(Greenbelt, MD 20771, USA).  

 

The abundances of neutral species in the upper 
atmosphere of Mars have previously been identified 
to change as a result of space weather phenomena 
such as the solar cycle [1] and solar flares [2].  In 
Elrod et al. [3], measurements of species number 
density vs altitude made by MAVEN NGIMS during 
the September 2017 X-class solar flare demonstrated 
that densities increased by different factors for 
different species at a fixed altitude of 225km. Sources 
of change in species abundance may include thermal 
expansion, wherein atmosphere densities rise in 
altitude at all altitudes, and chemical composition 
changes, such as by species production. 

Here we examine changes in the total density and 
relative densities of the six major neutral species (Ar, 
He, N2, CO, CO2, O) in the thermosphere of Mars 
during and averaged for MAVEN orbits surrounding 
the September 2017 flare in order to examine the role 
of these two flare-produced sources of density change 
in shaping atmosphere behavior.  Initial analyses 
have indicated that the abundance percentages of 
several species at fixed altitudes changed in relation 
to one another due to the flare, but that the total 
abundance, summed from the number densities for 
the species, also increased at all altitudes. 

 [1] Bougher, S.W. et al. (2015) JGR: Planets, 
120, 311–342. [2] Thiemann, E. M. B. et al. (2015) 
Geophysical Research Letters, 42, 8986-8992. [3] 
Elrod, M. K. et al. (2018) Geophysical Research 
Letters, 45, 8803-8810. 
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Introduction:  The Martian surface displays 

features such as dendritic channels that suggest it once 
had abundant flowing water on its surface. This picture 
is strongly contrasted with present day Mars, whose 
thin atmosphere and desiccated surface suggest a 
significant amount of water was lost to space or is 
being stored in sub-surface reservoirs. Martian 
atmospheric D/H and argon isotope analyses indicate 
Mars has lost an ocean of water from its surface [1] and 
more than 66% of its atmosphere [2]. Mapping the 
horizontal transport of fractionated atmospheric 
volatiles, such as H2O and HDO suggests there is 
geographic and seasonal variability in the exchange of 
volatiles from differing reservoirs [3]. Here we present 
the first maps of H2O vapor as observed by the 
ExoMars Trace Gas Orbiter 2016 (TGO) over a period 
of 10 months and across several Martian seasons. These 
observations reveal geographic, diurnal, and seasonal 
variations which partially agree and partially challenge 
advanced global circulation models. Horizontal 
transport affects our interpretation of global maps or in-
situ analysis (such as the Mars Science Laboratory) of 
fractionated species, such as D/H. These maps can be 
instrumental in improving our current understanding of 
the Martian water cycle and volatile transport.   

Observations and Data Processing: Remote 
sensing of the Martian atmosphere permits observations 
at all altitudes, latitudes and longitudes, and over many 
seasons. The Nadir and Occultation for MArs 
Discovery (NOMAD) instrument is part of the payload 
of the Trace Gas Orbiter, an ESA/ROSCOSMOS joint 
mission to Mars. TGO’s orbit observes the dayside of 
Mars at many local times and latitudes, unlike many of 
its polar orbiting predecessors. The NOMAD 
instrument observes the Martian atmosphere in solar 
occultation, limb, and nadir geometries [4]. With a two-
hour orbital period, it makes two sets of solar 
occultations near the terminator at all latitudes and 
traces out surface tracks of atmospheric molecular 
species. 

Since nominal science began in April 2018, 
NOMAD has conducted a spectroscopic survey of 
Mars’ atmosphere in UV, visible and IR wavelengths 
covering the 0.2 - 0.65 and 2.3 - 4.3 μm spectral ranges. 
NOMAD is composed of 3 channels: a solar occultation 
only channel (SO) operating in the infrared wavelength 

domain, a second infrared channel capable of doing 
nadir, but also solar occultation and limb observations 
(LNO), and an ultraviolet/visible channel (UVIS) that 
can work in all observation modes. The spectral 
resolution of SO and LNO surpasses previous surveys 
in the infrared by more than one order of magnitude. 
NOMAD offers an integrated instrument combination 
of a flight-proven concept (SO is an updated and 
improved version of SOIR from Venus Express), and 
innovations based on existing and proven 
instrumentation (LNO is based on SOIR/VEX and 
UVIS has heritage from the Humboldt ExoMars 
lander), that will provide mapping and vertical profile 
information at high spatio-temporal resolution. 

The three channels have each their own ILS and 
optical baseplate, but share the same single interface to 
the S/C. The optical layout of LNO is identical to that of 
SO using an echelle grating with a groove density of 4 
lines/mm in a Littrow configuration in combination 
with an Acousto-Optic Tunable Filter (AOTF) for 
spectral window selection. The width of the selected 
spectral windows varies from 20 to 35 cm-1 depending 
on the selected diffraction order. The detector is an 
actively cooled HgCdTe Focal Plane Array. The LNO 
channel measures in the wavelength range between 2.3 
and 3.8 μm, with a typical resolving power ( ) in 
the 10,000 to 15,000 range. 

Observations with LNO are radiometrically 
calibrated using solar scans, and I/F ratios are then 
constructed for nadir observations. Three orders are 
predominantly used to retrieve water, orders 167, 168, 
and 169 (3754 - 3829 cm-1). These absorption features 
are retrieved with state of the art radiative-transfer suite 
[5] which utilizes a priori atmospheric information from 
the Mars Climate Database (MCD [6]). This allows 
direct comparison with retrieved H2O column 
abundances and model predictions. The surface albedo 
of Mars is characterized by CRISM observations, and 
interpolated to be appropriate for the spatial resolution 
of TGO. The radiative transfer is modelled by the 
Planetary and Universal Model of Atmospheric 
Scattering (PSG/PUMAS) [1], which computes layer by 
layer calculations along the line of sight for a variety of 
observing geometries, and is validated for Mars based 
on appropriate scattering models [7].  
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Data is arranged according to similar geophysical 
conditions, and where overlapping observations exist 
we employ a smoothing weighted average which 
considers the SNR of the observation appropriately. 
This allows the construction of maps of the Martian 
water cycle over relevant time scales, from local time 
variations to seasonal, and across the planet’s daylit 
hemisphere.  

Initial Results: The Martian year can be subdivided 
into six seasons (60  Ls each), rather than the four that 
is typically considered for Earth. Rather than 
considering spring or autumn as one season, it is 
appropriate to subdivide these time periods into early 
and late to capture the rapid changes in the Martian 
atmosphere that exist during these time periods. We 
report here on observations from Early Spring (ES) to 
Early Autumn (EA) in the southern hemisphere, which 
spans Solar Longitude 120 - 360 . At the time of 
submission, TGO data is processed until Feb 2019, but 
this is likely to be increased before the final submission 
of this manuscript.  

LNO observations of the dayside of Mars must be 
constrained to less than 60  solar zenith angle to have 
reasonable signal to noise, but this still allows for a 
wide variety of sampled geophysical conditions. This 
dataset samples local times from ~7 to 17 hours, 
latitudes from 75S to 75N, and all longitudes. The 
geographic coverage from a given season is robust 
enough that the data may be separated into dawn, noon 
and dusk observations, allowing the Martian diurnal 
water cycle to be revealed.  

The geographic distribution of water observed is 
consistent on some scales with the Mars Climate 
Database global circulation model, and differs in other 
significant ways. For example, during the Southern 
Summer time period, the GCM model results reproduce 
the geographic morphology of water vapor near the 
south pole, however, seem to miss an abundance of 
water that is associated with Hellas Basin, which 
increases throughout the day. In general, the models 
seem to overpredict the abundance of water, however 
this will need to be verified with modelers and intense 
scrutiny of the retrieval process simultaneously. 
However, there is good confidence in the retrieval 
process as verified by the SH Early Spring data, which 
shows very strong agreement at mid-latitudes. On the 
other hand, the GCM model results during this time 
period under-predicts the abundance of high latitude 
water, and overestimates the low latitude abundance, 
perhaps indicating incomplete horizontal volatile 
distribution.  
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THE FIRST FIELD GEOLOGIC MAPS ON MARS: ANOTHER LEGACY FROM SPIRIT AND 
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1801 Mountain Rd NW, Albuquerque, NM, 87104, USA, larry.crumpler@state.nm.us 

 
  Introduction: Field geologic maps have been pre-
pared from in situ (on the ground or "field") observa-
tions during the traverse of Mars Exploration Rovers 
Spirit and Opportunity [1, 2]. These maps are the first 
tests of field geologic mapping methods at the human 
scale on another planet and were developed for docu-
menting the complex field relations observed by Spirit 
and Opportunity. Future missions of landed science on 
the Moon and Mars, including both robotic and human 
exploration, will benefit from the systematic and con-
tinuous recording of information and the correspond-
ing field hypotheses afforded by using methods similar 
to those discussed here. 
   Methods: Over a decade and a half ago the MER 
Science Team established the methods for efficient 
rover operation by codifying field geologic methods 
[3]. The rovers were designed to replicate the capabili-
ties of a field geologist [3]: 20-20 color vision (Pan-
cam), a rock hammer (Rock Abrasion Tool), a hand 
lens (Microscopic Imager), the ability to test for basic 
minerals (mini-TES, Mossbauer), and "lab analysis of 
elemental abundances" (APXS). These tools sufficed 
for detailed mapping at sub-meter length scales. Sev-
eral kilometers of geomorphically diverse but litho-
logically monotonic terrain were traversed initially by 
both rovers.  
   The textures, structures, mineralogy, chemistry, and 
macro- and microscopic petrography of outcrops were 
systematically examined in during Spirit and Oppor-
tunity’s traverses in the Columbia Hills and on the rim 
of Endeavour crater. Unlike previous planetary maps, 
true petrographically defined lithologies and the con-
tacts between them were identified from observations 
on the ground at individual outcrops.  High-resolution 
MRO/HiRISE images provided bases for mapping 
contacts and other observations. Map production from 
this data used the same methods that are applied in 
geologic mapping on Earth: (1) The observed locations 
of identified lithologic units and contacts were plotted 
on a base map. (2) exposures with the same or similar 
petrography were correlated and compared from site to 
site.  Field petrography provided a reliable method of 
correlation between outcrops. While geochemical 
analyses were illuminating on many fronts, the exten-
sive and localized alteration of many protoliths are in 
some cases problematical for outcrop-to-outcrop cor-
relation. (3) The contacts, respective overlapping char-
acteristics and time series of emplacement of different 
lithologic exposures were plotted on the local base. (4) 
The attitudes of structures and foliations were com-
piled on the map base. Similarities and differences 
between examined rocks and outcrops were noted and 

the rock types and relative stratigraphic positions of 
separated outcrops were compared, correlated, and 
mapped along the traverse and plotted on a merged 
orthographic Navcam panorama and MRO/HiRISE 
image base out to a radius of 20 m (Fig. 1). The 20-m 
limit of the field geologic maps from Spirit and Oppor-
tunity is based on experience in the ability to detect 
differing lithologies with increasing distance using 
MER Navcam images. The attitude of planar contacts 
were determined from field methods such as along-
strike and down-dip viewing and estimates from con-
tacts on geologic sections. 

 
Figure 1. Principles of reconnaissance in situ strip geologic 
mapping. In situ mapping on Mars is comparable to field 
geologic mapping on Earth in an area of extensive cover: 
lithology, structure, and contacts are compared between 
stations and continuity derived from correlation of petrogra-
phy in outcrops and multiple stratigraphic determinations 
 
   Results: The results are records in map format of the 
lithology, stratigraphy, and structure determined by 
field (in situ or ground-based) observations along two 
geologic traverse mapping swaths, each 40 meters 
wide and several kilometers long. Ultimately Spirit 
mapped 0.17 km2 along its 4.3 km traverse within Co-
lumbia Hills and  Opportunity mapped 0.47 km2 along 
its 12 km trek on the rim of the complex Noachian 
impact crater, Endeavour. A local example of the final 
map, in this case showing multiple impact breccia li-
thologies and large-scale through-going faults is shown 
in Figure 2, the upper half of Perseverance Valley. 
     With the location of contacts between lithologic 
units and their attitudes determined and placed in the 
context of local DEM derived from Navcam ranging 
and from HiRISE DTMs, we were able to construct 
true geologic cross sections. These both document the 
structure and provide predictions about stratigraphy 
and structure testable during traverses beyond the local 
section. They also provide insight into the context of 
complex exposures. When placed in the stratigraphic  
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Figure 2. In situ geologic map from Opportunity's traverse 
down the upper Perseverance Valley, west rim of Endeavour 
crater. Identification of the contact between the impact ejecta 
and pre-impact substrate enabled  clarification of some per-
plexing geochemical trends and lithologic complexities. 
 
and structural context several pieces of the complex 
geochemical puzzle have begun to fall into place and 
hypotheses for disparities and correlations between 
sites are somewhat better conceptualized [4, 9].  
    Spirit in the Columbia Hills: The Common case of 
Up-hill is Down-stratigraphy on Mars. Variable alter-
ation, deep erosion, and complex stratigraphy made 
quantitative geochemical correlations between out-
crops perilous as Spirit summited the Columbia Hills. 
However, the petrologic and lithologic protolith of 
many outcrops remains and served as a basis for rec-
ognizing similar units at widely separated locations. 
Ultimately the Columbia Hills were determined from 
basic stratigraphic correlation and from the pattern of 
bedding attitudes  to be a succession of layered materi-
als draping a precusor massif [1, 5] (Fig. 3A). We be-
lieve this "up-hill is down-stratigraphy" arrangement 
of the Columbia Hills is common on Mars because of 
the preservation in the landscape of the results of early 
partial landscape erosion of a stratigraphically rich 
global geology. 
  Opportunity on Endeavour crater: Field Geology 
on the Topographic Rim of a Complex Impact crater. 
The structure and stratigraphy of complex impact cra-
ters is beginning to emerge from Opportinity's traverse 
along the west rim of the 22 km-diameter Endeavour 
crater [2; 4; 6; 7; 8; 9]. Mapping of the attitudes of the 
planar contact between the upper and lower Shoemaker 
formation and the attitudes pervasive foliations in out-
crops at several locations, including Marathon and 
Perseverance Valleys, shows that inboard of the crater 
rim units dip inward toward the crater interior (Fig 
3B). The prevalence of vertical joints, dipping folia-
tions, and fault zones together with variable perme-
ability of breccias may exert a fundamental control on 
groundwater and sites of more intense alteration.  

 

 
Figure 3. Structure section based on field mapping of con-
tacts between lithologic units, stratigraphic correlation, and 
attitude of outcrops (A) during traverse across the flanks and 
summit of the Columbia Hills by Spirit [1], and (B) section 
through rim of Endeavour crater during Opportunity’s tran-
sect of Marathon Valley [7]. 
 
   Summary. In situ or field geologic mapping on Mars 
was developed in the course of executing Spirit and 
Opportunity’s missions on Mars. While the methods 
were not anticipated for use on Mars, the design of the 
mission with “the basic tools of a field geologist” [1] 
provided an obvious basis for its creation. The con-
struction of a geologic map from field geologic obser-
vations is an important development in Mars science, 
expanding the geologic characterization of Mars from 
photogeologic to actual in situ ("ground truth") meas-
urements of petrologic, structural, stratigraphic, and 
geomorphic information of surface materials in a local 
lithologic context over several kilometers of traverse. 
Future missions, both robotic and human, will benefit 
from documenting geology using methods similar to 
that used by Spirit and Opportunity.  

References: [1] Crumpler, L.S. et al. (2011) J. Ge-
ophys. Res., 116; [2] Crumpler, L.S. et al. (2015) J. Geophys. 
Res., 120; [3] Squyres S. W. et al. (2003) JGR-Planets, doi: 
10.1029/ 2003JE002121; [4] Mittlefehldt, D. W., et al.(2018) 
JGR-Planets, doi: 10.1002/2017JE005474 [5] McCoy T. J. et 
al. (2008) JGR, doi: 10. 1029/ 2007JE003041; [6]  Grant et al 
(2016) Icarus, doi:10.1016/ j.icarus. 2015.08.019; [7] Crum-
pler, L.S. et al. (2019) LPSC 50 abstract 1179; [8] Hughes 
M. N. et al. (2019) JGR-Planets, doi: 10.1029/ 2019 
JE005949; [9] Arvidson et al (2019) 9th Mars Conf, abstract 
6084. 

 

6367.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)
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Introduction:  Observations of Sun-like stars have 

indicated that the early Sun can be characterized by 
extreme EUV and X-ray fluxes, as well as a more in-
tense solar wind and higher occurrences of powerful 
solar transient events [1]. The nature of the early Sun is 
a critical aspect for understanding early atmospheric 
evolution among the terrestrial planets. In particular, 
the interaction of the solar wind with Mars has been a 
topic of recent interest with the arrival of the Mars 
Atmosphere and Volatile EvolutioN (MAVEN) mis-
sion. The MAVEN spacecraft has observed the upper 
atmosphere and magnetic topology of Mars during 
solar transient events such as Interplanetary Coronal 
Mass Ejections (ICMEs) and Stream Interaction Re-
gions (SIRs) spanning from November 2014 to the 
present (Figure 1) [2]. Observations include dramatic 
changes in heavy ion acceleration along open, closed 
and draped magnetic field lines, and significant en-
hancements of escaping and precipitating planetary 
ions [3].  
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Figure 1: Geometry and plasma signatures of ICMEs 
(left) and SIRs (right) [Curry et al.,  2019 under re-
view]. 

Approach:  We will present MAVEN observations 
of ICMEs and SIRs within the context of the current 
declining phase of solar cycle 24. With the use of 
global MHD and test particle simulations, we will also 
discuss the influence of the observed space weather 
events on the global loss rates of the Martian atmos-
phere. Finally, using observations of the magnitude 
and frequency of M and X class flares at other stars, 

we have extrapolated the frequency of ICMEs at earli-
er stages of the Sun and will present simulations of the 
Mars-early solar wind interaction.  

 
Figure 2: Atmospheric escape from Mars (MHD and 
test particle models) [Curry et al., 2019 under review] 

Using these early loss rates, we will extrapolate the 
amount of water that has been lost to space due to the-
se space weather events. The extreme conditions in the 
Sun’s early history may had have a significant influ-
ence on the evolution of the Martian atmosphere and 
may also have implications for exoplanets interacting 
with younger, more active stars. 
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Introduction: The NASA Curiosity rover ob-

served SiO2 abundances up to 82 wt.% [1] and tri-
dymite (a high-T, low-P SiO2 polymorph) [2,3] in a 
lacustrine mudstone [4] at Marias Pass in Gale crater. 
In this area, SiO2 is anti-correlated with FeOT (Fig. 
1), a strong thermal neutron absorber. The Dynamic 
Albedo of Neutrons (DAN) instrument [5] is sensitive 
to neutron absorbers, e.g., Fe [6], and H (which mod-
erates neutron energy) in the top ~50 cm of the sub-
surface. Using DAN data, we mapped the distribution 
of this SiO2-rich material in Marias Pass, constraining 
its hydration, extent, thickness, and orientation. 

 
Figure 1: ChemCam LIBS SiO2 vs. FeOT for Marias Pass 
mudstone. Σabs is bulk neutron absorption cross section. 

Methods: In active mode, DAN emits neutrons 
which return to the DAN detectors with a time and 
energy distribution dependent on subsurface interac-
tions [e.g., 5]. To quantify geochemical abundances 
within the DAN field of view, we forward model 
DAN time-of-flight spectra using Monte-Carlo N-
Particle transport code simulations. Free parameters 
include Water Equivalent Hydrogen (WEH), ele-
mental geochemistry, and depth for each subsurface 
layer. Simulated spectra are then compared to DAN 
data using Markov-Chain Monte-Carlo analyses to 
produce likelihood distributions as in [7]. Our models 
use geochemical abundances measured by the MSL 
ChemCam instrument [8] in Marias Pass, with Cl 
values determined by the MSL APXS instrument [9]. 

Results: We analyzed 13 DAN active measure-
ment sites (Fig. 2) in Marias Pass and found high-
SiO2 material at sites 1-9 and 13. The results for sites 
9 and 13 suggested that high-SiO2 material was ex-

posed at a large bedrock outcrop (α in Fig. 2), and 
Mastcam multispectral analysis placed this outcrop in 
family with known high-SiO2 targets. Rover imagery 
at sites 10-12, where high-SiO2 material was not ob-
served, suggests this relatively low-elevation area is 
filled in with eroded rock and sand. A single, subhor-
izontal layer can project through all high-SiO2 mate-
rial observed in Marias Pass. This layer has a mini-
mum thickness of 104 cm, a maximum dip to the SW 
of 0.6°, and WEH ranging from 1.37 ± 0.40 to 2.77 ± 
0.32 wt.%. Fig. 3 illustrates the geometric relation-
ships that constrain the orientation and thickness of 
this layer within Marias Pass.  

 
Figure 2: (top) Map of Marias Pass with DAN surface 
footprints (1-13) and cross section traces. α is a high-SiO2 
outcrop with Mastcam multispectral observations and the 
blue box is an area of ChemCam high-SiO2 observations. 
(bottom) Map of Curiosity traverse showing Marias Pass 
in green, two high-SiO2alteration halos, and CRISM or-
bital hydrated SiO2 detections ( β, γ, and δ). 
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Figure 3: Geologic cross sections A-A’ and B-B’ (see Fig. 2 for locations) showing DAN, ChemCam, and Mastcam observations 
of high-SiO2 material. 4X vertical exaggeration. Constraints on layer thickness and orientation are illustrated. 

Discussion: The lacustrine Murray formation and 
overlying aeolian Stimson formation contain abun-
dant light-toned alteration zones surrounding frac-
tures [10]. These “halos” also contain up to 86 wt.% 
SiO2, and were likely enriched in SiO2 by aqueous 
mobilization from an underlying source [1,10]. The 
most likely such source is the layer exposed in Marias 
Pass [1], suggesting that this layer extends beneath 
the alteration halos up to ~ 1 km laterally from Mari-
as Pass (Fig. 2). Orbital hyperspectral CRISM obser-
vations have detected three exposures of hydrated 
SiO2 several km from Marias Pass [11,12]. The eleva-
tions of these deposits suggest that they are strati-
graphically equivalent to the Murray in Marias Pass 
(Fig. 4), assuming a regional dip ~3° NW [13]. We 
hypothesize that these detections are part of the same 
layer we have mapped in Marias Pass which indicates 
that this SiO2-rich layer extends over 17.5 km. 

We measured WEH abundances ranging from 
1.37 ± 0.40 to 2.77 ± 0.32 wt.% and averaging 1.95 ± 
0.12 wt.% with DAN, less than the 4.0 ± 1.2 wt.% 
average WEH determined by ChemCam for high-
SiO2 targets in Marias Pass (Fig. 2). The range of 
WEH abundances from DAN and ChemCam indi-
cates that the hydration of the high-SiO2 material in 
Marias Pass is heterogeneous. The tridymite-bearing 
material contains no hydrous crystalline phases, indi-

cating that H is contained primarily in the amorphous 
fraction dominated by opal-A and/or rhyolitic glass 
[2] (cf. high-SiO2 alteration halos, which are primari-
ly opal-A with up to 4.0 ± 1.2 wt.% WEH [14]). 
Since opal-A has a greater water capacity than vol-
canic glass; areas with lower WEH likely contain less 
opal-A than areas with higher WEH. 

Conclusions: We propose that the silica-rich ma-
terial exposed at Marias Pass in Gale crater is a re-
gionally extensive tridymite-bearing stratigraphic 
layer. This is consistent with a silicic volcanic deposit 
reworked and transported into Gale lake during the 
formation of the Murray mudstone ~ 3.8-3.6 Ga [15]. 
This supports previous studies which have identified 
evolved igneous lithologies on Mars [e.g., 16,17,18], 
suggesting that evolved magmatism is possible on 
single-plate planets.  

References: [1] Frydenvang, J. et al. (2017) GRL, 44, 4716-4724. [2] 
Morris, R.V. et al. (2016) PNAS, 133(26), 7071-7076. [3] Rampe, E.B., et al. 
(2017) EPSL, 471, 172-185. [4] Grotzinger, J.P. et al. (2015) Science, 
350(6257). [5] Mitrofanov, I.G. et al. (2012) Space Sci. Rev., 170, 559-582. 
[6] Hardgrove, C. et al. (2011) NIMA, 659, 442-455. [7] Gabriel, T.S.J. et al. 
(2018) GRL, 45. [8] Wiens, R.C. et al. (2012) SSR, 170, 167–227. [9] Camp-
bell, J.L. et al. (2014), NIMB, 323, 49–58. [10] Yen, A.S. et al. (2017) EPSL, 
471, 186-198. [11] Seelos, K.D., et al. (2014) GRL, 41, 4880-4887. [12] 
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Figure 4: Cross section C-C’ (see Fig. 2 for location) showing topographic relationship of Marias Pass to sites β and γ. 4X 
vertical exaggeration. Stratigraphic equivalence between Marias Pass and β or γ requires a dip of < 0.5° to the NE or SW. 
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Introduction:  Few terrestrial microorganisms are 

likely to have the capability for survival on Mars due to 
multiple extremes, including low temperature, anaero-
bic, hypobaric, and desiccating conditions, ultraviolet 
and ionizing radiation, perchlorates, etc. Halophiles 
belonging to the third Domain of Life, Haloarchaea, 
have been proposed to potentially survive on the Red 
Planet due to their exceptional physiological and genetic 
properties [1]. These ancient microbes flourish in 
hypersaline brines where they encounter saturating sa-
linity, solar radiation, and other extreme conditions [2].  

We are studying effects of extreme conditions on a 
common laboratory strain, Halobacterium sp. NRC-1, 
isolated from a San Francisco Bay saltern and a novel 
environmental isolate, Halorubrum lacusprofundi, from 
Deep Lake, Antarctica, [3]. Our approach employs ex-
posure of cells to stressors in the laboratory or in the 
environment and use of a combination of microbiology, 
genomics, transcriptomics, genetics, and biochemistry 
to determine the effects. These studies suggest that the 
molecular properties of Haloarchaea offer advantages 
for potential survival and adaptation on Mars. 

Results and Discussion: In a series of studies, we 
tested effects of cold temperature, anaerobic conditions, 
perchlorate oxidizers, UV light, and ionizing radiation 
on Halobacterium sp. NRC-1 and H. lacusprofundi in 
the laboratory.  We also tested their ability to survive 
launches into Earth’s stratosphere, a Mars analog, char-
acterizing their physiological and molecular responses. 

Growth at low temperature, anaerobically, and with 
light. Halobacterium sp. NRC-1 grows in 3-5 M NaCl 
at moderate temperatures [4-5]. H. lacusprofundi also 
grows at cold temperatures, down to -2 oC, where the 
media remains liquid due to freezing point depression. 
Both strains are also capable of anaerobic growth, with 
Halobacterium sp. NRC-1 respiring DMSO [6] and H. 
lacusprofundi respiring perchlorate [7]. In addition, 
both possess the light-driven proton pump bacteriorho-
dopsin in their purple membrane for phototrophic 
growth [8]. Purple membrane may be an early evolu-
tionary invention on Earth with potential as a remote 
biosignature. 

UV and ionizing radiation survival. Halobacterium 
sp. NRC-1 is highly UV-C tolerant, about 2.5 X as 
yeast, 5 X E. coli, and 50 X human cells [8]. Light repair 
of UV DNA damage is carried out by an efficient pho-
torepair system using photolyase, and dark repair is 
carried out primarily by excision repair using UvrABC 
exinuclease, as shown by gene deletion, biochemical, 
and phenotypic analyses [9-11]. Halobacterium sp. 

NRC-1 derivatives are among the most highly ionizing 
radiation tolerant organisms known [12]. Mutants isolat-
ed with even higher ionizing radiation tolerance were 
selected and found to have up-regulated expression of a 
single-stranded DNA-binding complex, RPA, which was 
detected by transcriptomic analysis and verified genet-
ically [13]. Ionizing radiation survival likely increased 
through improvement of recombinational or double-
stranded break repair. The understanding of the critical 
roles that DNA repair systems play in radiation damage 
survival provides insights into mechanisms that may al-
low engineering better survival with high radiation levels 
encountered on Mars [14].  

Survival in Earth’s stratosphere: a Mars analog.  Ha-
lobacterium sp. NRC-1 and H. lacusprofundi were 
launched to Earth’s stratosphere using weather balloons, 
traveling to ~35 km altitude above sea level. Survival 
assayed after return to Earth was higher for the Antarctic 
isolate, resulting from its better freeze- thaw survival 
[15]. Genomic and transcriptomic analyses showed dif-
ferences in the number and expression of cold-shock 
genes, and suggested that H. lacusprofundi may be a su-
perior Haloarchaeon for survival on Mars [16]. 

Conclusions: Haloarchaea are remarkable microor-
ganisms capable of growth at low temperature, anaerobi-
cally, with visible light and perchlorate, in hypobaric and 
desiccating conditions. They are UV and ionizing radia-
tion tolerant and survive exposure to Earth’s stratosphere, 
and represent excellent models for survival on Mars.  
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Introduction: Before InSight got to Mars, we had 

some ideas about what martian impacts might look 
like in seismic data [1]. Mars has surprised us once 
again, and we now need to reshape our ideas about 
the martian interior, the impact environment at Mars, 
and the seismic and atmospheric effects of impact 
cratering. This process is ongoing, and we will report 
our most recent results at the meeting. 

Background: The InSight mission is studying the 
interior of Mars using seismic signals [2]. These could 
emanate from either interior tectonic sources, meteor-
oid impacts on the surface [1] or airbursts in the at-
mosphere [3], wind [4], the passage of dust devils 
[5,6], landslides [7], motions of the lander, or even 
possibly other as-yet unknown processes.  

Before Landing – Plans: Our plan before landing 
was to identify impacts in the seismic data using a set 
of “impact discriminators” [1]: (1) a positive first mo-
tion away from the source; (2) relatively low S-wave 
energy; (3) low surface wave to body wave magnitude 
ratio; (4) smaller cutoff frequency than tectonic 
events; (5) lack of depth phases. We knew that each 
of these conditions alone would be unlikely to deter-
mine the source, so we planned to consider all dis-
criminators together. Even then, we expected that the 
final definitive identification of an impact would rely 
on identification of a new crater in before and after 
orbital images. 

Once a likely impact source had been identified 
using these discriminators, we planned to use 
Marsquake Service [8] estimates of distance and azi-
muth to the event [9] to request orbital images. Such 
images would pinpoint the exact impact location of 
newly formed crater(s), allowing for determination of 
ray paths and thus cali-
brate interior structure 
models and seismic 
attenuation of Mars.  
 

Figure 1: An impact that 
occurred near InSight be-
tween 9/15/15 and 10/13/15, 
before InSight landed. [10] 

 

An impact observed in both orbital and seismic 
data would also provide a calibration of the seismic 
source parameters, moment, frequency cutoff, and 
seismic efficiency (the ratio of impact energy to radi-

ated seismic energy). The latter value in particular is 
not well constrained, with values in the literature 
ranging from 10−6 to 10−2 [1]. Finally, high resolution 
images (Fig. 1) would characterize crater sizes, even-
tually leading to an independent calculation of the 
current impact rate. 

Further constraining the impact flux for small im-
pactors, we planned to use the cameras on the InSight 
lander to image the night sky during peaks of predict-
ed meteor showers, as well as make measurements of 
the background flux on typical martian nights [1]. The 
InSight Instrument Deployment Camera (IDC) has 
similar sensitivity and 8x the field of view of the 
MER Pancam [11]. With 20 minutes of exposure 
time, we could reproduce previous results [12]; longer 
would further constrain the meteor flux. 

After Landing – Reality: Updated Predictions of 
Impact Detections: With real measurements of the 
ambient seismic noise, we can now say that the typi-
cal noise level for the Very Broadband (VBB) sensors 
from 0.2–2Hz is 0.4–4x10-9 m/s2/Hz1/2, and for the 
Short Period (SP) sensors from 1–8 Hz it is 0.4–4x10-8 
m/s2/Hz1/2 [13,14]. Based on compiled observations 
from terrestrial and lunar impacts and explosions 
[15,16], the peak seismic energy for large impacts is 
expected to be in the 1 - 2 Hz frequency range (SEIS-
VBB), and for small impacts 1 - 8 Hz (SEIS-SP). 
Thus the 0.2–2Hz noise is relevant for large, global-
scale impacts (>~30-40 m in diameter), and the 1 - 8 
Hz seismic noise relevant for smaller, regional scale 
(<1000 km) impacts. Using these measured noise lev-
els, the predictions of [1,15,16] can be updated (Fig. 
2). We expect impact events to be near the detection 
limit at a rate of ~8 (0.1-200) per year on SEIS-VBB 
and ~2 (0.2-20) per year on SEIS-SP [17]. Using a 
more conservative threshold of S/N~3, we predict ~3 
detected impact events per year. There is still at least 
an order of magnitude uncertainty on these estimates.  

Noise during the day is higher than at night [18], 
so the sensitivity of the instrument to a given size 
signal also varies with time of day. Small signals 
could be lost if they occur during the day. 

For airbursts, [3] predicted ~10-200 seismically 
detectable airburst events per year (with an order of 
magnitude uncertainty). The noise levels used to 
make this prediction are close to measured noise lev-
els, so we don’t anticipate revising those numbers 
drastically. However, work is ongoing to improve 
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these estimates by coupling the kinetic energy into 
seismic waves via numerical modelling. 

Figure 2: Predicted p-wave amplitudes for craters 1-100 m diame-
ter along with representative noise levels in this frequency range.
Scaling relationships as developed in [15,16] are valid for regional 
impacts within ~1200 km and extrapolated to 3000 km. Assumes 
the main frequency content of the p-wave is in 1-16Hz bandpass.

Approximately half of the currently observed im-
pacts on Mars occur as clusters when the impactor 
fragments in the atmosphere [19] (Fig. 1). Synthetic 
experiments show that the seismic source peak corner 
frequency of impact clusters will move to higher fre-
quencies as a result of energy contributed by smaller 
craters. Thus we expect clusters to be detectable at 
greater epicentral distances than singular impacts. At 
large distances (>10º), the signature of the cluster is 
dominated by the largest crater in the cluster and re-
sembles that of a single large impact. We also find 
that the time separation between individual impacts in 
a cluster is small and individual impact events cannot 
be resolved unless the instrument is situated close
(<10 km) to the impacts. Clusters are likely associated 
with the fragmentation and breakup of a bolide as it 
traverses the martian atmosphere and may thus have 
an associated atmospheric pressure signal. 

Current status: Thus far, InSight has detected four 
possible signals [20]. The origin of the signals is cur-
rently a hot topic of debate. Possible candidates for 
each event include marsquakes of tectonic origin or 
meteoroid impacts. The above criteria are being ap-
plied when possible, however the small size of the 
signals and surprising nature of the martian crust
makes identifying discriminating features challenging. 
Thus we are also pursuing this investigation in re-
verse: orbital images are being analyzed for newly-
appearing albedo features that could possibly fall 
within the time frames of the seismic signals. If such
features are observed, the seismic and pressure data 
during that time could be further investigated using a 

hypothesized distance, azimuth, and impact size.  
Nighttime imaging searches for meteors have be-

gun (Fig. 3). In the background measurements, many
cosmic ray signals were detected, but no confirmed 
meteors thus far. The next predicted meteor shower 
from comet 49P will occur on 11 June 2019; results 
from those observations will be presented. 

Figure 3: Negative night IDC image searching for meteors. Many 
cosmic ray (CR) hits (green) are seen at ~normal incidence to the 
detector, along with at least one long glancing CR impact (black). 
“Worms” (blue) are local beta decay and Compton scattered gam-
ma rays. Seven stars are present including Canopus (red). 

Conclusions: Impact science is an exciting active 
area of investigation by the InSight mission. We look 
forward to achieving the mission goal of determining 
the impact flux at Mars, ranging from the smallest to 
the largest current impactors. Impacts will also inform 
the major goal of investigating the interior structure of 
Mars, as each impact located on the surface will pro-
vide known seismic ray paths through the interior, 
constraining seismic velocities and the physical prop-
erties of the material through which the rays traveled.  
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Introduction: After more than ~1800 sols (Mar-

tian days), the Curiosity rover reached Vera Rubin 
ridge (VRR), located ~300 m up Mount Sharp. Spec-
tral reflectance observations of VRR by both orbital 
remote sensing with CRISM data [1,2,3], and in situ by 
Curiosity [4,5] show that the ridge’s spectral signature 
is strongly dominated by red crystalline hematite 
(Fe2O3). Constraining the nature and chemistry of iron 
oxides is important as they are geochemical markers of 
past environments during their formation, such as re-
dox conditions. However, none of the chemistry in-
struments onboard Curiosity (APXS or ChemCam 
[6,7]) recorded any significant iron enrichment in the 
bulk of the ridge compared to previous terrains [8,9]. 
Within VRR, only sporadic Fe-rich diagenetic features 
have been observed in the gray rocks of the Jura mem-
ber (upper terrain of the ridge). Specifically, mm-scale, 
dark-toned nodular concretions within or in close asso-
ciation with light-toned Ca-sulfate veins (fig. 1) re-
vealed >40 wt% FeOT from ChemCam data [10]. This 
is beyond the range of our current FeO calibration.  

 

 
 
Fig.1: Illustration of the dark-toned features (Rhynie Chem-
Cam target - Sol 1934) from the grey Jura member. 
 

Therefore, we have built a specific iron calibration 
curve, based on experiments using LIBS (Laser-
Induced Breakdown Spectroscopy) and dedicated to 
iron oxide mixtures with basaltic conditions. The ob-
jective of such experimental calibration curve is to 
assess the composition of these dark-toned features as 
well as to track the hematite through the VRR. How-
ever, it is important to keep in mind that this quantifi-
cation method, based on the experimental calibration 
curve, is only suitable for iron oxides/basaltic mix-
tures, whereas the current Major Oxide Compositions 
(MOC) method [11] used to quantify iron with Chem-

Cam quantification is supposedly more robust for all 
other kinds of mineralogical assemblages.  

Methods: We prepared different mechanical mix-
tures with powders of hematite, goethite and magnet-
ite. These iron oxides were then mixed at different 
concentrations with basaltic materials, simulating VRR 
bedrocks, at various abundances from 0 up to 100 
wt%. Four different matrices were used: 1) pristine 
JSC martian simulant [12]; 2) a mixture of JSC martian 
simulant with ilmenite (FeTiO3) in order to match the 
iron content of martian basalts (~20 wt% FeOT); 3) 
Magnesium sulfate (kieserite) and 4) calcium sulfate 
(mixture of bassanite, anhydrite and gypsum). Mix-
tures were then pressed and analyzed with the Chem-
Cam setup in Toulouse, in a chamber that mimics mar-
tian conditions for atmospheric pressure (~ 7 mbar) 
and compositions (mainly CO2). Each pellet was 
probed at 5 observation points (of 30 laser shots each). 
Data were processed the same way as flight data [6]. 
Then, in order to improve the instrumental response 
correction, the Pearson correlation factor (PCF) was 
calculated between each laboratory sample spectrum 
and the spectrum of the Mont Dieu iron meteorite [13], 
acquired with our terrestrial setup. In the same way, 
the PCF was computed between flight data and the 
Aeolis Mons 001 iron meteorite, obtained with Chem-
Cam on Mars (from Sol 1505 [14]). This allowed PCF 
for laboratory and ChemCam Mars data to be directly 
compared, and enabled us to estimate the iron abun-
dance of VRR martian bedrocks. 

Results: Our experimental calibration curve ap-
plied to dark-toned features observed at VRR (dark 
concretions and vein fillings) predicts iron contents 
that are consistent with iron oxide compositions. The 
compositions reach 80.40±5.42 FeOT wt.% (fig. 2) for 
the purest Fe oxide targets (with no contamination 
from surrounding bedrock or calcium sulfate veins). 
The morphological analysis of these dark-toned crys-
tals is consistent with grey hematite [10], and these 
features have been interpreted to have formed from a 
diagenetic process. As iron, manganese is also sensi-
tive to redox-driven chemical processes. MnO quanti-
fication, based on the Mn peak areas at 403.19, 403.42 
and 403.5 nm (see method in [15]), reveals relatively 
low abundances in these dark-toned features. The pur-
est targets display an average value of 0.13 ±0.03 MnO 
wt.%, relatively similar to the mean abundance of the 
host rocks in the Grey Jura (0.16 ±0.16 MnO wt.%). 
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All bleached halos or concretions have been removed 
for the calculation.  

 
Fig.2: Shot to shot Mn abundance as a function of the FeOT 
predicted by the experimental calibration curve. Bedrock is 
shown in grey circles for the grey Jura member, whereas 
bedrock from Pettegrove Point (PPM) is shown in blue cir-
cles. All diagenetic features have been. Black squares corre-
spond to the dark-toned features found in the grey Jura. 

 
In addition to dark toned features, bedrock ob-

served in the Pettegrove Point member (PPM - lower 
portion of the ridge) also show some local enrichment 
in iron abundance (up to 24.5 wt% FeOT for individual 
observation points), compared to the average martian 
bedrock content observed in the Gale crater (~19.5 
wt% FeOT). Higher iron abundances are observed in 
several observation points of same ChemCam rasters 
and are not randomly distributed along the ridge. 
ChemCam shot-to-shot analyses on these specific 
points reveal that the iron is anticorrelated with other 
major elements, and no correlation is observed with 
any minor or trace elements like S, P, Cl or F. This 
suggests that the iron is mostly present as iron oxide 
grains. Indeed, hematite is the major Fe-bearing phase 
in PPM from the CheMin perspective, with ~16 wt. % 
of the bulk mineralogy [16]. Other iron phases like 
magnetite, akaganeite and jarosite represent only ~2 
wt. % [16]. Consequently, we are probably mostly 
probing basaltic mixtures with more important hema-
tite contribution. This group of bedrock also displays a 
higher Mn abundance in contrast to the dark-toned 
features of the grey Jura. Shot-to-shot correlation be-
tween Fe and Mn elements is not obvious (fig.2) in 
these grey Jura bedrocks, but their higher abundance in 
iron as well as a subtle increase in the average Mn con-
tent compared to the PPM host rocks (respectively 
0.42±0.17 and 0.33±0.23 MnO wt.%) could suggest 
collocation of both Mn and Fe-oxides. Colocation of 
such an assemblage could hint at the involvement of 
red-ox driven processes. Co-precipitation of both hem-
atite and Mn-oxide minerals would involve relatively 
oxidized and/or alkaline fluids during their formation. 
A diagenetic origin, including groundwater fluid circu-
lation, will be favored rather than direct precipitation 
from the lake water as bedrock localization with higher 

iron abundances appears to not be stratigraphically 
controlled (verified as the rover made multiple ascents 
and descents of the ridge). 

In the grey Jura, hematite is also the most abundant 
Fe-bearing phase found at the Highfield drill location 
[16]. Indeed, CheMin recorded grey hematite in this 
area [16], which was also suspected from ChemCam 
passive reflectance observations [4]. Regarding bed-
rock from the grey Jura member with >21.5  wt% 
FeOT, a similar population to PPM bedrock is observed 
(fig. 2) with a relatively high Mn content compared to 
dark-toned features. Indeed a different trend can be 
observed for this population compared to that of the 
dark-toned features (grey circles and black squares in 
fig. 2). This observation could suggest that a least part 
of the hematite content located in the grey Jura bed-
rock shares a similar origin or formation process to the 
hematite of PPM, and consequently a distinct origin 
relative to the dark-toned grey hematite features.  
      Conclusion: This study confirms that dark-toned 
features observed in the grey part of the Jura have a 
composition consistent with iron oxide. These dark-
toned features generally have relatively low Mn abun-
dances. Local increases in iron abundances are also 
observed in some VRR bedrock (>21.5 wt% FeOT), 
which are probably associated with hematite content. 
In addition to slightly higher Fe abundances, this spe-
cific PPM bedrock shows average Mn abundances that 
are slightly higher than that of the other PPM regular 
rocks (with iron abundance < 21.5 wt% FeOT). Bed-
rock presumably enriched in hematite in the Jura seem 
to have the same Mn signature as PPM bedrocks 
(>21.5 wt% FeOT). These observations could suggest 
that the grey hematite of grey Jura is probably more 
related to the red hematite of the PPM than the grey 
hematite of dark-toned features. This suggests that the 
different units of VRR underwent different episodes of 
fluid circulation with variable red-ox conditions, the 
relative timing of which is not well constrained.  
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Long-duration space exploration mission adversely 

affect the cognitive functions and behavior of crew 
members [1]. It is known that microgravity causes 
disturbances in brain function [2], sleep and circadian 
rhythms [3], asthenia [4] and distortion of orientation 
and perception [5, 6]. The results of ground-based 
experiments simulating a long flight showed changes 
in the sensorimotor and spatial working memory [7], 
reduced ability to the solve problems and shifts in the 
emotional state [8]. Prolonged isolation effects mental 
performance, especially learning ability [9]. Cosmic 
radiation can also be one of the factors that impair 
cognitive abilities [10]. 

Indeed, education is the general answer to many of 
the predicted threats to long-distance space flight. 
According brain plasticity [11] the learning process 
itself, independently of its main goals, allows reducing 
negative effects (e.g. neuroinfections or injuries) on 
the human brain, as well as compensate age-related 
cognitive decline. Gerontology and survival in long-
term extreme conditions confirms that the best strate-
gy for protecting the brain is its intensive work, pri-
marily due to the search and assimilation of new in-
formation. Its allowed suggest systematic astronaut 
education as scaffolding for brain functions and keep 
emotional balance, prevent apathy and maintain inter-
personal relations. It is proposed to consider learning 
as an element of the security and reliability of the ar-
chitecture of manned missions [12]. 

Education in space can be organized as part of a 
global e-learning environment, and astronauts during 
the flight will participate in interactive group classes 
on a par with teachers and students of Earth universi-
ties. As a result, the education will perform the func-
tion of retention affiliation with earthly society. The 
structure and principles of the board educational sys-
tem (BES) for long space flights have been shown. 
The BES must be robotized and integrated with the 
on-board control system and the on-board medical 
center. In general, the BEC should be part of the cen-
tral cognitive robotic system of a spacecraft, carrying 
out a general assessment of the situation, building 
models and continuous planning of actions [13]. An 
important feature of BES is taking into account the 
basic cognitive abilities, constant assessment of cur-
rent cognitive functions and individualization (tuning 
content, complexity and forms of learning) in real 
time [12]. Comprehensive analysis of learning behav-

ior patterns allows us to assess current cognitive func-
tions, such as fatigue, common cognitive style, short-
term and long-term memory, attention, perceptions, 
intelligence, creativity and search activity. 

There are some special tests for cognitive functions 
of crew members, like WinSCAT and Cognition [14, 
15]. However, indirect methods of assessing based on 
the multidimensional measurement of daily activity in 
the learning process are more reliable, suitable and 
informative. A wide range of contemporary e-learning 
technologies can be directly implemented in the BES 
construction. Data mining approach in e-learning 
growing rapidly [16], and allow to define several ways 
to indirectly measure cognitive functions via astro-
nauts educational activity. For this, some measure-
ment tools have been developed [17, 18], and Machine 
Learning algorithms for Big Data framework were 
implemented [19, 20]. Thus, there are six levels of 
learning behavior pattern detection for assessing cog-
nitive functions in the BES: 

1. Curriculum activity includes student en-
gagement, selection of study subjects and topics, se-
quence of learning, distribution of study time, delay in 
the implementation of tasks etc. 

2. Navigation activity involves usage Learning 
Management System, choosing of educational content, 
access to literature and supporting resources, search 
for help, etc.  

3. Assessment activity can be defined as tests 
passing, quiz-taking, self- and peer-assessment. 

4. Learning outcomes are analyzed for psycho-
linguistic features of texts, style of errors, etc. 

5. Communication activity includes speech and 
discussions during webinars, voice and facial expres-
sion, etc. 

6. Operations activity consisting of simple ac-
tions like Keystrokes, clicks and mouse-tracking, eye-
tracking, response time, etc. 

Thus, the range of behavioral indicators of cogni-
tive functions is outlined in the education researches, 
and data processing algorithms for the learning behav-
ior have been proposed. These approaches can be 
combined for monitoring astronauts cognitive abilities 
through the BES. Educational data mining experience 
allows solving some methodological issues and going 
ahead to planning research of crew learning during 
isolation experiments. 
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Introduction:  One of the main goals of the Mars 

Science Laboratory (MSL) mission was to investigate 
the clay-to-sulfate mineralogical transition observed 
from orbit within the lower strata of Mt Sharp (Aeolis 
Mons), the sedimentary mound at the center of Gale 
crater [1,2]. After several years of fruitful exploration, 
the Curiosity rover reached the orbitally-identified “clay-
bearing unit” in January 2019. This area is now referred 
to as “Glen Torridon” (GT) by the MSL science team 
[3]. Clay-bearing rocks have already been encountered 
along the rover traverse, in both the Yellowknife Bay 
and Murray formations [4-6], but the stronger and more 
continuous spectral signatures observed from orbit in 
Glen Torridon compared to previous terrains may indi-
cate that the clay minerals are more abundant or better 
exposed. Accordingly, the ongoing scientific campaign 
aims at determining the nature and abundance of the 
GT clay minerals, as well as their detailed geologic and 
geochemical settings. Here, we present the findings of 
the ChemCam instrument during the first few months 
of the campaign. In particular, we demonstrate that two 
compositionally-distinct types of bedrock (Mg-rich and 
K-rich) exist at Glen Torridon, and that both bear strong 
geochemical signatures of open-system alteration. 

Dataset:  The ChemCam instrument measures the 
chemical composition of targeted rocks and soils within 
a few meters of the rover using laser-induced break-
down spectroscopy (LIBS). Quantification of eight 
major rock-forming oxides (SiO2, TiO2, Al2O3, FeOt, 
MgO, CaO, Na2O and K2O) is performed routinely 
based on the method described in [7]. Each ChemCam 
analysis consists of a raster of several points a few 
millimeters apart from each other, and each point itself 
consists of a series of laser shots (typically 30). This 
approach enables removal of possible contaminations 
from fracture fills (especially Ca-sulfate veins) and soil 
cover, by discarding the corresponding points [e.g., 6]. 
In addition, given the fine-grained nature of Mt Sharp 
sedimentary rocks [8], averaging several ChemCam 
points provides a reasonable bulk composition for each 
target (because grains are typically smaller than the 
laser spot size). As of sol 2391 (~April 28th, 2019), 
ChemCam has analyzed 113 targets at Glen Torridon, 
corresponding to nearly 900 analysis points.  

Results:  The images provided by onboard cameras 
(Navcam, Mastcam and ChemCam Remote Microsco-
pic Imager) have revealed that the floor of Glen Torri-

don is made of at least four types of materials: (1) a 
“coherent” type of bedrock, which has a somewhat 
massive texture and tends to form large slabs; (2) a 
“rubbly” type bedrock, which is more fractured and 
forms smaller blocks than the coherent bedrock; (3) 
abundant pebbles and granules, which vary in shape 
from rounded to angular; (4) dark sand, or soil. We 
performed a visual classification of ChemCam targets 
according to these four categories, and compare below 
their major-oxide composition (Fig. 1). 

The coherent bedrock is characterized by an en-
richment in MgO (~6 to 11 wt%) compared to the rub-
bly bedrock, and a slight anticorrelation between MgO 
and SiO2, forming a possible mixing line toward a 
high-Mg/low-Si endmember (Fig. 1, top). This end-
member could be a Mg-rich phyllosilicate (e.g., saponi-
te), a Mg-sulfate or a Mg-carbonate, although no bulk 
sulfur or carbon is detected. Contamination by soil can-
not account for this trend, because (1) points with soil 
cover were discarded, and (2) the Mg content of soil 
(~8 wt%) is too low to explain the trend. 

The rubbly bedrock is characterized by an enrich-
ment in both K2O (>1.5 wt%) and SiO2 (>55 wt%) 
(Fig. 1, bottom). This may be indicative of an enrich-
ment in K-feldspar in the sediment source, whether 
these K-feldspars are still present or have been altered. 

Most of the pebbles show a composition very similar 
to the rubbly bedrock, consistent with the observation 
that the rubbly bedrock is much more fractured and tends 
to degrade into pebbles more easily than the coherent 
bedrock. However, a few rounded pebbles have a com-
position similar to the coherent bedrock, indicating that 
more than one population of pebbles exist. 

Finally, the local soils have a composition very similar 
to previous soils and sand dunes encountered at Gale [9]. 

Discussion: From the above classification, it is 
clear that two compositionally-distinct types of bedrock 
(Mg-rich and K-rich) exist at Glen Torridon. Remar-
kably, despite their spatial proximity, they both repre-
sent an extreme Murray composition observed so far 
[10]. One important question is which type is the bearer 
of the orbital signature of clay minerals. As mentioned 
above, the enrichment in Mg observed in the coherent 
bedrock is likely indicative of the presence of Mg-rich 
phyllosilicates, including saponitic smectite – see [11, 
12] for more details. However, exposures of coherent 
bedrock are relatively scarce and thus lack the apparent 
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continuity of the orbital signatures. On the other hand, 
the rubbly bedrock is more widespread in the area, and 
its degradation into pebbles may enhance absorption 
bands as seen from orbit. The K and Si enrichments 
measured in this material could be consistent with the 
presence of other clay minerals such as illite, although 
the orbital signatures are more consistent with smec-
tites [3,13]. 

To investigate this question further, we calculated 
average compositions for each target and reported them 
on a A-CN-K (i.e., Al2O3 – CaO+Na2O – K2O) ternary 
diagram (Fig. 2). Such a diagram is useful to evaluate 
the degree of weathering of the rocks, since composi-
tions falling above the plagioclase–K-felspar join can-
not be solely explained by primary minerals [6,14]. It 
also captures the Chemical Index of Alteration (CIA), 
which is a ratio of an immobile element (Al) over three 
mobile elements (Ca, Na and K). The compositions of 
Glen Torridon rocks all fall above the plagioclase–K-
felspar join, at CIA levels (~55-60) equivalent to the 
Sutton Island and Blunts Point members of the Murray 
formation, i.e., on the high end of the range observed 
so far in the mission [6]. Therefore, both the coherent 
and rubbly types of bedrock show strong geochemical 
signatures – by Martian standards – of open-system wea-
thering. This suggests that both types of materials (as 

well as the pebbles) may contain clay minerals and 
contribute to the orbital signal. 

Conclusion: ChemCam data collected so far at Glen 
Torridon show the presence of two compositionally-
distinct types of bedrock: a Mg-rich one, generally 
associated with a coherent, somewhat massive texture; 
and K-rich one, generally associated with a more rub-
bly texture. In addition, the latter type seems to be the 
source of (or at least is very similar in composition to) 
most pebbles in the area. Finally, the three types of 
rocks (coherent bedrock, rubbly bedrock and pebbles) 
show strong geochemical evidence for aqueous altera-
tion, suggesting that they could all contribute to some 
degree to the clay-mineral signature detected from orbit. 

References: [1] Milliken R. E. et al. (2010) GRL, 37. [2] 
Grotzinger J. P. et al. (2012) Space Sci. Rev., 170. [3] Fox V. K. 
et al. (2019) this conf. [4] Vaniman D. T. et al. (2014) Science, 
343. [5] Bristow T. F. et al. (2018) Science Adv., 4. [6] Mangold 
N. et al. (2019) Icarus, 321. [7] Clegg S. M. et al. (2017) 
Spectrochim. Acta B, 129. [8] Fedo C. M. et al. (2019) this conf. 
[9] Cousin A. et al. (2017) JGR-Planets, 122. [10] Frydenvang J. 
et al. (2019) this conf. [11] Bristow T. F. et al. (2019) this conf. 
[12] McAdam A. C. et al. (2019) this conf. [13] Fraeman A. A. et 
al. (2016) JGR-Planets, 121. [14] McLennan S. M. et al. (2014) 
Science, 343. 
 

 

 

 
 
▲ Fig. 2: A-CN-K ternary diagram and CIA scale. 
Each symbol corresponds to a single target (average of 
4 points or more). All three rock types of Glen Torri-
don plot above the plagioclase–K-felspar join. Data 
from other members of the Murray formation [6] are 
shown for comparison (shades of gray). 
 
◄ Fig. 1: Major-oxide compositions of Glen Torridon 
coherent bedrock, rubbly bedrock, pebbles and soils. 
Each symbol corresponds to a single analysis point. 
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VARIABILITY OF THE MARTIAN HOT OXYGEN CORONA OBSERVED BY MAVEN/IUVS AND 
IMPLICATIONS FOR ATMOSPHERIC EVOLUTION.  J. Deighan1, S. K. Jain1, M. S. Chaffin1, J-Y. Chaufray2, 
N. M. Schneider1, F.G. Eparvier1, E. Thiemann1, J.T. Clarke3, M. Mayyasi3, R.J. Lillis4, 1LASP, University of 
Colorado (1234 Innovation Dr., Boulder, CO 80303, USA, justin.deighan@lasp.colorado.edu), 2LATMOS/CNRS 
(Université Pierre et Marie Curie, boîte 102, 75005 Paris, France), 3Center for Space Physics, Boston University, 
Boston, MA USA, 4Space Sciences Laboratory, University of California Berkeley, Berkeley, CA, USA 

 
Introduction:  While Mars currently maintains a 

very thin, cold, and dry CO2 atmosphere, the surface 
displays abundant chemical and morphological 
evidence of a thicker, warmer atmosphere capable of 
supporting liquid water in the distant past. To 
understand the removal of this atmosphere, loss 
mechanisms active at the current epoch must be well 
characterized. 

One of the most important atmospheric loss 
mechanisms from modern Mars is the non-thermal 
escape of atomic oxygen to space. Energized by 
photochemical reactions in the upper atmosphere, a 
fraction of this so-called “hot” oxygen population can 
achieve escape velocity, while the remainder forms a 
gravitationally bound corona around the planet. 
Observing this tenuous hot oxygen corona is 
challenging [1–3]. 

Observations: The MAVEN (Mars Atmosphere 
and Volatile EvolutioN) mission is specifically 
designed to study the upper atmosphere of Mars and 
active mechanisms of loss to space. Its IUVS (Imaging 
UltraViolet Spectrograph) [4] is the most powerful UV 
instrument ever deployed to Mars, and over the past 2 
Martian years (4 terrestrial years) has acquired regular 
observations of the hot oxygen corona scattering 
sunlight at 130.4 nm. We describe these observations 
and present an overview of the data collected to date, 
with an emphasis on variability due to solar activity as 
measured by the MAVEN EUVM instrument [5] and 
implications for atmospheric evolution [6,7]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Processes and observables of the Martian 
hot oxygen corona 
 
References: [1] Chaufray et al. (2009) JGR, 114, 
E02006, [2] Feldman et al. (2011) Icarus, 214, 394–399, 
[3] Deighan et al. (2015) GRL, 42, 9009–9014, [4] 
McClintock et al. (2014) Space Sci Rev, 195, 75–124, 
[5] Eparvier et al. (2015), Space Sci Rev, 195, 293–301, 
[6] Cravens et al. (2017), JGR, 122, 1102–1116, [7] 
Lillis et al. (2017), JGR, 122, 3815–3836 
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RESPONSE OF THE PRESSURE SCALE HEIGHTS INSIDE GALE CRATER TO THE DIURNAL 
CHANGES IN ATMOSPHERIC CIRCULATION.  M. de la Torre Juárez1 , M.I. Richardson2, C.E. Newman2, and 
J. Plá García3. 1Jet Propulsion Laboratory/CalTech, 4800 Oak Grove Dr., Pasadena CA 91109-8099 (mtj@jpl.cal-
tech.edu); 2Aeolis Research, 600 N. Rosemead Blvd., Pasadena, CA 91107, USA; 3Centro de Astrobiología (CSIC-
INTA) & Spanish National Institute for Aerospace Technology (INTA), Torrejón de Ardoz, Madrid, Spain. 

 
 

Introduction:  As the Curiosity rover has been climb-
ing up Gale crater, the barometer on its Rover Environ-
mental Monitoring Station [1] has characterized the 
rate at which the atmosphere has been thinning out 
with height [2]. It has led to a decrease in diurnal aver-
ages of surface pressure at a rate that depends on ther-
mal properties such as average temperature and tem-
perature gradient of the air layer at those altitudes 
crossed by the rover. Since the thermal properties of 
the atmosphere change depending on the combined in-
fluence of local circulation and solar forcing, both 
magnitudes experiment a diurnal cycle of warming or 
cooling. These changes also relate to the time and 
strength of the transition from a stable to a convec-
tively unstable lower atmosphere layer, or when orog-
raphy induces local circulations that can alter tempera-
ture profiles inside Gale Crater. This study analyses the 
times at which the different transitions occur and com-
pares to model predictions for what are the likely pro-
cesses driving the atmospheric circulation at different 
times of the sol. 
 

Methodology:  The pressure record collected by 
Curiosity’s Rover Environmental Monitoring Station 
(REMS) over three mars years was used to calculate 
the average daily pressure. Using a fit to a model of 
surface pressure that uses a series of harmonics of 
aerocentric longitude L$_s$ to account for the seasonal 
cycle, and a power law that models the atmospheric 
thinning with height, the average temperature of the at-
mospheric layer crossed by the rover and its averaged 
lapse rate can be calculated. When the fit is done to the 
pressure at different Local True Solar Times (LTST) 
instead of the daily averaged surface pressure, there is 
a dependence in the resulting pressure scale height, the 
associated average temperature, and the lapse rate of 
the atmospheric layer. 

 
Results:  The resulting diurnal cycle in pressure 

scale heights marks times at which a transition between 
different circulation regimes for an average atmosphere 
inside Gale Crater. The results can be compared to 
model predictions [3,4] to validate the physical mecha-
nisms obtained by the models, their intensity, and the 
time at which they occur. 

On average, the vertical thermal structure of the hy-
drostatic atmosphere layer above Gale is found to be sta-
ble to convection at ~ −1.6 K/km. When the diurnal 

changes of surface pressure are considered on an hourly 
basis, the fit results indicate changes in the vertical 
structure from stable to unstable. Four periods can be 
distinguished of cooling and warming:  
- Cooling regimes occur at night from 00:00 LTST 

to 04:30 LTST, during the day from 09:00 LTST to 
10:30 LTST, early afternoon from 12:30 LTST to 
15:00 LTST, and at the time were topographic 
flows have been identified on Gale [5], between 
20:30 and 21:30 LTST.  

- Warming regimes were found after sunrise, from 
05:00 LTST to 08:30 LTST, slight warming near 
noon, from 11:00 LTST to 12:00 LTST, in the late 
afternoon from 15:30 LTST to 20:00 LTST, and 
from 22:00 LTST to 23:00 LTST. 
 

  
Figure 1 Top: pressure scale height as a function of LTST. 
Bottom: blue circles for the average temperatures from those 
pressure scale heights (i.e. isothermal atmosphere) and red cir-
cles for the temperature in the center of the layer if a  linear 
positive lapse rate model is used. Red crosses mark the posi-
tive lapse rate value. 

The change of vertical temperature gradient marking the 
change of stability inside the crater occur short after 
sunrise and before sunset. 
 
References:  
[1] J. Gómez-Elvira, C. Armiens, L. Castañer, et al. 
(2012) REMS: The environmental sensor suite for the 
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Ma_MISS on EXOMARS 2020. M.C. De Sanctis (1), F. Altieri (1), E. Ammannito (2), S. De Angelis (1), M. Fer-
rari (1), A. Frigeri (1), D. Biondi (1), R. Mugnuolo (2), S. Pirrotta (2), T. Di Iorio (3), F. Capaccioni (1), M.T. Ca-
pria (1), V. Ciarletti (4), B. Ehlmann (5) , C. Federico (1), G. Magni (1), M. Lavagna (6), M. Formisano (1), S. Fon-
te (1), M. Giardino (2), G. Piccioni (1), F. Westall (7) and the Ma_MISS team. (1) Institute for Space Astrophysics 
and Planetology, IAPS-INAF, Rome, Italy (mariacristina.desanctis@inaf.it);(2) Italian Space Agency, ASI, Italy; (3) 
ENEA, Italy;(4)LATMOS, France; (5) Calthec, USA; (6) POLI-MI, Italy,(7) CNRS Orleans, France 

 
The ExoMars 2020 launch window opens on 26 Ju-

ly 2020, and ExoMars will touchdown at Oxia Planum, 
a location with a strong potential for past habitability 
and for preserving physical and chemical biosignatures. 
The mission will deliver two science elements to the 
martian surface: (1) a lander instrumented to conduct 
environmental and geophysical measurements and (2) a 
rover with scientific payload to conduct a search for 
signs of life.  

 
Ma_MISS is a visible and near infrared (VNIR, 

0.4-2.2 μm) micro spectrometer hosted by the drill 
system of the ExoMars 2020 rover [1].  The Ma_MISS 
instrument has been developed to provide hyperspec-
tral images of boreholes excavated by the ExoMars 
rover drill. Ma_MISS will characterize the mineralogy 
and stratigraphy of the shallow subsurface down to two 
meters [2]. The main objectives of Ma_MISS are: (1) 
determine the composition of the subsurface materials; 
(2) map the distribution of the subsurface H2O-bearing 
and OH-bearing materials and possibly ices; (3) char-
acterize important optical and physical properties of 
the materials (e.g., grain size); (4) produce a strati-
graphic column that will provide information on the 
subsurface geology.  

 
The drill can reach down to 2 m below the surface, 

and  Ma_MISS will operate periodically during pauses 
in drilling activity and will produce hyperspectral im-
ages of the drill’s borehole. The Ma_MISS instru-
ment’s main driving requirement was its miniaturiza-
tion because it is embedded within the drill (Fig. 1). 
The spectrometer is placed in a box on the side wall of 
the drill box. The spectral range is 0.4–2.2 μm, with a 
spectral sampling of 20 nm a SNR~100 and a spatial 
resolution of 120 μm. The light from a 5W lamp is 
collected and carried, through an optical fiber bundle, 
to the miniaturized Optical Head, hosted within the 
drill tip. A Sapphire  Window with high hardness and 
transparency on the drill tip protects the Ma_MISS 
optical head allowing to observe the borehole wall.  

 
Different depths can be reached by the use of three 

extension rods, 50 cm long, each containing optical 
fibers and a collimator. The first extension rod is con-
nected to the nonrotating part of the Drill, hosted on 
the rover, through a Fiber Optical Rotating Joint 

(FORJ), that allows the continuity of the signal link 
between the rotating part of the drill and the spetrome-
ter.  

 
 

 
 

Fig. 1: Artistic view of the ExoMars-Pasteur Rover 
with instruments allocations. Ma_MISS is integrated 
within the drill. 

 
The Ma_MISS instrument has been calibrated and 

delivered and is now integrated into the drill.  
 
Results obtained in the lab on mineral/rock samples 

confirm that the Ma_MISS spectrometer has a spectral 
range, resolution and imaging capabilities suitable for 
the Mars subsurface characterization[2,3]. The spectra 
acquired with the Ma_MISS fine spatial resolution ( 
120 μm) show minerals that are not recognizable at 
coarser resolution (~6 mm ) (Fig.2).  In the case re-
ported in Fig. 2, a lava from Montiferru/Bonarcado, 
Ma_MISS is able to identify the  a great diversity, in-
dicating several  different mineralogical phases within 
the observed area. Phyllosilicate, olivine, opaque phase 
can be identified with Ma_MISS but not at coarser 
resolution. 

 

6016.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



 
 
 
 
 

 
 

Fig.2 Left Top: slab of Montiferru/Bonarcado Lava.  
The letters (A,B,C,D) correspond to the areas analyzed 
with Spectro-goniometer setup. Each area is 6-mm-
size; Left bottom: spectra acquired from the regions 
A,B,C,D, with the spectro-photometer FieldSpec Pro 
coupled with a mechanical goniometer, having a spa-
tial resolution of about 6 mm.  Right: Spectra acquired 
with Ma_Miss BreadBoard setup. In each single 6-
mm-sized area, spectra in different positions have been 
acquired with Ma_Miss BB setup; Data at 1 μm are 
not shown in several spectra due to high level of detec-
tor noise, as well as data <0.5 μm. 
 

Ma_MISS is the only instrument in the rover’s Pas-
teur payload able to analyze subsurface material in its 
natural condition (in situ), prior to extracting samples 
for further analysis. In synergy with other Rover in-
struments, MA_MISS findings will help to refine crite-
ria for deciding form where to  collect samples. 
 
 
References: 
[1]Vago J.L. et al. (2017): Astrobiology, 17, 6, 7. 
[2]De Sanctis et al. (2017): Astrobiology, 17, 6, 7. 
[3]De Angelis et al. (2017): PSS, 144, DOI: 
10.1016/j.pss.2017.06.005 
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SCIENTIFIC LEGACY FROM THE SPIRIT ROVER’S EXPLORATION OF GUSEV CRATER.  
D. J. Des Marais1 and The Athena Science Team, 1Exobiology Branch, NASA-Ames Research Center, Moffett 
Field, CA 94035-0001, U. S. A. (David.J.DesMarais@nasa.gov)  

 
 

Introduction: NASA’s Spirit Rover landed in 
Gusev crater on 1/4/04 (sol 1) and maintained commu-
nication with Earth until 3/22/10 (sol 2208), when win-
ter reduced solar power and prevented further commu-
nications. Spirit traveled 7.73 km to Bonneville crater, 
across the basaltic plains to the Columbia Hills (CH), 
over West Spur and Husband Hill (HH), down into 
Inner Basin and to Home Plate (HP) (Fig. 1). This ab-
stract highlights the scientific legacy from analyses of 
the data acquired by the instrument payload [1].  

 
Fig. 1: HiRISE image of the path from the landing site, to 
Bonneville crater, West Spur, Husband Hill and Home Plate.  

Volcanism and Impacts. When Spirit landed, the 
expectation of ‘Gusev lake’ sediments [2] yielded to 
the reality of basaltic plains modified by impacts and 
aeolian activity. The uppermost ~ten m is impact-
churned regolith, and evidence for extremely slow ero-
sion rates indicates that the plains experienced dry and 
desiccating conditions since the Hesperian (~3 Ga) [3]. 
The CH are older than the plains basalts and had been 
uplifted perhaps by Gusev crater’s central peak or ring 
or through mutual interference of overlapping crater 
rims [5]. HH was later draped by impact and volcani-
clastic deposits (Fig. 2) [4,5]. West Spur’s distinct rock 
compositions indicate a spatially isolated depositional 
event [5]. Basalt compositions reveal that the Gusev 
magmatic province is alkaline and therefore distinct 
from the subalkaline rocks thought to be pervasive 
across Mars [6]. Contrasting compositions between 
plains and CH basalts imply a local magma source 
beneath Gusev crater [6]. HP (Fig. 3) is dominated by 
volcanic tuff deposits, indicating energetic explosive 
emplacement, and it exhibits cut and fill structures, 
cross bedding, and an embedded volcanic ‘bomb’ [7].  

Soils: Finer-grained components of soils at Gusev 
crater and Meridiani Planum are similar, indicating 
that they are a distinct global unit and products of wind 
distribution [8]. Minimal oxidative weathering indi-
cates relatively limited interactions with water [8]. 

 
Fig. 2: Transect W to E (L to R) across Husband Hill 
(adapted from [5]) shows bedrock dips indicating draped 
deposits. Also, strata were correlated across this transect [4]. 

Dust devils: Dust devils erode surficial bright dust 
deposits, creating numerous dark tracks on the plains 
[9]. These arise from inherently unstable superadia-
batic profiles that develop in daytime and drive con-
vection in the lower atmosphere [10].  

 
Fig. 3: HiRISE image of Home Plate, which is ~80 m across, 
~2 m high and consists of wind-reworked volcanic ash over-
lying a poorly sorted, layered pyroclastic base-surge deposit. 

Aqueous alteration and element mobility: Plains 
materials experienced limited but unequivocal aqueous 
alteration [11]. Rock interiors are soft and have elevat-
ed S, Cl and Br relative to terrestrial basalts and mar-
tian meteorites. S, Cl and Fe3+ are enriched in various 
rock coatings. Abundances of Mg, S, and other salt 
components are correlated in soil profiles, consistent 
with aqueous mobility. Compared to the plains, HH 
rocks are enriched in alteration phases, including goe-
thite, hematite, and nanophase iron oxides [12,13,14]. 
Fe-bearing phases were identified (olivine, pyroxene, 
ilmenite, magnetite, nanophase ferric oxide (npOx), 
hematite, goethite, and Fe3+-sulfate) [12]; their relative 
abundances indicate the oxidation states of deposits. 
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Certain HH rocks (‘Independence-class’) are iron-poor 
(equivalent FeO ~4 wt%), have high Al/Si ratios, and 
can be enriched in trace elements (e.g., Cr, Ni, Cu, Sr, 
and Y), consistent with phyllosilicates or their compo-
sitional equivalents [15,16]. Spirit broke through a thin 
sulfate-rich soil crust W of HP and became embedded 
in underlying sulfates and basaltic sands. The presence 
of near-surface sulfate-rich deposits here and else-
where in CH implies that aqueous dissolution and pre-
cipitation have operated on an ongoing basis [17]. 

 
Fig. 4: Pancam image of Comanche carbonate-rich mound. 

Hydrothermal activity: Comanche  (Fig. 4), a 
mound on HH’s SE flank, has Mg,Fe-rich carbonate 
(16-34 wt%) resembling carbonates in the martian me-
teorite ALH84001 [18]. Carbonate may have precipi-
tated from hydrothermal carbonate-bearing solutions at 
near-neutral pH during the Noachian. Several soils 
have elevated S abundances [14,19]. Soils on HH 
(Paso Robles, [19]) and also ~250 m to the N (Samra) 
and ~50 m to the E (Tyrone) of HP have hydrated fer-
ric sulfates [19,21]. That Fe3+ was mobile under appar-
ently oxidizing conditions, leading to ferric sulfate and 
oxide deposits, implies hydrothermal acid-sulfate con-
ditions [19,22]. HP sustained localized higher- and 
lower-temperature alteration on its E and W sides, re-
spectively [23]. Opaline silica occurs as bedrock and 
light-toned soils beside the E and N edge of HP with 
up to 91% SiO2 [20]. Its origin is attributed to acidic 
leaching of volcanic rocks or to deposition as sinter 
from mildly alkaline thermal waters [20]. 

 

Fig. 5: Microscopic Imager scene (~6 cm wide) showing the 
Elizabeth_Mahon siliceous hydrothermal deposit. 

A habitable ancient environment: Hydrothermal 
systems provide favorable environments for microbial 

life on Earth, and perhaps on Mars [24]. Hot springs 
satisfy habitability requirements due to the presence of 
water, nutrients, useful light or redox chemical energy, 
and favorable conditions [24]. Features of the HP silica 
deposits (Fig. 5) strongly resemble hot spring sinters 
on Earth that host microbial communities [25]. 

Legacy: Spirit found extensive aqueous alteration 
in CH. This alteration was obscured from orbit due to 
dust and because key outcrops were too small to be 
spatially resolved [26]. These findings indicate that 
aqueous alteration of older terrains might have been 
pervasive, increasing the likelihood that Mars was 
once habitable at certain localities and that evidence of 
ancient environments was preserved. Subsequent mis-
sions have validated this scenario elsewhere on Mars. 

 
References: [1] Squyres S. W. et al. (2003) JGR-

Planets, doi:10.1029/2003JE002121. [2] Cabrol N. A. 
(2003) JGR, doi:10.1029/2002JE002026. [3] 
Golombek M. P. et al. (2006) JGR, 
doi:10.1029/2005JE002503. [4] Crumpler L. S. et al. 
(2011) JGR, doi:10.1029/2010JE003749. [5] McCoy 
T. J. et al. (2008) JGR, doi:10.1029/2007JE003041. [6] 
McSween H. Y. et al. (2006) JGR, 
doi:10.1029/2006JE002698. [7] Squyres S. W.   (2007) 
Science, doi:10.1126/science.1139045. [8] Yen A. S. et 
al. (2005) Nature, doi:10.1038/nature03637. [9] Gree-
ley R. et al. (2006) JGR, doi:10.1029/2005JE002491. 
[10] Smith M. D. et al. (2004) Science, 
doi:10.1126/science.1104257. [11] Haskin L. A. et al. 
(2005) Nature, doi:10.1038/nature03640. [12] Morris 
R. V. et al. (2006) JGR, doi:10.1029/2005JE002584. 
[13] Morris R. V. et al. (2008) JGR, 
doi:10.1029/2008JE003201. [14] Ming D. W. (2008) 
JGR, doi:10.1029/2008JE003195. [15] Clark B. C. et 
al. (2007) JGR, doi:10.1029/2006JE002756 [16] Wang 
A. et al. (2006) JGR, doi:10.1029/2005JE002516. [17] 
Arvidson R. E. et al. (2010) JGR, 
doi:10.1029/2010JE003633 [18] Morris R. V. et al. 
(2010) Science, doi:10.1126/science.1189667. [19] 
Yen A. S. et al. (2008) JGR, 
doi:10.1029/2007JE002978. [20] Squyres S. W. (2008) 
Science, doi: 10.1126/science.1155429. [21] Johnson J. 
R. et al. (2007) Geophys. Res. Lett. 34, L13202. [22] 
Tosca N. J. et al. (2007) Geochim. Cosmochim. Acta 
71, 2680. [23] Schmidt M. E. et al. (2009) Earth Plan-
et. Sci. Lett., doi:10.1016/j.epsl.2009.02.030. [24] 
Des Marais D. J. and Walter M. R. (1993) Icarus, 
doi:10.1006/icar.1993.1011. [25] Ruff and Farmer 
(2016) Nat. Commun., doi:10.1038/ncomms13554. 
[26] Arvidson R. E. et al. (2008) JGR Planets, 
doi:10.1029/2008JE003183.  

6258.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



°

6086.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



GEOMORPHOLOGICAL RECONSTRUCTION OF A PALAEOLAKE AND VALLEY SYSTEM IN 
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J. L. Davis1, 1Dept. of Earth Sciences, Natural History Museum, London, UK (z.dickeson@nhm.ac.uk), 2Dept. of 
Earth and Planetary Sciences, Birbeck College, University of London, London, UK, 3Dept. of Physical Sciences, 
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Introduction:  Arabia Terra hosts diverse land-

forms indicative of hydrological processes including: 
fluvial valleys [1], deltas [2], palaeolakes [3], possible 
ocean shorelines [4], and groundwater upwelling [5]. 
However, there is little consensus on the timing, dura-
tion or interaction of hydrological processes, and de-
tailed study is often limited by the resolution of topo-
graphic data. This study focuses on a small area in 
western Arabia Terra of middle Noachian age [6] situ-
ated near the crustal dichotomy, and utilizes high reso-
lution digital terrain models (DTMs) to reconstruct the 
past hydrological system. The goal of this work is to 
reveal the interplay and relative timing of hydrological 
process in the broader region which includes the Exo-
Mars 2020 rover landing site. 
 

Observations:  Geomorphological features were 
mapped using CTX, HiRISE and THEMIS images in 
ArcMap. Topographic data derived from ISIS and 
SOCET SET were used to obtain a DTM mosaic at 2 
m/pixel and 20 m/pixel from HiRISE and CTX stereo 
imagery respectively, and supplemented with 150 
m/pixel HRSC DEMs. 

Fluvial valleys were observed across the study area 
as apparently unconnected segments with a maximum 
width and depth of ~1 km and ~250 m. The valley 
heads are characterized as being shallowly incised and 
beginning within basins, with the few tributary branch-
es beginning in box canyons. A combined ~166 km of 
valleys were mapped in the study area with the longest 
section being ~43 km long (Fig.1). 

Seven distinct basins were identified and possible 
palaeolake extents in each were inferred from three 
different outlet channel elevations (Fig.2). The effect 
of younger topographic features such as impact craters 
and collapse pits on calculated palaeolake extents was 
not significant, and the total maximum surface area of 
all inferred palaeolakes is 2187 km2, with the largest 
individual body being 1045 km2. 

Five sedimentary fans were identified by morphol-
ogy, topography and fine sedimentary structures. Two 
of the fans empty into closed basins at elevations simi-
lar to outlet channels in the same basins, and three oth-
er fans occur at locations and elevations open to the 
northern lowlands, at –3430 m, –3560 m and –3860 m. 
The largest fan opens into the northern lowlands and 
has an area of ~61 km2. 

Figure 1 – Topographic map of study area, with val-
leys (green lines), sedimentary fans (yellow triangles), 
and palaeolakes inferred from outlet valley start (dark 
blue), valley floor spillover (blue), and bank spillover 
(pale blue). The beginnings and ends of two valley 
systems are marked as A’/B’ to A’’/B’’ respectively. 
(CTX, HiRISE and HRSC DEM over THEMIS IR Day 
mosaic, top left corner of map at 16°W 31°N) 

Interpretation:  A lack of meandering channels 
and branching tributaries along with the presence of 
abandoned channels may indicate high discharge rates 
and periodic activity. Bank spillover elevations are 
interpreted as representing earlier maximum palaeolake 
extents, while valley base and outlet start elevations 
represent progressively later post-incision extents with 
smaller and lower surfaces. Changes in palaeolake lev-
el and extent over time are supported by the occurrence 
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of a topographically higher sedimentary fan incised by 
a valley to form a new lower fan within  

 
Figure 2 – Detail of inferred palaeolake (a) levels and 
(b) extents derived from outlet valley elevations at (i) 
start of outlet valley –3600 m (dark blue), (ii) spillover 
along valley base –3530 (blue), and (iii) spillover at 
valley bank –3390 m (pale blue) with topography 
(black line), valley base (green line), and incised val-
ley (light green area). Inferred direction of flow is 
right to left. (CTX image 
D16_033549_2114_XI_31N014W) 

 
the same basin. In basins where inlet and outlet valleys 
were not connected, the elevations at the start of the 
outlet and the end of the inlet were a good match 
(Fig.2,i), supporting the existence of a standing water 
body. Palaeolake extents inferred from outlet valley 
elevations link the majority of discontinuous channel 
segments into connected valley and palaeolake chains 
(Fig.1). Two separate lake chain systems are identified 
that are not connected at surface level, and which drain 
into the northern lowlands through different valleys. 
The surfaces of the largest palaeolakes in both systems 
share an elevation (–3390 m), and based on current 
topography are only separated laterally by ~1.5 km. 
These correlations along with the observation that the 
smaller system has a limited catchment area may sug-
gest groundwater connectivity between the bodies. 
Even the larger system ‘A’ has a small catchment area, 
and it may be that both systems are the result of 
groundwater filling. 

One palaeolake (valley system ‘B’ in Fig. 1) in-
ferred by bank spillover did not describe a closed basin 
on current topography, and its extent was artificially 
truncated to be isolated from the northern lowlands. 
This inconsistent extent may have resulted from the 
removal of a bounding basin edge, of which only a few 
high mesas remain. The narrow areas in which the ba-
sin opens to the lowlands are steep-sided asymmetrical 
depressions resembling chaos terrains, and may be the 
result of collapse at a time after the palaeolake existed. 
Another apparent inconsistency is that all outflow val-
leys beginning in palaeolake basins are lower (up to 
270 m) than the valley base spillover elevation 
(Fig.2,i&ii). These segments of apparent upslope val-
leys in the downstream direction are more shallowly 
incised than the majority of the valley and may indicate 
a later period of erosion into a reduced palaeolake, the 
hydraulic pressure of overlying ice, or subsidence of 
the lake area. 

 
Conclusions:  Sedimentary fan deposits and palae-

olake extents inferred from outlet channel elevations 
serve to reconstruct the hydrological setting of the area, 
and reveal two valley and lake systems with no surface 
connection. The close proximity of the two systems, 
their shared surface elevation, and the limited potential 
catchment area suggests groundwater connectivity and 
filling. Palaeolake extents inconsistent with basin to-
pography may be the result of subsidence and collapse 
linked to groundwater drawdown or base level change, 
and valley slopes inconsistent with inferred flow direc-
tions may indicate processes related to subsidence or 
extensive ice cover. 

The Oxia Planum landing site of the ExoMars 2020 
rover is situated on the crustal dichotomy ~900km to 
the SSW and at a similar elevation (–3000 m to –3400 
m) to the study area. Therefore the hydrological pro-
cesses active within the study area – particularly 
groundwater upwelling and open sedimentary fans – 
are of relevance to the landing site. 
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NEW GLOBAL MAP OF FLUVIAL SINUOUS RIDGES ON MARS: EVIDENCE FOR LARGE, 
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Introduction:  A major goal in Mars science is to 
reconstruct and understand the surface environments 
billions of years ago when Mars appears to have had a 
global water cycle [1-2].  Sedimentary rocks are the ar-
chives of environmental history and, on Earth, their 
study has led to our current understanding of the evolu-
tion of the atmosphere, oceans, continents and life [3]. 
While orbital data [4-9] and rover-based observations 
[10-14] now reveal a sedimentary record in local traps 
(craters), the global catalog of river erosion on early 
Mars [15] is far greater than the known record of sedi-
mentary deposits from these fluvial processes. 

We use a new CTX global mosaic to map the distri-
bution of fluvial sinuous ridges (FSRs) on Mars. FSRs 
[16-22] are landforms that have the appearance of river 
channels or river channel belts in planform, including 
meandering, alluvial fan and deltaic morphologies, but 
stand as topographic highs. These landforms are likely 
a key indicator of the occurrence of river-influenced 
depositional basins that have yet to be analyzed system-
atically on global scale. In this contribution we docu-
ment key distributive relationships, including (1) lati-
tude, (2) elevation, (3) host terrain age, (4) and proxim-
ity to valley networks. Further, we document the range 
of morphologies that these features exhibit, reflecting a 
diversity in surface processes and host terrain properties 
that are important for proper classification. We find ev-
idence for large, depositional rivers and basins on Noa-
chian Mars, even in terrain outside of craters, that may 
be the downstream sediment sinks of sediment sourced 
from valley networks during the Noachian. 

Methods:  We generated the first blended, seam-
mapped global CTX mosaic, rendered at 5.0 m/px that 
facilitated this survey [23]. Our survey was systemati-
cally conducted across the entire planet at ~35 m/px 
with closer inspection of specific features of interest at 
full CTX resolution. Criteria for FSRs on Mars (Fig. 1) 
include (1) sinuosity/meandering, (2) topographic 
trends along regional topography/do not cross drainage 
divides, (3) branching/anabranching patterns, (4) gener-
ally flat crests, and (4) spatial association with sinuous 
valley features. We interpret sinuous ridges being ex-
humed from sedimentary sequences to be FSRs. Like 
local crater basins, broader basins that we predict would 
yield river deposits are likely to have been sites for sub-
sequent emplacement of sedimentary and volcanic 
units, thus our catalog is likely a minimum of river de-
posits on Mars as many have not been exhumed. We in-
clude sinuous ridges interpreted as eskers [24-26] as a 
subset of our survey and do not include ridges within 

volcanic terrain with clear flank flow morphologies 
[27]. 

Ridges that satisfied our morphologic criteria for in-
clusion as fluvial sinuous ridge deposits were evaluated 
based on several properties, including: (1) qualitative 
size, (2) length, (3) stream order, (3) regional inversion 
(i.e., are other nearby landforms inverted), (4) elevation 
(extracted from MOLA after mapping), (5) local context 
(e.g., within craters or intercrater plains). 

Regional inversion was included to provide infor-
mation about the nature of the material that has filled 
channels on Mars. There are regions of Mars where en-
tire landscapes have been inverted, most noticeably cra-
ters that host fill material that resisted the erosion that 
removed the crater’s rim. If the inverted crater is not 
presently in contact with other inverted topography, the 
simplest explanation is that the fill material was sourced 
by a more regional process rather than local deposition. 

Results: Morphology. We identified 68 separate 
networks of FSRs with stream orders from 1 to 4 (Fig. 
2). FSRs on Mars exhibit a range of morphologies con-
sistent with local studies [18]. FSRs are flat-crested at 
CTX scale with the exception of large ridge networks 
previously interpreted as eskers [24-26]. Branching and 
anabranching ridges are common across the southern 
highlands. Ridges are typically < 20km in length. While 
outlier examples were observed, the majority of FSRs 
are found in closely-associated networks and in contact 
with broader flat sedimentary units undergoing erosion.  

Geologic context. Nearly all FSRs occur within ter-
rain that has valley networks within their regional wa-
tershed (Fig. 1). In specific terrains, ridges emanate di-
rectly from valley networks [e.g., 18]. FSRs are fre-
quently found in proximity to but not in contact with in-
verted craters. These are regions where (1) the deposits 
that filled the valley are not directly related to the pro-
cess that carved the valley in the first place (infilling by 
a more regional process [28-29]), or (2) the inverted cra-
ters were once in contact with the inverted valleys but 
are no longer due to erosion.  

Elevation. FSRs broadly form at lower elevations 
than valley networks [15] and open basin lakes [7] and 
comparable elevations to closed basin lakes [8]. 61 of 
the 68 FSR networks mapped (89.7%) occur within 
poorly defined intercrater plains. The densest concen-
tration of FSRs are in the Medusa Fossae Formation, 
within the greater Aeolis region, which contributes to 
the general low-elevation trend of FSRs. 
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Age. FSRs are not observed in young terrain any-
where on Mars. Almost all FSRs are found within ter-
rain mapped as Late Noachian or Early Hesperian [30]. 
The two exceptions are the Medusa Fossae Formation, 
whose age is challenging to ascertain [16, 31-32] and, 
based on stratigraphic relationships, could be consider-
ably older than ages from its retained crater population 
[31], and the ridges of the Dorsa Argentea Formation 
[24-26]. The DAF unit that hosts the sinuous ridges is 
mapped as early Hesperian [29], while the superposed 
crater population of the ridges themselves is consistent 
with a Late-Noachian/Early-Hesperian age [33]. These 
ages all coincide with buffered crater counting measure-
ments of cessation ages for valley networks [2]. 

Discussion: FSRs show spatial/temporal patterns at 
the global scale that indicate that they are closely asso-
ciated with valley networks on Mars. In specific cases, 
ridges are interpreted as directly in line with deposits 
from valley networks upslope [e.g., 18]. These exam-
ples provide the most compelling evidence that FSRs 
are sedimentary records of large depositional rivers on 
Mars. While FSRs are most densely concentrated in 
well-studied regions like Arabia and the Medusa Fossae 
Formation, our mapping shows that FSRs are a global 
feature within exposed Noachian/Hesperian terrain. 

FSRs are found in the same regions and at lower el-
evations than valley networks, consistent with them be-
ing sites of river deposits, though their precise compo-
sition is not known: some may represent channel fill 
from a non-fluvial process (e.g. eolian). Likewise, FSRs 
are only found within host units [30] that have ages rea-
sonably interpreted to be at or before the cessation of 
major valley network activity [2] on Mars. These rela-
tionships hold true within all of the major drainage ba-
sins on Mars [34] that host Noachian terrain. 

FSRs are a globally distributed feature that has po-
tential to record conditions at the time of valley network 
activity, akin to sedimentary records within river depos-
its and along ocean basin margins on Earth. The exact 

composition of any specific ridge will require more in-
formation than what is afforded by CTX, as any topo-
graphic low can become a trap or funnel for deposits not 
genetically related to the river that carved the valley, as 
examples of regional terrain inversion suggest. But the 
wealth of examples of ridges directly connected to val-
ley networks (Fig. 1) and ridges that are found within 
existing valleys provide strong evidence that FSRs rep-
resent a sedimentary archive of river processes on early 
Mars. 
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Figure 1. Valley networks (white arrows) that transition to 
FSRs (black arrows) within regionally low intercrater plains. 
CTX mosaic overlain by MOLA topography of intercrater 
plains northwest of Argyre Basin and southeast of 
Thaumasia (-67.6°E, 43.1°S). Sinuous ridges comprise the 
margins of a low-albedo unit, down-gradient from well-in-
cised valley networks trending from Thaumasia. HiRISE in-
set: ESP_050997_1365. 

 
Figure 2. Global distribution of FSRs on Mars. Mapped valley 
networks [15] are shown in gray. Outlines of major topographic 
drainage basins on Mars are from MOLA data [33]. All FSRs not 
previously mapped as eskers can be traced upgradient to ancient 
valley networks, with some capable of being traced directly with 
present morphology (Figure 1). 
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The Importance of Studies of Mars’ Surface-
atmosphere Interactions: Surface-atmosphere interac-
tions, driven by winds and volatiles (including frost), 
are the dominant surface-altering processes on present-
day Mars. Such processes sculpt, deposit, and organize 
aeolian landforms [e.g., 1-3] and chemically and me-
chanically alter the martian surface [e.g., 4-5]. Under-
standing these processes is important for improving our 
interpretation of Mars’ history, making predictions 
about where volatiles were/are likely to be sequestered 
or what sort of conditions a lander or human may ex-
pect on the surface. To achieve this understanding, 
studies that couple the sediment erosion, transport, and 
deposition to atmospheric conditions and circulation 
are needed. Such studies are complicated by the need 
to understand the local-scale physics of surface-
atmosphere exchange and near-surface transport as 
well as to connect conditions at the surface and within 
the planetary boundary layer to global-scale atmos-
pheric circulation. Additional challenges exist due to 
the interconnectedness of various processes and condi-
tions – for example, winds initiate sand transport, 
which may loft dust, which affects the atmospheric 
temperature profile, which can in turn affects near-
surface wind speeds. Despite these challenges, much 

work has been done to understand the interplay of 
scales, processes, and materials within surface-
atmosphere exchange, sediment transport, and atmos-
pheric circulation models – based on observations on 
Mars as well as analogous studies of Earth’s conditions 
and processes.  

In this work, we summarize current knowledge 
about meteorological conditions, surface-atmospheric 
exchange, and sediment transport within the planetary 
boundary layer (PBL) (including new observations by 
InSight). We explore current knowledge and model 
results for regional/global atmospheric circulation, and 
how those should (but often do not yet) connect. We 
describe important open questions within martian me-
teorological and aeolian science, and describe how the 
limitations of existing in situ and remote observational 
data leave these questions open. Additionally, the me-
teorological and aeolian questions will be connected to 
gaps in broad and high-priority areas of Mars and plan-
etary science (Fig. 1) [6-8]. Finally, we touch on ideas 
for future Mars missions that could fill key knowledge 
gaps, building from our current state of knowledge 
about Mars as well as technologies and methodologies 
well-established in studies of Earth’s aeolian and mete-
orological processes.  

 Figure 1: Many hypotheses addressing big Mars science questions hinge on unverified models of surface-atmosphere interac-
tions (center), which are con-
trolled by local meteorological 
and aeolian conditions/ pro-
cesses (colored ovals) that are 
the focus of our new mission 
ideas. Studies in these areas 
connect out to crucial gaps in 
our understanding of Mars’ 
geologic and climate history, 
as well as to planetary sedi-
ment transport physics and key 
information for engineering of 
future exploration efforts. 
Background image from [9]. 
At the bottom are Titan, Ve-
nus, Earth, (Mars), Pluto, and 
comet 67P – planetary bodies 
with potential aeolian bed-
forms and, from left, decreas-
ing atmospheric density. 
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Key Open Questions: A main focus of our study is to 
identify conditions that loft material into the atmos-
phere to contribute to weather cycles, radiation budg-
ets, and the martian sedimentary record, and determine 
how these processes occur over diurnal, seasonal, and 
multi-annual timescales. Answering this and related 
aeolian and meteorology-focused questions is im-
portant for: 

 Understanding the Mars sedimentary record and 
erosional rates: Sedimentary deposits, such as 
those explored by MER and MSL, cover Mars. De-
tailed images from the rovers reveal wind-eroded 
outcrops and inspire debate about if aeolian pro-
cesses built the deposits. However, it appears clear 
that wind-driven erosion played a role in shaping 
the present formations [e.g., 10-1]. Determining 
rates of aeolian erosion, transport, and deposition 
affects our interpretations of ancient sedimentary 
deposits, the modern martian landscape, and ex-
ploration strategies (also discussed in [3,12]). For 
example, understanding erosion can have profound 
implications for in-situ sampling planning (as this 
can yield estimations of exposure age, a high-
interest especially for the search for preserved bi-
osignatures [13-4]) and the history of martian 
grains (are they recycled? [e.g., 15-6]). Answers to 
questions about deposition and transport are im-
portant for interpretation of deposits that formed 
under a past climate, or determining where and 
how the present climate may be forming records 
(such as the layered ice and dust within the polar 
layered deposits [6,17]). 

 Quantifying environmental drivers for Mars’ Am-
azonian climate-cycles: The circulation of dust, 
water, and CO2 are major drivers for the present-
day climate [summarized in 6-7]. Determining 
how these materials interact with the martian rego-
lith through seasonal cycles is important for under-
standing how volatiles may have been sequestered 
underground and how quickly current deposits re-
act to change in climate (e.g., due to an obliquity 
shift). Additionally, a clearer understanding of 
how processes interact in the present atmosphere 
will refine models, allowing for more confident 
modeling of how the atmospheric state and pro-
cesses may have been different under recent past 
climates [e.g., 18-9]. 

 Testing hypotheses in planetary aeolian process-
es: Most knowledge of sediment transport physics 
is based on a mix of in-situ and remote observa-
tions of sand and dust motion and aeolian bedform 
evolution on the Earth, along with laboratory ex-
periments and numerical models. The discovery of 

aeolian landforms on Venus, Earth, Mars, Titan, 
Triton, Pluto and Comet 67P – spanning a wide 
range of planetary body sizes/shapes, surface con-
ditions, and atmosphere densities – has greatly 
contributed to efforts to determine a unified model 
of sediment transport physics [e.g., 20-1]. Mars is 
the only extraterrestrial planetary body where 
enough can be known about different environmen-
tal controls on aeolian physics to support devel-
opment of an integrated, fundamental-physics sed-
iment transport model. Mars acts as a natural la-
boratory for testing models and determining how 
transport dynamics operate within a low-density 
(but not negligible) atmosphere (Fig. 1). Such a 
model would also be essential for Planetary Pro-
tection forward contamination concerns, as it 
could help determine the capacity of wind to 
transport viable micro-organisms from landed 
spacecraft to protected niches. 

 Improving meteorological models, to enable fu-
ture science investigation: Detailed measurements 
of meteorological conditions, from the surface 
through the PBL and into global-circulation pat-
terns would improve our local-to-global-scale at-
mospheric models. Such models are important for 
engineering concerns such as EDL of a spacecraft 
and safe surface operations during robotic and 
human missions. In particular, addressing the 
many open questions about how dust is lofted and 
then kept in the atmosphere may help with future 
predictions of dust storms [e.g., 19].  

References: [1] Ward et al., 1985, JGR Solid Earth 
90(B2): 2038-2056. [2] Smith et al., Geomorph. 240: 
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NASEM, 2011, Visions & Voyages, Planet. Sci. Deca-
dal Survey. [8] MEPAG Goals, 2018, Banfield, ed. [9] 
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2002, JGR 107(E6): 5044. [16] Geissler et al., 2013, 
Earth Surf. Proc. Landforms 38(4): 407-412. [17] 
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Martian Ion Escape Variation with Solar EUV from MAVEN Observations. Y. Dong1D., A. Brain1, X. Fang1, 
R. Ramstad1, J. P. McFadden2, J. S. Halekas3, F. Eparvier1, J .P. Connerney4, J. R. Epsley4, and B. M. Jakosky1, 
1Laboratory for Atmospheric and Space Physics, University of Colorado, Boulder, CO, 2Space Sciences Laboratory, 
University of California, Berkeley, CA, 3Department of Physics and Astronomy, University of Iowa, Iowa City, IA, 
4Goddard Space Flight Center, NASA, Greenbelt, MD 20771 

Introduction: Without the shielding from a global 
dipole magnetic field like Earth, the Martian atmos-
phere is exposed to the solar wind and impinging in-
terplanetary magnetic field (IMF). The neutral gas in 
the Martian atmosphere can be ionized by solar ex-
treme ultraviolet (EUV) radiation, electron impacts, 
and charge-exchange collisions with ions, which pro-
duces planetary ions including mainly O+, O2

+, and 
CO2

+. Many of these ions will escape from Mars 
through the interactions with solar wind and IMF, 
which is an important atmospheric loss process at 
Mars. Therefore, understanding the Martian ion loss
and the dependence on upstream conditions is critical 
for the studies of the long-term evolution of the Mar-
tian atmosphere and climate. 

 
Data Analysis: The NASA Mars Atmosphere Vol-

atile and EvolutioN (MAVEN) mission [1] is equipped 
with a full set of particle-and-field instruments, meas-
uring not only the planetary plasma environment but 
also the upstream solar wind, IMF, and solar EUV
conditions. Based on MAVEN data, we can derive 
spatial distributions of planetary ions near Mars with 
respect to the upstream solar wind and electric field 
direction (Figure 1), estimate ion escape rates through 
different escaping channels [2][3], and study the ion 
escape variation with upstream drivers  [4]. 

 
Results: Based on the data from two 3-month time 

periods in the beginning of the MAVEN mission, we 
have shown that the O+ ion escape rate increases by 
approximately the same factor as the solar EUV in-
crease and that the plume and tailward escaping ions 
respond differently to the EUV variation [4] (Figure 2). 
Now we extend this study by using more than 4 years 
of MAVEN data all through the mission. With signifi-
cantly improved data coverage, we are able to quantify 
the ion escape dependence on solar EUV for different 
escaping channels (plume and tail), ion species, and 
energy ranges, with proper constraints on other drivers. 
Our initial results show that the dependence of ion 
escape rates on EUV may not be linear or even mono-
tonic. We will also discuss the mechanisms of how
solar EUV affects different escaping ion populations, 
and how the solar EUV variation influences long-term 
Martian atmospheric loss.  

 
 

 

 
Figure 1. Spatial distribution of O+ fluxes near Mars 
with respect to the solar wind and upstream electric 
field directions [4] with two ion escaping channels 
(plume and tail) labeled.  

 
Figure 2. [4] Panel (a): O+ escape rates estimated at 
different surfaces vs. solar EUV. Panel (b): O+ ion es-
cape rates within different energy ranges under high 
and low EUV conditions. The percentages are the ratio 
to the total O+ escape rate.  

References: [1] Jakosky B. M. et al. (2015) Space 
Sci. Rev., 195:3. [2] Brain A. D. et al. (2015) GRL, 42,
9142– 9148. [3] Dong Y. (2015) GRL, 42, 8942-8950.
1344–1345. [4] Dong Y. (2017) JGR, 122, 4009-4022. 
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TEMPORAL WIND VARIABILITY AND EROSION OF THE WESTERN DELTA FAN IN JEZERO 
CRATER.  T. C. Dorn and M. D. Day, Department of Earth, Planetary, and Space Sciences, University of Califor-
nia Los Angeles, Los Angeles, CA 90095, USA, (planetarytaylor@g.ucla.edu) 

 
 
Introduction: Jezero crater, the primary landing 

site for the Mars 2020 rover mission, is ~45 km in di-
ameter and sits on the dichotomy boundary northwest 
of Isidis basin (Fig. 1a). Understanding the abundant 
aeolian processes in Jezero using the Mars Environ-
mental Dynamics Analyzer (MEDA)[1], as well as by 
imaging ventifacts, sand shadows, and abrasion tex-
tures, as has been done in Gale crater with data from 
the Mars Science Laboratory rover, will provide a de-
tailed analysis of local-scale winds in Jezero crater. 
Pre-landing analysis of the aeolian regime in Jezero 
crater as a whole is necessary to put these future meas-
urements in their broader geologic framework, provide 
context for rover operations and investigations, and to 
address some of the most pressing questions surround-
ing Jezero crater’s development.  

Of primary importance within Jezero is the delta 
fan deposit in the western region of the crater. The 
delta deposit, currently ~6 km long, once extended 
another 3 km into the crater [2,3,4]. Previous works 
have hypothesized that the  ~2.7 km3 of material miss-
ing from the delta was removed by wind. This begs the 
questions: 1) what was the directionality of winds 
eroding the delta, and 2) where did  the missing sedi-
ment go once it was eroded?  

Yardangs, transverse aeolian ridges (TARs), dunes, 
and wind streaks have collectively been used to recon-
struct winds in modern and ancient systems on Earth 
and Mars [5,6,7,8,9]. Within Jezero crater, yardangs 
provide the longest time scale record of ancient winds, 
whereas TARs, dunes, and wind streaks form on short-
er time scales. Using these four aeolian features, we 
reconstructed the history of winds in Jezero crater. 
Previous studies have addressed some aeolian features 
in Jezero crater [10], but there has yet to be an analysis 
of all wind-formed features occurring within the crater. 
By using this holistic approach we can better postulate 
where and how the eroded delta sediments were trans-
ported. Ultimately, this wind reconstruction suggested 
the primary cause of the western delta fan erosion was 
from southwesterly winds that transported material out 
of the crater along Isidis contours to the northeast. 

Methods: We mapped the orientations and loca-
tions of four aeolian features within Jezero: wind 
streaks, dunes, TARs, and bedrock yardangs. Wind 
streaks and dunes reflect the modern wind regime and 
were studied using ~25 cm per pixel HiRISE images. 
Yardangs and TARs reflect the long-term and topo-
graphically-controlled winds, respectively. Yardangs 

and TARs were mapped using a mosaic of ~6 m per 
pixel CTX images. 

Measurements of each feature were made using 
GIS software. High and low albedo wind streaks were 
measured from their interpreted  upwind point to their 
most downwind point where the feature became indis-
tinguishable from the landscape. Lee face orientations 
were used on dunes to infer formative wind directions. 
Yardang and TAR orientations reflect wind directions 
parallel and normal to the elongation direction of the 
feature, respectively.  

The volume of unconsolidated modern aeolian ma-
terial in Jezero crater was estimated from mapping 
TARs where coverage was estimated to be >70%. An 
average wavelength for the TARs was determined 
from 149 measurements across four transects of the 
largest TAR coverage areas. Using the average wave-
length, their associated height, and a height/width ratio 
of 0.12 [11], we estimated the volume of unconsolidat-
ed material in TARs in Jezero.  

Evidence of multiple wind regimes in Jezero 
crater: The yardangs, TARs, dunes, and wind streaks 
studied in Jezero crater suggest that the crater interior 
has been dominantly subject to two wind regimes: 
modern easterly winds forming TARs, wind streaks, 
and scattered dunes, and ancient, longer-sustained 
southwesterly winds forming yardangs and lineations 
on the delta top surface, indicating these winds are the 
likely cause of the crater-scale erosion when the delta 
was first subaerially exposed. 

Yardangs. Yardangs occur in the southwestern and 
northeastern portion of the crater floor (Fig. 1b). Over-
all, the yardangs exhibit a southwest-northeast elonga-
tion, the features being dominantly blunted on the 
southwest side. This suggests formative winds from 
the southwest rather than the northeast.  

TARs. Regions of dense TARs were mapped (Fig. 
1b) and cover  ~286 km2 or ~20% of the 1,400 km2 
crater interior. TARs are primarily oriented north-
south; only deviating around topographic obstacles. 
Using an average wavelength of 32 m, average height 
of 3.8 m, and a height/width ratio of 0.12 [11], the 
estimated volume of unconsolidated sediment in TARs 
is ~0.5 km3 in Jezero crater. 

Dunes. Seven dunes with distinct lee faces were 
found within Jezero crater; all within the inlet channel 
valley crossing the crater’s northern rim. These ~250 
m long bedforms have barchan morphologies elongat-
ed parallel to channel walls (Fig. 2). The dune lee fac-
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es range from northwest to southwest, indicating mi-
gration dominantly to the west.  

 Wind Streaks. 334 wind streaks (Fig. 1b) in 26 of 
the 44 studied HiRISE images were identified, span-
ning 10 Earth years with coverage in each of Mars’ 
seasons. Of the 334 wind streaks in Jezero crater, 331 
occur primarily in the unit described as the “volcanic 
floor unit”[2]. The measurements yield an average 
orientation of 263° ±8.2° indicating predominantly 
easterly winds.  

Western delta fan erosion: We propose that the 
missing ~2.7 km3 of the deltaic sediments were eroded 
by the longer timescale southwesterly winds that oc-
curred after the delta was first subaerially exposed. 
Sediment flux rates calculated in Jezero [10] estimate 
that removing the 3 km of ~50 m thick delta deposit 
would require, on the highest estimated end, at least a 
few million years. The interpreted easterly modern 
winds would place the delta downwind from the aeoli-
an bedforms present in the crater. Therefore, the incor-
poration of the eroded sediments into these features is 
unlikely and instead the sediment has been transported 
out of the crater. Southwesterly winds would have 
taken the sediments to the northeast along the dichot-
omy boundary, following a topographic contour. A 
reorientation in wind regime to modern easterly winds 
can be seen near the outflow channel crossing the east-
ern rim. The superposition of N-S trending bedforms 
over SW-NE bedforms (Fig. 3) suggest a switch in 
wind regimes could have occurred within the for-
mation timescale of TARs. 

Conclusion: Surface geomorphology provides 
clear and abundant evidence of long-lived active winds 
in Jezero crater,  supporting the widely held interpreta-
tion that wind eroded the western delta. While easterly 
winds continue to cause some erosion and accentuate 
lithologic heterogeneities in the remaining deltaic 
units, we attribute most of the delta’s erosion to earlier 
southwesterly wind,  
References: [1] Perez-Izquierdo J. et al., Measurement 122, 432-442 
(2018). [2] Goudge T. A. et al., JGR 120, 775-808 (2015). [3] Fassett, C. 
I., & Head, J. W. GRL 32 (2005). [4] Schon, S. C., et al., PSS 67(1), 28–
45 (2012). [5] Day M. D. & Kocurek G., Icarus 280, 37-71 (2016). 
[6] Bishop M.A., Geomorphology 125(4), 569–574 (2011). [7] Eastwood 
E.N. et al.,  JGR 117, F03035 (2012). [8] Ewing R.C. et al., Geomor-
phology 240, 44–53 (2015). [9] Peterson F. Sed. Geol. 56(1) (1988). 
[10] Chojnacki M. et al.,  JGR  123, 468-488 (2018). [11] Shockey, K. 
M., & Zimbelman, J. R. Processes and Landforms, 38(2), 179–182 
(2013). [12] Day M.D. and Dorn T.C. GRL, 46 (2019) 

 
Figure 1. Jezero crater. (a) Mars Orbital Laser Altimeter elevation map of the 
region surrounding Jezero. (b) CTX mosaic of Jezero crater showing each 
aeolian feature mapped in this work. (c) North is up in all images. Figure 
modified from Day and Dorn (2019) [12].  

Figure 2. One of seven barchan dunes (1) in the northern channel. Dark sand 
migrate over the lighter toned, north-south oriented TARs (2). North is up. 
Figure modified from Day and Dorn (2019) [12]. 

 
Figure 3. Evidence for wind reorientation in Jezero crater. Surface lineations 
interpreted as yardangs (1) alongside a modern aeolian bedform field (2). The 
orientation of the bedforms suggests that they originally formed transverse to 
the southwesterly winds, but the superimposed pattern of smaller bedforms is 
consistent with the elsewhere interpreted easterly winds. Figure modified from 
Day and Dorn (2019) [12]. 
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DETERMINING THE COSMIC RAY SPECTRUM AT MARS WITH MAVEN’S SOLAR ENERGETIC 
PARTICLE DETECTOR.  P.A. Dunn1, R.J. Lillis1, C.O. Lee1, B. Ehresmann2, A. Rahmati1, and D.E. Larson1, 
1Space Sciences Laboratory, University of California, Berkeley, California, USA. 2Southwest Research Institute, ). 

 
 
Introduction:  The Solar Energetic Particle (SEP) 

detector onboard the Mars Atmosphere and Volatile 
EvolutioN (MAVEN) spacecraft was designed to 
measure proton spectra from 20 keV to 6 MeV and 
electron spectra from 25 keV to 1 MeV [1].  Protons 
and electrons at these energies correspond to energetic 
charged particles accelerated by strong shocks associ-
ated with solar flare and/or coronal mass ejection 
events. These solar events are an important driver in 
the evolution of the Martian atmosphere; determining 
the flux of these particles at Mars was therefore an 
important part of the MAVEN mission [2].   The SEP 
instrument has been successfully measuring these 
spectra since Mars Orbit Insertion (MOI) on Sep. 21, 
2014. 

The SEP detector actually records counts for parti-
cles at much higher energies than those required by the 
MAVEN mission.  However, determining the spectra 
at these higher energies requires additional work (be-
yond the science mission requirements) since the re-
sponse matrix at these higher energies is not one-to-
one.  This work involves running theoretical spectra 
for protons and electrons through the response matrix, 
and comparing the theoretical counts with the actual 
data counts. Statistical fitting is then utilized to deter-
mine the likeliest set of electron and proton spectra up 
to 10 GeV.   

These higher energy particles (10 MeV to 10 GeV) 
mostly correspond to cosmic rays, especially during 
solar quiet times.  Determining the spectra of particles 
in this energy range is important for characterizing the 
radiation environment that humans would be subjected
to at the surface or in orbit at Mars. Collaboration with
members of the Mars Science Lab Radiation Detector 
(MSL RAD) team is currently ongoing to compare our 
determined spectra in orbit with their respective spec-
tra obtained at the surface in Gale Crater [3][4][5][6]. 

References:  
[1] Larson D.E. et al. (2015) Space Sci. Rev., 195,

153-172. [2] Jakosky B.M. et al (2015) Space Sci. 
Rev., 195, 3-48. [3] Ehresman B. et al (2014) J. Ge-
ophys. Res., Planets, 119, 468-479. [4] Ehresman B. et 
al (2017) Life Sci. Space Res., 14, 3-11. [5] Hassler
D.M. et al (2014) Science, 343, 1244797. [6] Zeitlin C. 
et al (2013) Science, 340, 1080-1084. 

Figure 1. Preliminary results from fit across all 128 
bins of one of the SEP detectors for Nov 27, 2015. 

 
Figure 2. Preliminary results from fit for Nov 27, 
2015, across the FTO bins 116-126. These bins corre-
spond to higher energy particles including cosmic rays.  

Figure 3. Differential flux spectra used for fit in Fig-
ure 2 compared with GCR spectrum measured by 
MSL-RAD on Nov 27, 2015.  
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A PROPOSED JOINT NASA-ESA ARCHITECTURE FOR THE RETURN OF MARTIAN SAMPLES 
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Sutherland2, E. Sefton-Nash2, L. Duvet3, 1Jet Propulsion Laboratory, California Institute of Technology, Pasadena, 
CA (chad.edwards@jpl.nasa.gov), 2European Space Agency-ESTEC, The Netherlands, 3European Space Agency-
ECSAT, UK 
 

Introduction:  The analysis in Earth laboratories of 
scientifically selected samples returned from Mars has 
been a long-standing priority of the Mars science com-
munity and would enable investigations far beyond the 
capabilities available to in situ instruments. The Na-
tional Research Council’s most recent planetary science 
decadal survey [1] strongly endorsed the objective of 
Mars Sample Return (MSR) and placed a caching rover 
mission, the first element of a multi-mission MSR cam-
paign, as its highest priority flagship mission for the 
decade 2013-2022. That sample caching mission is now 
under active development as NASA’s Mars 2020 Rover 
mission and is currently scheduled for launch in July-
August 2020. 

On April 26, 2018, NASA and ESA signed a State-
ment of Intent [2], declaring that “NASA and ESA in-
tend to develop a joint MSR plan and to complete the 
studies needed to reach the level of technical and pro-
grammatic maturity required to pursue an effective part-
nership, specifically defining the respective roles and 
responsibilities sufficient to lead to an international 
agreement between the two agencies in time to be sub-
mitted for approval to their respective authorities at the 
end of 2019.”  

This abstract refers to the proposed MSR science ob-
jectives identified by the International MSR Objectives 
and Samples Team (iMOST) [3], and presents the high-
level reference architecture of the notional MSR cam-
paign, which forms the basis on which ESA and NASA 
have been performing joint studies since early 2018.   

Proposed MSR Science Objectives:  Building on 
previous studies and incorporating recent research, sci-
ence objectives that could be accomplished with re-
turned samples from Mars were detailed by the iMOST 
co-authors in 2018 [3]. 

These objectives, summarized in Table 1, were 
flowed through to specific scientific measurements that 
could be made on Mars samples. Such measurements 
will be supported in terms of geologic context by in-situ 
science performed on sample material by NASA’s Mars 
2020 Rover mission, as it caches samples at the 
Jezero/Midway landing site. Collectively, this large 
body of potential measurements represents a fundamen-
tal next step in advancing our understanding of Mars, 
the history of the inner solar system, and our prepara-
tions for future robotic and human exploration. 

The MSR Reference Architecture:  The architec-
ture would be based on three major flight elements and 
one ground element, as depicted in Figure 1. The flight 

elements would include the Mars 2020 sample caching 
rover, a Sample Retrieval Lander (SRL) and an Earth 
Return Orbiter (ERO); once samples would arrive at 
Earth, the Mars Returned Sample Handling (MRSH) 
ground element would be responsible for sample recov-
ery, sample receiving, and long-term sample curation.  
We briefly describe each element below. 

Mars 2020: The Mars 2020 rover mission, which 
would collect, analyze and cache samples for possible 
later retrieval, is already in full flight development and 
is planned for launch in 2020 with a nominal 1.25 Mars-

 
Figure 1: Notional MSR reference architecture for a proposed 
joint NASA-ESA MSR campaign 

Table 1: Major science objectives from the iMOST re-
port

1) Interpret the primary geologic processes and history 
that formed the Martian geologic record, with an empha-
sis on the role of water. 
2) Assess and interpret the potential biological history of 
Mars, including assaying returned samples for the evi-
dence of life. 
3) Quantitatively determine the evolutionary timeline of 
Mars. 
4) Constrain the inventory of Martian volatiles as a func-
tion of geologic time and determine the ways in which 
these volatiles have interacted with Mars as a geologic 
system. 
5) Reconstruct the processes that have affected the origin 
and modification of the interior, including the crust, man-
tle, core, and the evolution of the Martian dynamo. 
6) Understand and quantify the potential Martian envi-
ronmental hazards to future human exploration and the 
terrestrial biosphere.  
7) Evaluate the type and distribution of in situ resources 
to support potential future Mars exploration. 

6355.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



year mission. Mars 2020 has selected Jezero Crater as 
its landing site; in an extended mission the rover could 
climb out of the crater and traverse towards the Midway 
landing site to explore a separate geologic unit. Selected 
samples will be cached in one or more depot locations 
on Mars for subsequent retrieval.  Mars 2020 could also 
retain some samples onboard and independently deliver 
them to the Sample Retrieval Lander. 

Sample Retrieval Lander: The Sample Retrieval 
Lander (SRL) element is assumed to be led by NASA 
and would carry the Mars Ascent Vehicle (MAV), as 
well as an ESA-provided Sample Fetch Rover (SFR) 
and Sample Transfer Arm (STA). SRL would be re-
sponsible for deploying the SFR to retrieve samples 
cached by Mars 2020 at one or more depot locations, 
receiving additional samples retained on and inde-
pendently delivered by Mars 2020, using the STA to 
load these into an Orbiting Sample (OS) container on 
the MAV, and launching the OS into low Mars orbit. 

Earth Return Orbiter: The Earth Return Orbiter 
(ERO) element is assumed to be led by ESA and would 
carry a NASA-provided Capture, Containment, and Re-
turn System (CCRS) including an Earth Entry Vehicle 
(EEV). ERO would be responsible for locating the OS 
in Mars orbit, rendezvousing with and capturing the OS, 
securely containing it, transferring it to the EEV, and 
returning to Earth to release the EEV towards a selected 
landing site. 

Mars Returned Sample Handling: MRSH responsi-
bilities would include initial recovery of the EEV at the 
Earth landing site, transport to a secure Sample Receiv-
ing Facility for sample safety and initial science assess-
ments, and ultimately transfer samples to one or more 
Sample Curation Facilities. 

A key driver for the MSR campaign would be the 
backward planetary protection requirements, as it falls 
under the COSPAR Category V “Restricted Earth Re-
turn” categorization.  

Campaign Timeline: For the purposes of the joint 
studies, launch dates as early as 2026 for both the SRL 

and ERO missions are being considered. The tightly 
coupled nature of the SRL and ERO mission concepts 
demands close coordination of the mission design for 
each element.  As a representative example, Figure 2 il-
lustrates a notional timeline for SRL and ERO in which 
both missions would launch in the 2026 Mars launch 
opportunity.  The SRL surface mission would be phased 
to take place during the Martian northern hemisphere 
spring/summer seasons and to avoid dust storm seasons. 
This scenario would call for a MAV launch in 2029, an 
ERO departure from Mars in 2030, and delivery of sam-
ples to Earth in 2031.   

The information provided about possible Mars sam-
ple return architectures is for planning and discussion 
purposes only. At the time of writing, NASA and ESA 
have made no official decision to implement Mars Sam-
ple Return. 

Acknowledgements: A portion of the research de-
scribed in this paper was carried out at the Jet Propul-
sion Laboratory, California Institute of Technology, un-
der a contract with the National Aeronautics and Space 
Administration. 
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Figure 2: Notional MSR timeline, illustrating a scenario with SRL and ERO launching in 2026 and with samples returned to Earth 
in 2031. 
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Introduction  

Evidence for ancient flowing water on the surface 
of Mars is widespread and varied [1-3], but present day 
liquid water may only be transient, briny, and confined 
to limited areas where solar insolation and temperatures 
are maximal [4-6]. In particular, meter-scale seasonally 
recurring dark flow-like features [7-9] observed on 
warm Martian slopes (Fig. 1) dubbed RSL (for Recur-
ring Slope Lineae) have been proposed to be a manifes-
tation of transient liquid water, although recent evidence 
[e.g. 10, 11, 12] strongly suggests that these flows are in 
fact dry. 

While numerical models, laboratory work, and Ant-
arctic analogues corroborate the liquid water-brine hy-
pothesis [4, 14, 15], their seasonality is not most con-
sistent with recurring granular flows or absorption of at-
mospheric vapor [7, 9], as RSL are most active during 
low atmospheric water vapor seasons [16, 17]. Other ev-
idence indicates that not only were previous works iden-
tifying spectral features associated with RSL fundamen-
tally flawed [17, 18] but in fact the seasonal trends 
(darkening and lightening) are indeed correlated with 
the martian dust cycle [17]. Finally, RSL are found to 
stop extension when the slope on which they form is no 
longer over-steepened beyond the angle of repose [11] 

For these reasons, the once favored hypothesis, i.e., 
the liquid water hypothesis seems to be losing the favors 
of the community. Further, we note that direct spectral 
signature of water (liquid or solid) has not been identi-
fied in RSL, supporting the hypothesis that these fea-
tures involve small amounts of liquid [7, 19, 20], at best.  
Placing quantitative constraints on the water content of 

RSL would greatly help understanding their formation 
mechanism, but is difficult and still has been limited to 
morphological observations and models [5].  

Here, we quantify the amount of water and/or salts 
associated with RSL using THEMIS nighttime surface 
temperature analyzed in conjunction with a (near)sur-
face heat transfer model [21] incorporating the predicted 
thermophysical properties of wet/salt-encrusted regolith 
under Martian pressure/temperature conditions [10]. 
 
Methods 

Surface temperatures are extremely sensitive to wa-
ter or cementing salt content. By comparing seasonal 
temperature differences between RSL-dense terrains 
and nearby presumably dry unconsolidated regolith 
(Fig. 2), hereafter referred to as ΔT, we can constrain 
the amount of water or cementing salt associated with 
RSL. This comparative approach is particularly power-
ful to differentiate material properties as it reduces the 
measurement noise to the pixel-pixel noise of THEMIS 
(<~1K NEΔT @ 180K) and minimizes the effects of a 
seasonally variable and difficult-to-remove atmosphere. 
 
Results and Implications 
Within instrument noise (~1K), Fig. 2 shows no differ-
ential seasonal behaviour between RSL-rich terrains 
and nearby dry, unconsolidated regolith. In other words, 
the mobilization of liquids, ice, or salts within the top 
RSL-rich regolith layer would have to remain small 
enough to maintain the thermophysical properties of the 
material consistent with unconsolidated regolith. Nu-
merical modeling of wet/salty regolith under Martian 

 
Fig. 1. Observations of the RSL containing crater in Valles Marineris centered at ~290.3˚E, 11.5˚S[9]. A) Colorized MOLA eleva-
tion[13] overlain on the THEMIS daytime temperature global mosaic B) CTX image C-E) HiRISE observations spanning Ls ~133 
to 235 showing the generalized RSL progression in the region (Fig. 2) and locations of THEMIS observations. Figure from [10]. 
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conditions of temperature and pressure indicates that 
terrains containing no more than ~50 kg of water per m3

of regolith, or roughly 0.5-3 wt% (depending on wet 
layer thickness) could meet this requirement. In other 
words, the amount of liquid, ice, or salt within RSL 
would have to be extremely small to maintain a thermal 
behavior similar to that of nearby dry material.  Further, 
RSL density and sizes are variable from year to year, yet 
multiple-year of surface temperature observations fol-
lows a simple predictable curve (Fig. 2), confirming that 
the slopes where RSL develop display identical surface 
temperatures (i.e. thermophysical properties) on years 
when RSL are numerous/large and on years when they 
are smaller. This absence of inter-annual variability be-
tween variable RSL-bearing slopes and nearby dry reg-
olith confirms that RSL do not contain enough water, 
ice or salt to impact the regolith thermophysical proper-
ties, even on the years when they are the largest/densest.  

These results are entirely consistent with a dry for-
mation mechanism and the recent re-evaluation of the 
spectral evidence further confirms that wet RSL are not 
favored by observations. Irrespective of salinity, water 

content or lack thereof, these flows experience diur-
nal/seasonal temperature swings that could result in 
complete evaporation/sublimation/freeze/thaw cycles
that certainly hinder their habitability.  
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Fig. 3. A) Thermal inertia increase (in %) versus amount of 
interstitial liquid water for five particle sizes consisting of 20 
μm, 40µm, 100 µm, 240 µm, and 400 µm (50, 100, 150, 200, 
and 250 J K-1 m-2 s-1/2, respectively). B) Modeled nighttime 
(0449 local time, 174 Ls) ΔT as a function of the wet layer 
thickness (Y axis) and amount of water (X axis). Figure from 
[10]
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Fig. 2 ΔT vs Ls for all THEMIS nighttime band 4 & 9 integrated 
temperature images covering the crater in Fig. 1. (Top) Data 
from all Mars years are shown as different color points on the 
black line. Average data are from two 300x300m regions on 
the most active RSL location (Fig. 1, white box) and nearby dry 
regolith location (Fig. 1, black box). All temperatures are ref-
erenced to the dry regolith, including the individual, 
100m/pixel data. The estimated error in the measurement ac-
counting for the 1-σ standard deviation of the average 3x3 
pixel (~300x300m) box and ~0.5K relative uncertainty of 
THEMIS measurements (orange). The grey dashed line is a 
model temperature curve simulating the dry regolith tempera-
ture variations expected from subtracting the model tempera-
tures of different azimuths on and off the RSL locations in Fig. 
1. This model accounts for variations in individual image local 
time, Ls, on/off RSL albedo (0.168; 0.152 respectively), slope 
and azimuth of each locations (30˚, 305; 30˚, 290˚ respec-
tively), and THEMIS derived dry regolith inertia (230 J K-1 m-

2 s-1/2). (Bottom) The difference between the THEMIS measured 
and dry-regolith model ΔT is shown, Local time is shown as 
grayscale points. Figure from [10] 
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MARTIAN GROUNDWATERS THOUGH TIME AND THEIR IMPACT ON THE MARS SYSTEM: AN 
APPRAISAL.  B.L. Ehlmann1,2, , 1Division of Geological & Planetary Sciences and 2Jet Propulsion Laboratory,  
California Institute of Technology, Pasadena, California, 91125 (ehlmann@caltech.edu)

Introduction:  The 8th Mars conference debated 
the climate implications of the extent and environmen-
tal diversity of settings with liquid water on Mars [1-
4]. One aspect of this discovery and discussion was the 
prevalence of ancient terrains with minerals hypothe-
sized to form via subsurface water-rock reaction, 
which did not require a warm, wet Mars for extended 
periods. From orbit, the unambiguous indicator miner-
als of subsurface waters are hydrothermal/low-grade 
metamorphic minerals like prehnite and aqueous min-
eral assemblages with compositions isochemical to 
basalt [5]. Since 8th Mars, our understanding of Mar-
tian groundwaters, their chemistry, and their im-
portance in the search for life as well as the climate 
system has deepened via continued analyses of orbital 
datasets, in situ exploration by Curiosity and Oppor-
tunity, novel modeling, and a growing understanding 
of the geobiology and preservation of subterranean 
ecosystems on Earth. Here, I review findings of the 
last 5 years, priority outstanding questions, and explo-
ration approaches. 

A Range of Groundwater Environ-
ments/Habitats: Orbital data continue to show that 
ancient Martian environments were widespread spa-
tially but diverse chemically. Mg carbonate indicating 
alkaline waters is found in deep basin mineral deposits 
at McLaughlin crater [6]. Indicating acidic waters,  
alunite is found in basins and local features in Terra 
Sirenum [7,8] and jarosite has mineralized 500-m tall 
fractures at NE Syrtis [9]. Clay and/or quartz fractures 
form in clay bearing units at Nili Fossae [10]. In con-
trast, chloride deposits appear entirely divorced from 
deep groundwaters [8]. A small percentage of impact 
craters may have hosted impact-generated groundwa-
ters [e.g., 11]. 

While preserved ancient groundwater environ-
ments like those above remain to be explored in situ, a 
deep sedimentary basin has been explored in situ by 
MSL and a shallow sedimentary basin has been ex-
plored in situ by Opportunity.  Results show that over-
printing of groundwater-formed minerals even at a 
single place may be common. Early quasi-isochemical 
formation of nodules and syneresis cracks filled by 
clay minerals was followed by sulfate mineralization at 
Yellowknife Bay [12-15]. At Garden City, at least 3 
generations of veins are observed, including dark Zn-
rich materials and veins inferred to form via hydrofrac-
ture [16].  

In situ exploration by Opportunity shows the role 
of multiple generations of fluids in mineral precipita-

tion and dissolution, shaping the sul-
fate/hematite/chloride mineralogy of the Burns for-
mation sedimentary rocks [17]. At the end of the mis-
sion, exploration of Noachian materials exposed by 
impact showed Fe/Mg clay-bearing breccias contain 
cm-thick leached zones of Al clays from post impact 
hydrothermal fluids [18, 19].  

Groundwater Plumbing and Communication 
with Magmatic Systems:  Clearly, Mars hosted mul-
tiple types of groundwater systems varying in space 
and time. The drivers of the chemical diversity are 
understood in only a few cases. In many cases, sulfur 
supplied by upwelling groundwaters leaching basaltic 
rocks may be sufficient to form sedimentary sulfate 
deposits without invoking atmosphere or magmatic 
sources [20]. A growing number of alunite deposits 
associated with discrete <1km zones within sedimen-
tary deposits in deep basins may instead  point to lo-
calized magmatic sources in some locales [8]. The 
relvative influences of weathering, magmatic volcanic 
volatiles, and subsurface magmatic sources in contrib-
uting to groundwater chemistry is a key open issue, 
even at the landing sites.

Recent Martian groundwaters?: Most gullies 
once thought to be signs of recent water [e.g. 21] now 
are in most cases (but perhaps not all) shown to be due 
to CO2 ice sublimation [22-23]. After initial reports of 
perchlorate [24] in association with recurring slope 
lineae (RSL) [25] that seemed to imply geologically 
recent briny groundwaters seeping to Mars’ surface, 
enthusiasm for RSL as sites of modern groundwater  
discharge has reduced. Thermal infrared measurements 
placed a very small upper bound on water content 
[26]; reanalysis of spectra showed perchlorate detec-
tions were suspect [27] and caused by an artifact of on-
the-ground CRISM data processing [28]; and the tim-
ing and style of RSL emplacement is consistent with 
dust avalanching [27, 29]. While actual surface water 
seems unlikely at RSLs, this does not, however, pre-
clude a role for near-surface ice, which may include a 
role for subsurface liquid. 

More recently, a pond of subsurface liquid brine 
has been hypothesized based on a radar-bright material 
of high permittivity in a specific region of the south 
polar cap [30]. The results are intriguing albeit in some 
ways similar to the enigmatic radar bright layer that 
underlies other parts of the cap, which has not been 
attributed to liquid water [31]. It is challenging to pro-
duce subsurface water under most assumptions for the 
Martian geothermal gradient [32]. Thus, the modern 
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Fig 1. The diversity of rock-hosted life habitats on Mars mirrors those on Earth 

Martian groundwater reservoir inferred to exist at 
depth [33] remains elusive to detect, confounded by 
the radar attenuaton properties of the deep subsurface. 
Heat flow from InSight is a key parameter for deter-
mining the depth of any waters. 

The Search for Martian Life: Our understand-
ing of habitability and biosignature preservation po-
tential in the subsurface has tremendously expanded. 
Multiple chemolithoautrophic pathways provide en-
ergy for microbial life in the subsurface habitat. Lat-
est calculations of H2 gas production during radioly-
sis of igneous rocks show this pathway produces ad-
equate flux rates to sustain biomatter [34]. The buried 
sediments of Gale crater contain abundant late diage-
netic sulfate and organic matters, which could have 
sustained organisms via sulfate reduction [35] and 
diagenetic textures also suggest H2 gas production 
during diagnenetic clay and magnetite formation [14-
15].  

A recent review [36] of terrestrial subsurface life 
and subsurface life’s biosignature preservation 
showed 1) chemolithoautotrophic metabolic path-
ways had already evolved on Earth at the time Mars 
was habitable; 2) over large volumes of Earth’s crust, 
subsurface life relies on chemical energy from abiotic 
processes like those on Mars (rather than detritus of 
Earth’s photosynthetic life); 3) subsurface microbial 
cell concentrations are highest at interfaces with pro-
nounced chemical redox gradients or permeability 
variations; 4) the footprint of subsurface life (miner-
als, chemical gradients, and their isotopic signatures) 
is often larger than the life itself (cells, organic prod-
ucts); and 5) the terrestrial rock record has bi-
omarkers of subsurface life at least back hundreds of 
millions of years and likely to 3.45 Ga with several 
examples of excellent preservation. Collectively, sub-
surface Martian life is the most likely to exist and be 
preserved for discovery. 

Gas Production and Impacts on Climate?: A
new finding since the 8th Mars conference is the extent 
to which subsurface groundwaters may couple with 
The water-rock reactions in the subsurface to form 
serpentine and other clay minerals generate gases. 
Originally modeled for redox considerations [37], re-

cent work has shown that the production 
of H2 may have a significant greenhouse 
effect on ancient Mars if, rather than be-
ing released continuously, gas release is 
intermittent in response to obliquity driv-
en ice sublimation [38-39].   

Key Questions and Future Explora-
tion Needs: The role of groundwater on 
Mars is far from settled. Key questions 

include: 
Much of mineral formation was ancient but how 
much was recent (Amazonian), driven by overprint-
ing groundwaters? (as for recent jarosite [40]) 
What are the sources of cations and anions in Mar-
tian groundwater and what controls geographic and 
temporal diversity?  
Are there new detection approaches for potential 
deep (<1km) modern groundwaters? 
How did communication between the surface and 
subsurface influence the Mars climate system? 

Exploration demands in situ petrography for min-
erals, chemistry, isotopes, organics, and their textural 
relations [41]. For the paradigm-altering search for life 
on Mars, an exploration strategy that targets ancient 
subsurface life and scales spatially may stand the best 
chance for finding life on Mars. Efforts should focus 
initially on identifying rocks with evidence for 
groundwater flow and low-temperature mineralization, 
then identifying redox and permeability interfaces pre-
served within rock outcrops, and finally focusing on 
finding minerals associated with redox reactions and 
associated carbon and diagnostic chemical and isotopic 
biosignatures. This approach on Earth yields preserved 
life. Deep drilling is unnecessary as the outcrops pre-
serving Mars’ ancient subsurface habitable environ-
ments are exposed by tectonics and refreshed today by 
moden wind erosion. They are there for ready explora-
tion by landed missions and human explorers.  
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Introduction:  Ground penetrating radar (GPR) 

has proven successful in near-surface imaging for strat-
igraphic analysis [1]. Radar facies, corresponding to 
patterns and geometries in the radargram, are specific 
for different sedimentary formations. The stratigraphy 
of the Jezero Western Delta (JWD) is among the key 
targets at the Mars 2020 landing site. RIMFAX, the 
GPR instrument onboard the Mars 2020 rover [2] will 
be conducting radar soundings as the rover drives 
across the Martian surface. Designed to image subsur-
face features down to 10 meters or more, it is expected 
that bedding and stratigraphic relationships can be put 
into context of surface observations.  

This study presents the potential of GPR modelling 
in JWD, where surface observations of the delta suc-
cessions are related to what RIMFAX will be able to 
image below. Initial results show how different sedi-
mentary formations can be identified in the GPR data 
by their characteristic radar facies. The presented sub-
surface structures and dielectric properties are part of a 
preliminary model, based on published studies and 
experience from field tests in similar geological envi-
ronments. Furthermore, the modelling framework pre-
sented could also be valuable for assisting interpreta-
tion of radargrams during rover operation.   

GPR Modelling:  This study focuses on the deep 
operation mode of RIMFAX [2], where the frequency 
bandwidth extends from 150 MHz to 600 MHz. Meas-
urements are done every 10 cm along the drive path. 
RIMFAX employs a Frequency Modulated Continuous 
Wave (FMCW) which sweeps through the bandwidth. 
However, to prevent very large computations the mod-
elling was conducted with a single wavelet matching 
the frequency content of the FMCW. 

This work presents the capabilities of conducting 
finite difference time domain (FDTD) modelling on a 
regional scale while incorporating surface observations 
at their true location into the subsurface model. Con-
struction of the geological model was conducted with 
the software BGS Groundhog Desktop GSIS [3]. The 
numerical calculations were carried out with gprMax 
[4], a recognized software for simulating GPR perfor-
mance in various media that implements Yee's FDTD 
algorithm [4] to solve Maxwell’s equations.  

Transect RFX_JWD:  A 2 km long transect was 
selected spanning from the Light Toned Floor unit 
(LTF), across the lower parts of the delta and upwards 
onto the delta succession, see Fig. 1. The transect 

crosses several sedimentary facies along its path. 
Building on published JWD studies [6, 7, 8, 9, 10], 
surface features were extrapolated into the ground 
populating the subsurface model.  

Following the findings of [11], dielectric properties 
were assigned to units based on assumed density and 
bulk composition of dry rocks. Studies into dielectrics 
of Martian rocks shows dependency on frequency as 
well as temperature, e.g. [12, 13]. However, in this 
initial model the dielectric relaxation was assumed 
negligible in the frequency range under investigation, 
similar to other studies [14, 15].  

Results:  Initial modelling results show that charac-
teristic radar facies of point-bars and channel fills of 
delta plain, foresets and bottomsets of delta front and 
prodelta, are identified along the transect. See annota-
tions in Fig. 2. The profile is displayed to a depth of 10 
m below the surface, as each trace of 200 ns was depth 
converted employing a constant velocity of 0.1 m/ns.  

In the northern part of the transect, an erosional 
boundary is modelled at the base of a meandering river 
system and its cross-cutting sections of point-bar 

Fig. 1: Line RFX_JWD displayed on top of mosaics 
of HiRISE and CTX images [16].  
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deposits. Layering in the original delta succession be-
low can also be recognized (e.g. “deep reflector” in  
Fig.2-A). The inverted channels are modelled with 
semi-horizontal layers, giving a distinct appearance in 
the radargram.   

Bed geometry and dip in both foresets and point-
bars are key features that can indicate the depositional 
settings, e.g. [17, 18]. This will be studied during oper-
ation on Mars. In the modelled transect variation in dip 
is visible in the cross-cutting sections of point-bar de-
posits. The effect of apparent dip is also prominent, as 
beds can appear semi-horizontal in the radargram when 
dipping in a cross-track direction. 

Stratigraphically below the JWD succession lies the 
LTF, where several theories of formation have been 
proposed [10]. During operation on Mars, these theo-
ries can be assessed by comparing modelling results 
with real measurements. In the present study LTF was 
modelled as a brecciated volcanic unit rich in car-
bonate, similar to [19]. The interface between the hori-
zontally layered prodelta and the more chaotic reflec-
tion pattern of the LTF appears clearly in Fig.2. 

Future Work:  Subsurface models will gradually 
be made more elaborate by further comparison to GPR 
field studies at terrestrial locations geologically compa-
rable to JWD. This includes investigations into detect-
ability of relevant stratigraphic geometries and into 
dielectric properties of comparable units. Attention will 
also be given to quantifying penetration depth and elec-
tromagnetic loss due to attenuation and scattering.  

In turn, the modelling framework can be employed 
to assess detection of features like water ice and bound 
water in rocks, as well as underground cavities and 
mineralization zones.  

Parallel ongoing research is also dedicated to how 
the physical and technical aspects of RIMFAX’s an-
tenna, FMCW radar signal and system dynamic range 
are best incorporated into the FDTD software. 
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Fig. 2: Initial modelling results along line RFX_JWD, displayed together with a mosaic of HiRISE images draped 
over a HiRISE-derived stereo DEM [16]. Distinct radar facies are visible in the zoomed-in 2D-windows A and B.  
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Potential Carbon Sequestration in Perchlorate brines on Mars: Experimental Study. M. I. El-Shenawy1 and P. 
B. Niles2, 1USRA, NASA Johnson Space Center, Houston, TX 77058 USA (mohammed.i.elshenawy@nasa.gov), 
2NASA Johnson Space Center, Houston, TX 77058 (Paul.B.Niles@nasa.gov). 

 
 
Introduction:  
Perchlorates have been widely detected across the 

surface of Mars including site locations between 4.5°S 
and 68°N [1-3]. Perchlorates can lower the freezing 
temperature of liquid water down to -70°C facilitating 
the existence of both temporary brines (e.g., thin water 
films) on Mars’ surface and permanent large brines in 
the subsurface over the entire history of Mars. Alt-
hough these perchlorate brines might have been a po-
tential sink of the atmospheric CO2 on Mars, the inter-
action between CO2(g) and perchlorate brines is poorly 
understood. 

In this study, we present several experiments to 
simulate the interaction between the CO2(g) and Mg, 
Ca, Na-perchlorate solutions in a closed system at a 
pCO2 of 4 mbar and four temperatures (i.e.,  30, 4, -15 
and  -33°C). 

 
Methods:  
Na, Ca, Mg-perchlorate solutions of eutectic con-

centration (i.e., 9.25, 4 and 3.4 mol.kg-1, re-spectively) 
were prepared in a dry glove box under continuous 
nitrogen gas flow at room temperature. To prepare 
these solutions, 18 MΩ deionized water was boiled to 
release any dissolved CO2. Then dried anhydrous per-
chlorate salts were dissolved in this carbon free-water. 
The solutions were poured into 20 mL vials sealed with 
aluminum seal and septum. Meanwhile, Exetainer® 
vials (10 ml) were automatically flushed and filled with 
a 0.4 % CO2 and 99.6 % He mixture for 10 mins using 
the Gas Bench II system to assure that similar volume 
of CO2-He mixture were added to the vials and no oth-
er gases were in the vials. Carbon isotope compositions 
(δ13CCO2) of the starting CO2 gas in the mixture were -4 
‰ relative to VPDB. All vials containing solution and 
gas mixture were stored at either 30, 4, -15 or -33 °C, 
depending on the target experimental temperature for a 
day to establish the thermal equilibria.  

Subsequently, 0.4 mL of the perchlorate solution 
was drawn with a 1 mL syringe through the septum of 
the solution vial and injected into the Exetainer® vial 
containing the gas mixture. Then the Exetainer® vial 
was aged for a certain time at the storage temperature 
until the measurement of carbon isotope composition 
of the CO2 in the headspace was performed.  The inter-
action between the CO2(g) and Mg, Ca, Na-perchlorate 
solutions was traced by measuring the carbon isotope 
composition of the CO2 (δ13CCO2) and its concentration 
in the head space above perchlorate solution using the 

Gas Bench II system coupled with a FinniganTM MAT 
253. 

 
Results and Discussion:  

The δ13CCO2 value of CO2 in the headspace above 
the perchlorate brines evolved from the starting δ13CCO2 
at zero reaction time to a lower constant value which 
decreases with decreasing temperature (Fig. 1). At all 
temperatures, the CO2 above the MgCl2O8 brines pos-
sess the lowest δ13CCO2 value. The decrease in the 
δ13CCO2 value was also associated with a decrease in 
the CO2 fraction in the headspace suggesting that CO2 
was trapped in the brines (Fig. 2). Trapped CO2 gas in 
brines could be either in the form of dissolved inorgan-
ic carbon (DIC or carbonates (i.e., carbon sequestra-
tion). We interpret the decrease in the δ13CCO2 value as 
an indication to the carbonate precipitation in the 
brines, especially in the MgCl2O8 brines.  

Implications for Mars:  
Thin water films adsorbed onto the perchlorate salts 

on the surface of Mars could absorb atmospheric CO2 
and facilitate carbonate formation via boiling or freez-
ing or evaporation under modern climate conditions. 
This is consistent with the low amounts of carbonate in 
Martian dust, Martian sediments and Martian meteor-
ites. Moreover, large subsurface brines could provide 
long term subsurface storage of carbon.  

 
Conclusions:  
Brines, in particular perchlorate brines, may have 

an essential role in carbon sequestration and the atmos-
pheric CO2 evolution on Mars. 

References:  
[1] Glavin, D.P. et al. (2013) JGR, 118, 1955–

1973. [2] Hech, M.H. et al. (2009) Science, 325, 64–
67. [3] Navarro-González, R. et al. (2010) JGR, 115, 
E12010.  
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Fig. 1: The δ13CCO2 evolution versus time in CO2 – perchlorate brines. (a) at 30 °C, (b) at 4 °C, (C) at -15 °C and 
(d) at  -33°C. 
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Fig. 2: Rayleigh distillation model of the δ13CCO2 value of CO2 gas above the perchlorate solutions at 30 °C. 
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Figure 1: Seasonal growth of the north south polar water and dust de-
posits as a function of season (Ls) under 25o obliquity, zero eccentrici-
ty, polar cap source conditions (left) and middle latitude source condi-
tions (right).  

QUANTIFYING NET ANNUAL POLAR DEPOSITION RATES OF WATER ICE AND DUST ON MARS 
AT VARIOUS OBLIQUITIES WITH THE AMES MARS GENERAL CIRCULATION MODEL.  J. A. Em-
mett1 and J. R. Murphy2, M. A. Kahre3, 1New Mexico State University Department of Astronomy 
(jeem9157@nmsu.edu), 2New Mexico State University Department of Astronomy (murphy@ad.nmsu.edu), 3NASA 
Ames Research Center (melinda.a.kahre@nasa.gov) 

 
Introduction:  The polar layered deposits (PLD) 

are 2-3 km-thick surface deposits in Mars’ North and 
South polar regions comprised of layers of water ice 
and dust in various mixtures [4]. This layering is 
thought to be explained by astronomically-forced var-
iation in the sedimentary cycles of water and dust and 
thus contain a record of Mars’ relatively recent climate 
history. Determining the connection between observed 
layer properties (i.e. albedo and radar reflectivity) and 
the physical attributes of layers (i.e. dust fraction), and 
identifying plausible layer formation mechanisms, is 
critical for the interpretation of this record. 

Methods:  Models. We utilize the NASA Ames 
Mars General Circulation Model [3] to investigate the 
sensitivity of annual rates of water ice and dust surface 
deposition in the polar regions to various obliquity 
parameters and surface water ice distributions that are 
perhaps characteristic of the past ~5 Myrs (the inferred 
formation timescale of the NPLD) [4].  

To investigate possible mechanisms for the for-
mation of observed vertically-structured layer packets 
within the PLD, these GCM-derived polar deposition 
rates are ingested into a time-marching model (incorpo-
rating a Mars’ orbital history provided by [4]) to simu-
late layer formation over a recent low-eccentricity 
epoch spanning ~1.68-0.98 MYA.  

All GCM simulations presented here utilize fully 
interactive dust lifting schemes [3] and infinite sourc-

ing of dust and water from surface reservoirs, with wa-
ter sourced from specified locations. The radiative ef-
fects of suspended dust are considered. The radiative 
effects of water ice and vapor are currently neglected.  

Configurations. The evolution of the PLD under 
present-day conditions is investigated (25.2o obliquity, 
0.93 eccentricity, North Polar cap water ice source). 
Subsequent “paleoclimate” simulations investigate 
variations in polar deposition resulting from variations 
in obliquity (15o-35o) under zero orbital eccentricity 
conditions. For these paleoclimate simulations, two 
different initial water ice distributions are employed to 
simulate the expected obliquity-driven migration of 
water between polar/non-polar surface reservoirs:  
Symmetric ice caps poleward of 77.5o N/S (a plausible 
condition beginning during and possibly persisting 
after low-obliquity periods [5]), and planet-encircling 
belts of surface water ice at middle northern (37.5-42.5 
N) and/or southern (37.5-42.5 S) latitudes (a plausible 
condition beginning during and possibly persisting 
after moderately high obliquity periods [5]). 
      Results:  Present-Day Simulation. 1) The present-
day simulation predicts an annual migration of water 
ice from the periphery/equatorial outliers of the mod-
ern north residual water ice cap towards the cap center, 
resulting in an accumulation rate of ~0.01 cm/yr pole-
ward of 77.5o N but no annual water ice accumulation 
in the south. Both polar regions undergo net dust ac-

cumulation at a rate of ~0.001 cm/yr. 
This results in a ~15% bulk dust con-
centration northward of 77.5o N. 

Paleoclimate Models. 2) For zero 
orbit eccentricity, polar cap source con-
ditions, GCM results predict a pole-to-
pole exchange of water ice, with the 
direction of transfer dependent on 
obliquity (north-to-south at 25o obliqui-
ty as in Fig. 1) and the rate of transfer 
generally increasing with increasing 
obliquity. The rate of transfer increases 
from ~2.5e-5 cm/yr (15o obl.) to ~0.2 
cm/yr (30o obl.), but decreases to ~5e-2 

cm/yr at 35o obliquity due to enhanced 
net water ice removal in local summer. 

Under zero orbit eccentricity, mid-
dle latitude water ice source conditions, 
GCM results predict rapid annual water 
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Figure 2: North Polar Region: (a) Modelled net water 
ice deposition rate and (b) dust deposition rate vs time 
(million years ago). Solid lines = north polar region 
averages, dashed lines  = south averages. (c) Mod-
elled layers resulting from the integration of a) and b) 

ice accumulation in both polar regions at the expense 
of these middle latitude reservoirs. This rate of transfer 
increases with increasing obliquity from ~1 cm/yr (15o 
obl.) to ~2 cm/yr (30o obl.). In the north at 35o obliqui-
ty, this deposition rate decreases to ~0 cm/yr due to the  
sublimation of all seasonally-deposited water ice in 
local summer, while in the south at 35o obl.., this depo-
sition rate increases to ~3 cm/yr. 

In both polar cap and middle latitude water ice 
source configurations, polar dust deposition rates in-
crease from ~1e-4 (15o obl.) to ~0.01 cm/yr (35o obl.). 

Middle latitude source models produce compara-
tively thicker but more dust-poor annual deposits than 
do polar cap source simulations, at a given obliquity, 
due to three factors: higher seasonal polar water ice 
deposition rates, lower dust-to-water ice volume con-
centrations of deposited ice, and a lack of net removal 
of polar water ice in local summer [Fig. 1].  

A Model of PLD Growth and Layer Formation at 
Low-Eccentricity. 4) The GCM-generated deposition 
rates are obtained from simulations spanning ~20 mar-
tian years. Such timescales are not themselves suffi-

cient to assess the total thicknesses and dust concentra-
tion that would arise for a specific obliquity-water ice 
source scenario. To assess longer time effects of the 
GCM simulated deposition rates, an integration model 
that ingests these GCM-derived deposition rates and 
applies them over obliquities experienced during the 
time period of 1.68-0.98 million years ago has been 
developed. Several integration models produce a hypo-
thetical northern deposit that is ~400 m-thick. This 
corresponds to an average deposition rate of ~0.5 
mm/yr, which compares well to previous estimates of 
~0.5 mm/yr over the NPLD’s entire accumulation his-
tory [4]. Most integration models that produce a ~400 
m-thick deposit are characterized by the initial em-
placement and persistence of north and south polar 
caps, and exhibit a long-term transfer of water from the 
south to the north, with no substantial middle latitude 
accumulation. 

5) These integration models produce vertically-
structured PLD layer packets in the north with bulk 
dust concentrations of ~10-15%, higher than the meas-
ured [1] bulk dust concentration of the entire  north 
PLD (< 2%). Such high simulated dust concentrations 
may be consistent with SHARAD detection of dust-rich 
layer packets within the north PLD, the weakest of 
which may be explained by layers as thin as 10-cm 
containing ~10% dust or by 1-m thick layers containing 
2% dust, and the strongest of which may be explained 
by 2-m layers of ice containing ~30% dust [6]. 

6) In the north, these integration models typically 
produce a stratigraphy characterized by two dust-rich 
layers per obliquity cycle [Fig. 2 c]. A thick layer with 
~25% dust forms at high obliquity when both water ice 
deposition and dust deposition are high [Fig. 2 a,b] 
(due to generally increased polar water ice and dust 
deposition with increasing obliquity under polar cap 
source conditions). A thin layer with ~100% dust forms 
at low obliquity when water ice deposition is low rela-
tive to dust deposition (< 25o obliquity) or when water 
ice is annually lost from the north PLD (obliquity ~25o) 
[Fig. 2 a,b]. These layers resemble a hypothetical stra-
tigraphy produced in [2] via a similar mechanism 
though with opposite phasing with respect to obliquity 
variations, demonstrating the ability of obliquity varia-
tions to produce complex stratigraphy when the deposi-
tion and lifting of water ice and dust are dynamically 
modelled. 

 
References: [1] Grima, C., et al. (2009) GRL 36, 

3203 [2] Hvidberg, C.S. et al. (2012) Icarus 221(1). 
[3] Kahre M.A. et al. (2006) JGR 111(E6). [4] Laskar 
J. B. et al. (2007) Nature, 419, 375-377. [5] Mischna 
M.A. et al. (2003) JGR 108(E6). 405-419 [6] Phillips, 
R.J. et al. (2010) Plan. Space Sci. 58, 1953-70. 
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UNDERSTANDING THE MECHANISMS OF SULFATE FORMATION IN ACIDIC VOLCANIC 
ENVIRONMENTS ON MARS USING TERRESTRIAL ANALOGS.  J.J. Ende, A.M. Faiia, P. Burtt, R. Moore, 
and A. Szynkiewicz, University of Tennessee, Knoxville (1621 Cumberland Ave. 602 Strong Hall, Knoxville, TN, 
37916)  

 
Introduction: High accumulations of sulfate 

(SO42-) minerals have been identified on the Martian 
surface in a variety of geologic settings, most of which 
were formed during the Noachian and Hesperian peri-
ods (3.7 to 3.2 Ga) when wet conditions were prevalent 
[1]. Additionally, sulfide minerals and amorphous sul-
fur (S) were measured in situ by rovers [2]. Generally, 
the high SO42- enrichment indicates that basaltic weath-
ering alone is not sufficient to accumulate the observed 
volume of S [3]. While volcanically-derived reduced S 
(e.g., H2S, SO2) is likely a primary source, the process 
by which SO42- was formed is unclear. As such, it is cru-
cial to better characterize the oxidation mechanism(s) 
by which SO42- could have been formed on Mars. 

Metals are known to facilitate oxidation of sulfide 
minerals in anoxic environments (e.g. acid mine drain-
age systems). Ferric iron (Fe3+) can oxidize pyrite 
(FeS2) to SO42- by its reduction to ferrous iron (Fe2+) [4, 
5]. Under acidic conditions, metals are soluble in water, 
thus are available for redox-driven oxidation reactions 
in aqueous environment. Given the abundance of vari-
ous metals (e.g., iron, nickel, manganese) and evidence 
for acidic hydrothermal conditions on the Martian sur-
face [6, 7], it is possible that they may have participated 
in the oxidation of reduced S from volcanic emission in 
the past. However, this process has not been considered 
for Mars due to limited knowledge in terrestrial hydro-
thermal systems. Therefore, the goal of this project is to 
determine if Fe-driven oxidation is a viable pathway for 
H2S oxidation to SO42- in acidic volcanic hydrothermal 
systems on Earth and evaluate whether this process 
might have occurred on Mars.    

Oxygen Isotope Tracers: Field and experimental 
studies have shown that oxygen isotopes (δ18O) can be 
used to determine the mechanisms of FeS2 oxidation to 
SO42- because of a large difference in δ18O between at-
mospheric O2 (+23.5 ‰) and water oxygen [~<0 ‰; 
e.g., 8]. In this study, we analyzed the δ18O of SO42- 
forming in acidic hot springs and mud pots due to sur-
face oxidation of H2S from modern hydrothermal emis-
sion. Four different geographic locations were sampled 
in Iceland, Lassen, Valles Caldera, and Yellowstone. 
Additionally, chemical analyses of metals and dissolved 
O2 concentrations are used to characterize availability 
of main oxidants (e.g., Fe, atmospheric O2) in the stud-
ied hydrothermal sites. 

Results and Discussion: Generally, there was no 
clear relationship between dissolved O2 (DO) and SO42- 
concentrations. Also, the measured DO concentrations 
were relatively low <2 mg/L, mainly due to higher tem-
peratures of the studied hydrothermal features (50-65°C 

and 70-95°C, respectively). Given low solubility of O2 
in higher temperatures, the investigated hot springs and 
mud pots show a small potential for H2S to be directly 
oxidized to SO42- via atmospheric O2 in the studied field 
sites.  

The measured δ18O of dissolved SO42- and water 
showed distinctive ranges in the individual sampling 
sites (Fig. 1). Generally, higher δ18O of SO42- corre-
sponded to higher δ18O of water (Fig 1). However, there 
was larger variability in δ18O of SO42- compared to a 
smaller range of isotope fractionations (0-4‰) previ-
ously determined for Fe-driven oxidation [9]. Figure 1 
illustrates that only 43 % of the studied water samples 
fall within the range of Fe-driven oxidation. Conversely, 
of the other water samples 43% were above and 15% 
below that range suggesting additional processes that 
may control the δ18O of SO42-. We infer that evaporation 
due to elevated temperatures of hydrothermal gases and 
water-rock interaction likely increase the δ18O of water 
after formation of SO42- (Process 2 on Fig. 1), leading to 
a shift to the right from the Fe-driven oxidation field. In 
contrast, inflow of new groundwater and/or meteoric 
precipitation decrease the δ18O of water, causing the 

Figure 1: Variation of δ18O of SO4
2- vs. δ18O of water in the 

studied hot springs, mud pots, and ephemeral streams. Gray 
shaded area represent 0 to 4 ‰ fractionation between SO4

2- 
and water for Fe-driven oxidation of H2S. Iceland samples are 
in black circles (open circles are ephemeral streams), Lassen 
in red squares, Valles Caldera in green diamonds, and Yel-
lowstone in yellow triangles. Inset in top left shows two pro-
cesses that affect δ18O of water: Process 1 – inflow of ground-
water and/or precipitation, Process 2 – evaporation and/or 
water-rock interaction. 
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shift to the left from the Fe-driven oxidation field (Pro-
cess 1 on Fig. 1).  

 Of the metals analyzed only Fe, Al, Mn, V, and Zn 
were found in elevated concentrations both in the water 
column and sediments. Fe and Al had by far the highest 
concentrations in the water column (1,539 mg/L and 
3,330 mg/L, respectively) and sediment (374,217 mg/kg 
and 271,050 mg/kg, respectively) compared to lower 
concentrations of Mn (<36 mg/L and <75,474 mg/kg), 
Zn (<20 mg/L), and V (<4 mg/L). Generally, the in-
creases of total Fe concentrations were accompanied by 
increases of SO4 concentrations suggesting that enough 
Fe is available for oxidation of H2S to SO42-.  

Acidic conditions created by hydrothermal activity 
would mainly release Fe2+ from the bedrock material be-
cause this is most common form of Fe in volcanic rocks. 
Using field observations, we infer that diurnal and sea-
sonal changes in water availability lead to distinctive 
dry and wet cycles in the studied field sites. Under dry 
conditions, hydrothermal gases (e.g., H2O, CO2, H2S) 
are emitted as fumaroles, thus leaving sediment beds of 
shallow hot springs, mud pots and ephemeral streams 
directly exposed to air. While most of emitted H2S is 
dispersed in the atmosphere and transported away, Fe2+ 
released from bedrock weathering is likely undergoing 
oxidation to Fe3+ in the sediment beds upon exposure to 
atmospheric O2. As meteoric precipitation or groundwa-
ter inflow increase due to changing hydrological condi-
tions (e.g., rain fall), dry hydrothermal features readily 
transition to the wet cycle, which might enhance oxida-
tion of H2S to SO42- by newly formed Fe3+. During our 
sampling, the concentrations of Fe2+ were significantly 
higher than Fe3+. Therefore, it is likely that oxidation of 
H2S was already limited due to depletion in Fe3+.  

Generally, without the dry cycle it would be diffi-
cult to oxidize Fe2+ to Fe3+ in the absence of other oxi-
dants in water. Note that the DO concentrations were 
low (<2 mg/L) in the elevated temperatures of the stud-
ied hydrothermal systems (50 to 90°C) during our sam-
pling. Therefore, we recognize that the transitioning be-
tween dry and wet cycles is crucial for Fe-driven oxida-
tion of H2S in acidic hydrothermal systems with ele-
vated temperatures.  

Implications for Mars: Collectively, the δ18O of 
SO42- and water in conjunction with the measured low 
DO concentrations and high concentrations of metals 
(Fe), suggest that Fe-driven oxidation is likely  common 
pathway for  H2S oxidation to SO42– in all of the studied 
field sites. The episodic nature of hydrothermal water 
cycle observed in our analog sites shows many similar-
ities to that speculated for Mars, but over much shorter 
time scales. One unifying feature among different cli-
mate models, is the episodic nature of water on the sur-
face of Mars. Some studies argue that early in Martian 
history, conditions were favorable for oceans and lakes 
to be formed under long term, warm and wet conditions, 

even if only intermittently [e.g., 10; 11; 12]. While other 
models suggest that any liquid water related feature is 
merely a result of spatial and temporal distribution of 
thermal energy across the planet, thus hydrological fea-
tures are localized to regions in which the temperatures 
allow for melting of ice [e.g., 13, 14]. Nonetheless, 
throughout its history Mars has experienced both peri-
ods of wet and dry conditions.  

Our terrestrial results show that alternation between 
the wet and dry cycle is important process to oxidize 
hydrothermal H2S to SO42- in volcanic settings depleted 
in O2 due to elevated temperatures. This cycling is cru-
cial to reoxidize metals such as Fe during the fumarolic 
dry cycle which then facilitate H2S oxidation to SO42- 
during the wet cycle. Oxidation of H2S to SO42- by Fe-
driven oxidation has been shown to be significantly 
faster than by atmospheric O2 [5], thus explains elevated 
SO42- in the studied field sites. Although Mars likely 
never had O2-rich atmosphere as on Earth, H2O2 or pho-
tochemical processes are both possible alternative oxi-
dants for metals such as Fe [15, 16]. On Mars, Fe is 
commonly found in association with SO42--bearing min-
erals. While previous studies have linked this relation-
ship to diagenesis [17, 18], we suggest that concomitant 
Fe and SO42- may be to some extent a result of H2S ox-
idation to SO42- via Fe-driven oxidation in the hydro-
thermal setting and/or low-temperature oxidation of sul-
fide mineralization.  
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Towards Multi-Agent Mars Habitat Resource Management Systems.  S. T. Engler1 and K. Binsted1, 1University 
of Hawaii, Information and Computer Science, 1680 East-West Rd, Honolulu, HI 96822. simon.engler@hawaii.edu. 

 
Introduction:  Using data from the Hawaii Space Ex-

ploration Analog and Simulation (HI-SEAS) a resource man-
agement system is presented here that utilizes multi-agent 
modelling with power and inventory consumption forecasts 
using machine learning. Human Mars explorations face a 
large number of challenges never encountered before. Not 
only are these extreme environments, these missions will 
face extreme isolation with little to no chance of resupply. 
[1] Under these conditions, the efficient management of hab-
itat resource consumption, inventories, and crew activity 
scheduling are a mission critical capability. [2] Given the 
long duration and long term adaptability required these prob-
lems are non-linear which demand effective forecasting 
models. The concept of an intelligent Mars habitat system is 
presented here using an agent based AI model simulating the 
conditions of the HI-SEAS habitat. The multi-agent model is 
designed to simulate individual crew members, their project-
ed power resource allocation, and inventory usage during 
planetary surface exploration missions lasting 8-months to a 
year. [3] This model incorporates forecasting of power pro-
duction and consumption. Crew AI agents will be set up to 
cooperate with the habitat agent to establish power require-
ments under dynamic conditions. Solar power production is 
forecast using data from the weather station and machine 
learning models.  HI-SEAS crew activities are set to be in-
corporated into the multi-agent system to partially manage 
critical power consumption from typical habitat tasks as well 
as autonomous crew self-scheduled tasks.. This research is 
applicable to Mars habitats and other explorations requiring 
power, inventory, and scheduling forecasts and management. 
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MARTIAN ATMOSPHERIC VERTICAL PROFILES: RESULTS FROM THE FIRST YEAR OF 
TGO/NOMAD SCIENCE OPERATIONS.  J. T. Erwin1 (justin.erwin@aeronomie.be), S. Aoki1, I.R. Thomas1, L. 
Trompet1, A. C. Vandaele1, S. Robert1, F Daerden1, B. Ristic1, G. L Villanueva2, G. Liuzzi2, J. J. Lopez-Moreno3, G. 
Bellucci4, M. R. Patel5. 1Royal Belgium Institute for Space Aeronomy, Belgium, 2NASA Goddard Space Flight Cen-
ter, USA, 3Instituto de Astrofisica de Andalucia (IAA/CSIC), Granada, Spain, 4Instituto di Astrofisica e Planetologia 
Spaziali (IAPS/INAF), Rome, Italy, 5School of Physical Sciences, The Open University, Milton Keynes, UK.  

 
 
Introduction:  Nadir and Occultation for Mars 

Discovery (NOMAD) onboard ExoMars Trace Gas 
Orbiter (TGO) started the science measurements on 21 
April 2018. We present results on the retrievals vertical 
profiles for several species in the Martian atmosphere 
from the first year measurements of the 
TGO/NOMAD. In particular, we present our progress 
on retrieving CO, H2O, and CO2 vertical profiles. 

NOMAD Instrument: NOMAD, the “Nadir and 
Occultation for Mars Discovery” spectrometer suite 
[1], is part of the payload of the ExoMars Trace Gas 
Orbiter mission 2016. The instrument will conduct a 
spectroscopic survey of Mars’ atmosphere in the UV, 
visible and IR wavelengths covering the 0.2-0.65 and 
2.3-4.3μm spectral ranges. NOMAD is composed of 
three channels: a solar occulation channel (SO) operat-
ing in the IR, a limb and nadir channel (LNO) also 
operating in the IR, and an ultraviolet/visible channel 
(UVIS) that can perform all observation modes. The 
spectral resolutions of SO and LNO is a significant 
improvement on previous infrared surveys of Mars 
(λ/dλ~15000). Both SO and LNO consist of an acous-
to-optic tunable filter (AOTF) in combination with an 
echelle grating. Several spectral ranges are measured 
simultaneously at a high spectral resolution, allowing 
for the study of different molecular species. The design 
of the three channels is fully described in [2] and [3]. 

Vertical Profile Retrievals:  The vertical sampling 
rate of the SO channel is typically ~1km, which pro-
vided an unprecedented vertical resolution from the 
surface up to ~200km. ExoMars TGO has a ~2 hour 
orbital period, and the SO channel operates on ~50% 

of the potential occultations, which leads to great moni-
toring of the climatology. The calibration of SO is a 
collaborative exercise (?) with retrievals, but inherits 
many of the techniques used for the SOIR/VEX in-
strument described in [4]. The retrievals are performed 
using the software ASIMUT developed at BIRA-IASB 
[5], which can use Optimal Estimation Method [6] 
among other algorithms to retrieved atmospheric pro-
files.  

Discussion and Results: Carbon Monoxide is a 
non-condensable species playing a major role in the 
photochemical cycle of CO2. Local and seasonal varia-
tions are expected and will give valuable constraints 
for the dynamical processes in the Martian atmosphere. 
The 2-0 band of CO centered at 2.4μm is positioned in 
the SO orders 186-192 (4200-4350cm-1). It is easily 
measurable in transmittances up to ~110km. 

Measurements of water vapor vertical profiles are 
key diagnostic to the escape processes acting on water 
on Mars. Water vapor has many absorption features 
thought the NOMAD range, but the most commonly 
measured orders are 134 (3110-3035cm-1) and 168 
(3775-3805cm-1), with sensitivity up to ~80km. 

Carbon dioxide profiles, as the principle compo-
nent, will enable the determination of pressure and 
temperature. Not only is it important for our climato-
logical models, but also it will improve the spectral 
fitting of the other molecules. Similarly to H2O, CO2 
had spectral features through much of the NOMAD 
range, but the most common orders are 149 (3350-
3375cm-1) and 165 (3710-3740cm-1), with sensitivity to 
~150km and above. Unfortunately, CO2 retrievals are 
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complicated by line saturation, which occurs at high 
altitudes. Therefore, a combination of orders and 
strong and weak line is necessary retrieve CO2 over a 
large vertical extent. 

Interestingly, in 2018, for the first time after the 
previous one in 2007, a very strong global dust storm 
occurred on Mars and it lasted for two months (from 
June to August). The NOMAD observations therefore 
completely cover the period before/during/after the 
global dust storm, so that the NOMAD datasets offer a 
unique opportunity to study the state of trace gases 
during a global dust storm [7]. 
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ELF WAVES IN THE MARTIAN IONOSPHERE: LIGHTNING, FIELD LINE RESONANCES, AND 
INSTABILITIES?  T. Esman1, J. Espley2, J. Gruesbeck2, and J. Giacalone1, 1University of Arizona, Lunar and 
Planetary Laboratory (tesman@lpl.arizona.edu), 2NASA Goddard Space Flight Center (Jared.Espley@nasa.gov) 

 
 
Summary: Through the analysis of MAVEN 

magnetometer data, we find that Mars’ ionosphere has 
no obvious magnetic signs of large-scale lightning. 
However, numerous ionospheric waves are found.  

Introduction:  Though Mars lacks an intrinsic 
global magnetic field [1], magnetic signatures are 
expected in its ionosphere. Magnetic field 
measurements record fluctuations that can be caused by 
a combination of plasma waves, the large-scale 
interaction of the solar wind with Mars, interactions 
with the localized crustal magnetic fields, and 
electromagnetic activity associated with atmospheric 
dust (e.g. lightning), among other things. The presence 
and properties of plasma waves reveal aspects of the 
surrounding plasma environment. Questions remain 
about the drivers of these waves, their origins, and 
trends in time and space. We present observations from 
the magnetometer (MAG) onboard the Mars 
Atmosphere and Volatile Evolution (MAVEN) 
spacecraft and discuss the implications for possible 
sources of the observations.  

Observations:  We look primarily at time varying 
signals and use a variety of frequency analysis 
techniques (e.g. Fast Fourier Transforms, wavelets, 
etc.) We focus on data below 200 km to search for 
ionospheric signals and catch any signals beyond a 
potentially leaky ionosphere [2]. There are over 1100 
hours of MAVEN MAG data at altitudes below 200 km. 
Data is available up to 16 Hz as the data sampling rate 
is 32 samples per second.  

Results and Implications:  We will present our 
preliminary results and discuss their implications.  

Both experimental [3-5] and theoretical work [6-9] 
suggest that charge separation sufficient for electrical 
discharges plausibly occurs in Martian atmospheric 
dust activity. Several groups have created analytical and 

 
 
 
 
 
 
 
 
 
 
 
 

 

numerical modeling techniques to predict the likely 
characteristics of any Schumann resonances at Mars 
[10-17]. These models use a variety of parameters, but 
in all physically possible cases the fundamental 
frequency is predicted to be 9-14 Hz. 

Multiple groups have attempted to observe signals 
from atmospheric electricity at Mars. One group [18] 

observed radio signals believed to be lightning-related, 
while several other groups [19-22] found contradictory 
data that showed no signs of electrical discharges, 
especially on the scale the previous group predicted. 
Therefore, the size and existence of electrical 
discharges at Mars is still undetermined [23]. 

We have looked for magnetic signals in the 
frequency range of 9-14 Hz. We see no obvious signs 
of the resonant low-frequency signals that would be 
associated with earth-like lightning occurring at Mars.  

We expand our frequency range to look for a wider 
range of ionospheric signals. Figure 1 shows the power 
averaged over 5 – 16 Hz for ten second intervals over 
the course of the MAVEN mission. Enhancements 
above a power of 0.02 nT have an occurrence rate of 
around 0.03%.  

We find multiple signals presumably related to 
ionospheric currents and their connections to the crustal 
magnetic fields. Several of these have amplitudes of 
order 3 nT and are near strong crustal fields. However, 
there are also signals far from strong crustal fields. 
Figure 2 is an example of a signal far from crustal fields.  

Future work: Further examination is on-going, 
including expanding our search to enhancements of 
average power lower than 0.02 nT. Characterization of 
the signals and determination of their sources will 
reveal more information about the Martian ionosphere.  
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Figure 1: The average power from 5-16 Hz for 10 second FFTs are shown for the x, y, and z payload components of 
the magnetic field. There are clear peaks that indicate time-varying enhanced signals at these frequencies.  
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Example Ionospheric ELF Signal 

Figure 2: An example of a signal found between 5-
16 Hz and below 200 km. The first panel shows the 
data of the y component and the second panel shows 
the data after being filtered to 5-16 Hz. The third 
panel is the wavelet of the unfiltered data and the 
final panel shows the altitude of the spacecraft. Only 
the y component is shown to save space. 
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HOW TO MEASURE SPACE WEATHER AT MARS: A MAGNETOSPHERIC DISTURBANCE INDEX.  
Jared Espley1 and Jacob Gruesbeck1, 1NASA’s Goddard Space Flight Center (Code 695, Goddard Space Flight Cen-
ter, Greenbelt, MD 20771, Jared.Espley@nasa.gov) 

 
Summary: To quantify the impacts of space 

weather events on the martian magnetosphere, we have 
constructed a magnetospheric disturbance index. The 
event types and durations are not correlated with the 
disturbance intensities but MAVEN-era events have 
been mild. 

Introduction: Space weather events have im-
portant effects at all objects throughout the Solar Sys-
tem. For over a century, quantitative disturbance met-
rics have been employed at Earth, primarily relying on 
magnetometer observations, which enable statistical 
studies of space weather events on the various physical 
processes driven by solar wind-planetary interactions, 
such as aurorae and atmospheric loss. Using these met-
rics, it is possible to compare events against each other 
and against baseline conditions. The impact and char-
acteristics of different types of events (e.g. interplane-
tary coronal mass ejections (ICMEs) or stream interac-
tion regions (SIRs)) can be analyzed. 

Since Mars lacks an intrinsic planetary magnetic 
field, its interaction with the solar wind is different 
than Earth. The interaction creates an induced magne-
tosphere as ionospheric currents stand off the on-
flowing solar wind. Thus, a magnetospheric disturb-
ance metric that works for an unmagnetized planet 
such as Mars cannot be the same as those used for 
Earth. We have therefore developed a generalized 
magnetospheric disturbance index (MDI) using data 
from the MAVEN magnetometer. 

Methodology: As an initial dataset, we have used 
over 70 space weather disturbances identified in the 
MAVEN magnetometer dataset. These events show 
that there is a prevailing behavior of the magnetic field 
inside the Martian magnetosphere. Specifically, as the 
event sweeps over Mars both the amplitude of the 
field, |B|, and the variability of the field increase to a 
peak and then decrease back to the current background. 
We normalize these two parameters (the average |B| 
and average variability within the magnetosheath) dur-
ing an event compared to orbits prior to the event. This 
allows us to construct a normalized, quantitative meas-
ure of how disturbed the magnetosphere is – the mag-
netospheric disturbance index.  

Results: Several key results have already been 
found based on our initial analysis of the hand-curated 
list of ~70 space weather events.  

First, all the events look broadly similar in their 
temporal profile. The disturbances are broadly fit by a 
symmetrical Gaussian fit (fig. 1).  

 

 

 
 
Second, the events have durations (as measured by 

the full width at half max of the Gaussian fits) that 
peak around 15 hours (fig. 2).   

Third, the duration and intensity of the events are 
not significantly correlated (fig 2.).  

Fourth, the type of triggering event (e.g. SIR, 
ICME) has no obvious correlation with the intensity or 
duration of the disturbance (fig. 2). An important cave-
at to this result is that MAVEN has only seen relatively 
minor ICMEs since the current solar cycle has been 
quite quiet heretofore. 

Fifth, the MDI results show several interesting out-
lying events in terms of intensity or duration that had 
otherwise been mostly ignored (fig 1.). For example, 
the broadly discussed March 2015 ICME was relative-
ly minor in its magnetospheric disturbance whereas the 
Feb. 2017 ICME was 4 times more disturbing.  

Future work: We are extending our initial work in 
several areas. 

First, we have started work on an artificial neural 
network to algorithmically identify where the magne-
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tosheath is on every orbit. This will allow us to calcu-
late MDI across the entire MAVEN dataset, not just 
for our hand-selected ~70 events. This neural network 
will also be broadly applicable to magnetospheric sci-
ence topics beyond our specific application here. 

Second, we are interested in applying our initial 
technique and the addition of the boundary identifica-
tion via neural network to other datasets such as Mars 
Global Surveyor observations and even other non-
magnetized objects like Venus and comets. 

Third, in the coming years, we anticipate an in-
crease in larger space weather events as the solar cycle 
moves into solar minimum and into the next solar cy-
cle. We will continue to include MAVEN data in our 
MDI calculations. 

Lastly, by means of these of increased datasets 
from the previous three goals, we will be able to fur-
ther explore basic questions about the impacts of space 
weather at Mars including relationships between event 
types, the disturbance durations, and the disturbance 
intensities.  
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GROWING PLANTS ON MARS-POTENTIAL AND LIMITATIONS OF MARTIAN REGOLITH FOR IN-
SITU RESOURCE UTILIZATION L. E. Fackrell1, P. A. Schroeder2, 1University of Georgia, Athens, Georgia 
lauraelf@uga, 2University of Georgia, Athens, Georgia. 

 
 
Introduction: An essential aspect of a manned 

mission to mars involves the use of in-situ materials: 
for example, using Martian regolith to grow plants [1-
3]. Martian regolith contains many of the essential 
macro- and micro-nutrients needed to support plant 
growth [1], [2]. However, the regolith may also play 
host to several potentially growth limiting characteris-
tics: High salinity, phytotoxic substances (e.g. perchlo-
rate, heavy metals, etc.), low water holding capacity 
(WHC), nutrients present in non-bioavailable forms or 
at toxic concentrations, and extremely low availability 
of organic matter. In its raw form, Martian regolith 
would likely be inhospitable for growing plants [3], but 
there is potential to treat it to make it suitable. The ob-
jective of this study was to apply laboratory based 
plant growth experiments that demonstrate the effects 
of particular growth limiting conditions and explore the 
potential of microbial inoculants in improving plant 
response in these conditions. These laboratory experi-
ments include the use of newly formulated Martian 
regolith simulants representing mineralogical, chemi-
cal, and potentially plant growth limiting conditions of 
Mars [4-6].  

Methodology and Initial Results: All plant 
growth experiments (PGE) are being conducted in a 
semi-controlled environment where light, temperature 
and humidity are regulated and tracked (Figure 1).  

 

         
Figure 1 Plant Growth Room: Image of the plant growth 
room where plant growth experiments are conducted 
 

Pilot PGE: Initial PGE are being conducted with 
lettuce, spinach, radishes, red clover, moth bean and 
salt grass. These plants were chosen because they are 
fast growing, salt/drought tolerant, agriculturally rele-
vant, and/or have been grown in extraterrestrial envi-
ronments. These studies use potting soil with plants 

grown under particular Mars conditions to provide 
baseline responses. The specific Martian conditions 
being simulated include Mars-like levels of salinity, 
low organic matter and exposure to perchlorate. The 
above and below ground biomass, nutrient content, and 
specific plant growth markers (i.e. germination and 
production of true leaves, seeds, flowers, etc.), signs of 
plant stress (i.e. chlorosis, etc.) are being tracked to 
evaluate plant response. Initial results for response to 
growth in this particular environment show varied plant 
response with clover and moth bean showing the great-
est ability to withstand stressed conditions. 

 

    
Figure 2: Pilot studies establishing baseline for plant re-
sponse are in progress; pictured are clover grown in potting 
soil and moth bean sprout in partial Mars simulant (single 
component without additional salts). 

 
Microbial Inoculation: Microbial inoculants have 

been shown as an effective treatment in improving 
plant response under stressed conditions in terrestrial 
soils [7] and improving nutrient uptake and plant re-
sponse in lunar soil simulants [8]. There is promising 
potential in the use of microorganisms as components 
of life support systems and plant growth habitats in 
planetary exploration [3, 8]. The microbial inoculants 
include several plant-growth promoting bacteria 
(PGPB) known to improve plant response under saline 
and other growth limiting conditions.  Studies have 
also shown that these potential inoculants are able to 
form mutualistic relationships with the used in the 
growth studies. The PGPB assemblages will be used in 
PGE to establish a baseline response of plant growth to 
the inoculants and which particular inoculant assem-
blage provides improved plant response. These studies 
will finalize the plant(s) and microbial assemblage to 
be used in the final PGE using the regolith simulants.  

Martian Regolith Simulants: To provide a Mars-
like growth medium, five new simulants have been 
designed which represent various mineralogical assem-
blages found in Martian regolith [4-6]. The five simu-
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lants were created based on rover and satellite data 
available from several locations: each representing 
common endmember mineral assemblages found on 
Mars. These include: 1. Globally/Regionally distribut-
ed, 2. Sulfate-rich, and 3. Phyllosilicate-Smectite, 4. 
Phyllosilicate-Illite/Chlorite, and 5. Carbonate assem-
blages (Figure 3), [9-14].  

  
 

  
 

 
Figure 3 Martian Regolith Simulants: Images of the five 
simulants developed as part of this work from left to right, 
top to bottom 1. Globally/Regionally distributed, 2. Sulfate-
rich, and 3. Phyllosilicate-Smectite, 4. Phyllosilicate-
Illite/Chlorite, and 5. Carbonate. Mixing simulants dry com-
ponents with water allowed for a more soil like texture re-
sulting in aggregates of soil material. 
 

These suites allow for the comparison of different 
mineralogical assemblages.  The globally/regionally 
distributed simulant represents the loose, unconsolidat-
ed regolith or Mars soil found to be regionally to glob-
ally distributed [15].  The remaining simulants reflect 
assemblages found in lithified deposits that are useful 
to consider from an agricultural perspective. The pres-
ence of phyllosilicates in a soil increases the cation 
exchange capacity (CEC) and WHC. High concentra-
tions of sulfates and iron oxides in soils could be bene-
ficial or problematic depending on geochemical condi-
tions. Carbonates provide materials to help buffer acid-
ic conditions by liming the soil. Recipes were designed 
for the five simulants and appropriate materials were 
obtained either in the field or purchased to make small 
batches [4-6]. Components obtained for simulants were 
each individually analyzed by X-Ray Diffraction 
(XRD) during initial development of preliminary 
batches to ensure appropriateness for use a component 
in final simulants [4]. Each component was mechani-
cally crushed to produce fine sand or coarse silt pow-

ders. All components (save the copiapite used in sul-
fate-rich simulant and soluble salts epsomite and per-
chlorate) were weighed following the recipes and com-
bined in a dry mix. To produce a more soil-like texture, 
distilled water was then added to the dry mix to create 
a muddy paste [15]. This paste was dried in the oven at 
60°C to remove water and the dried ‘mud-like’ mixture 
was re-crushed to homogenize the simulant [5-6]. The 
epsomite or perchlorate was added as a solute in with 
the distilled water at the appropriate concentration to 
allow the salt to precipitate within the simulant as the 
paste dried. The copiapite was added after the simulant 
was re-crushed due to the sensitivity of this mineral 
reacting with water. The small batches were analyzed 
using XRD Reitveld analysis using Bruker Topas® 
software. Model results showed that simulants are min-
eralogically comparable to samples taken in-situ by 
Mars Curiosity Rover [6]. Additional analysis using X-
Ray fluorescence, VNIR/IR spectroscopy, and Moss-
bauer spectroscopy are currently underway to provide 
further comparison. Fertility analyses will be used to 
determine soil pH, salinity, CEC, WHC, organic mat-
ter, and extractable nutrients providing an overview of 
the potential fertility. 

Final PGE: The initial results presented herein rep-
resent precursory observations used to establish the 
baseline for plant response. Such pilot studies continue 
to further establish this baseline response including 
response to high salinity, low organic matter, compari-
sons of various salts, and response to microbial inocu-
lants. The results of these studies will further refine the 
conditions to be used in the final PGE (i.e. which 
plant(s), microbial organisms, and simulants will be 
used and particular constraints on levels of salinity).  
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Introduction:  Today’s Mars is a dry and dusty 

planet, on which dust storms frequently occur mainly 
during southern hemisphere spring and summer sea-
sons. Figure 1 shows a 3-D view of the global distribu-
tion of the column dust optical depth (CDOD) at a solar 
longitude (Ls) cadence of 30º during Martian Year 34. 
The CDOD is derived using combined infrared radiance 
observations from numerous Mars orbiters, applying es-
sentially the same approach as described before [1] with 
specific data processing [2]. The time series clearly 
demonstrates that Mars atmospheric dust loading has a 
strong seasonable dependence. The 2018 planet-encir-
cling dust storm is readily seen in the dramatic dust 
opacity increase, in both magnitude and spatial extent.   

Mars regional and global dust storms are able to sig-
nificantly impact the lower and upper atmospheres 
through dust aerosol radiative heating and cooling and 
atmospheric circulation. Unlike extensive studies on the 
neutral atmospheric effectiveness of dust storms, their 
impact on the charged particle radiation environment 
near Mars remains poorly understood. Despite a handful 
of early studies, there is no global picture of how and 
the extent to which the entire Mars plasma environment 

(including the ionosphere and the induced magneto-
sphere) reacts to dust storms that develop and arise from 
the surface. The study of the global dust storm impact at 
high altitudes is important as it sheds light into funda-
mental coupling processes among the lower and upper 

 
Figure 1. Global distributions of column dust optical 
depth at the wavelength of 9.3 μm during Martian year 
34. The dust opacity has been scaled to the atmospheric 
pressure of 610 Pa. Gray areas indicate missing data. 

 
Figure 2. The 3-D view of the Martian ionospheric and 
magnetospheric disturbances during the 1971-1972 global 
dust storm.  The spherical surface shows the ionospheric 
electron density at 140 km altitude. On the meridional and 
equatorial planes, the CO2

+ density is superposed.  
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atmospheres and the surrounding plasma in the iono-
sphere and magnetosphere.  

Method:  The primary research tool for this study is 
a 3-D multifluid magnetohydrodynamic (MHD) model 
[3, 4]. The state-of-the-art global MHD model self con-
sistently solves the interaction between the impinging 
solar wind and the Mars conductive obstacle, covering 
a broad spatial domain at all altitudes higher than 100 
km. For our case studies, we select the relatively weak 
regional dust storm in 2017 and the strong 1971-1972 
global dust storm for numerical simulation. Considering 
that it is the plasma regime rather than the neutral at-
mospheric regime that our study focuses on, we adopt 
previously published works on atmospheric changes 
from nondusty to dusty scenarios [5, 6], which serve as 
direct inputs to our model. The comparison of the MHD 
solutions under nondusty and dusty atmospheric condi-
tions gives a first-order assessment of how dust storms 
disturb the near-Mars space environment globally. Fig-
ure 2 presents a 3-D view of the ionospheric and mag-
netospheric disturbances during the 1971-1972 global 
dust storm, clearly demonstrating that dust storms may 
effectively extend their impact into high altitudes 
through plasma processes. 

Results:  This is the first time the impact of dust 
storms on the ionosphere and the induced magneto-
sphere is modeled on a global scale, from 100 km alti-
tude up to many Martian radii away from the surface. It 
is found that the dayside main ionospheric layer is lifted 
in accordance with dust-induced atmospheric expan-
sion. During the overall ionospheric upwelling, the peak 
electron density remains unchanged. The ionospheric 
composition is basically stable during the regional storm 
but is significantly altered during the global storm. 
Driven by the plasma transport process, dust-induced 
perturbations are not confined in the dayside ionosphere 
but propagate upward from the ionosphere to the mag-
netosphere and extend from the dayside to the nightside. 
Our numerical results suggest that strong dust storms 
may enhance ion loss of CO2+ by a factor of ~3 and in-
crease total carbon loss (neutrals and ions) by ~20% or 
more. Considering that global dust storms are an event 
over a time scale of months and their disturbances on 
the upper atmosphere may last even longer [7], it is im-
plied that strong dust storms at Mars play a potentially 
important role in long-term atmospheric evolution.  
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Introduction:  The ionosphere of Mars is dynamic 

and continuously affected by a host of interconnected 
physical processes in the surrounding interplanetary 
environment. Despite significant advances in space and 
ground-based observations, the response of Martian 
ionosphere to solar transients has not been fully charac-
terized.  

The ionosphere of Mars forms due to the interac-
tion between solar photons and the neutral atmosphere 
at (80 – 400 km). Plasma characteristics at the Martian 
ionosphere are important as they vary due to solar ac-
tivity [1], the regional magnetic field conditions [2], 
and dynamics of the neutral atmosphere [3]. Examining 
the ionospheric profile – the electron density with alti-
tude – can provide significant information on the phys-
ical processes that affect the plasma dynamics. 

In this work, we use comprehensive observations 
from the Mars Atmosphere and Volatile Evolution 
(MAVEN) mission, to investigate the impact of inter-
planetary solar conditions on the Martian ionosphere 
during solar cycle 24. In particular, we characterize the 
structure and evolution of the Martian photochemical 
plasma layers to solar conditions at different altitudes 
and solar zenith angles (SZA).   

 
Large and small-scale solar energetic particles 

events: Coronal Mass Ejections (CMEs), solar flares, 
and sunspots are common examples of solar activity 
that involve sudden ejection of solar energetic particles 
(SEP) and X-rays. When these energetic particles col-
lide with a planet that has weak or regional magnetic 
field like Mars, solar particles deposit their energy into 
the planet’s atmosphere inducing ionization, which 
affects the reservoir of particles escaping the upper 
atmosphere.  

In order to understand the dynamics and structure 
of the Martian ionosphere, it is important to understand 
the characteristics of solar events near 1.5 AU. Two 
solar events (Table 1, Fig 1) observed by MAVEN 
during Mar 01 and Mar 06, 2015  are used to simulate 
solar wind number density and radial velocity (Fig 
2a,b) using the publicly available Wang-Sheely-Arge 
(WSA)-ENLIL simulations of the Community Coordi-
nated Modeling Center.   

 

Table 1. Solar events observed by MAVEN in 2015. 
Flare Event  

Class 
E-S-M* 
(deg)  

# 
Date 

YY MM DD Peak 
Time 

1 2015 03 01 12:44 X1.2 135 
2 2015 03 06 05:50 M2.6 137 

 
*Earth-Sun-Mars angle 

Figure 1. Effect of flare events on the Martian iono-
sphere electron density during 2015. With flare (Mar 
1, 6), no flare (Mar 10).  

 
It is observed that the Mar 01 X1.2 class solar flare 
event has a more pronounced effect in ionizing the 
Martian ionosphere at lower altitudes compared to the 
Mar 06 M2.6 class event. MAVEN data indicates that 
no flare events (ex. Mar 10) result in different iono-
spheric effects, especially at 150 – 200 km altitudes. 
Solar wind number density, velocity and the interplane-
tary magnetic field vector (IMF) which subsequently 
impacted the Martian ionosphere electron density (Fig 
2a,b) denote more abundant particle deposition on Mar 
06 compared to Mar 01. Additionally, the evolution of 
dayside and nightside electrons and CO2 density pro-
files at different altitudes and solar illumination condi-
tions are also examined using MAVEN observations. 
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Introduction:  In the 2208 and 5111 sols of the 
Mars Exploration Rovers (MER) Spirit and Opportuni-
ty’s missions, a completely new perspective of the 
compositional diversity of the Martian surface and 
shallow subsurface layer was gained. Rocks and soils 
making up ancient terrains were lithologically, chemi-
cally and mineralogically diverse. This diversity was 
evidenced by measurements of multispectral reflec-
tance in the visible and near infrared (VNIR) made by 
the MER Pancam sensors. The Spirit and Opportunity 
archive of multispectral data represents not only a color 
record of the terrains explored by the rovers, but also 
provide valuable information on materials never exam-
ined in situ, but that nonetheless might be investigated 
in terms of their multispectral character for better un-
derstanding the geologic history of the explored ter-
rains. This abstract provides a summary of multispec-
tral Pancam observations of rocks and soils made over 
the course of the Spirit and Opportunity missions. We 
divide results from each rover into two parts each. 

Pancam:  Pancam collected 11 spectrally unique 
channels in the 430 to 1010 nm wavelength range. 
There were 2 overlapping channels for red or blue ste-
reo for a total of 13 filters ("13f") devoted to geologic 
analyses. These data were converted to radiance factor 
and then to relative reflectance (R*) by dividing radi-
ance factor by the cosine of the solar incidence angle. 
More details on the Pancam instrument and its calibra-
tion are provided in [1,2]. 

Spirit- Gusev Plains:  Spirit landed on the Hespe-
rian Gusev plains. The MER team found them to con-
sist of eroded basalt flows. Rock and surface soil com-
positions were relatively uniform; however trenching 
revealed sulfate-bearing soils in several locations [3]. 

Opportunity- Meridiani Plains:  Like the floor of 
Gusev, the Meridiani plains were lithologically uni-
form, but in a completely different, and spectrally more 
variable, way in that they consisted of sulfate-cemented 
“sandstones” overlain by a lag of hematite spherules 
and basaltic sands. These materials had relatively con-
sistent spectral characteristics (Fig. 1) as observed over 
the course of the 2682 sols spent on them before reach-
ing the rim of Endeavour crater [4]. Among the spec-
trally distinctive materials observed were the red hema-
tite RAT cuttings released by grinding into the coarse-
grained hematite-bearing bedrock (Fig. 2) and the 
more subdued, but distinctive higher 904 nm band 
depths of much of the Burns formation (Fig. 1). Differ-

ent, both in composition and VNIR spectra, were scat-
tered meteorites on the plains that are described in [5]. 

Spirit- Columbia Hills and Home Plate: The li-
thology, mineralogy and spectral character of rocks 
encountered by Spirit changed significantly after the 
rover reached the Noachian-aged Columbia Hills. De-
tailed descriptions of the multispectral character of the 
rocks in the Columbia Hills and those in the Inner Ba-
sin and on Home Plate are described in [6-8]. While 
the rover’s Mössbauer (MB) spectrometer detected 
goethite and hematite in some of the Columbia Hills’ 
aqueously altered rocks [9], Pancam spectra did not 
resemble the MB-determined phases.  However, some 
spectral parameters of these rocks were indicative of 
increased Fe oxidation (e.g., high 535 nm band depths 
and increased 754 to 1009 nm slopes, [7]). 

Sulfur-rich subsurface soils exposed by the rover’s 
wheels were spectrally distinct showing a broad ab-
sorption centered near Pancam’s 803 nm band (Fig. 3) 
which was associated with one, or more likely a mix-
ture, of ferric sulfate minerals [10]. 

A significant observation of hydrated materials  as-
sociated with silica-rich soils and nodules in the valley 
to the east of Home Plate was made by Pancam. These 
materials displayed a drop in reflectance from the 954 
to 1009 nm bands interpreted to result from a water 
overtone absorption [11]. 

Opportunity- Endeavour Crater Rim: Oppor-
tunity explored Noachian aged rocks on the rim of En-
deavour crater starting on sol 2683 and until its end of 
mission. Exposed on the rim of Endeavour were at 
least three distinct formations, the Shoemaker impact 
breccia, the clay-bearing Matijevic, which pre-dates the 
formation of Endeavour, and the sulfate-bearing Gras-
berg, related to and nominally pre-dating the Burns 
formation. The multispectral character of these for-
mations are described in [12,13]. Noteworthy charac-
teristics of the Grasberg include higher 535 and 904 
nm band depths relative to the Burns formation. In the 
lower Shoemaker there were numerous examples of 
calcium sulfate, nominally gypsum, veins. Gypsum has 
a water overtone band that overlaps with Pancam’s R7 
bandpass resulting in a distinct 934 to 1009 nm drop in 
reflectance (Fig. 4). Also occurring on the rim of En-
deavour were several examples of coatings with higher 
Mn contents (based on APXS measurements); these 
corresponded with relatively featureless, red-sloping 
Pancam spectra [14,15] (Fig. 5). 
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It was also found that Shoemaker bedrock in frac-
ture zones on the Endeavour rim had deeper 535 and 
904 nm band depths than on unfractured regions- con-
sistent with alteration in these areas. In Marathon Val-
ley “red zones” with redder rocks in visible bands were 
found to be chemically distinct by APXS [16]. 

Conclusions: The ability to characterize traverse 
locations with VNIR multispectral imaging proved 
invaluable in the course of the missions of both Spirit 
and Opportunity. In situ examinations of every rock or 
soil of interest is clearly impractical, and spot observa-
tions akin to MER Mini-TES or Mars Science Labora-
tory (MSL) ChemCam are valuable but limited in 
number. Spatially expansive imaging with sufficient 
spectral resolution to distinguish materials having 
characteristic spectral features will thus remain an es-
sential component of any Mars landed science mission. 
Multispectral imaging is an important part of the ongo-
ing MSL Mastcam investigation [17], and Pancam’s 
discoveries influenced the selection of new filter sets 
for the Mars-2020 Mastcam-Z and ExoMars PanCam. 

 
Fig. 1. A. Sol 33 P2589 L256 (753, 535, 482 nm) view 
of target Cathedral Dome. B. Spectra of primary units.  

 
Fig. 2. A. Sol 37 P2589 El Capitan RAT grind L256 
composite. B. Spectra of RAT cuttings and library 
hematite convolved to Pancam bandpasses. 
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Fig. 3. Sol 721 P2538 Arad. A. L256 of Arad. B. Arad 
yellow soil spectrum. 

 
Fig. 4. A. Sol 2769 P2574 L256 view of Homestake 
gypsum vein. B. Comparison of Pancam spectrum of 
Homestake with library gypsum spectrum. 

 
Fig. 5. A. Sol 3419 P2559 L256 of Monjon. B. Spectra 
of purple (upper) and blue (lower, Mn-elevated) parts 
of Monjon. C. Sol 3555 P2531 R731 of Pinnacle Is-
land. D. Spectra of light-toned border, and Mn-rich 
center of Pinnacle Island. 
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Introduction:  Gale crater is located on fluvially 

dissected, cratered, highlands bedrock astride the di-
chotomy boundary on Mars. Sedimentary rocks in Gale 
were deposited, buried, lithified, exhumed, and eroded 
before 3.3-3.1 Ga and comprise a 5 km high mountain 
(Aeolis Mons) [1]. A critical objective of the Mars Sci-
ence Laboratory (MSL) mission is to document the sed-
imentology and stratigraphy in order to assess whether 
any of the strata were deposited by or from liquid water, 
and whether these record potential habitable environ-
ments. Since landing, evidence for deposition in the 
presence of liquid water has been plentiful. Thus far, the 
cumulative stratigraphy (Fig. 1) has been broken into 
three informal group-level packages: the Bradbury and 
Mt. Sharp groups, which can be interpreted as part of a 
relatively continuous package of fluvio-deltaic and la-
custrine deposits unconformably overlain by the Siccar 
Point group (Fig. 2). The Murray formation is divided 
into seven lithostratigraphic members and presently 
comprises the only formation-level subdivision (thus 
far) of the Mt. Sharp group. Across a total drive distance 
of ~ 20 km, Curiosity has gained ~ 400 m of elevation 
leading to a composite stratigraphic column (column C, 
Fig. 1), which approximates stratigraphic thickness be-
cause bedding is near horizontal. Here we review the 
sedimentology and stratigraphy of the Murray for-
mation in terms of paleoenvironments, with implica-
tions for sustained potential for habitability. 

 

 
 
Figure 1. Schematic panel showing how the generation 
of the composite stratigraphic column (Column C) for 
Mt. Sharp and Siccar Point group stratigraphy.  
 

Sedimentology and Stratigraphy:  The Murray 
formation (> 300 m thick) is presently divided into 
seven, informal, lithostratigraphic members in order of 
elevation (and thus younging age): Pahrump Hills, Hart-
mann’s Valley, Karasburg, Sutton Island, Blunts Point, 
Pettegrove Point, and Jura (Fig. 2). Rocks in the Glen 
Torridon area south and topographically below Vera 
Rubin ridge (VRr) are lithostratigraphic equivalents of 
the same units observed on the ascent of VRr. Contact 
relations between members are difficult to ascertain, but 
are considered to be depositional or placed where ap-
proximately layer-parallel diagenetic effects result in 
changes in outcrop pattern. Unconformities are almost 
certainly present within the section, although they are 
very difficult to detect. As previously documented [2], 
contacts with the Bradbury group are considered transi-
tional. Three facies associations comprise the seven 
members 

Facies association 1 is typified by thinly laminated 
mudstones (Pahrump Hills, Karasburg, Blunts Point, 
Pettegrove Point, Jura members). Persistent fine lami-
nation, coupled with a lack of common desiccation, sug-
gests deposition in a lake in persistent standing water. 
Facies association 2 forms an ~25 m thick interval ex-
hibiting dm- to m-scale cross-bedding, consistent with 
sinuous-crested dunes. While the inferred fine grain size 
is consistent with an aeolian setting, such structures are 
also produced in fluvial settings. Furthermore, the grain 
size is difficult to measure directly [3]. This facies is 
best observed in the Hartmann’s Valley member and 
parts of the Karasburg and Pettegrove Point/Jura mem-
bers. Facies association 3 comprises heterolithic mud-
stone and sandstone. Identifiable in Mastcam and 
MAHLI images are maroon-colored, finely laminated 
mudstone, cm-scale ripple cross-laminated sandstone, 
and dm-scale cross-stratified sandstone. Concretions 
occur commonly and obscure primary lamination where 
abundant [4]. This facies is best exemplified by the Sut-
ton Island member, although it occurs in other units. The 
broad facies arrangement of the Bradbury group and 
Murray formation and Bradbury group is consistent 
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with progradation of fluvial deposits from the crater 
margin to a lake setting that occupied part of the crater 
interior. Overall, the facies types and architecture are 
consistent with deposition in a lake basin(s) with sedi-
ment and runoff delivered via fluvial systems across a 
barren landscape. We interpret the collective facies to 
represent deposition in lakes with relatively stable water 
levels, where water plus sediment input generally ex-
ceeded overall evaporation, similar to overfilled lake 
basins recognized on Earth [5]. Such an interpretation is 
consistent with the absence of multiple features com-
mon in evaporative basins, including: desiccation struc-
tures, contemporaneous evaporite deposition, displacive 
mineral growth, and enterolithic folding.  

 

 
 
Figure 2. Schematic composite column showing rock 

type versus elevation for the sedimentary rocks trav-
ersed by Curiosity since landing. Black dots represent 
drill locations. Dominant facies shaded in gray (Facies 
1), yellow (Facies 2), beige (Facies 3). 
 

Habitability Potential:  For approximately 300 me-
ters of compacted stratigraphic thickness, the Murray 
formation records lacustrine and lacustrine-margin 

deposition with abundant standing water. Although time 
constraints are not known, it would be reasonable to en-
vision this amount of accumulation in packages totaling 
hundreds of thousands (or more) years, similar to units 
comprising the Green River Shale [6]. Additionally, 
multiple, temporally spaced, low-temperature, diage-
netic events occurred in much of the Murray formation, 
indicating that brines continued to interact with the stra-
tigraphy long after deposition and lithification, thus ex-
tending the time frame for habitability under a variety 
of conditions in this basin even further. 
 

References: [1] J.P. Grotzinger et al. (2015) Sci-
ence. [2] K.M. Stack et al. (2018) Sedimentology. [3] S. 
Gwizd et al. (2018) LPSC. [4] V. Z. Sun et al. (2018) 
LPSC. [5] K. Bohacs et al. (2000) AAPG Studies in Ge-
ology. [6] Smith et al. (2003) GSA Bulletin. 
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GEOCHEMISTRY OF MARTIAN BASALTS: SUPPORT FOR MARS SAMPLE RETURN OF A 
NOACHIAN/HESPERIAN LAVA.  J. Filiberto1, 1Lunar and Planetary Institute, USRA, 3600 Bay Area Blvd. 
Houston, TX 77058 JFiliberto@lpi.usra.edu. 

 
 
Introduction: Martian meteorites, currently our 

only samples of rock from Mars, provide most of our 
detailed information about Martian basalts (i.e., 
shergottites): chemistry, source region, and 
crustal/planetary evolution. However, shergottites span 
a limited range of ages and major element chemistries 
[1,2]. Further, their bulk compositions are significantly 
different from Mars’ average crust, and from rocks 
analyzed in situ on Mars [2, 3]. The breccia NWA 
7034 (and paired stones) further exemplifies the 
uniqueness of the bulk chemistry of shergottites 
compared with the majority of clasts within the breccia 
[4]. Here, I will compare what is known about the bulk 
chemistry of Martian basalts, use their bulk chemistries 
to calculate their mantle formation conditions, and 
show that the shergottites do not represent the average 
Martian mantle. They do represent lavas from deep, 
relatively dry mantle. Further, using the differences in 
age between shergottites and surface basalts, I will 
place constraints on how Mars’ mantle may have 
changed through time and what data is needed to better 
constrain mantle evolution. 

Bulk Chemistry: Shergottites have a rather 
restricted range in major element bulk chemistry [1, 5], 
with low total alkalis and ~48 ± 3 wt% SiO2 (Fig. 1; 
from [2]). The average crust based on gamma ray 
spectrometer measurements [6] has a similar SiO2 
content but is significantly enriched in total alkalis 
compared to shergottites, suggesting that the 
shergottites do not represent the average Martian crust.  

 
Fig. 1. Total alkalis vs. silica for Martian rocks compared with a 
terrestrial volcanic classification [7]. Data from Martian rocks as 
summarized in [2]. Gray square represents the average crust 
composition from GRS measurements with calculated Na [2]. 

This difference in bulk chemistry is further 
emphasized by basalts analyzed in situ at Gusev and 
Gale Craters, and by basalt clasts in NWA 7034 

(summarized in [2]) – all have higher total alkalis than 
any shergottite. Only Bounce rock in Meridiani 
Planum [8] and a few fragments in NWA 7034 [4] 
have similarly low total alkali contents. 

This suggests either different source region 
chemistry for the shergottites (compared to most Mars 
basalts) or very different melting conditions. Since the 
shergottites are all relatively young [8], this may 
suggest a change in mantle properties (including bulk 
chemistry) through geologic time. 

Volatile Contents: Volatile contents of Martian 
basalts and their source regions are typically based on 
analyses of minerals such as apatite, amphibole, 
olivine, or pyroxene [9-15]. This has been done to a 
large extent for the Martian meteorites, but without 
sample return (or the finding of ancient basaltic 
meteorites) cannot be done adequately for Noachian 
aged surface basalts. This presents a serious problem 
that cannot be mitigated without new samples: what is 
the volatile content of the Martian interior during the 
Noachian [16]. Based on the Martian meteorites, the 
interior is thought to be relatively dry (<< 200 ppm 
water), heterogeneous, and resemble the terrestrial 
Mid-Ocean Ridge depleted source region [9, 12, 17]. 
Back calculating to the Noachian, suggests that the 
Martian mantle may have been wetter and lost its 
volatiles through partial melting [18]; however, the 
exact volatile contents of ancient basalts are unknown 
and are needed for understanding the input of volatiles 
to the crust. Magmatic volatile degassing is critical for 
making a habitable planet [16, 19, 20].  

One caveat is that analyses of apatite grains in 
clasts in NWA 7034 have given hints to the volatile 
content of ancient magmas, but NWA 7034 has a 
complex history that needs to be fully unraveled to 
understand and apply this data set [21]. 

Formation Conditions: There are two main 
methods that have been used to calculate the average 
Martian magma formation conditions: inverse 
experimental method [22] or geochemical modeling by 
olivine-melt Mg-exchange thermometry, silica-activity 
in the melt barometry, or PMELTS calculations [23-
25].  

Figure 2 shows the average magma genesis 
conditions for Martian basalts [2]. All of the calculated 
conditions are above the solidus, as would be expected 
for partial melt of the Martian mantle. These results 
show that surface basalts at Gusev Crater, Meridiani, 
and most of the basalts at Gale Crater (though with 
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more scatter) have similar P-T formation conditions, 
suggestive that these represent average melting 
conditions during the Noachian. The estimates for 
magmas at Gale Crater have more scatter with some 
magmas being formed at very low pressures and 
temperatures just above the solidus. This is consistent 
with fluids in the source region possibly from a 
metasomatic event being required to lower the solidus 
and produce those magmas [2, 26]. On the other hand, 
shergottites have higher temperatures of formation 
than surface basalts, and newer estimates from 
modeling and experiments suggest a deeper origin as 
well, consistent with deep plume melting [2, 27]. 

 

 
Fig. 2. Temperatures and pressures calculated for Martian 

compositions from [2]. Experimental constraints for basalts from 
Gusev Crater and Martian meteorites are shown for comparison 
between experimental and modeling results [27-31]. Also shown is 
the solidus of nominally volatile-free Martian mantle (dashed line 
[32]). 

Discussion: Shergottites have significantly 
different chemistry and formation conditions compared 
with basalts analyzed at most landing sites and they are 
also younger than the surface basalts. Combining the 
difference in age and differences in chemistry and 
formation conditions suggests a shift in the mantle 
both in terms of melting conditions and chemistry 
through geologic time. Melting during the Noachian 
and Hesperian was shallow (~1GPa) and ~1400°C, but 
recent mantle melts were deeper and hotter. This 
suggests a change from average upper mantle melting 
to focused deep mantle plumes through geologic time 
[33]. Further, bulk chemistry differences suggests a 
heterogeneous Martian mantle [35] with a possible 
decrease in fertility of the mantle through time. This is 
consistent with recent suggestions that both oxygen 
fugacity and the bulk volatile content of the mantle 
may have decreased through time [e.g., 18, 34; 36]. 
However, the exact changes in mantle melting 
conditions, bulk chemistry and, importantly, volatile 
abundances through time cannot be fully constrained 
without either sample return of an ancient basalt or 
analyses of Noachian mantle material. 
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CRYSTALLOGRAPHY OF AN EARLY AMAZONIAN METEORITE: IMPLICATIONS FOR 
CONDITIONS AT CRYSTALLIZATION  L. V. Forman1, G. K. Benedix1, K. J. Orr1, and L. Daly1,2.  1 Space 
Science and Technology Centre, School of Earth & Planetary Sciences, Curtin University, GPO Box U1987, Perth, 
WA, Australia, email: lucy.forman@curtin.edu.au, 2 School of Geographical and Earth Sciences, University of Glas-
gow, Glasgow, G12 8QQ, UK 
 

Introduction:  The study of martian meteorites has 
provided a deeper understanding of volcanism on Mars. 
Collectively, the small number of samples we have col-
lected and analyzed have begun to answer large-scale 
questions pertaining to the geological history of the 
martian surface. Here, we investigate a basaltic sher-
gottite meteorite from the early Amazonian [1] - one of 
only two currently known martian meteorites that crys-
tallized at this time [1,2]. Shergottites sample a suite of 
different lithologies, formation ages, ejection ages and 
volcanic settings [3], therefore careful consideration of 
each sub-type is critical to building a wider understand-
ing of martian volcanism as a function of both formation 
age and location.  

North-West Africa (NWA) 8159 is the only sher-
gottite classified as an augite basalt [1, 4]. It likely crys-
tallized from an evolved melt at 2.37 ± 0.25 Ga based 
on Sm-Nd analyses [1], which is much older than the 
majority of the shergottite group (typically <600 Ma in 
formation age) [1]. We investigate the crystallization 
conditions of this early Amazonian rock, and what im-
plications that has for the environment in which it 
formed. 

The aim of this initial crystallographic examination 
is to qualify and quantify any crystallographic fabrics or 
alignments present in NWA 8159. Crystallographic tex-
tures can be used as an indicator for how the igneous 
rock was emplaced, for example in a fast-moving flow 
or in a cumulate setting. This study marks the start of a 
wider comparative analysis of crystallographic textural 
variations across the shergottites, with the aim of map-
ping out any observed disparities within the class.  

Methods: Crystallographic information was col-
lected from the surface of an 1-inch round epoxy mount 
of NWA 8159 (supplied by UNM), prepared at Curtin 
University. The sample was polished with colloidal sil-
ica for 7 hours on a Vibromet polisher to obtain a reflec-
tive surface, and then coated with ~5 nm of carbon for 
conductivity purposes. A backscatter electron (BSE) 
image was collected at 20 KeV accelerating voltage on 
the TESCAN TIMA scanning electron microscope 
(SEM) at the John de Laeter centre (JDLC) at Curtin 
University. All crystallographic information was then 
collected using the electron backscatter diffraction tech-
nique (EBSD), with a TESCAN MIRA3 SEM and Ox-
ford Instruments Symmetry CMOS detector. Large area 
maps were created based on crystallographic infor-
mation obtained at a step size of 1 micrometre.  

Phase and orientation information were collected or 
deduced based on Kikuchi bands recorded by the detec-
tor, which were created after interaction with each min-
eral surface. In this initial study, we focused on the ori-
entation characteristics of the large, poikilitic grains 
identified as crystalline plagioclase feldspar over a ~3 x 
4 mm area. This area alone generated ~15 million data 
points across all phases. 

Analysis and processing of this data was conducted 
using the Oxford Instruments software package, Chan-
nel5. Noise reduction was conducted as per the common 
protocol [e.g. 5,6], and the larger grains were then added 
to a subset via grain size thresholding. Grain boundaries 
were characterized using a 10º misorientation threshold. 

Results: Phase analysis of the study area revealed 
the following mineralogy in the study area away from a 
large shock vein; clinopyroxene (48%), plagioclase 
feldspar (36%), magnetite (8%), olivine (3%) and 5% 
attributed to the Ca-rich minor veins and accessory min-
erals, such as apatite. This is broadly in agreement with 
previous mineralogical studies [e.g. 1,4]. Maskelynite 
was not included here as it is not crystalline and there-
fore can’t be detected via EBSD.  

Orientation data is shown in Fig. 1. This is an euler 
map of the study area displaying the orientation of each 
grain via color-coding according to the three euler com-
ponents of the crystallographic orientation. To simplify 
this map, the same data, with a single representative 
point for each grain, was then contoured in pole figures 
and is shown in Fig. 2. This is a lower and upper hemi-
sphere, equal area projection for 3 primary crystallo-
graphic axes of plagioclase feldspar (<20-1>, <010> 
and <001>). Here, we can identify similarities or clus-
ters of the data of specific crystallographic axes via con-
touring of the point data, indicating the presence or ab-
sence of a crystallographic alignment or fabric. A weak 
clustering of grains is observed in the <010> axis high-
lighted in red on the contoured plot, which is typically 
the shortest crystallographic axis in plagioclase. This 
visualization shows that <010> is commonly parallel to 
the plane of the sample (i.e. intersects with the edges of 
the circle), and is oriented along the NE-SW line, with 
respect to the orientation of the sample (shown by black 
dotted line in Fig. 2). Notably, there is also a distinct 
lack of alignment in the other two axes. 

Discussion: The presence of an alignment in <010> 
indicates that a consistent force has been applied to the 
rock during the final phase of crystallization. There is 
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no apparent alignment in the long crystallographic axis 
of the plagioclase laths (<001>) indicating the align-
ment of <010> was not generated by flow, which typi-
cally results in a lineation of the longest axis of the 
grains [e.g. 7].The weak alignment of  <010> in the 
large plagioclase laths is, however, consistent with a 
compressive or settling texture. <010> is the shortest 
axis of the plagioclase grains, therefore the grains are
stacked perpendicular to the shortest axis, which is
likely parallel to the line of the compressive force, for 
example gravity or impact [e.g. 5]. The low abundance
of maskelynite observed within NWA 8159 [1, 4] and 
size of the aligned laths imply that impact is unlikely to
be the driver of this alignment. NWA 8159 remains rel-
atively unshocked compared to other shergottites [1, 4]
and impact events rarely align such large grains, partic-
ularly in crystalline rocks. We therefore consider this 
alignment to be the result of gravity-induced settling. 

The cumulate texture of the plagioclase phenocrysts 
3600is consistent with final crystallization in a shallow 
or short sill (potentially with interrupted flow to account 
for the lack of a lineation), or in a shallow lava pool. In 
both of these proposed scenarios, the finer-grained 
groundmass would crystallize quickly, but the large 
phenocrysts- that had likely formed earlier- would be 
able to settle under gravity. These suggestions are also
loosely in agreement with previous studies, where the 
grain size of the groundmass of NWA 8159 was used to 
infer a surface lava flow or shallow sill origin [1].  

Conclusions and future work: Future work will in-
clude analysis targeting the fine-grained groundmass. 
Although there is a weak alignment, it’s possible the 
large phenocrysts examined here may be too large to be 
re-oriented by flow. Examination of the finer ground-
mass will enable a direct comparison with the textures 
presented here, and an evaluation of any size-dependent 
alignments. Collectively, this will help us to better un-
derstand the final-stage crystallization environment of 
NWA 8159. 

References: [1] C. D. K. Herd et al. (2017) GCA, 
218, 1-26 [2] C. B. Agee et al., (2013) Science, 
339:6121, 780-785 [3] A. N. Krot et al., (2007) Treat. 
Geochem., 1, 1-52 [4] A. Ruzicka et al., (2015) Meteo-
rit. Planet. Sci., 50, 1662 [5] L. V. Forman et al., (2016) 
EPSL, 452, 133-145 [6] L. Watt et al., (2006) MAPS, 
41:7, 989-1001 [7] B. Tikoff & H. Fossen (1999) Jour. 
Struct. Geol. 21, 1497-1512.  

 1 mm 
Fig. 1: Euler map of the study region, displaying the orienta-
tion of each crystal characterized by the 3 Euler angles in red, 
green and blue (measured between 0-360 degrees for each an-
gle).  

336 data points
1 point per grain 

336 data points
1 point per grain 

Fig. 2: Lower and upper hemisphere stereographic projections of
the contoured orientation data for large plagioclase laths. The 
legend represents multiples of mean uniform density, or m.u.d., 
therefore the red colored regions on the plots indicate a higher 
density of axes which intersect the plot at those orientations. The
black dotted line represents the typical <010> axis orientation
for the aligned grains.  

336 data points
1 point per grain 
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Introduction:  ChemCam is an active remote sens-
ing instrument suite running successfully on MSL since 
2912[1,2]. It uses laser pulses to remove dust and to pro-
file through weathering coatings of rocks up to 7 m 
away. Laser-induced breakdown spectroscopy (LIBS) 
obtains emission spectra of materials ablated from the 
samples in electronically excited states. Additionally 
when the plasma cools down, elements can recombine 
and molecular emission lines are observed. Recent ex-
periments [3] have shown that, when occurring, these 
molecular emissions can be much brighter than the as-
sociated atomic lines especially when halogens and 
REE are concerned. These molecular emissions have 
been observed in several ChemCam spectra and allowed 
the first ever detection of fluorine on the surface of Mars 
[4]. 

Experimental Data: Experiments under martian 
conditions conducted at LANL with various mixing ra-
tios of CaF2 exhibit bands at 532.1, 584.5, 603.1 and 
623.6 nm assigned to CaF molecular emissions. The 
band at 603.1 nm is the strongest while the other bands 
are less intense. Those experiments allowed us to derive 
a calibration curve for the F content and confirmed a de-
tection limit for fluorine of 0.2 wt.%.  

Observations: Over the seven years of observa-
tions, ChemCam detected over 1000 points containing 
fluorine. This represents 0.5 % of all the observations. 
Two types of relationships between the fluorine and the 
others elements can be identified: the first one relates 
fluorine with calcium. In this case the F-bearing phases 
are either apatite, Ca5(PO4)3(H, Cl, F) or fluorite, CaF2. 
Often it is not clear to disentangle between the two un-
less phosphorus is detected which is not easy given the 
detection limit of about 3.0 wt% P with ChemCam. The 
second type relates fluorine with silicon and aluminium. 
In this case, the F-bearing phase could be mica (musco-
vite or biotite) or more broadly phyllosilicates. Fluorine 
has been detected in very different geological settings 
(fig..1). We will describe some of them. 

Conglomerates: Fluorine was detected on the con-
glomerates at several locations and as early as Sol 14 in 
the Goulburn conglomerates. Fluorine detections are 
observed as points distributed across a single clast (Har-
rison), on conglomerates distributed along the rover 
traverse (Goulburn, Link, Deloro, Bald Mountain) and 
in specific outcrops (Lamboo at Kimberley and Platypus 
Ridge at Darwin) [5]. Fluorine detection is not restricted 

to one conglomerate type. Localized Fluorine abun-
dances of 0.5 to 1.9% were only found in isolated points 
and as such would not translate to average bulk rock 
compositions of this magnitude, with the exception of 
Goulburn and Link where a bulk content of 1.2% can be 
estimated because all points contain fluorine. At those 
two locations the low Ca emission lines as well as the 
correlation of fluorine with silicon, aluminium and po-
tassium favours the occurrence of micas like muscovite. 
Note the presence of H in varying proportions in these 
F-bearing points suggest that some of these minerals are 
also hydrous, which is a possibility for mica. 

Kimberley: Curiosity spent sols 572-632 analyzing 
outcrops of sandstone, siltstone, and conglomerate in a 
region of Aeolis Palus informally named the Kimberley 
formation. The exposed strata contained three informal 
members: the lowermost “Square Top” member, an 
overlying “Dillinger” member, and the uppermost “Mt. 
Remarkable” member [6]. A range of sediment 
transport directions, reconstructed from crossbed dip di-
rections, suggests complex paleoflow hydraulics with a 
primarily southwesterly flow in an ancient fluvial (or 
possibly mixed fluvial-aeolian) system [6]. 36 observa-
tions contain fluorine with concentrations ranging from 
0.2 wt.% up to 0.8 wt.%. It is  notable that these fluorine 
observations are spread throughout all units of the Kim-
berley outcrop. Interestingly, all 9 points of the Dil-
linger target (Sol 628) contain fluorine at a level of 
about 0.5 wt.%, indicating that fluorine is present in one 
of the major phases and not as accessory phases.. 
Among the Kimberley observations, fluorine is gener-
ally correlated with K, Al, Si and Mg in that decreasing 
order [7]. These correlations suggest that the F-bearing 
phase may be compatible with a silicate phase. Of the 
phases determined by CheMin in the Windjana drill 
sample the likeliest hosts are clay minerals or the amor-
phous component [8] or else a component that was not 
observed in that drill hole, as no F was observed by 
ChemCam in the hole. 

Pahrump Hills--Stimson units: Based on orbital 
mapping, Pahrump Hills is the first stratigraphic unit of 
Mt. Sharp that Curiosity explored. Curiosity reached 
Pahrump Hills ca. sol 750. At Pahrump Hills, the Lower 
Murray formation consists of finely laminated mud-
stones, with interstratified cross-bedded basaltic sand-
stones [9]. ChemCam performed extensive analyses of 
the material within this Pahrump section, providing 
chemical compositions both on the host rock/sediment 
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[10, 11] and on post-depositional features. On sol 923, 
Curiosity left the primary Pahrump Hills locality and 
encountered a network of prominent veins, termed Gar-
den City, protruding above the host rock. The majority 
of the detections occurred in the basal Pahrump Hills 
outcrop, correlated with silicon probably in phyllosili-
cates [10] in good agreement with CheMin [11]. In the 
upper part of the outcrop, fluorine is detected as second-
ary calcium correlated phases because found in dentritic 
features and veins.  In the Garden city location in the 
uppermost part of Pahrump Hills, very high fluorine 
contents were detected in association with Ca (and no 
other element), thus likely associated with fluorite [12]. 
Its formation can be structure-related including miner-
alization in breccia and veins or unconformity-related 
and may require hot (200°C) hydrothermal and/or acidic 
fluids [10]. Leaving this area on sol 949, the rover pro-
ceeded toward a contact between the Murray Formation 
and an unconformably overlying eolian deposit, named 
the Stimson Formation. The rover continued to an area 
where the contact is fully exposed. ChemCam observa-
tions were acquired on the rocks and materials in this 
area of the contact. The majority of the detections was 
made very close the unconformity between the Murray 
mudstone and the Stimson sandstone and is mainly lo-
cated in the Stimson unit. The fluorine is generally 
found in a calcium-correlated phase, either apatites or 
fluorite. Theses phases are probably indicating fluid cir-
culation at the unconformity [13]. Finally from Sol 1500 
on, the rover entered the Murray buttes region, which 
belongs to the Murray formation. The rate of detection 
notably increases after Marias Pass especially on the 
Naukluft Plateau and Murray Buttes area. It is worth 
noting that all the detections occur in the Murray for-
mation. More than 200 detections were made in the 
Naukluft Plateau and Murray Buttes. These detections 
are related to calcium bearing phases and mainly found 
in fractures fills, in the dark-toned veins or maybe in the 
interstitial space between these veins and the sulphate 
veins. However, there are some differences between the 
veins we observe in the Naukluft Plateau and Garden 
City: fluorine is in apatite and not in fluorite. 

VRR: VRR is a topographic ridge on the central 
mound, Aeolis Mons (Mt. Sharp), in Gale crater that 
displays a strong hematite spectral signature from orbit 
[14]. The ridge is comprised of two stratigraphic mem-
bers within the Murray formation, the Pettegrove Point 
member (lower) and the Jura member (upper) [15].The 
Pettegrove Point member overlies the Blunts Point 
member of the Murray formation [16]. The Jura member 
comprises bedrock showing areas of red and gray color-
ation. Red areas show steep ferric absorptions near 550 
nm and also contain an ~860 nm absorption feature at-

tributed to red hematite. Gray regions show weak to ab-
sent 860 nm absorption and have a weak to no ferric 
edge near 550 nm [17]. Generally, gray Jura rocks are 
found in local topographic depressions, but contacts be-
tween red and gray Jura are observed to crosscut stratig-
raphy. Overall, in-situ observations show that VRR is 
comprised of planar-laminated mudstones similar to li-
thologies observed in the underlying membersof the 
Murray formation. Sedimentary facies characteristics 
suggest that these mudstones were primarily deposited 
in an ancient lake environment. An increase of fluorine 
detections is observed in VRR with about 230 detec-
tions. The detections are equivalently distributed be-
tween the Pettegrove unit and Jura. Very few belong to 
the Gray Jura unit.  Generally the fluorine bearing phase 
is mainly correlated with apatite which is often associ-
ated with iron rich deposits indicating hydrothermal al-
teration similar to what is observed with the Durango 
apatite [18].                   

 
 
Figure 1: Stratigraphic distribution of the fluorine detections. 
Only detections less than 3 wt% F are displayed. 
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Introduction: The dayside ionosphere of Mars is 

produced by the photoionization of atmospheric neu-
trals [1], while the nightside ionosphere is maintained 
through a combination of day-to-night transport and 
localized impact ionization [2, 3, 4] from precipitating 
electrons. Small scale ionospheric irregularities in 
ionospheric density and magnetic field strength have 
recently been observed by the NASA Mars Atmos-
phere and Volatile EvolutioN (MAVEN) mission [5, 
6]. We present an example of one such event, demon-
strating that atmospheric conditions are analogous to 
the terrestrial ionospheric E region, suggesting that 
the instability formation mechanism(s) may be similar 
to those that drive Type 1 and Type 2 irregularities at 
Earth, namely, the gradient drift and/or two stream 
instabilities [7, 8, 9, 10]. 

A statistical study of similar events at Mars using 
the ~4 year MAVEN data set has shed light on irregu-
larity properties that are similar to the terrestrial ana-
logues in some respects, and different in others. A 
striking feature at Mars is that variations in magnetic 
field strength are associated with these irregularities, 
in contrast to at Earth, where irregularities are elec-
trostatic in nature. This is likely due to the Martian 
plasma beta having a value of ~1 in the ionosphere, 
compared to the much smaller values at Earth. The 
magnetic variations at Mars are typically 1-2 nT in 
amplitude, equivalent to 10-20% of the background 
field strength. The length scales of these magnetic 
variations are typically 5-20 km perpendicular to the 
magnetic field.  

The plasma instrumentation carried by MAVEN 
cannot fully resolve the corresponding ionospheric 
density variations and it is not yet clear whether den-
sity variations mirror those in the magnetic field or 
not. Large variations in ionospheric density are none 
the less observed, typically at 25-75% of the back-
ground ionospheric density. 

Ionospheric irregularity events at Mars are most 
likely to be observed past the dawn and dusk termina-
tors, between solar zenith angles of 90 and 150 de-
grees, suggesting that as at Earth, photoionization acts 
to stabilize the ionosphere by reducing the vertical 
plasma density gradient. 

The magnetic environment at Mars is very differ-
ent to Earth; Mars lacks a dipole magnetic field and 

possesses crustal magnetic fields; as a result, the 
magnetic environment is highly variable temporally 
and spatially, responding strongly to changes in up-
stream solar wind conditions, for example. At Earth, 
ionospheric irregularity events occur primarily at the 
magnetic equator where the local magnetic field is 
horizontal. Contrary to this, at Mars, irregularity 
events occur at all latitudes, primarily outside of the 
strongest crustal field regions. The exclusion of 
events within the strongest crustal field regions arises 
due to the large increase in magnetic field strength 
there, which acts to re-magnetize ions and stabilize 
the ionosphere against the gradient drift and two 
stream instabilities, at least at the altitudes sampled by 
MAVEN. 

MAVEN is the first spacecraft at Mars capable of 
observing these small scale ionospheric irregularities 
using in-situ measurements, and the study of these 
events provides information into the coupling between 
the neutral atmosphere and ionosphere. The similari-
ties and stark differences between the Martian and 
terrestrial plasma environments allows for interesting 
and insightful comparative aeronomy studies to be 
undertaken, and the results presented here are the first 
step in this process. 
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Introduction:  Smectite clay minerals are among 

the most common alteration minerals detected in an-
cient Martian surface materials [1–3] and are an im-
portant indicator of past aqueous conditions. If dis-
cernable, the properties of the clay minerals, particular-
ly composition and structure, can be used to better 
constrain the environmental conditions in which they 
formed. This can inform interpretations about hydro-
logical systems on early Mars [4]. Initial mineralogical 
mapping of phyllosilicate distribution developed a par-
adigm in which early Mars hosted an active hydrologi-
cal cycle during the Noachian that gradually gave way 
to increasingly water-limited and acidic conditions 
during the Hesperian. However, further investigation 
of Martian clay minerals by both orbital and surface 
assets has demonstrated a variety of phyllosilicate-
favorable aqueous alteration pathways active during 
both the Noachian and Hesperian periods, and shown 
that a synergistic approach combining information 
obtained at many spatial scales is critical to determin-
ing geologic context and aqueous conditions as indi-
cated by the presence of clay minerals.  

Spectral detection of clay minerals: Orbiting in-
frared imaging spectrometers OMEGA and CRISM
have enabled detections of thousands of occurrences of 
smectite clay minerals on the Martian surface [1,5]. 
Characteristic absorptions are caused by cation-OH 
vibrational modes within the clay mineral structure and 
vary as a function of composition between 2.2 and 2.5 
µm [6,7]. Most commonly detected on Mars are 
Fe3+/Mg smectites, with key absorptions centered near 
2.3 µm. Saponites (Mg-rich endmember) have an ab-
sorption shifted towards 2.31 µm whereas absorptions 
in nontronites (Fe3+ endmember) are closer to 2.28 µm. 
These clay minerals form readily from basaltic  mate-
rials in both open and closed systems, but do not 
require cation transport due to fluid flow. Montmo-
rillonite (Al-rich endmember) also occurs and is 
identified by a 2.2 µm absorption. Al-phyllosilicates 
indicate more extensive cation fractionation and are 
typically associated with fluid flow and leaching. 
Other diagnostic clay minerals, such as kaolinite, 
illite and chlorite, have been detected from orbit as 
well [5]. 

The Compact Reconnaissance Imaging Spec-
trometer for Mars (CRISM) has a standard resolution 
of 18 m/pixel, which makes it an important bridge 

between orbital and surface observations, enabling 
mapping of mineral assemblages on the regional to 
outcrop scale. Mineralogy identified by CRISM, to-
gether with visual imagery, has been critical in deter-
mining landing site locations and enables comparison 
between disparate stratigraphic sections. Conversely, 
understanding local contributions of dust cover, sand, 
and surface texture is of key importance in interpreting 
the spectroscopic signatures, and in-situ exploration of 
areas with mineral detections provide critical context 
to orbital interpretations.  

Mt Sharp and Curiosity: The Curiosity rover has 
begun characterization of the clay-bearing Glen Torri-
don region on Mt Sharp, where CRISM detected Fe3+

smectites associated with a ~15-km lateral stratigraph-
ic exposure. Glen Torridon is just south of the hema-
tite-bearing Vera Rubin ridge and is overlain by thick 
sulfate-bearing layered deposits. This mineralogical 
sequence suggests that the Mt Sharp stratigraphy rec-
ords significant environmental change and a variety of 
aqueous environments on early Mars, and was a key
reason that Curiosity landed in Gale Crater [8,9].  

Curiosity observations of Glen Torridon show that 
the region is composed primarily of low-lying mounds 
and ridges covered in locally-sourced pebbles with 
only intermittent exposures of intact bedrock. Where 
this intact bedrock is exposed, Curiosity has observed 
heterolithic mudstones sometimes exhibiting alternat-
ing thin-thick couplets, and very fine sandstones exhib-
iting trough cross-stratification. The facies observed in 
Glen Torridon are consistent with facies observed pre-
viously in the Murray formation lacustrine sediments. 
MSL data of elemental abundances also indicate Glen 
Torridon targets are compositionally in family with 
previous Murray formation observations. Resistant 

 

Figure 1. Left: CRISM map of Fe3+ smec-
tites in Glen Torridon, on the northwest 
slopes of Mt Sharp. Below: Mastcam 
mosaic looking to the south (within red 
arrows). Regions associated with the 
CRISM smectite detections are in the 
foreground. MCAM 12542, 
NASA/JPL/Caltech/MSSS  
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knobs and ridges of cross-laminated sandstone overlie 
the more recessive heterolithic facies.  

Elemental compositions measured by the Chem-
Cam and APXS instruments demonstrate the intact 
bedrock and widely dispersed rubbly and pebble form-
ing materials are compositionally distinct, such that the 
intact bedrock is enriched in MgO and the rubbly ma-
terial is enriched in K. All samples have elevated CIA 
values consistent with increased weathering [10]. Ini-
tial results indicate that the two drilled samples (Aber-
lady and Kilmarie) are the most clay-mineral rich to 
date [11,12]. These samples are located within one of 
the CRISM smectite “hotspots” close to the contact 
with the Vera Rubin ridge, and were drilled from an
isolated block of intact bedrock. Future exploration 
will continue to investigate how orbital signatures cor-
relate with surface expression throughout Glen Torri-
don. 

Endeavour Crater and Opportunity:  The Op-
portunity Rover characterized several occurrences of 
smectite clay minerals while investigating the Noachi-
an-aged Endeavour Crater. Given that at the time of 
exploration Opportunity lacked an explicit means of 
measuring mineralogy, these discoveries were depend-
ent on the combination of orbital and in-situ observa-
tions.   

On Cape York, CRISM detected a small patch of 
Fe3+ smectite clays, which rover investigation found to 
be be associated with fine-grained layered rocks inter-
preted to pre-date Endeavour Crater’s formation. 
Nearby, Opportunity also found a fracture system with 
chemical evidence for Al-rich smectites as a product of 
chemical leaching, at a scale too small for observation 
by orbital spectrometers. These observations, together 
with cross-cutting calcium sulfate veins, demonstrated 
multiple iterations of aqueous fluid alteration both pre 
and post the Endeavour Crater impact [13].  

On Cape Tribulation, 3 km to the south, Opportuni-
ty also investigated an Fe3+/Mg smectite detection,
confirmed using five overlapping CRISM observa-
tions, within a morphological feature cutting through 
the crater rim called Marathon Valley [14]. Rover 
compositional measurements demonstrated that the 

brecciated, fractured bedrock within Marathon Valley 
was consistent with that of the previously observed
Shoemaker impact breccia formation [13], of which 
most of Cape Tribulation is composed, and supporting 
the interpretation that the Shoemaker breccia was like-
ly pervasively isochemically altered by post-impact 
fluid permeation, particularly along fracture systems.
That the smectite spectral signal detected from orbit 
was isolated within Marathon Valley was likely con-
trolled by surface texture, dust content and bedrock 
exposure, as well as alteration mineral abundances[14].  

Synergistic Results: In every case where a landed 
or rover mission explores a region identified as scien-
tifically interesting from orbit, the added context from 
both scales provides reciprocal information when de-
veloping interpretations of the aqueous history of a 
region. In-situ observations about the outcrop expres-
sion and surface cover enable much more nuanced 
understanding of the orbital detections over larger spa-
tial scales. The rubbly, broken-down surface texture in 
Glen Torridon, for instance, is distinct from much of 
the rest of the lower Mt Sharp strata and likely plays an 
important role in explaining why the smectite mineral 
signature is so clearly associated with this particular 
stratum, in addition to variation in the mineral abun-
dance.  Nearly every other Curiosity drill sample has 
contained smectite clay minerals, but rover imaging 
shows that the ground from which these previous sam-
ples were taken had a greater proportion of sand or 
dust-covered bedrock which would obscure the orbital 
signatures. Alteration to smectite minerals is demon-
strably more widespread than the positive CRISM 
identifications. Similarly, the surface of Marathon Val-
ley was windswept, and altered material within frac-
tures was broken down into smaller stones, but from an 
elemental compositional perspective was non-unique. 
The orbital mineralogy provided critical evidence to 
support pervasive aqueous activity, and enabled the 
understanding the alteration history of Cape Tribula-
tion as a whole.  Extended to the rest of Mars, this im-
plies the thousands of clay-mineral detections seen 
from orbit represent only a fraction of the true extent
of aqueous alteration. 
References: [1] Carter J. et al. (2013) J. Geophys. Res. Planets 
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view of Earth and Planetary Sciences 42, 291–315. [6] Bishop J. L. et 
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2826. [8] Milliken R. E. et al. (2010) Geophys. Res. Lett. 37, L04201. [9] 
Grotzinger J. P. and Milliken R. E. (2012) Sedimentary Geology of Mars 
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(2019) This Conference. [12] Rampe E. B. (2019) This Conference. [13] 
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Figure 2. Opportunity exploration of smectites in Marathon Valley. Left: Pixel 
locations of Fe3+/Mg smectite clay minerals as detected in five overlapping 
CRISM scenes. Right: Pancam false color mosaic looking west from inside Mar-
athon Valley showing the surface texture of a region where CRISM detected 
smectites. NASA/JPL/Caltech/MSSS  
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Introduction: Iron is one of the most abundant ele-
ments in Earth’s crust, and it’s even more abundant in 
the Martian crust [1].  Understanding the context of iron 
bearing minerals, and in particular iron oxides and hy-
droxides (herein referred to generally as iron oxides), is 
important for several reasons. First, iron oxides that 
form in aqueous or subaerial environments can record 
past aqueous and atmospheric conditions. For example, 
on Earth, iron rich sedimentary rocks called iron for-
mations (IFs) provide evidence of an early reducing at-
mosphere where large amounts of soluble ferrous iron 
were concentrated in aqueous environments before be-
ing oxidized and precipitating [e.g. 2,3].  

On Earth, oxidation and reduction of iron at redox 
gradients is also often catalyzed by microbes, thus link-
ing these deposits with habitable environments and pos-
sible preservation of biosignatures [e.g. 4,5].  Abiotic 
iron oxidation in aqueous environments on Mars could 
occur due to oxidation by O2, H2O2, chlorate, or pho-
tooxidation [6,7]. These reactions generate acidity, and 
oxidation by H2O under alkaline conditions can release 
H2 gas, which has been proposed as a possible mecha-
nism for warming on early Mars [6,8].  

We report results from the Mars Science Laboratory 
Curiosity rover’s investigation of Vera Rubin ridge, a 
hematite bearing sedimentary rock unit first identified 
from orbit. We demonstrate how Curiosity’s in situ data 
are used synergistically with orbital data, and place Cu-
riosity’s results in context with the current global view 
of iron oxide bearing sedimentary deposits across Mars. 

Vera Rubin ridge orbital view: Vera Rubin ridge 
(VRR) is a distinct geomorphic feature of Mt. Sharp 
(formally Aeolis Mons) that is distinguished by its pos-
itive topographic expression and association with a 
strong spectral signature of red crystalline hematite in 
Compact Reconnaissance Imagining Spectrometer for 
Mars (CRISM) orbital data (Fig. 1). The lack of strong 
CRISM hematite spectral signatures directly below and 
above VRR originally supported an interpretation that 
the ridge was a discrete oxidized layer that formed at a 
redox interface in the Mt. Sharp sedimentary sequence 
[9].  

Curiosity observations: Curiosity found VRR is 
composed predominantly of thinly laminated mudstone 

deposited in a lacustrine setting [10], which is similar to 
stratigraphically underlying Murray formation strata. 
The rocks within VRR are chemically in family with un-
derlying Murray formation strata [11,12].  

Red hematite is dispersed throughout much of the 
VRR bedrock, and this is the source of the CRISM or-
bital detection. Gray hematite is also present in isolated 
patches concentrated towards the top of VRR, and the 
gray patches contain small, dark Fe-rich diagenetic fea-
tures [13,14]. The red/gray hematite color variations and 
variations in the depth of the red hematite absorptions 
cross-cut bedding. There is no spectral or chemical evi-
dence for distinct Fe-rich strata that conform with stra-
tigraphy.  

Synergistic orbital and in situ interpretation and 
global context: Although hematite is present on VRR 
as predicted by orbital data, Curiosity also discovered 
hematite below the ridge [15, 16]. Synergistic analysis 
of orbital and in situ data reveals VRR has a stronger 
hematite spectral signature than underlying hematite-
rich strata in part because there are actual deeper hema-
tite spectral absorptions in the VRR bedrock. Chemical 
and mineralogical measurements suggest these deeper 
hematite absorptions are due to changes in grain size, 

 
Figure 1. HiRISE mosaic showing location of VRR, CRISM 
detections of hematite (in red), and Curiosity’s traverse 
through sol 2222 (white line). 
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crystallinity, and composition of amorphous materials 
[17].   

Post-depositional processes, such as cementation, 
created the topographic ridge. There is no evidence for 
an unconformity that might mark a major stratigraphic 
break at the base of the ridge. However, the base (which 
is defined by a break in slope) does not conform to a 
distinct stratal boundary.  The strong spectral signatures 
observed from orbit also formed by these secondary 
processes. Spectral variations cross-cut stratigraphy, so 
hematite, or more likely an iron oxide precursor, precip-
itated as a cement or in sediment porewater; iron oxide 
precipitation directly from a lake would produce Fe-rich 
bands (unless they settled out at a rate nearly always 
proportional to detrital sediment input, which seems un-
likely). The high abundance of iron-rich diagenetic fea-
tures and gray hematite patches on the top of the ridge 
further demonstrate this was an area of enhanced diage-
netic fluid flow linked with iron mobilization/recrystal-
lization.    

What was the nature of the secondary fluid(s) that 
created and modified VRR? Oxidizing fluids may have 
created very small amounts iron oxide cements from 
ferrous iron in primary mafic or amorphous material, 
which would result in large spectral signatures that are 
not associated with strong chemical or mineralogical 
differences. Another possibility is recrystallization of 
preexisting Fe-bearing phases by diagenetic or hydro-
thermal fluids. Such fluid need not be oxidizing or re-
ducing.  

Global context:  The vast majority of iron oxides 
associated with sedimentary deposits on Mars are in ge-
ological settings that clearly suggest they formed post-
depositionally. In Valles Marines and regions around 
Ares Vallis, including Aram, Aureum, and Iani Chaos, 
as well as the Opportunity landing site at Meridiani 
Planum, orbital geologic mapping (and rover observa-
tions at Meridiani) show these deposits almost certainly 

formed during secondary diagenesis via regional ground 
water upwelling [e.g. 18-20, to name a few].  

VRR is unique because the timing of oxidation (pri-
mary vs. secondary) was initially unclear from orbital 
data alone. One model based on Curiosity observations 
of iron oxides below VRR suggested they formed as pri-
mary precipitates in a redox stratified lake [21]. While 
the observations of hematite at VRR do not disprove this 
model, they do demonstrate that the strong hematite 
spectral signature visible from orbit at VRR is caused 
by overprinting and recrystallization during secondary 
processes.  

Analogs for terrestrial IFs, where iron oxides are pri-
mary precipitates, have been hypothesized to have 
formed on Mars [22-25].   However, no sedimentary 
iron oxide deposit discovered on Mars to date appears 
to be analogous to a terrestrial IF, even though many 
iron oxide bearing Martian sedimentary outcrops were 
deposited during similar times as terrestrial IFs (Fig. 2).  
The lack of IFs on Mars raises questions about the evo-
lution of Mars’ atmosphere, hydrosphere, and biosphere 
compared with Earth. Were the geologic settings needed 
to produce terrestrial IFs (deep, standing bodies of Fe2+-
rich waters) ever present on Mars? If these settings did 
exist, did Mars not have biologic activity that may have 
been necessary to precipitate them? 
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Introduction:  The wet chemistry experiments on 

the Sample Analysis at Mars (SAM) instrument were
designed for the extraction and identification of refrac-
tory organic chemical components in solid samples 
using gas chromatography-mass spectrometry (GCMS) 
[1]. One of the chemical derivatization agent used, N-
methyl-N-tert-butyldimethylsilyl-trifluoroacetamide 
(MTBSTFA), was sealed inside seven Inconel metal 
cups present in the SAM Sample Manipulation System 
(SMS). Before any of these foil-capped derivatization 
cups had been punctured on Mars for a wet chemistry 
experiment, data from SAM showed that some 
MTBSTFA vapor leaked into the SMS and was detect-
ed mostly as its reaction product with water in both 
empty cup blank runs and solid sample experiments 
[2]. Although the preliminary efforts were focused on 
decreasing the abundance of MTBSTFA and byprod-
ucts on the samples, the versatility of the SAM instru-
ment allowed the team to subsequently optimize a gas 
chromatography mass spectrometry (GCMS) experi-
ment for the detection of MTBSTFA derivatized or-
ganic compounds and other molecules present in the 
martian samples, in a so-called “opportunistic derivati-
zation” (OD) experiment. OD was performed in a two-
step multi-sols experiment, where the sample was first 
heated to release the oxygen from oxychlorine decom-
position, placed back into SAM sample carrousel for 
the readsorption of MTBSTFA, and reheated to the 
maximum temperature (~850 °C) for the derivatization 
GCMS analysis. The resulting data are presented in 
this paper. 

Methods: The experiment was performed on a 
Cumberland (CB) sample, drilled on Sol 279, but kept 
into SAM for about 1260 sols before we designed and 
run the OD experiment. The first step (ODa) consisted 
of a medium temperature heating of the sample from 
ambient to ~475-525 ºC to decompose perchlorates 
and other oxychlorine compounds in the sample. The 
second step (ODb) utilized a higher temperature heat-
ing from ambient to ~850 ºC to perform pyrolysis and 
derivatization of molecules in the sample that evolve at 
elevated temperatures, with much less O2 available in 

the sample for combustion of organics. Both pyrolysis 
and derivatization occurred during ODb. Four tempera-
ture cuts along the sample heating were diverted to the 
hydrocarbon trap for an analysis in gas chromatog-
raphy-mass spectrometry (GCMS).  

 
Results and discussion: Results from ODb GCMS 

showed the presence of decane and dodecane in the CB 
sample, and a tentative detection of undecane (Fig. 1), 
the latter partially co-eluting with other compounds 
from the background. The identification of decane and 
dodecane was confirmed by both their mass spectrum
and their retention time. The mass spectrum was plot-
ted and compared to the NIST mass spectral database, 
which confirmed a highly probable match to medium-
to long-chain hydrocarbons. The retention times of a 
C10 to C30 alkane mixture were then tested for correla-
tion with OD analysis on the SAM Testbed [3], a repli-
ca of SAM available at NASA GSFC, and determined
the length of the HC chains detected on Mars as being 
C10 and C12, and tentatively C11 (Fig. 1). The hydrocar-
bons from CB sample are likely released from the se-
cond temperature cut, e.g. between 320 and 550 °C. 
This temperature are well in excess of the boiling point 
of these compounds and may correspond to their re-
lease from a carrier mineral phase. This temperature 
range for example corresponds to the beginning of the 
Fe-sulfate (jarosite) decomposition [4]. Sulfates are 
known to release trapped organics, at the temperature 
they start decomposing [5], and there has been tenta-
tive identification of alkanes associated with sulfates in 
Mars meteorites [6]. The result is thus in line with an 
alkane release from the sulfates present at CB.  
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Figure 1. GCMS run of ODb experiment, showing the detec-
tion of decane and dodecane in CB sample, the tentative 
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detection of undecane, and their absence in the subsequent 
blank. 
 
However, the origin of these long-chain hydrocarbons 
is unknown at this point. Initially we are pinpointing 
every effort to remove sources of possible contamina-
tion from the signal. The SAM team has spent years 
characterizing background contamination inputs into 
the analyses. At this time we are continuing to assess 
any and all possible internal or sample preparation 
inputs to the sample. However, the absence of alkanes 
in the subsequent blank ODb experiment, run in identi-
cal conditions than the CB-ODb experiment, in pres-
ence of high abundance of MTBSTFA, supports the 
premise that the origin of the alkanes cannot be inter-
nal to SAM, e.g. neither the Tenax adsorbent from the 
traps, nor the MTBSTFA itself.  
One possible source of the alkanes may be from the 
decomposition of decomposition of higher chain length 
carboxylic acids, that are known to decarboxylate at 
high temperature when adsorbed or embedded into a 
mineral matrix. Laboratory experiments showed this 
effect when the molecules are adsorbed to clays or 
embedded in sulfate [J. Lewis and C. Freissinet, per-
sonal communications] and efforts are ongoing to clar-
ify the fate of these molecules during an analysis with 
SAM. We are continuing to assess the data for the 
presence of the carboxyl form of decane and dodecane 
in the CB sample. Thus, undecanoic acid could be the 
precursor of decane, and tridecanoic acid the precursor 
of the observed dodecane. Undecanoic and tridecanoic 
acids are fatty acids, and fatty acids are of high interest 
in the search for biosignatures, as they are a primary 
constituent of terrestrial cellular membranes. The de-
tection of an odd-over-even fatty acid preference also 
has implications for the biogenicity of the fatty acids, 
as abiotic carboxylic acid genesis is associated with no 
carbon number preference. However, the experimental 
conditions may also explain the carbon distribution. 

 
Conclusion: Medium- to long-chain hydrocarbons, 

C10-C12 alkanes, were detected on Mars with SAM 
thanks to a two-step procedure specifically designed to 
limit the combustion of organics from the O2 from ox-
ychlorine. This procedure is considered for future 
samples to remove the O2 contribution from martian 
samples. The alkanes detected have an unknown 
origin, however, their structure is not incompatible 
with the presence of long-chain carboxylic acids in 
CB. In addition to the detection of the highest molecu-
lar weight molecule to date on Mars, this discovery 
shed new light on the possible detection of biosigna-
tures with the SAM instrument. 

 
 References: [1] Mahaffy, P. R. et al. (2012), Space 

Sci Rev, DOI 10.1007/s11214-012-9879-z. [2] Glavin, 
D. P. et al. (2013), JGR :Planets, Vol. 118, 1955–
1973. [3] Malespin, C. A. et al.  (2016) 47th LPSC, 
Abstract #2615. [4] Sutter, B. et al. (2017), JGR: Pla-
nets, doi:10.1002/2016JE005225. [5] François, P. et al. 
(2015), JGR: Planets, doi:10.1002/ 2015JE004884. [6] 
Steele, A. et al. (2018) Sci. Adv. Vol. 4, 1°, eaat5118 
 

 

6123.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



SIMULATING MASTCAM SPECTROSCOPY BY RADIOMETRICALLY TRANSFORMING CRISM 
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Introduction:  The Compact Reconnaissance Imag-
ing Spectrometer for Mars (CRISM) instrument on the 
Mars Reconnaissance Orbiter (MRO) has been identify-
ing mineralogy at Gale crater since 2006 [1], but it is 
only recently that MSL Curiosity has reached the exten-
sively mapped terrain of Mount Sharp (formally known 
as Aeolis Mons) within the crater [2]. With the multi-
spectral image data  acquired by Curiosity’s Mastcam 
instrument [3, 4], we are able to make comparisons be-
tween orbital predictions and ground-based observa-
tions. 

To facilitate the comparison between orbital and 
landed spectral data, a radiometric transform was per-
formed on a CRISM Full Resolution Targeted (FRT; 
~18 m/pxl) image cube over the lower Mount Sharp re-
gion with the Mastcam instrument band passes applied 
to the CRISM hyperspectral data. 

Parameter maps identifying hematite signatures 
from the 867 nm band depth were then made with the 
transformed orbital image cube and a ground-based 
Mastcam multispectral observation from the Curiosity 
rover traverse.  

Background: Gale crater is a 154km diameter im-
pact crater located near the Martian dichotomy bound-
ary where the MSL Curiosity rover landed in 2012. The 
crater contains a 5.5km tall sedimentary mountain in the 
center called Mount Sharp.  

Previous work by Fraeman et al. 2013 [5], Fraeman 
et al. 2016 [6], Milliken et al. 2010 [7] and others have 
identified a stratigraphic sequence in the central mound 
of Gale crater that contains 7 defined units including Fe-
Mg smectites in the lower layers, and more hydrated 
sulfates in the upper layers. Crystalline hematite was ob-
served in Gale crater, and later confirmed upon a visit 
by the Curiosity rover to the Vera Rubin Ridge, a hem-
atite ridge in the foothills of Mount Sharp that is approx-
imately 200m wide and extends about 6.5km northeast 
to southwest. 

The CRISM instrument has broad wavelength range 
and high spectral resolution, with 544 channels span-
ning 362-3920 nm. The Mastcam instrument has 12 nar-
row band filters which sample the 445-1013 nm wave-
length range, in addition to the RGB Bayer color filter 
array. The advantage of the Mastcam instrument is that 
while it has far fewer spectral channels, the spatial res-
olution of a landed instrument (<10 cm/pxl for 1km dis-
tance and 150 µm/pxl at a 2m distance) is much higher 
than that of the orbital CRISM instrument (~18 m/pxl) 

so it can be used to analyze the local geology in much 
finer detail.  

CRISM Data Processing: Prior to the application 
of the CRISM/Mastcam transform, the CRISM image 
cube was corrected using a variant of the Targeted Em-
pirical Record (TER) data processing workflow, which 
corrects the data for geometric, atmospheric, and instru-
ment effects. The radiometric transform then results in 
a CRISM/Mastcam image cube that has the spatial, ge-
ometric, and calibration characteristics of the corrected 
CRISM image, and the spectral characteristics of the 
Mastcam instrument. 

 The CRISM data processing and CRISM/Mastcam 
transform together result in an orbital image cube that 
can be more effectively compared with observations 
made in situ by the MSL Curiosity rover. 

Parameter Maps: A hematite spectral parameter 
map was made from the radiometrically transformed 
image (Figure 1) using an equation derived from Vivi-
ano-Beck et al. 2014 [8] to calculate the 867 nm band 
depth: 

  

Where RC is the Mastcam simulated R5 (867 nm) 
reflectance, RL is the left shoulder (Mastcam R3) and RR 
is the right shoulder (Mastcam R6). The 867 nm band 
depth hematite signatures were also observed in a Mast-
cam image taken on sol 1877 (Figure 2). 

Caveats: The orbital/landed comparisons are not 
1:1 due to the spatial scale disparity, and since the 
CRISM/Mastcam image includes bidirectional contri-
bution from the Martian atmosphere while the Mastcam 
instrument is on the surface. The transformed  image 
also uses interpolated data over the 650-725 nm bands 
due to the 675 nm CRISM boundary. 

Future work:  Future work will include the investi-
gation of additional spectral parameter maps, and an 
evaluation of the orbital/landed comparisons. In addi-
tion, we plan to apply this approach to the CRISM data 
for the Mars 2020 rover landing and field sites in and 
around Jezero crater, making use of the Mastcam-Z fil-
ter set. In this manner the spatial distribution of materi-
als identified from orbit can be presented as they will 
appear spectrally to the landed remote sensing instru-
ments. 
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Figure 1: 867 nm band depth (Hematite signature) parameter map over Gale Crater as viewed through Mastcam band passes. The 
Curiosity rover traverse map through sol 2098 is marked in white. Hematite signatures are represented in a red color gradient with 
values of band depth greater than zero. (CRISM image: FRT0000B6F1, CTX context map: P21_009149_1752_XI_04S222W) 
CRISM stamp location on CTX image is approximate. 

 
Figure 2: Table Mountain Mastcam image observed by MSL Curiosity on Sol 1877 displaying an 867 nm band depth gradient in 
red with values greater than zero. Includes a standard deviation stretch (n=2.5). This is a cropped Mastcam left eye image. Note 
the dashed line outlining stronger hematite signatures.  

Sol 1877 

Sol 1877 
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Introduction: The Mars Science Laboratory mis-
sion Curiosity rover reached the Murray formation at 
the location (informally) Pahrump Hills ~750 Mars so-
lar days (Sols) after landing in Gale crater. From orbital 
and in-situ observations, the Murray formation is inter-
preted to be the lowermost exposed member of the 
Mount Sharp Group that constitutes the lower part of 
the central mound, Aeolis Mons (informally Mount 
Sharp), in Gale crater. In-situ observations of Murray 
formation bedrock reveal that it consists mainly of pla-
nar-laminated mudstone interpreted to have been de-
posited in a lacustrine environment [1]. Approximately 
250 m of Murray stratigraphy was mapped on the 11 
km traverse from Pahrump Hills to Vera Rubin ridge 
(VRR) where the Curiosity rover arrived on Sol 1800 
in September 2017. Originally referred to as Hematite 
ridge, VRR is a topographic ridge flanking portions of 
Mount Sharp that displays a strong hematite spectral 
signature observed from orbit [3]. As such, VRR was 
the first new ‘spectral unit’ on Mount Sharp after reach-
ing the Murray formation. Accordingly, understanding 
the origin of VRR and its stratigraphic relationship was 
a key objective for the mission even before landing. 

The Curiosity rover spent ~500 sols exploring 
VRR, including two independent traverses across the 
full vertical extent of the ridge. In-situ observations 

lead to the interpretation that VRR is part of the Murray 
formation and is comprised of lithologies similar to 
those observed in the underlying members of the Mur-
ray formation [4,5]. Two stratigraphic members are 
identified on the ridge, the Pettegrove Point member 
overlain by the Jura member [4,5]. The Pettegrove 
Point member overlies the Blunts Point member of the 
Murray formation. A notable feature of VRR bedrock 
is the presence of areas of gray coloration that are spec-
trally distinct from the more ubiquitous reddish colored 
rocks that display a stronger hematite spectral signature 
[6]. Areas with gray rocks are mostly observed in the 
Jura member, but are also present in the Pettegrove 
Point member. Gray rocks are typically found in topo-
graphic depressions, but contacts between red and gray 
rocks are observed to crosscut stratigraphy [4,5].  

A key objective for the VRR investigation was to 
characterize the geochemical profile of the ridge-form-
ing rocks, using the ChemCam and APXS instruments, 
to understand the role of primary or diagenetic controls 
on the geochemistry and morphology of VRR. Here, we 
present the results from ChemCam bedrock observa-
tions up through the Murray formation (fig. 1), high-
lighting the geochemical variations observed on and 
across VRR. 

Methods: ChemCam measurements [7,8] enable 
the quantification of major [9] and some minor ele-
ments [10]. Due to its speed and remote-sensing capa-
bility, ChemCam provides the largest number of bed-
rock geochemistry analyses in Gale crater, and hence 
the highest spatial resolution representation of chemical 
variations along the more than 20 km total traverse. 

Our extensive rover investigations of VRR include 
two independent (N-S) traverses of the stratigraphy of 
VRR separated by ~200 m of lateral distance. These 
traverses enable an understanding of both stratigraphic 
and lateral geochemical variability on VRR. 

Results: The VRR baseline bedrock geochemistry 
is within the compositional range observed in the un-
derlying 250+ m of Murray formation stratigraphy. De-
spite the strong hematite spectral signature observed on 
VRR from orbit, this includes the baseline iron content 
which is not elevated on VRR relative to overall Mur-
ray formation bedrock. However, notable geochemical 

Figure 1: ChemCam observation points on Murray formation 
bedrock from Pahrump Hills. Points assigned to stratigraphic 
members and plotted on HiRISE mosaic [2] of Gale crater. 
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variations were observed across VRR relative to under-
lying Murray formation bedrock. Key variations in-
clude a decrease in Al2O3 and increase in K2O, causing 
the Chemical Index of Alteration (CIA) [12], which has 
otherwise risen up-section in the Murray formation 
[13], to decrease in VRR rocks. Li is also observed to 
decrease substantially upwards across the Pettegrove 
Point member (fig. 2). Additionally, a notable enrich-
ment in MnO is observed in the upper part of the Pette-
grove Point member (fig. 3).  

The independent transects of VRR highlight that the 
observed geochemical variations follow the morphol-
ogy of the modern day ridge rather than elevation (a 
proxy for stratigraphic position given the near horizon-
tal dip of the Murray formation). 

A defining feature of gray rocks observed on VRR
is apparent small-scale iron mobilization resulting in an 
abundance of dark sub-cm high-Fe concretions and 
lighter-toned areas surrounding them showing very low 
iron content [11]. However, outside the zones of appar-
ent iron mobilization, the baseline geochemistry of gray 
rocks is similar to that of red rocks, though the MgO 
abundance tends to be slightly lower in gray rocks. 

Discussion: In-situ ChemCam observations show-
ing that the geochemistry of VRR is within the range 
seen in underlying Murray formation rocks are not com-
patible hypotheses suggesting large scale precipitation 
of iron on VRR, nor that VRR is a laterite deposit [14]. 

The drop in Li up VRR is consistent with a drop in 
phyllosilicates on VRR [15] as Li is typically found in 
the clay mineral fraction [16,17]. The corresponding de-
crease in CIA is also consistent with a drop in clay min-
eral content [18]. As the variations in Li and CIA do not 
follow stratigraphy, but the morphology of the ridge, the 
drop in clay content is likely caused by diagenesis [19].

Given the cross-cutting nature of the contact between
red and gray rocks, the gray areas on VRR are likely 
also the result of diagenesis. Outside of the substantial
small-scale iron mobilization seen in gray rocks, the
composition of gray rocks is not altered substantially
from that of red rocks. 

Mn is mobilized in low-pH fluids as well as reducing 
fluids, but the apparent preferential MnO enrichment
observed on VRR favors mobilization in a weakly re-
ducing fluid [20]. A weakly reducing fluid is also con-
sistent with the smaller scale iron mobilization observed 
in gray rocks [11]. The co-location of the drop in Li and 
enrichment in MnO could be from preferential ground-
water flows caused by an earlier dissolution of clays.
This would enable a later reducing fluid to pass through
and mobilize Mn, and deposit this in an oxidizing envi-
ronment, e.g. oxygenated groundwater, above the more 
impermeable Blunts Point member. 

References: [1] Grotzinger J.P. et al. (2015) Science, 
350. [2] Calef III, F.J., Parker, T. (2016) PDS Annex, U.S. 
Geological Survey. [3] Fraeman A.A. et al. (2016) JGR-P, 
121.  [4] Fraeman A.A. et al. (2019) this meeting. [5] Fedo 
C.M. et al. (2019) this meeting. [6] Horgan B. et al. (2019) 
50th LPSC, #1424. [7] Wiens R.C. et al. (2012), Space Sci Rev 
170. [8] Maurice S. et al. (2012) Space Sci Rev 170. [9] Clegg 
S.M. et al., (2017) Spectrochim. Acta B., 129. [10] Payré V. et 
al. (2017) JGR-P, 122. [11] L’Haridon J. et al. (2019) this 
meeting. [12] Nesbitt H.W. and Young G.M. (1984) Geochim. 
et Cosmo-chim., 48. [13] Mangold N. et al. (2019) this mee-
ting. [14] Fraeman A.A. et al. (2013) Geology, 41. [15] 
Rampe E.B. et al. (2019) this meeting [16] Benson R.T. et al. 
(2017) Nature Comm., 8. [17] Villumsen A. & Nielsen O.B. 
(1976) Sedimentology, 23. [18] Mischke S. & Zhang C. (2010) 
Global and Plan-etary Change, 72. [19] Beitler B. et al. 
(2005) Jour. Sedimentary Res., 75 [20] Bonatti E. et al. (1971) 
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Figure 3: Variation in bedrock Li-content observed across 
VRR. Li content drops in Pettegrove Point member bedrock, 
and only increases in Glen Torridon rocks (formerly referred 
to as the clay unit) on the southern side of VRR. 

Figure 2: Variation in MnO content across VRR. MnO is ob-
served to be substantially enriched at the contact between 
Pettegrove Point and Jura. 

6334.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)
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Fig. 1a. Top: Mastcam panorama (sol 1284) with ChemCam RMI mosaics (sols 1241-1311) from the head and flanks of the Peace Vallis alluvial 
fan during Phase 1 of the Peace Vallis imaging campaign. The yellow box outlines Fig 3. Fig. 1b Bottom: Mastcam panorama (sol 1950) with 
ChemCam RMI mosaics (sols 1981-2012) from the head to the foot of the central section of the Peace Vallis alluvial fan during Phase 2 of the 
Peace Vallis imaging campaign. The yellow box outlines Fig 2.  

 
Fig 2. The largest of the inverted channels on the Peace Vallis alluvial fan showing considerable degradation. The length of the inverted channel 
feature in this image is ~1.5 km. Fig 2 is sourced from the yellow box in Fig 1b.

Introduction:  Using a combination of rover 
imagery and orbital data, the Peace Vallis (PV) alluvial 
fan is reevaluated with regard to its formation and 
evolution. Original interpretations provided the initial 
groundwork for understanding textural differences 
between various units [1,2], but new information from 
this study shows that the PV fan system is more 
complex with four distinct stages represented by 
varying depositional and erosional regimes. 

RMI and orbital observations:  The Peace Vallis 
imaging campaign of the Mars Science Lab rover was 
completed in two phases, the first (Fig. 1a) from sol 
1241 to sol 1311 and the second (Fig. 1b) from sol 1981 
to sol 2012 [3]. The first phase was acquired from a 
closer distance; the second was acquired from a vantage 
point ~300m higher in elevation and further to the west 
(Fig. 2). Due to the differences in both the elevation and 
angle to the fan, some targets were deliberately 

reimaged to capture variations that might be overlooked 
with only one image. Additionally, recent processing of 
this imagery adjusted brightness, contrast, and corrected 
stray light artifacts from the imaging system [4]. 
HiRISE imagery and HiRISE DTM data (1m/px) 
illuminate features of the PV fan and other alluvial 
features in Gale crater which are not apparent from 
ground view. Four distinct stages are now suggested: 

Stage 1: Deposition of the PV fan began after 
formation and initial modification of Gale crater.  

“Bedded and Fractured” unit (BF). The older and 
underlying fan unit is most clearly observed where it is 
exposed in the lower left section of the fan. This unit is 
rough and in some areas heavily eroded.  

Several features exist on the upper PV fan that 
resemble inverted fluvial channels (Fig. 2) like those 
seen on terrestrial fans and elsewhere on Mars. These 
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resistant ridges may have been deposited within the BF 
unit and subsequently exhumed by wind erosion. Large 
boulders identified in HiRISE imagery also suggest 
these inverted channels were produced from an armored 
boulder channel floor unit from eroded crater rim 
material or they may represent a silica-cemented 
channel floor unit. 
      Stage 2: Peace Vallis fan was eroded by aeolian 
processes after fluvial deposition on the fan slowed 
when the planet became increasingly arid.  

Stage 3: The Peace Vallis fan experienced fluvial 
deposition and resurfacing for a brief period ~1.4 Ga [5] 
due to climatic forcing from either obliquity variation or 
impact-induced atmospheric dust loading. 
     “Alluvial Fan” unit (AF). A sharp contact exists 
between the upper, younger AF unit and the lower BF 
unit. From orbit and with RMI imagery there is a clear 
textural difference between the units, with AF being 
smooth and undulating compared to BF. The AF unit 
represents a large flow of fine material that was washed 
down from the PV watershed with the melting of 
subsurface ice and/or potentially precipitation. In the 
RMI imagery, this contact can be seen as a distinct scarp 
which is most pronounced at on the west side of the fan 
and gradually lessens to the east. The contact can be 
seen in orbital data on the west side of the fan at the          
-4435 elevation contour. 

 

 
Fig. 3a (Top). RMI image (CCAM02241) of the western edge of PV 
fan showing eroded BF remnant embayed by younger AF sediment. 
This image is sourced from the yellow box in Fig 1b. with a NW field 
of view and ~.3 km. Fig. 3b (Bottom). Orbital view image of BF. 

Fan asymmetry. The western side of the fan shows a 
rugged, eroded surface while the eastern side of the fan 
is relatively smooth. This is due to the thickness of the 
AF unit on either side. In the west, the AF unit is thin 
due to subsequent surface and groundwater erosion. The 
east side did not see the same amount of disruption and 
therefore is still covered with a relatively thick layer of 

AF unit obscuring the underlying, rugged BF unit. 
Outcrops on the western edge display horizontally 
bedded layers of BF unit eroded and subsequently 
embayed by later, fine-grained AF unit (Fig. 3) 

Groundwater sapping channels. The PV campaign 
captured a texturally distinct feature ~11.5 km away on 
the AF fan during the ChemCam RMI 20x1 raster 
CCAM04981 sequence [3] which represents 
groundwater sapping channels similar to springlines 
observed on terrestrial fans [6,7]. These features 
represent the youngest fluvial discharge event 
associated with the fan. Other fluvial discharge channels 
are observed on the flanks of the main PV channel [8]. 

Stage 4: Erosion again became the dominant 
process after the punctuated ~1.4 Ga deposition period 
through present day. 

Discussion:  The PV fan is a complex, multi-stage 
system which is interpreted through the acquisition and 
study of both rover and orbital imagery products.  

Crater-wall bajada.  Other fan systems within Gale 
Crater may have a history similar to the early PV fan, 
though their morphology shows the PV fan to be unique. 
The fan systems to the east of PV fan are distinctly 
different in texture and morphology. Considerable 
erosion and deflation indicate these features are of the 
same age as the BF fan. These fans may have been cut 
off from the northern Gale crater watershed relatively 
early, or alternatively, were fed by groundwater 
percolating through the crater rim and were never 
connected to the watershed through overland flow [9].  

 
Fig 4. BF-like fan systems east of the PV fan within Gale crater. 

Conclusions: The history of fluvial activity in Gale 
crater as a complex, multi-stage system extending from 
the Hesperian to Amazonian is now recognized.   

References: [1] Sumner D. Y. et al. (2013) NTRS. [2] Palucis M. 
C. et al. (2014) JGR: Planets; 119.4: 705-728. [3] Gallegos Z. G. et al. 
(2018) LPSC XLIX, Abs# 2965. [4] Le Mouélic S. et al. (2019) LPSC 
L. [5] Grant et al. (2018) LPSC XLIX, Abs# 2102. [6] Scuderi L. A. et 
al. (2019) LPSC L, Abs# 2714. [7] Scuderi L. A. et al. (2019) Science 
Advances, (in review). [8] Scuderi L. A. et al. (2019) 9th Mars. [9] 
Newsom H. E. et al. (2019) 9th Mars.  
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RAMAN SPECTROSCOPY TO DETECT ALTERATIONS IN VOLCANIC MINERAL PHASES DUE TO 
SHOCK AND ENVIRONMENTAL IMPACTS. C. Garcia-Florentino, J. Huidobro, L. Gomez-Nubla, I. Torre-
Fdez, P. Ruiz-Galende, J. Aramendia, K. Castro, G. Arana, J. M. Madariaga, Department of Analytical Chemistry, 
University of the Basque Country UPV/EHU, P.O. Box 644 48080 Bilbao, Spain (kepa.castro@ehu.eus)

Introduction: Raman spectroscopy is one of the 
most promising analytical techniques among the non-
destructive methods to characterize geological materi-
als because inorganic and organic compounds contain-
ing covalent bonds are sensitive to this vibrational 
spectroscopic technique. Due to its capabilities, this 
technique will be implemented in the RLS instrument 
of the next Exomars2020 Mission as well as in two 
instruments of the Mars2020 Mission of NASA, the 
SuperCam remote sensing instrument and SHERLOC 
contact one.

Apart from the possibility of determining the inor-
ganic and organic compounds of the Oxia Planum (Ex-
omars2020) and Jezero crater and surroundings 
(Mars2020) on Mars, this technique is able to provide 
information about mineral phase transformations due to 
both, pressure generated in collisions or due to reac-
tions in water and oxygen presence in the old Mars 
conditions. The approach considers that, if we have 
more than two/three mineral phases in the same spec-
trum (that means, both minerals are simultaneously 
present) and all of them are related by an alteration 
reaction, we have an evidence of the necessary envi-
ronmental conditions to favor such reactions

To demonstrate such possibilities, this work present 
some examples on the capability of this technique to 
detect the simultaneous presence of related mineral 
phases in two meteorites.

Material and Methods: The Raman spectra have 
been collected with a Renishaw InVia Raman spec-
trometer, equiped with three different excitation lasers 
(785, 636 and 532 nm), a confocal Leica microscope 
(with different magnification lenses) and a Peltier 
cooled CCD detector. The spectral resolution is about 
1 cm-1 and it has a motorized stage which allows per-
forming automated high resolution Raman images.

The target samples were rock fragments from two 
meteorites, NWA11273 from the Moon and DaG735 
from Mars.

Results: In the NWA11723, different spectra
showing at the same time ilmenite (FeTiO3) and ana-
tase (TiO2) were found (Figure 1). Anatase can arise
from the alteration of ilmenite as the original com-
pound was probably due to the pressure (around 20 
GPa [1]) generated by the impact, followed by an oxi-
dation to transform Fe(II) to Fe(III). This degradation 

reaction could also be identified on Mars because il-
menite is also an original compound on Mars rocks.

Figure 1.- Raman spectrum showing the simultaneous 
presence of ilmenite (I), anatase (A) and hematite (H).

The alteration reaction is shown in Eq.1 [2]. Look-
ing at the intensity of the Raman bands, we can suggest 
that in the analysed spot ilmenite transformed mostly 
(low intensity bands to hematite plus anatase (higher 
intensity bands).

FeTiO3 + ½O2 TiO2 + Fe2O3 Eq. 2

Depending on the nature of the analysed spot, two 
non degraded/altered volcanic mineral can be detected, 
like Figure 2 shows. In this case, both olivine and en-
statite are present in the nearly in the same proportion 
because the intensity of their Raman bands is similar.

Figure 2.- Raman bands of enstatite (E) and olivine (O) 
found in the same spot of the NWA11273 meteorite. 
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The presence of anatase (the low mineral form of 
the titanium dioxide) suggests its formation in the il-
menite bearing unit of the parent body after the mete-
oroid impact to form the different fragments of the 
NWA11273 meteorite.

On the other hand, the simultaneous presence of py-
roxene and hematite in some spectra taken from 
DaG735 meteorite (Figure 3) could be due to the deg-
radation of an olivine in the presence of O2 to the py-
roxene and magnetite (Fe3O4).

Figure 3. Simultaneous presence of hematite (H) and 
pyroxene (P) in the same spot of DaG735 meteorite

The general oxidation reaction could be the one re-
ported in Eq. 2 [3]. Then magnetite easily degrades to 
hematite (Fe2O3) when in contact with oxygen.

6 (M,Fe)2SiO4 + O2 3 M2Si2O6 + 2 Fe3O4 Eq. 2

Again, the similar intensities of the Raman bands of 
both compounds suggest a similar source for their for-
mation, i.e. the reaction shown in Ep. 2.

In this particular case of the DaG735 meteorite, the 
alteration of the olivine comes probably from the pres-
ence of oxygen on Earth, i.e. it must be due to the ter-
restrial weathering of the meteorite. However, if this 
kind of degradations would be found on Mars, could be 
indicative of the alterations induced by the old pres-
ence of oxygen. 

Conclusions: Raman spectroscopy can detect the 
simultaneous presence of even three mineral phases (or 
organic compounds in a mineral matrix) allowing to 
identify alteration processes of such minerals are inter-
connect by alteration reactions induced by pressure 
and/or environmental conditions.

The point-by-point analysis can be complemented 
with Raman images to see the distribution, nature and 
interactions of different minerals.

This spectroscopic information can be completed 
with other spectroscopic techniques like XRF, LIBS an 
VISIR Reflectance. This kind of collaborative spec-
troscopy is going to be tested in the forthcoming mis-
sions to Mars, because Exomasr2020 and Mars2020 
integrate different spectroscopic techniques that will be 
analyzing the same spot when in Mars.

References: [1] Huidobro J. et al. et al. (2018) 
LPSC2018, Abstract #2476, [2] Liu L. G. (1975) Phys 
Eart Planet Interiors, 10, 167-176, [3] Rietmeijer F. J.
M. (2009) Astrophys J., 705, 791-797.
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VOLUMETRIC 3D ANALYSIS OF MARTIAN POLYMICT BRECCIA “BLACK BEAUTY” (NWA 7034) 
AND NWA 10567.  J. B. Garvin1, J. S. Jones1, J. M. Sietins2, R. Kent1, W. H. Green2, J. C. Sun2 & T. R. Walter2;  
1NASA Goddard (8800 Greenbelt Rd., Greenbelt, MD  20771; james.b.garvin@nasa.gov);  2Materials and Manufac-
turing Science Division (MMSD), CCDC ARL, Aberdeen, MD 21005. 
 

Introduction: The martian meteorite “Black Beau-
ty” (NWA 7034) has been classified as a polymict 
breccia enriched in water (6000 ppm+ OH) in recent 
studies by Agee, McCubbin, and others [1-4].  Howev-
er, 3-dimensional analysis of the interior mineral inter-
relationships has been limited by lack of suitable non-
destructive evaluation (NDE) techniques at relevant 
“whole-rock” scales [2]. On the basis of recent work 
with x-ray computed tomography (xCT) of lunar sam-
ples [6-10] it is now possible to measure sub-micron 
3D relationships associated with whole-rock interior 
mineral phases [11].  Here we report on preliminary 3D 
observations (volumetric) of internal phases within 
“Black Beauty” (BB) using xCT systems at NASA 
GSFC and the US Army Research Laboratory (ARL). 
In addition we report on first-ever xCT results for the 
shergottite NWA 10567 [13]. Volumetric data segmen-
tation is used to quantify mineral-phase geometric dis-
tributions and relationships at different scales (< 5 m 
to 25 m).  A 213 g specimen of BB and 45 g piece of 
NWA 10567 were provided to us via a collaboration 
with the Dr. Jay Piatek Collection in support of SPD-1 
and Mars Sample Return (part of M2M initiative).  

Instruments: The GSFC NDE facility includes a 
NorthStar X5000  xCT with voxel resolution as fine as 
~ 2-5 m depending on sample size, together with a 
Keyence Model VK-x250 laser confocal microscope 
(LCM).  In a collaboration with the US Army Research 
Lab (MMSD), a Zeiss Xradia 520 Versa xCT system is 
also being used for higher volumetric resolution down 
to < 1 m/voxel. These non-destructive evaluation 
studies of martian and lunar meteorites were motivated 
by the pathfinding work of  Ketcham, Zeigler, Agee, 
and others [8-10,1,2] who identified key questions that 
only 3D measurements could address at very high reso-
lution and with new computational analysis methods. 
Our focus here is on multi-scale 3D analysis of a water-
rich martian meteorite at 1- 25 m scales using soft-
ware analysis methods enabled by VG Studio, CTan, 
MountainsMap, CTVox, and others including RHSeg-
3D by Tilton [12].  

Approach:  xCT imaging of sample NWA 7034 
was conducted at both the GSFC and ARL NDE facili-
ties at two different voxel scales: (1) ~ 25 m/voxel for 
whole-sample context [6], and (2) at 1-5 m/voxel for 
focused analysis of specific sub-regions in which 
spherical clasts with reaction zones were accessible 
[11]. In addition, xCT imaging of NWA 10567 was 

conducted at multiple scales for comparison  (Fig. 2) 
given its classical shergottite composition [13].    

The objective was to first examine the 3D volumet-
ric characteristics of the entire 213 g sample for geo-
metric contxt. Given that  BB represents a martian 
polymict breccia with abundant water, our aim is to 
characterize 3D geometry of oxides (& ilmenite) at 
multiple-scales, to extend the work by McCubbin [2].  

Methodology: We have identified spherical clasts 
with reaction zones near the surface of the  BB sample 
and used our synoptic GSFC xCT scan data to target 
the ARL Zeiss Xradia xCT measurements to the most 
distinctive regions of interest.  Figure 1 illustrates the 
“whole-rock” xCT scan conducted at the GSFC NDE 
facility, with the brighter grey scales representing high-
er density (higher atomic number) phases. The overall 
sample reveals clearly-visible phases up to ~ 3 mm in 
diameter as well as apparent cracks  and larger clasts, 
all within a finer-grained silicate matrix.  The largest of 
the spherical inclusions (clasts)  is ~ 3 mm in diameter 
within this meteorite (see Figs. 1,3).   

  
Fig. 1:   GSFC xCT slice of 213 g sample of NWA 7034 (Black 

Beauty) showing interior phases and their 3D geometry [25 m]. 
Results: Analysis of the distinctive x-ray phases 

observable within BB in the GSFC xCT whole-rock 
scan revealed at least 3 general constituents within the 
rock; namely the bulk groundmass, near perfect spheri-
cal clasts, and smaller sized high x-ray absorbing parti-
cles (oxides?).  Other possible phases or variants of the 
above may also exist, as we plan to prove out after 
more detailed analysis.  Figure 2 illustrates the xCT 
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interior arrangements of mineral phases within NWA 
10567, a shergottite recently catalogued by Agee [13]. 

 
Fig. 2:  xCT of NWA 10567 showing interior “blobs” of 

minerals with reaction zones surrounding them, reminiscent 
of the “blueberries” within Black Beauty. 

By investigating the interior 3D (volumetric) char-
acter of the larger interior clasts, we have evaluated 
their distribution and relationship to other small-scale 
phases where x-ray absorption characteristics can be 
distinguishedfrom the matrix (i.e., at 1-5 m/voxel xCT 
scales).  McCubbin et al. [2] emphasized this critical 
spatial resolution gap.  

  
Fig. 3: ARL 2-4 m/voxel xCT of 3 classical 

“blueberries” in Black Beauty identified in whole-rock xCT 
(see Fig. 1). See details in [2,6,11]. 

 Figure 3 illustates examples of “blueberries” in 
higher resolution xCT scans of BB. Preliminary analy-
sis of the ~100 m to 3 mm scale discrete x-ray clasts 
using these xCT data shows clearly evident x-ray ab-
sorption “zones” associated with the larger ones, as 
well as interior cracks. Additionally, several of the 
clasts exhibit a rind, or gradient in apparent x-ray den-

sity at the clast walls as apparent “reaction zones” [see 
1-2] and Fig. 3. 

Discussion:  These still preliminary observations 
and the ongoing analyses point to a multi-phase history 
for the BB water-rich specimen, with mineral phase 
geometric patterns extending down to micron scales. 
Sedimentary and oxide phases are distributed within 
the sample, some with strong x-ray signatures of metals 
such as Fe, Ti, and possibly others. Similar-appearing 
phases exist in other martian meteorites as we are now 
discovering within NWA 10567 (Fig. 2).   

We are presently investigating micron scales using 
the ARL Xradia xCT in search of internal mineral 
phase relationships associated with specific water-
bearing minerals. Key to interpreting any relevant surf-
icial measuremnts (clasts, inclusions, etc.) will be 
through understanding the 3D extent of these features 
through the bulk, as informed by the xCT data. The 
overall distribution of spherical clasts was mapped 
using thresholding and segmentation techniques devel-
oped at GSFC and indicates a volume %  of 1-2 %. We 
believe these new estimates are pathfinders for what 
volumetric analysis of inclusions in martian samples 
across a range of compositions could reveal by means 
of xCT analysis at the scales described here. 
 In conclusion, we have commenced an initial 
set of multi-scale observations of the interior of a wa-
ter-rich martian meteorite using xCT methods that have 
revealed “volumetric” patterns previously difficult to 
quantify in prior studies [2] due to the limitations of 2D 
analysis methods [1-5].  Additional 3D analyses are 
ongoing, as well as xCT of the NWA 10567 shergottite 
for comparison (see Fig. 2).   
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SNOWFALL ASYMMETRIES IN THE MARTIAN SEASONAL POLAR CAPS. Carlos E. Gary-Bicas1 and 
Paul O. Hayne1, 1Laboratory for Atmospheric and Space Physics, University of Colorado Boulder, 3665 Discovery 
Drive, Boulder, Colorado, 80303, Carlos.Bicas@lasp.colorado.edu, Paul.Hayne@lasp.colorado.edu.   

 
 
Introduction:  Permanent deposits of carbon diox-

ide on Mars control Mars’ global atmospheric pressure
on orbital timescales [1]. Seasonal variations in CO2

partial pressure are driven by the polar deposition and 
sublimation cycle, but the  mean pressure is buffered by 
the vapor pressure equilibrium of a stable year-round 
CO2 deposit near the south pole.  Radiative energy bal-
ance governs the stability of this deposit, because the 
latent heat of CO2 exchange must be in balance with the 
net emitted and absorbed radiation. Despite the favora-
ble pressure and altitude conditions of the north polar 
residual cap in Planum Boreum, satellite observations 
showed that a residual cap exists only at the south pole.
Further remote sensing showed that unusual optical 
properties may explain the stability of the south polar 
residual cap (SPRC) [2]. Subsequent spacecraft obser-
vations measured an anomalously high shortwave al-
bedo in the SPRC compared to the northern cap [3,4].
Moreover, previous studies have found that albedo is 
dictated by the style of frost deposition. Direct deposi-
tion (with larger grain size) has lower albedo while at-
mospheric precipitation (with smaller grain size) has 
higher albedo [5]. 

 Close to 30% of Mars atmospheric CO2 content is 
exchanged between the atmosphere and the seasonal ice 
caps [6], and up to approximately 20% of the south polar 
seasonal cap’s mass is contributed by snowfall [11]. 
Previous studies have also found that snowfall dramati-
cally affects albedo [8] and wintertime thermal emissiv-
ity [7,9]. If there is an asymmetrical nature to snowfall 
between the two hemispheres, then this asymmetry 
should also be observed in the emissivity and albedo.
We therefore hypothesize that greater amounts of CO2 

snowfall in north polar winter than south polar winter 
produces asymmetries in the respective polar radiative 
budgets. 

Approach and Methods: We used data from the 
Mars Climate Sounder (MCS) onboard the Mars Recon-
naissance Orbiter (MRO) to measure summertime al-
bedo and IR emissivity. Then we investigated the asym-
metries in these correlations between the northern and 
southern hemispheres. Lastly we investigate the compo-
sitions and patterns of the observed snow or frost of the 
seasonal ice caps by producing a model that calculates 
the mass mixing ratios of these ices.  

We used level-2 data from MCS to conduct our anal-
ysis. We used channel A6 in the visible part of the light 
spectrum (0.3 to 3.0 µm) to extract summer polar albedo 
data. We then used  channel B1 (32 µm) to extract 

temperature data to calculate winter polar emissivity. 
We used emissivity as a proxy for snowfall, where 
lower emissivity is an indication of recent snowfall [7].
For the albedo data we isolated the corresponding sum-
mertime Ls range (where Ls is areocentric longitude of 
the Sun) for each hemisphere, and for the thermal data 
we isolated the winter period for each hemisphere. We 
then subdivided the data in Ls steps of 15° to obtain sta-
tistically robust average measurements of both emissiv-
ity and albedo. We then constrained the albedo and 
emissivity data to latitudes between 60 to 85° in both 
hemispheres, for Mars Years 29-33. We projected the 
data into 2-dimensional arrays and binned them into 
grids of 200 by 200 pixels (Fig. 1-2).  

 

Figure 1:Polar map of average albedo values for 60-85° N 
spanning 0-180° Ls (top), and for 60-85° S spanning 180-
360° Ls (bottom). Gray gaps imply no data.  

Results: Radiative properties and snowfall.  Aver-
aging over their respective summer and winter seasons, 
we find that the north has considerably lower (~28% 
lower) albedo than south but slightly higher (~5-8% 
higher) emissivity. To investigate the correlation be-
tween albedo and emissivity, we produced 2-dimen-
sional binned histograms and calculated their Pearson 

y g
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Figure 2: Polar map of average emissivity values for 60-
85°N spanning 180-360° Ls (top), and for 60-85°S spanning 
0-180° Ls (bottom). Gray gaps imply no data. 

correlation coefficients (Fig. 3). Again using low emis-
sivity as a proxy for snowfall, we found that high albedo 
and snowfall were positively correlated in both hemi-
spheres. The southern hemisphere showed higher corre-
lation (R = -0.531) than the northern hemisphere (R = -
0.389).  
Spectral effects of dust and water.  To account for the 
possible snowfall dust contamination, we ran a radiative 
transfer model [7] to calculate the albedo and emissivity 
of different CO2 and dust mixtures. The model relies on 
the calculation of Mie parameters of different mixtures 
based on their number densities [10]. We calculated 
shortwave albedo and associated thermal emissivity for 
different dust mixing ratios (1 ppm to 100%) of dust by 
changing the radius of the CO2 particle but maintaining
the radius of the dust constant. We did the same calcu-
lations with H2O as the contaminant and found that the 
impact of water to the optical properties of CO2 ice was 
negligible. We compared the model to our 2-dimen-
sional histograms to asses which CO2 particle radii and 
dust content match the optical properties of snow in both 
hemispheres (Fig. 3). Our results show that the north ex-
hibits more dust contamination during winter. 

Conclusions: The ~5-8% reduction of average sur-
face emissivity in the north compared to  the south

indicates greater amounts of snowfall in the north. The 
~28% lower average albedo value in the north is con-
sistent with snowfall in the north containing ~10x more 
dust than the south. These combined radiative effects 
due to snowfall amount and dust content allow for CO2

deposits in the south to be more stable than the northern 
polar region. 

 

Figure 3: Histogram showing correlation between summer 
albedo and winter emissivity in the northern hemisphere 
(top) and southern hemisphere (bottom). The color bar indi-
cates number of data points per pixel. Solid curves show 
model calculations for different particle sizes and dust mix-
ing ratios . 
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Introduction:  Boron has been detected in 

groundwater-emplaced veins of calcium sulfate (Fig. 
1) in Gale crater, Mars with the NASA Curiosity rov-
er ChemCam instrument [1,2]. The detection of boron 
in calcium sulfate veins implies that boron was oxi-
dized to borate and was a constituent of Gale crater 
groundwater. Under alkaline conditions, borates ad-
sorb to 2:1 phyllosilicates [3]. Hence, borates may 
have been adsorbed by clay minerals on Mars while 
groundwater circulated through the bedrock. 

The discovery of boron on Mars has important im-
plications for martian and terrestrial prebiotic chemis-
try. Borates can react with and stabilize important 
prebiotic molecules, including sugars [4], and the 
formation of borate-sugar complexes may be an im-
portant step in the prebiotic synthesis of ribonucleic 
acids (RNA) which may have led to the origin of life 
on Earth [5]. The presence of borate in Mars ground-
water opens up the possibility of prebiotic reactions on 
early Mars [1] and perhaps the preservation of organ-
ics in martian clay minerals by borate complexation. 

As with borates, organics can be trapped within 
2:1 phyllosilicates, such as montmorillonite [6]. Since 
both organics and borates are present, it is likely that 
interaction of organics and borates occurred in early 
Mars groundwater or while these materials were ad-
sorbed and concentrated on clay surfaces, potentially 
allowing for prebiotic chemical reactions to occur on 
Mars. Our project focuses on studying the role of clay 
mineral chemistry on the reaction of sugars and bo-
rates under typical Mars and terrestrial groundwater 
conditions, including understanding the role of pH in 
borate uptake by clays [7] and borate-organic reac-
tions. 

Methods:  Borate-bearing clay minerals at various 
pH conditions are being produced [7]. Clay mineral 
samples include terrestrial clay minerals, kaolinite, 
montmorillonite, and bentonite, and Mars analog 
clays, nontronite, and saponite. We will mix ribose 
with the borate-bearing clays suspended in water and 
monitor for the breakdown of ribose using an alkylsi-
lyl derivatization gas chromatography tandem mass 
spectrometry (GC-MS-MS) technique [8]. The result-
ing half-life of ribose mixed with the borate-bearing 
clays will be compared to control experiments to de-
termine the effects of clays on the reaction. 

 

FIGURE 1: ChemCam target “Catabola” where bo-
ron has been observed in light-toned calcium sulfate 
filled fractures (light-toned resistant feature) within 
clay mineral rich lacustrine bedrock (darker-toned 

rock hosting calcium sulfate vein). Mastcam context 
image shown above with colorized ChemCam remote 
micro image shown below with crosshairs indicating 
positions of ChemCam laser observation points. Im-
age Credit: JPL-Caltech/MSSS/LANL/CNES-IRAP. 

Our preliminary experiments are based on [4], 
where we stir ribose in pH 11.5 water at 80°C and 
monitor for reaction products for 24 hours. Aliquots 
are taken from the reaction mixture and quickly dried 
using N2 to prevent further reaction. Results from 
these experiments will act as a baseline for future ex-
periments between borate-bearing clay minerals and 
ribose while helping us to refine our GC-MS methods. 

Results:  Figure 2 shows that ribose chromato-
gram peak area decreases rapidly with the onset of the 
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experiment, but slows after 4 hr. Other sugars form 
during the reaction, glucose, fructose, as well as sugar 
acids gluconic acid and ribonic acid. Within 2 hr, 
sugar acid concentrations peak and then decrease. 
Glucose and fructose concentrations rapidly rise until 
t = 4 hr and then increase at a slower rate until the 
end of the experiment. 

Discussion:  The results from the preliminary ex-
periment show that we can track ribose and its reac-
tion products using high resolution GC-MS-MS and 
the alkylsilyl derivation technique. In addition, the 
results of the experiment likely show that the reaction 
stopped at ~4 hr. As sugar acids formed in the reac-
tion mixture, the acids decreased the pH of the reac-
tion solution, preventing further reaction of the re-
maining ribose. 

Borate-sugar complexes [10] are potentially im-
portant for prebiotic chemicals. The study of sugar 
stability in martian clay minerals is important for de-
termining if sugars, and other important organic bi-
osignatures, could be preserved in the martian subsur-
face by reaction with clays and borate-bearing clays. 
Sugars are very rare in abiotic conditions due to their 
susceptibility to breakdown in water [4,9]; sugars have 
only been detected in carbonaceous meteorites in very 
small quantities [9]. Thus, sugars are unlikely to be 
found on Mars without being replenished by life. If 
our experiments show clay-borate-sugar complexes 
form stable products, then this class of molecule and 
their derivatives could be potentially preserved in the 
martian subsurface, allowing for detection by instru-
ments on Mars, or returned samples. 

Conclusions:  These preliminary results show that 
we can differentiate between ribose and its breakdown 
products that include other sugars and their stereoi-
somers. The first goal of this project include refining 
our experimental techniques and GC-MS methodolo-
gies based on the results shown here. The second goal 
is reaction of a sugar mixture with many types of bo-
rate-bearing clays in alkaline water to determine 
which sugars bind to borates on clays, determine what 
role clay minerals chemistry and structure play during 
these reactions, and determine the stability and struc-
ture of any final products.  

Acknowledgements:  Los Alamos National La-
boratory, Laboratory Directed Research and Develop-
ment Exploratory Research, University of New Mexi-
co, NASA Mars Exploration Program, National Geo-
graphic Early Career Grant Program, Rio Tinto Bo-
rax. 
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FIGURE 2: Preliminary results of the ribose reaction 
in alkaline water experiment over a 24 hr period. A) 
The concentration of ribose reactant. B) The concen-
tration of sugar acids produced during the reaction. 

C) The concentration of hexose sugars produced dur-
ing the reaction. Reactants and products change rap-
idly in the first 2 hours of the experiment (pink line). 
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Introduction:  One of the major innovations of the 

Curiosity rover was the capability to drill the surface 
of Mars [1]. The payload of the rover is then used to 
characterize the drill areas. Here we discuss some of 
the ChemCam instrument contribution to these special 
investigations in which the laser is used to measure the 
composition variation inside the drill hole. 

The characterization of a drill area with ChemCam 
is made in several steps, including reconnaissance of 
the local bedrock, measurement at the drill location 
before the drill, measurement inside the drill, of the 
tailings, and of the dump, both in active and passive 
modes [2]. Shooting and focusing inside the 1.6 cm 
diameter drill hole is quite challenging and may re-
quire several attempts. Other instruments are used to 
document the area, and the collected samples are ana-
lyzed by SAM and CheMin, but only ChemCam can 
make several point measurements inside the drill hole 
thanks to its fine scale analysis (spot size of ~500 m). 

The processing of these data is based on multivari-
ate techniques [3] and various statistical tools were 
developed to study this large dataset. A clustering 
method has already been used in diverse contexts as 
support to global or local target classifications [4]. 
Here we used again this same hierarchical divisive 
method, limited to the 275 points on drill walls be-
tween Sols 227 and 2282; Only spectra in good focus 
were used. The goal is to describe the diversity of the 
drill locations, and also to evaluate the capability of 
this approach to link distant targets that may share 
common sediment sources. 

Results:  Fig. 1 shows the dendrogram summariz-
ing the clustering steps, starting at the top with all the 
data points and, after successive divisions into two 
sub-groups, ending at the bottom with each individual 
measurement point [5]. The control of clustering quali-
ty index (silhouette) suggests that 8 to 13 clusters can 
be considered; In this abstract we show 11 clusters of 
points, although the last one is weak. Their Major Ox-
ide Composition (MOC) distribution is given in Fig. 2. 

Sampling.  The number of points inside a drill hole 
is quite variable (e.g. 6 points in Mojave and 36 in 
Duluth), increasing along the mission as we were im-
proving the technique, but with the risk to create a 
biased sampling. Okuroso and Oudam drill holes were 
not included because of focus uncertainties. However 
the sampling per stratigraphic unit [6] is reasonably 

balanced with 38 points in the Bradbury Group equally 
distributed between the Yellowknife Bay and Kimber-
ley formations, 49 points in the Siccar Group, and the 
other distributed between the members of the Murray 
formation of the Mount Sharp Group: 49 in Parhump 
Hills, 29 in Karasburg, only 10 in Sutton Islands, 36 in 
Blunts Point, 25 in Pettegrove Point, and 39 in Jura. 

Preliminary discussion.  The three drill holes in the 
Bradbury Group are well clustered together in this 
analysis, consistent with a composition enriched in 
feldspar [7], shown as black and gray clusters at the 
left of the dendrogram (Fig. 1). The median abundance 
of SiO2 in clusters 1 and 3 is slightly below the median 
content of all the drill holes (49 wt.%), and the MgO 
content of these clusters is double the median abun-
dance of the population (4 wt.%), while quite variable 
in cluster 1 (John Klein and Cumberland drill holes). 
Inside the Bradbury Group, the main difference be-
tween the Yellowknife Bay and the Kimberley for-
mations is a well-documented excess of potassium in 
the latter (Windjana drill hole in cluster 3) interpreted 
as a contribution from a source of alkali sediments [8]. 

The Parhump Hills member data are also clustered 
(shown as red in Fig. 1 as a sub-cluster of cluster 4), 
except for the Buckskin drill hole from the Marias Pass 
locality, which appears as a separate cluster (5) with 
much more SiO2 and TiO2, and a depletion of FeOT, in 
which tridymite was discovered by CheMin [9] and the 
general silica enrichment in halos in that area was in-
terpreted as late-stage groundwater activity [10]. 

The data from Siccar Group are also clustered to-
gether (clusters 7 to 9 in green on the right of Fig. 1). 
They present excesses of SiO2 and TiO2 compared to 
the median of all the drill holes (0.9 wt.% for TiO2), 
and depleted in Al2O3 compared to the population me-
dian (9.5 wt.%) and FeOT (19.5 wt.%), which match 
the composition of the amorphous component [11]. 
The Big_Sky drill hole in a sandstone of the Stimson 
formation, which has less amorphous material and is 
less altered than its neighbor Greenhorn sample [12], 
makes an exception as it plots with the Bradbury 
Group (cluster 1) consistently with a basaltic origin. 

The points from the other Murray members are 
more distributed, which probably reflects more varia-
bility in their local compositions, possibly due to vari-
able alteration levels [13] and the contributions from 
later diagenetic features [14]. The large and diverse 
cluster 4 can certainly be subdivided since it look or-
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ganized between the drill holes in Pahrump Hill, Pette-
grove, and Blunts Point members. 

Cluster 2 obviously includes mixtures with calcium 
sulfates (high Ca, low total) that are common at Gale 
crater, mainly in veins [15] but also occasionally in the 
bedrock; Some points may also have sampled the tail-
ings and a more rigorous selection of the data may 
help to focus the analysis on the bedrock only. 

Conclusion: Different sedimentary bedrock were 
sampled by Curiosity along its traverse of various for-
mations, from a rather preserved basaltic composition 
to a more altered composition [13]. 

While a clustering method cannot be used alone, it 
helps to detect commonalities, through identifying 
similar compositions and highlighting differences from 
one locality to another. For example, we may want to 
quantify the overlap between Bradbury and Stimson 
sandstones, or later in the mission search for a possible 
link between Greenheugh pediment and Stimson [16]. 

Sampling objectives will be different on the next 
rover mission, Mars2020, and measurements inside 
drill holes with the SuperCam instrument will be an 
important source of documentation of these samples. 

References: [1] Abbey W. et al. (2019) Icarus, 
319, 1-13. [2] Jackson R. et al. (2016) Icarus, 277, 
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[7] Morrison S. et al. (2018) Am. Min., 103, 857-871. 
[8] Le Deit L. et al. (2016) JGR, 121 (5). [9] Morris R. 
et al. (2016) PNAS, 113, 7071-7076. [10] Frydenvang 
J. et al. (2017) GRL 44, 4716-4724. [11] Yenn A. et al. 
(2017) EPSL 471, 186-198. [12] Sutter B. et al. (2017) 
JGR 122, 2574-2609. [13] Mangold N. et al. (2019) 
Icarus 321, 619-631. [14] Sun V. et al. (2019) Icarus, 
321, 866-890. [15] L’Haridon J. et al. (2018) Icarus 
311, 69-86. [16] Bryk A. et al. (2019) this issue. 

 
Figure 1:  Dendrogram representing the clustering of 275 ChemCam points from drill holes. The division in eleven 
clusters is shown. The colors represent the stratigraphic units (group-formation-member) of the original data. 

 
Figure 2:  Boxplots showing the composition distribution measured in the eleven clusters described in Fig. 1. 
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Introduction: In interactive dust mode, the 

MarsWRF General Circulation Model (GCM) allows 
the user to explicitly simulate the Martian dust cycle. In 
this configuration, dust is lifted from the surface by 2 
mechanisms, dust devils and near-surface wind stress. 
The lifted dust is injected into the planetary boundary 
layer, advected by the winds, and deposited back on the 
surface. In the dust devil and near-surface wind stress 
parameterization schemes, there are 3 tunable parame-
ters that have to be adjusted by an iterative approach. 
These parameters are resolution dependent, and have 
been previously set up on a ~5x5° grid [e.g. 1,2]. How-
ever, a finer horizontal resolution is required for the 
model to better simulate fine-scale wind features related 
to topography and associated dust lifting, and hence 
give a more realistic representation of the observed dust 
cycle [3].   

We present global model runs with interactive dust 
for a considerably high horizontal resolution of 2°×2°. 
This implies that the model has to undergo optimization 
in terms of the dust storm generation and simulation of 
the background dust cycle. With dust storms driving 
variations of up to several tens of degrees Kelvin, the 
mid-level atmospheric temperature serves as an indica-
tor of the model performance. To this end, important 
criteria are the model representation of the interannual 
variability, onset time, and duration of global dust 
storms. Moreover, we analyze the spatial redistribution 
of surface dust.  

The presented model runs aim at evaluating a poten-
tial refinement of dust storm modelling from enhancing 
the model resolution to a computationally level that is 
quite costly to date (for simplicity, an infinite surface 
dust reservoir is considered). In addition, our model 
runs may serve as a baserun for future modelling efforts 
achieving mesoscale/microscale resolution within se-
lected regions of interest by applying the nesting tech-
nique.    
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Introduction: The S contents of rocks and soils are 
indicative of various alteration processes on Mars,
e.g.[1]. It has been quantified along traverses at 4
landing sites – Pathfinder, both MERs and MSL – by 
the APXS [2,3]. At the MSL and MER sites, sulfur 
abundances, correlations with likely bound cations 
and other elements, and complementary mineralogical 
and textural data have provided important insights
into alteration processes and periods of more habitable
environments in the distant past.

Method: The APXS quantifies 16 major and trace 
elements between Na and Br with high precision,
good accuracy and low detection limits, sulfur among 
them[4]. The elements are quantified by their charac-
teristic x-ray peaks as their usual oxides and are nor-
malized to 100 wt%, assuming a homogeneous and 
water- and carbonate-free sample. The assumption 
that sulfur is fully oxidized as SO3 in the overwhelm-
ing number of cases is confirmed by quantification of 
low-Z elements – essentially oxygen – using the 
APXS scatter peak method [5].

Soils: Unconsolidated materials (soils) at all land-
ing sites show similarity in overall composition and an
abundance of sulfur equivalent to approximately 5% 
SO3 [6]. Sulfur correlates well with chlorine and zinc 
in soils (fig 1), and with the Fe3+/FeT content from 
Mössbauer on MER. These phases likely represent the 
fine Martian dust and were linked to the amorphous 
component in Chemin XRD [7].

Figure 1: Cl and Z vs S in soils

Meridiani Planum: Bedrock on the plains at Me-
ridiani is the Burns formation, a sulfate-rich sandstone 

Figure 2: S vs sol number (traverse)
with up to 25% SO3, and hematite and jarosite were 
identified by Mössbauer [8]. The traverse of ~45 km 
can be visualized through the sulfate content in rocks 
and soils in Fig. 2 against sol number. Abraded interi-
ors of the Burns fm. have the highest sulfate content 
while brushed and as is surfaces have lower values 
through soil/dust cover or preferential abrasion of sul-
fate minerals from the rocks surface. The overall com-
position of the Burns fm. is remarkably constant over 
30 km. However, sections in two impact craters have 
parallel ~30% reduction of magnesium and sulfur in 
1:1 molar ratios with depth [3]. Fig. 3 shows that Mg 
and Fe are not diluted by the addition of sulfur, indi-
cating that the Burns fm. likely contains Mg- and 

Figure 3: Major element content vs S
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Fe-sulfates. Calcium tracks Al and Si, indicating that 
Ca-sulfates are not a major component.
On sol 2700 the rover reached the rim of Endeavour 
Crater, predating the Burns fm. Rocks on the rim are 
essentially of average-Mars-crust composition and 
have lower S contents (Fig. 2). Localized alteration 
zones occur, and for the first time, CaSO4 veins (of
unknown hydration state) were encountered [9].

Gusev Crater: The Gusev Plains’ rock population 
is dominated by primitive, olivine-bearing basalts 
[10]. Rock surfaces were measured as is, brushed or 
abraded, with lowest SO3 values for abraded rocks, 
down to ~1%. Some rocks showed alteration rinds 
with S, Cl, and Zn contents higher than the values in 
basaltic soils [10]. At Gusev, a variety of localized 
sulfates were encountered: Peace is cemented with ~ 
20% MgSO4; Halley_Brunt contains ~10% CaSO4;
and the soil trench Boroughs exposed ~10% excess 
MgSO4 [11]. However, the highest SO3 contents occur 
in whitish subsurface soils exposed by the rover 
wheels. PasoRobles on the Columbia Hills contains 
>30% SO3. Most other elements are diluted with the 
notable exception of Fe. Several other deposits of sul-
fate-rich soil were found within the Columbia Hills 
over a traverse of several km. Mass balance shows that 
these Paso-Robles-class soils consist of basaltic sand 
mixed with Fe3+-, Mg- and Ca-sulfates, and excess 
SiO2 (Fig. 4). These soils were interpreted as rem-
nants of acidic leaching resulting from fumerolic ac-
tivity. The scatter peaks indicate an excess of oxygen 
of ~15 wt% in these soils, pointing towards hydrated 
ferric sulfates [5].

Figure 4: Excess sulfates and silica in PasoRobles 
soils
Gale Crater was selected on the basis of evidence 
from orbit for a sequence of sulfates, clays, and hema-
tite. The rover has yet to reach the sulfate unit, but it 
has found ample occurrences of sulfates and clays. 
The bedrock at Yellowknife Bay, contains ~20% clays 
and is notably low in sulfate with ~1% SO3. Sulfates 
at Gale are predominant late-stage CaSO4 veins. A 
SO3 vs. CaO plot (Fig. 5) shows a clear trend of 

CaSO4 addition. The largest veins were found at Gar-
den City where a Ca-rich, but S-free phase was identi-
fied in association with enrichments in germanium 
and manganese [12]. Local MgSO4 pebbles and con-
cretions were identified in the Murray and Stimson 
formations. Minor Fe-sulfates like jarosite, detected by 
Chemin, demonstrate excess sulfate over CaO as ex-
pected [13].

Figure 5: CaSO4 addition at Gale Crater

Summary and Discussion: The ability to detect and 
quantify sulfur is crucial for understanding and com-
paring alteration processes at all landing sites. The 
extensive Burns formation at Meridiani Planum with 
~25% SO3 content is in sharp contrast with the low 
contents of sulfate at the older Endeavour and Gale 
Craters, where circumneutral water formed clays, 
documenting the transition from neutral water activity 
to a much more acidic period in Martian history.    
The capability to detect and quantify sulfur and asso-
ciated elements will be crucial for the upcoming ex-
ploration of the sulfate unit at Gale Crater to map the 
extent of this formation, to localize the most promis-
ing drill samples, to compare ground observations 
with orbital mapping, and to extend the understanding 
of alteration processes in early Mars history[14].
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Abstract:  The Mars Year (MY) 34 global dust 

storm is only the third such storm to occur on Mars 
since the introduction of long-term orbital measure-
ments of the state of the Martian atmosphere. The 
storm occurred just after the autumnal equinox, similar 
to the MY 25 global dust storm, but initial lifting oc-
curred in MY 34 in Acidalia (northern hemisphere) 
rather than in Hellas (southern hemisphere). Reanal-
yses are a valuable means for studying the evolution of 
the Martian atmosphere, as they combine spacecraft 
observations with the dynamics and physics of a Mars 
Global Climate Model [1][2][3][4]. We assimilate 
temperature observations from Mars Climate Sounder 
(MCS) [5] into the Ensemble Mars Atmosphere Rea-
nalysis System (EMARS) [6] before and during the 
storm (Ls 170-240).  Dust is constrained with a MY 34 
column-integrated opacity dust scenario, a provisional 
product based on the methodology of Montabone et al 
[7]. In order to allow insight into synoptic-scale dust 
advection and lofting with full spatial and temporal 
coverage during the storm, dust in the model is added 
to or removed from the boundary layer to match the 
scenario column opacity as a proxy for dust lifting, 
whereas the 3D dust field is evolved by the reanalysis 
wind field. The reanalysis can also reveal surface wind 
stresses that may be responsible, in part, for lifting. We 
focus on the growth phase of the storm, which is com-
pared and contrasted with the evolution of the MY 25 
storm. The EMARS dust field and MCS vertical pro-
files of dust are compared to assess whether EMARS 
captures the synoptic scale aspects of the processes 
responsible for the transport and lofting of dust.  
EMARS has been used to characterize transient eddies 
[4], which have been investigated during the storm’s 
initiation. Other topics under investigation include 
feedbacks between the storm’s dust distribution, the 
global circulation, and tides, and the mechanisms by 
which the storm becomes global. 
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Introduction: The multiple detections of methane 

in the martian atmosphere have raised numerous ques-
tions about its potential sources. Many of the proposed 
generation mechanisms for CH4 would take place hun-
dreds of meters to several kilometers deep in the crust 
of Mars, while subsurface reservoirs such as clathrate 
hydrates could release methane from shallower depths. 

Under appropriate low temperature and high pres-
sure conditions, water can solidify in the presence of 
gases to form clathrate hydrates. Thermodynamic con-
ditions prevailing on Mars favour clathrate formation 
from near subsurface to deep down in the cryosphere 
(<15 m up to 24 km deep; [1]) and kinetics experi-
ments [2] showed that their dissociation, initiated by a 
change in temperature, pressure or composition of the 
reservoir, is a feasible mechanism for near-surface me-
thane release. Stability models show that methane 
clathrates are stable from several tens of meters deep in 
equatorial regions [3-4]. However, local slopes consid-
erably alter surface and subsurface temperatures and 
can therefore affect clathrate distribution in the soil.  

In this work, the stability depth of methane clathrate 
hydrates in the martian subsurface is investigated con-
sidering sloped surfaces at low latitude and especially 
in regions where methane has been locally reported. 

Methods:  We follow an approach similar to [5] 
where the dissociation pressure of a multiple guest 
clathrate is calculated from the dissociation pressures 
of simple guest clathrates as: 

 
where xG is the molar fraction of species G in the initial 
gas phase. The dissociation pressure of a simple clath-
rate of guest species G follows an Arrhenius law [6]: 

 
where PG

diss is expressed in Pa and T is the temperature 
in K. The constants A and B fit to experimental equilib-
rium data. 

A one-dimensional diffusion equation for subsur-
face temperature with depth dependent thermal con-
ductivity, density and specific heat is solved with a 
semi-implicit Crank-Nicolson scheme on a grid with 
variable spacing. The heat balance on the sloped sur-
face is implemented similarly to [7]. 

Results:  The stability field of methane clathrate in 
the martian soil is shifted upwards with tilted surfaces 
oriented towards the pole as these slopes experience 

colder surface temperature. The shallowest stability 
zone at -4.6°N and 30°N has been found to occur with 
a slope angle of 70° and 60° respectively. At 30°N, 
CH4 clathrate could be stable as close as 10 m to the 
surface. Moreover, at very low latitude, some equator-
facing slopes can also bring the clathrate stability zone 
closer to the surface. At Gale crater latitude, this is the 
case for slope angles ≥ 30°. In equatorial regions, the 
destabilization of methane clathrates by surface pro-
cesses could thus be easier on crater walls, especially 
as sloped surfaces are more prone to landslides. 
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OMEGA/MEX PHOBOS OBSERVATIONS. B. Gondet1, J-P. Bibring1, IAS, Université Paris Sud, 91405 Orsay 
Campus, France (brigitte.gondet@ias.u-psud.fr)

Introduction: The imaging spectrometer OMEGA 
[1] operates in the VIS-NIR range, covering the (0.35 
μm to 5.1 μm) range in 352 contiguous spectral chan-
nels.  This spectral range has been chosen as it includes 
diagnostic signatures of most surface mafic and hydrat-
ed minerals, frosts and ices. With a 1.2 mrad IFOV, the 
footprint varies from 40 m when imaging from 40 kms,
up to 4.8 km from an altitude of 4000 km: this allows a 
global spectral coverage of Phobos to be achieved, at 
various spatial resolution..

Along these 16 years of operations, OMEGA has 
imaged Phobos in about 65 sequences out of more than 
19500 MEx orbits, with one from a distance of 50 km 
only, and with 3 observations of the crater Stickney.

The prime objective is to contribute deciphering the 
origin of Phobos, while answering the following ques-
tions:

-Is Phobos a undifferentiated body, or has this
small body suffered some degree of internal differen-
tiation, which would be reflected in surface composi-
tional variations?

- Can one detect surface material containing either 
aqueous  or organic compounds ?

- Would Phobos (and Deimos) be captured aster-
oids, as initially suggested, or bodies re-accreted in a 
disk triggered by an impact on Mars, similarly to the 
Earth Moon [2] ?

On board of MarsExpress Phobos as been also obser-
aved by all the other instruments (HRSC, Spicam, PFS, 
Aspera, Marsis and Radio Science), enabling cross-
comparison and complementary reduction [3].

Data: Spectra of Phobos in the visible and mid-IR 
have been acquired by  different instruments 
(KRFM+ISM (Phobos2) [4], CRISM (MRO) [5] and 
OMEGA (MEx)). At the first order associated spectra 
are identical. It is only by approaching Phobos (<100
kms) that we can find some spectral variations.

We will present these variations and their potential 
implications in particular  in the area of Stickney crater
(Fig 1.)

Fig1: Omega observation of Stickney at 55 kms. 
Blue and Red units [3] are well visible. A slope break 
at 850 nm is exhibited.

Results:
No evidence so far that Phobos is a differentiated small 
body. No evidence for hydration, possibly as a result of 
thermal dehydration. No evidence yet of carbonaceous 
material.

Future Missions: The Jaxa mission MMX [6] will 
perform a global characterization of Phobos and Dei-
mos, through remote sensing, in situ analyses and col-
lection of samples to be returned to Earth. A NIR hy-
perspectral imager (MacrOmega) will perform a global 
coverage down 10 m footprint, reduced locally to a few 
millimeters [7]. It should greatly contribute deciphering 
the origin of both moons. 

References: [1] Bibring J-P. et al. (2004), ESA SP
1240, 37. [2] Bibring J-P. (2010) EPSC2010-554
[3] Witasse O. et al (2014) PSS [4] Murchie S. et al 
(1996) JGR. [5] Freaman A. et al (2012) JGRE, [6]
Kuramoto, K. et al (2018) EPSC, [7] Royer, C. et al 
(2019) LPSC
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AN EXAMINATION OF ATMOSPHERIC WATER VAPOR AS A SOURCE FOR RECURRING SLOPE 
LINEAE ON MARS.  R. V. Gough1, D.L. Nuding2, A. Toigo3, S. Guzewich4, and M. A. Tolbert1. 1Cooperative
Institute for Research in Environmental Sciences and Department of Chemistry, University of Colorado, Boulder, 
CO. (raina.gough@colorado.edu) 2Jet Propulsion Laboratory, California Institute of Techlogy, Pasadena, CA. 
3Applied Physics Laboratory, Johns Hopkins University, Laurel, MD. 4NASA-Goddard Space Flight Center, Green-
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Introduction:  Recurring slope lineae (RSL) are sea-
sonally albedo changing linear features found on valley 
walls, crater rims slopes, and central peaks of craters 
on Mars (1). The linear features, whose formation 
mechanism has yet to be explained, extend incremen-
tally and reappear and fade annually.  RSL may repre-
sent recently flowing liquid water, although dry (or 
mostly dry) flows have also been proposed (2). If an 
active liquid flow is present, it is most likely in the 
form of a brine due to the instability of pure liquid 
water under Martian conditions; however, the source 
of water and its formation is currently a point of disa-
greement.   

Perchlorate salts, present globally on Mars, are 
perhaps enhanced at RSL locations (3), though this is 
controversial (4). Perchlorate (and other salts) are of 
interest due to their hygroscopic nature and low eutec-
tic temperature. Salts in RSL could potentially form 
liquid brine via deliquescence if environmental condi-
tions (temperature, water vapor) are suitable on the 
surface of Mars today (Fig. 1).  

 
Figure 1. Schematic representation of potential deliques-
cence of salts in RSL. 

Here we present the results of laboratory experi-
ments on calcium perchlorate that utilized atmospheric 
model outputs to examine the plausibility of atmos-
pheric water vapor as source and possible trigger for 
RSL formation at Valles Marineris. We aim to address 
two main questions by combining model simulations 
and laboratory experiments: 
• Can atmospheric water vapor be a plausible 

source for RSL?  

• Is deliquescence (or other water uptake) ob-
served in experiments that simulate modeled 
conditions at RSL locations?  

Experimental Methods: MarsWRF atmospheric sim-
ulations were used to define the experimental parame-
ters (surface temperature, water vapor atmospheric 
concentration) at observed RSL locations to enable 
more accurate simulation of Martian conditions than 
has previously been attempted. MarsWRF (5) is a nu-
merical Martian atmospheric model explicitly simulat-
ing dynamical processes and parameterizing unre-
solved processes (e.g., radiative transfer, atmospheric 
phase changes, etc.).  The simulations used for experi-
mental input were 5-domain “nested” simulations, with 
the largest (lowest resolution) domain being of global 
extent at a resolution of 2 degrees of latitude and longi-
tude and 52 staggered vertical levels from the surface 
up to approximately 120 km altitude.  Simulations 
were run for several years at the global scale, with the 
higher resolution nests being active for 10 days in the 
final year during the seasons of interest with each suc-
cessive nest being at 3 times higher resolution and also 
3 times smaller linear extent (1/9 area of parent do-
main) than their parent domain. 

To understand the water uptake properties of cal-
cium perchlorate at RSL locations, we have used a 
Raman microscope equipped with an environmental 
cell. Details of the setup have been described previous-
ly (6). Briefly, a Raman microscope is equipped with 
an environmental cell able to achieve temperatures as 
low as ~190 K. The Raman microscopy technique ena-
bles us to determine the phase of a salt (anhydrous 
solid, hydrated solid, aqueous solution, or in a mixture 
with water ice) at a given temperature and relative hu-
midity using both Raman spectroscopy and optical 
microscopy. 

We are able to closely simulate both temperature
and relative humidity at a Valles Marineris RSL loca-
tion. Figure 2 shows a comparison of temperature and 
relative humidity cycles of the lab simulations vs mod-
el outputs at Valles Marineris. The lab simulations 
were run 4x faster than Mars time (to simulate two 
Mars days in one ~12 hr day in lab). 

6327.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



 

Figure 2. Comparison of (a) temperature and (b) relative 
humidity between our laboratory experiment (blue) and 
the model output (red). 

Calcium perchlorate particles were spectrally and 
visually tracked for two back to back simulated diurnal 
cycles. In Fig. 2, the typical experimental conditions 
and model simulations are plotted on the calcium per-
chlorate phase diagram. It appears that aqueous solu-
tion may be stable for brief periods throughout the 
diurnal cycle at Valles Marineris at Ls = 120.  

 

Figure 3. The phase diagram for calcium perchlorate 
with the typical experimental conditions (orange) and 
model output values (black  symbols).  

Results: Throughout the Mars simulated diurnal 
cycles, the Raman spectra indicate that water uptake is 
occurring as relative humidity is increased. Fig. 4
demonstrates the peak growth in the O-H stretch, indi-
cating the uptake of water, while the ClO4

- stretch 
shifts to signify the solvation of the ion.  

 

Figure 4. Raman spectra of calcium perchlorate as rela-
tive humidity is increased: (a) O-H stretch increases and 
(b) perchlorate stretch shifts, both indicating uptake of 
water by the salt. 

Additionally, the calcium perchlorate particles un-
dergo visual transformations as the relative humidity is 
increased and water uptake is confirmed by Raman 
spectroscopy. Figure 5 is a microscopic image of cal-
cium perchlorate particles as the temperature and rela-
tive humidity are cycled. Visual growth and darkening 
are observed as the relative humidity increases. When 
the relative humidity is decreased, the particles de-
crease in size and become brighter. The diurnal volume 
changes have not been experimentally reported previ-
ously, and may be a contributing factor in the ultimate 
triggering of RSL development.  

 
Figure 5. Changes in the appearance of calcium perchlo-
rate particles as RH is increased and then decreased
along the experimental trajectory shown in Fig. 3. 

Conclusion:  We have experimentally examined the 
behavior of calcium perchlorate for RSL-relevant loca-
tions based on model simulations. Calcium perchlorate 
particles demonstrate water uptake and loss based on 
visual and spectral changes observed during relative 
humidity and temperature cycling. The water uptake of 
salts likely impacts the atmospheric water cycle and 
may be associated with RSL formation. Water uptake 
by salts may be involved with RSL formation via (1) 
changes in salt particle size triggering sediment flow, 
(2) changes to grain cohesion affecting the angle of 
repose, or (3) surface albedo changes due to increased 
water content. These processes may be contributing
even if the primary RSL activity is dry granular flow.  
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Introduction 
Objectives : The Mars Organic Molecule Analyzer 
(MOMA) experiment onboard the ExoMars 2020 rover 
(Rosalind Franklin) will analyze the content in organic 
molecules present in samples collected at the surface 
and subsurface (down to 2 meters) of Mars. MOMA 
has two complementary analytical modes: Laser De-
sorption/Ionization-Mass Spectrometry (LDI-MS) and 
Pyrolysis-Gas Chromatography-Mass Spectrometry 
(Pyr-GC-MS). In addition to the pyrolysis analysis, 
three types of derivatization reagents are present in 
twelve capsules and can be used to make possible the 
analysis of refractory and very polar compounds by 
increasing their volatility and protecting the labile 
chemical groups: N-methyl-N-tert-butyldimethylsilyl-
trifluoroacetamide – MTBSTFA [1]; dimethylforma-
mide dimethyl-acetal - DMF-DMA [2]; and tetrame-
thylammonium hydroxide TMAH  [3]. MTBSTFA is 
the most versatile reagent. It is dedicated to analyze the 
labile compounds with a very high sensitivity. DMF-
DMA preserves the chiral center of molecules and will 
allow their enantiomeric separation. TMAH will be 
used to extract and characterize the potential refractory 
compounds (macromolecules, kerogen, etc.) and pro-
tect polar compounds (alkylation) released from the 
pyrolysis experiment. 
The MOMA instrument operates under severely con-
strained resources which directly influence the ultimate 
instrument performance. The restrictions on mass, 
power and data volume limit the mass range, resolution 
and duty cycle of the gas chomatograph coupled to 
mass spectrometer compared to a laboratory instru-
ment but also it directly impacts the available options 
for sample treatment. This is why we have developed 
derivatization capsules dedicated to chemical extrac-
tion by derivatization (MTBSTFA, DMF-DMA, 
TMAH). 
 
Method : To test the feasibility and the efficiency of 
the sample treatment using our derivatization capsules 
we have mimicked the MOMA procedure by coupling 
an test reactor reactor with a commercial GC-MS. We 
have filled six capsules with MTBSTFA, six with 
DMF-DMA, and six with TMAH. Then we have tested 
the opening temperature of each capsule and tested the 
efficiency of sample treatment with our derivatization 
capsule. For those tests we have used two different GC 
columns: a chirasil-Dex (30mx0.25mmx0.25µm) dedi-

cated to the separation of chiral compounds and a 
RTX5ms (30mx0.25mmx0.25µm) dedicated to both 
apolar and semi-polar compounds. Two similar col-
umns are integrated in MOMA-GC flight model.  
 
Instrumentation suite :   
Derivatization Capsule : The caspules have been de-
signed to store different corrosive liquids dedicated to 
the derivatization and thermochemolysis processes. 
Moreover each liquid is released at a temperature cor-
responding to the melting temperature of specifically 
chosen eutectics and chosen to optimize the chemical 
reaction during the sample treatment. DMF-DMA is 
released at 145°C, MTBSTFA at 200°C and TMAH at 
309°C. 
The capsules are small “bullet like” containers con-
structed of stainless steal and have approximate dimen-
sions of 3.6 x 3;2 mm.  The body of the capusule is 
sealed by laser welding endcaps to each.  One cap con-
tains a tube used for filling that is then pinched off to 
complete the seal.  The other cap contains the eutectic 
covering a pin-hole through which the reagent is 
relased once the melting temperature is reached. 
Each capsule is filled with 15μl of reagent. This is 
around 2/3rd of the total volume of the capsule. The 
empty volume is filled with argon to prevent the pres-
ence of oxygen which could oxidize the derivatization 
agent.  
Before the eutectic melts, the temperature increase 
inside the capsule creates a significant back pressure. 
When the opening temperature is reached, the pressure 
inside the capsule should be high enough to eject the 
reagent into the oven.  
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Figure 1: picture of a derivatization capsule. We can see the body , a 
3.6 x3.2mm cylinder where the reagent is contained, the pinched 
tube through which the reagent is introduced, and on the left, a thin 
layer of eutectic to close the pin-hole through which the reagent will 
be released at a given temperature.  
 
Reactor : The reactor used in this study has been 
built to mimic the MOMA oven (tapping station). This 
reactor is composed of a stainless steel oven of about 
1.5 mL volume with two heater plates and two cold 
traps. The two hot plates allow the oven to be heated 
up to 600°C, which is sufficient for our tests as deri-
vatization reactions occur at lower temperatures. The 
two cold plates allow the oven to quickly cool down. 
The oven can be opened with three titanium screws 
and the capsules can be placed inside the oven. A sep-
tum is positioned over the oven so that it is not too hot. 
Through this septum, it is then possible to inject liq-
uids. 

 
 

 

Figure 2: Pattented reactor and its oven. This reactor mimic the 
MOMA Oven volume and heating ramp.  

 

MOMA GCMS Results:   
Quantitative Ananlysis: In order to test derivatization 
and thermochemolysis processes feasibility and effi-
ciency, we have used standard solutions of several 
chiral amino acids and non chiral carboxylic acids. 
Each of these compounds was first treated via classical 
laboratory experiments and then via our MOMA pat-
tend reactor with the MOMA derivatization capsules. 
We have shown that the selected capsule eutectics al-
lowed the derivatization and thermochemolysis rea-
gents to be released at the right temperatures.  Addi-
tionaly we found that the efficiency of derivatization 
and thermochemiolysis was identical both for laborato-
ry experiments and MOMA like derivatization with 
capsules. This result verifies the method that will be 
used on Mars to analyze the soil and rock samples to 
be collected by the rover. 
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Introduction: The Interior Exploration using Seis-

mic Investigations, Geodesy, and Heat Transport (In-
Sight) mission landed at 4.50° N, 135.62° E [1] in what 
is likely a highly degraded ~20 m-diameter impact 
crater in Elysium Planitia dubbed “Homestead hollow” 
[2-5]. A HiRISE DEM confirms the hollow is up to ~0.8 
m deep [3, 6]. Measurements from the DEM and lander 
images from the Instrument Deployment Camera (IDC) 
show the interior surface is quite flat down to the cm-
scale and slopes <3° to the SE. The hollow lacks a sig-
nificant elevated rim, but does show an abrupt increase 
in cobble to boulder size rocks around the margin rela-
tive to the interior. If the hollow is a degraded impact, 
its initial depth was ~3.5-4.0 m and it likely was 
bounded by a ~1 m high rim [3, 7] and fairly steep walls. 

Homestead hollow probably formed ~500 million 
years ago [9, 10] into regolith derived from an underly-
ing Hesperian-aged basaltic plain [9-12] and is one of 
many small craters in the area [2]: ~10 craters <10 m-
diameter are in or near the hollow.   

 
Figure 1. InSight WebGIS [13] composite of lander 
workspace and vicinity. IDC mosaic F2MMWKSSM1 
(2 mm pixel-scale) overlain by Geology Group map of 
soils and rocks (red). Medium and dark brown indicate 
medium coarse sand to cobble unit and coarser sand to 
pebble unit, respectively. Light brown unit is finer sand 
to cobble unit. Rock density is higher in darker brown 
units. Lander footpad centers ~1.4 m apart. North is up.   

Description:  Mapping using lander images (Fig. 1) 
shows mostly sand to pebble-sized fines occur across 
the hollow floor [14] that is variably punctuated by 
mostly gravel/pebbles and cobbles. Many fragments 

closer to the lander, especially near the western front 
footpad, are reddish-brown, often appear platy and/or 
sometimes broken in place, and contrast with darker-
gray, sub-angular pebbles observed elsewhere.  

The lander rocket motors excavated ~10-20 cm pits 
that expose possible layering [5, 15, 16] and whose ex-
cavation resulted in ejection of numerous relatively red-
dish clods [5]. There are more pebbles and cobbles (>2 
cm) on and/or partially embedded on the west/northwest 
part of the hollow (Rocky Field) [3-5] where there are 
~3x more fragments per m2 (Fig. 2).  

Fragment sphericity, or how equant fragments are, 
can be defined by the square root of the short axis di-
vided by the long axis as measured in 2D [17-18]. For 
clasts > ~1 cm and within ~1 m of the lander, sphericity 
averages 0.84 (range 0.64-1.0, +/- 0.1). By contrast, av-
erage sphericity at the Pathfinder, Gusev, and Gale land-
ing sites is 0.72-0.75 (with a broader range, but similar 
standard deviation) [18-20] and is less in most terrestrial 
environments [19]. 

Examination of 872 rocks in and around the hollow 
reveals various concentrations of mostly buried, embed-
ded, and perched rocks (Fig. 2). Perched rocks represent 
~70% those seen on the rim. By contrast, embedded and 
buried rocks comprise 60% of rocks mapped inside the 
hollow. There is a slight increase in perched rocks in the 
higher overall density of rocks exposed at Rocky Field.  

The region surrounding Homestead hollow also 
shows examples of eolian and impact modification. 
There are nearby bright areas that may mark additional 
hollows and there are examples of likely ventifacts (e.g., 
Turtle rock near the lander). The Corintito and Puddle 
craters within the hollow are just two of 10 that have 
excavated and redistributed local materials.  

Discussion:  The attributes of Homestead hollow 
enable the degradation history to be established [5]. Im-
pact formation, as seems likely [2-5], fragmented the 
surface and ejected debris resulting in an initial land-
form whose surface was out of equilibrium with local 
geomorphic thresholds [5]. Early eolian stripping of the 
rim and associated partial infilling of the hollow interior 
likely dominated, leading to more perched rocks on the 
rim relative to embedded/buried rocks in the interior. 
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Pristine craters possess relatively steep walls, thereby 
leading to gravity-driven infilling along the wall whose 
relative importance also decreased with time as slopes 
are reduced and the crater is infilled. There is no sys-
tematic decrease in the relief of embedded rocks or tran-
sition to buried rocks away from the hollow margin, 
suggesting the initial depth of the depression and subse-
quent infilling exceeds the scale of observed rocks.  

Ongoing impacts continue to play a triple role in hol-
low degradation: 1) direct modification during for-
mation (e.g., Corintito and The Puddle); 2) short pulses 
of infilling occurring during emplacement of ejecta 
from nearby impacts; and 3) generation of fines for ad-
ditional redistribution/longer pulses of infilling due to 
the wind. It remains uncertain whether the Rocky Field 
marks a local ejecta deposit, as there is no obvious 
source crater. The relatively significant, early eolian rim 
stripping and concurrent infilling is incomplete (prevail-
ing winds will move some sediment away from the 
crater), but continues at a greatly diminished rate over 
time, punctuated by infilling following nearby upwind 
impacts. Otherwise, sediment production and infilling is 
limited by very slow weathering and breakdown of re-
sistant basaltic rim blocks, eventually creating a margin 
characterized mostly by abundant perched rocks.  

The partial burial/embedded appearance of many 
fragments in the hollow and stratigraphy exposed under 
the lander reflects ongoing, slow infilling of the remain-
ing 0.8 m depression associated with the hollow. Infil-
ling contributions from slow weathering and transport 
of material from along the hollow rim is likely aug-
mented by dust and occasional influx of eolian sedi-
ments during initial degradation of nearby, later forming 
craters. The apparent competence of the near-surface 
material implies weak induration [3, 15, 16], perhaps 
forming a duricrust related to diffusional exchanges of 
water vapor between the atmosphere and soils [3, 4] as 
has been observed elsewhere, albeit in lesser thickness 
[e.g., 21]. Excavation of the pits by the rocket motors 
produced the numerous, roughly equant, reddish clods 

that probably contribute to the high sphericity and frag-
ment density in the western workspace.  

Comparison to Degradation in Gusev crater:  The 
juxtaposition of attributes of Homestead hollow are 
comparable to those observed around small craters 
formed into basaltic rubble in Gusev crater as is their 
inferred degradation sequence [3, 5, 22-24]. There, early 
eolian rim stripping and infilling along with gravity-
driven slope processes contributed to infilling and rim 
modification [7, 8] that slowed over time. The result is 
a 2x-10x concentration of perched rocks along crater 
rims and more buried rocks inside the Gusev craters [22-
24]. Like at Homestead hollow, later rim degradation 
becomes weathering-limited, punctuated by impacts, 
and associated infrequent production/transport of fines, 
and direct emplacement of ejecta. 
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Figure 2. (a) Mosaic covering approximately 290 degrees around the lander with the dashed magenta line denoting 
the approximate margin of the hollow. Colored dots denoting the relative distribution of buried (red), embedded (yel-
low), and perched (green) rocks. It is hard to resolve small rocks at distance, the view favors detection of small rocks 
in hollow, and perched and buried rocks at distance can be blocked by other rocks. Moreover, the viewing angle may 
preclude detection of some buried rocks near and beyond the edge of the hollow.  Nevertheless, the relative abundance 
of perched rocks along and beyond the hollow rim and of buried and embedded rocks inside the hollow is probably 
real. IDC Mosaic D_LRGB_0014_RAS030100CYL_R__SCIPANQM1. 

6207.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



GULLY FORMATION ON THE CENTRAL PEAK OF LYOT CRATER: IMPLICATIONS FOR A LATE 
PALEO MICROCLIMATE. Virginia C. Gulick and Natalie G. Glines, SETI Institute/NASA-ARC, NASA Ames 
research Center, MS 239-20, Moffett Field, CA 94035 (vgulick@seti.org). 

 
Introduction:  The role liquid water played in gully 

formation in Mars’ recent geological history continues to 
be actively debated. Numerous global studies have 
mapped the distribution and morphologies of the gullies 
(for recent reviews see [1, 21]). The global diversity of 
gully morphologies led many to conclude multiple 
formation processes were responsible for their origin with 
no one mechanism being broadly preferred. To better 
understand the relative importance of various possible 
gully formation and modification processes, we have been 
conducting detailed morphologic/morphometric studies of 
gullies in various environmental settings on Mars using 
HiRISE and CTX images and DTMs. Studied gully 
locations include: Palikir Crater [12, 13, 14], Corozal 
Crater [18], Moni Crater [19, 20], the central peak of Lyot 
crater [3, 4], western rim of Sisyphi Cavi, Hale Crater [2], 
the central pit and western rim of Asimov Crater [15], and 
the Kaiser and Matara dunes [17].  

Here, we report our recent gully studies on Lyot’s 
central peak [3] and our detailed mapping of adjacent 
landforms, which we find are consistent with persistent 
freeze/thaw processes operating over several hundred 
years or more [5, 6]. We propose that a local atmospheric 
hydrologic cycle associated with an evaporating ice-
covered paleolake, snow accumulation, and subsequent 
melting on the adjacent central peak region was 
responsible for the formation of these gully systems. 

Potential Thermokarst Landforms and Paleolake in 
Lyot Crater’s Central Peak Region: Based on our recent 
mapping of Lyot Crater’s central peak region, we have 
identified flat-floored, circular-to-oblong depressions, 
connected by channels [5, 6, 3]. We find these potential 
thermokarst landforms are similar morphologically to 
beaded streams on Earth. The bead and channel systems 
flow southwards towards the lowest elevation region (~ -7 
km) in the northern hemisphere. The gullies which 
preferentially form on the western side of the central peak 
also mostly flow towards this region (Figure 1). Beaded 
streams and other associated landforms terminate at ~ -6.8 
km elevation, which we suggest delineates a paleolake 
margin which formed during a period of higher obliquity. 
In this scenario, winds blowing over an ice-covered lake 
towards the peak region could evaporate/sublimate 
sufficient water vapor to deposit snow at a cold trap on the 
western central peak slopes at ~ 1.7 to 2 km higher 
elevation (Figure 2). This snow could have melted 
seasonally. Assuming Ts of 265 K on the floor of Lyot 
Crater, snow could accumulate at 2 km higher in elevation 
on the central peak over a similar area at rates of over a 
meter/year of equivalent water [9]. Estimated snowfield 
sublimation rates on the central peak are on order of 10s of 
cm/year.  

Could liquid water have ever been stable enough to flow on 
the surface of Lyot crater? Haberle et al. [11] addressed 
water stability on Mars and stated that liquid water need not 
be stable with respect to evaporation, but only with respect 
to boiling and freezing. They pointed out, that liquid water 
is generally not stable on Mars or Earth with respect to 
evaporation, as the lower limit of liquid water stability is 
defined by the freezing curve and is independent of ambient 
pressures. Furthermore, the boiling point is the temperature 
at which the saturation vapor pressure equals the total 
external pressure, regardless of the external pressure 
source. They estimated that the T and P range in which 
liquid water could exist on Mars is between the triple point 
of water at 273 K and 6 mbar and 283 K and ~12 mbar. 
Within this range, the total pressure can be supplied by CO2, 
and water vapor need not be present to stabilize liquid water 
against boiling.  

TES Ps are ~9 to ~11 mbar, and TES Ts range up to 
~276 K over the central peak of Lyot Crater, while 
THEMIS Ts ranged up to ~265 K. Liquid water on the floor 

Figure 1: Left: Map showing locations of gullies, potential snow
pack, peak area, potential paleolake levels, thermokarst
channels, depressions (beaded streams) and other channel forms.
Right: CTX DTM colorized elevation map over CTX mosaic
showing transect location. (CTX DTM 100 m contours tied to
MOLA). (Gulick et al. 2018). 

Figure 2: Elevation profile of transect in right panel through 
potential paleolake and across central peak. 
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of Lyot crater is thus stable against boiling. In fact, we find 
that nearly 90% of TES Ps values exceed 10 mbar in Lyot’s 
central peak region [3].  

A paleo micro-climate on the western slope of Lyot 
Crater’s central peak region? The gullies on the central 
peak of Lyot Crater are intriguing because they formed on 
an Amazonian age isolated topographic high and therefore 
may provide a better understanding of Mars’ more recent 
paleoclimatic history. The central peak region of Lyot 
Crater has a unique micro-environment where surface 
pressures are ~10.5 mbar and seasonal surface temperatures 
approach the melting point of water, which put it in 
proximity to the favorable zone where similar to Earth, 
water evaporates but doesn’t boil. This environment would 
be conducive for liquid water seasonally during periods of 
slightly higher obliquity or possibly even currently if liquid 
water were present. 

The gullies on Lyot Crater’s central peak form 
integrated tributary systems on overall slopes between ~17-
22 degrees with apron apex slopes < 14 degrees. Given these 
low slopes, a fluid (water) would have been required to 
erode the slopes to form gullies and transport material to 
emplace material in the apron deposits. Distributary 
channels formed on the aprons which blend in gradually 
with the surrounding terrain. These characteristics are 
consistent with fluvial processes (Table 1). 

Table 1: Compatibility of Lyot Crater Gully Morphologic 
Characteristics with a Formation by Fluvial, Debris Flow, and 

Dry Flow processes. 

The system of thermokarst-like depressions and troughs 
that are morphologically similar to terrestrial beaded 
streams terminate at ~ -6800 m into the low elevation region 
adjacent to the gullied slopes of the central peak. Terrestrial 
beaded streams form as a result of seasonal freeze/thaw 
processes operating over several hundred years. If these 
landforms are indeed beaded streams, then water must have 
flowed on the surface seasonally. The formation of the small 
pristine crater in this region with a lobate ejecta blanket is 
consistent with the subsurface containing liquid water or ice. 

The presence of gullies only on the western side of the 
central peak suggests orographic processes may have been 
important to gully formation (Figure 3). We have estimated 

sublimation/evaporation rates that would be associated with 
an ice-covered paleolake in this region (Figure 4). We 
estimate that several tens of centimeters per year could 
accumulate on the central peak, from dry winds (~10 m/s) 
blowing across a sublimating ice-covered paleolake onto the 
western central peak region. Seasonal melting from such a 
snowpack would be sufficient to form the gullies on the 
central peak of Lyot Crater. Modest changes towards higher 
obliquities may have been sufficient to initiate this 
microclimatic hydrologic cycle. 

 
Figure 3: Conceptual model of the paleo micro-climate on the 
western slope Lyot Crater’s central peak region. 

We are continuing to explore this potential water source 
and the possibility for other potential paleo microclimates 
elsewhere on Mars. This mechanism if correct would also 
have important astrobiological and paleoclimatic 
implications for late Mars geologic history. 
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Figure 4a) Water vapor flux as a function of wind speed and surface 
temperature (after Moore et al. 1995) yield sublimation rates from a 
frozen paleolake as a function of temperature. b) Snow accumulation 
results from the difference in sublimation between the body of water 
and snowfield. Larger elevation differences and warmer T produce 
greater net snow accumulation (after Gulick et al. 1997). 
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SEASONAL VARIATION IN MARTIAN WATER ICE CLOUD PARTICLE SIZE.  S.D. Guzewich1 
(scott.d.guzewich@nasa.gov) and M.D. Smith1, NASA Goddard Space Flight Center, Greenbelt, MD. 

 
 
Introduction:  Scattering and absorption of solar 

radiation by water ice particles is dependent on the 
size of those particles.  Given the importance of water 
ice clouds in the martian general circulation and water 
cycle [e.g., 1], understanding the microphysical as-
pects of water ice particles is critical.  As microphysi-
cal properties are often utilized in general circulation 
models as “tuning parameters”, observations of mar-
tian water ice cloud particles can help models move 
toward improved self-consistency.   

Methodology:  We utilize the complete record of 
limb-viewing observations by the Compact Recon-
naissance Imaging Spectrometer for Mars (CRISM). 
These observations were collected when the Mars 
Reconnaissance Orbiter (MRO) was pitched to allow 
CRISM to scan the limb of the planet rather than the 
surface as normal.  These observations required the 
CRISM cryo-cooler, which has since failed well be-
yond its design lifetime.  CRISM’s visible and near-
infrared channels are utilized to retrieve water ice 
(and dust) extinction mixing ratios, particle effective 
radii, and Lambert surface albedo at each wavelength 
used in the retrieval.  Retrievals are calculated in 0.4 
scale height-thick layers from approximately 0.2 to 
6.6 scale heights above the surface.  Additional de-
tails of the retrieval are presented in [2], [3], and [4].   

In total, 922 successful vertical profiles are re-
trieved.  As CRISM relies on sunlight scattered within 
the atmosphere and surface, all observations are taken 
at the ~1500 local time of the MRO orbit.  Due to the 
scheduling cadence of the observations, most fall 
within 2 distinct longitude bands near 80-100°E and 
270-310°E.  Due to the timing variation of the obser-
vations across several Mars years, interannual varia-
tions (if they exist) were not distinguishable and all 
years were combined in the analysis.  

Results:  Figures 1 and 2 show the evolution of 
water ice mixing ratio and effective radius in the mar-
tian tropics throughout the year.  Tropical clouds ex-
hibit a strong sorting of particle size with height 
throughout the year with small particles at lower alti-
tudes and smaller particles at higher altitudes.  

Cloud mixing ratios peak during the aphelion 
cloud belt season in the northern spring and summer 
(Ls = 30-180°) and the altitude of maximum mixing 
ratio increases throughout the year before decreasing 
again after northern summer solstice (Ls = 270°).  The 
largest cloud particles (2.5-3 μm in radius) follow this 
pattern and rise from below 20 km altitude at Ls = 90° 

to 35-40 km at Ls = 240°).  At the center of the cloud 
layer (the seasonally-varying altitude with the highest 
ice mixing ratio), the ice particle size varies by 0.7 
μm with a mean value near 1.9 μm.   

The seasonal variation in ice particle size is clear-
est in the 30-45 km altitude range in the tropics (Fig-
ure 2).  In this altitude range, ice particle size varies 
by 1.5 μm through the year with a minimum near Ls = 
60° and a maximum near Ls = 240°.  

While the seasonal cycles of water ice mixing ra-
tio and particle size are similar, they have some nota-
ble differences as well which suggests different, albeit 
linked, processes control these two aspects of martian 
tropical clouds.  

The addition of >500 limb-viewing profiles in [2] 
compared to [3] allows a more complete understand-
ing of northern hemisphere polar clouds as well.  
Whereas [3] noted a relatively uniform vertical profile 
of ice particle size near 1.5 μm, our more complete 
record shows that the ice particle size profile is steep-
ly sloped with height during early northern autumn 
(Ls = 180-210°) and transitions to one that is more 
uniform with height after the winter solstice (Ls = 
330-30°).   
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[2] Guzewich, S.D. and M.D. Smith (2019) JGR, 124, 
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Figure 1. Zonal-averaged water ice mixing ratio (Δτ/Δmb, color shading) and effective radius (μm, contours).   
 

 
Figure 2. Zonal-averaged water ice effective radius binned by 60° of solar longitude.    
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GAS CHROMATOGRAPHY-MASS SPECTROMETRY DETECTION OF DIAGNOSTIC FEATURES OF 
MOLECULAR BIOINDICATORS ADSORBED ON MINERALS RELEVANT TO EXOMARS’S MOMA 
INSTRUMENT. M. Guzman1, C. Szopa,1,2, C. Freissinet1, A. Buch3, T. Fornaro4, F. Goesmann5 
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tralSupelec, Gif-sur-Yvette, France, 4Geophysical Laboratory of the Carnegie Institute for Science, Washington, DC, 
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Introduction: The Mars Organic Molecule Ana-
lyzer (MOMA) experiment will travel to Mars onboard 
the rover of the joint ESA/Roscosmos ExoMars 2020 
mission. MOMA is a miniaturized chemical laboratory 
specifically dedicated to analyzing the organic and inor-
ganic content of samples collected by the rover at the 
martian surface and subsurface down to 2 meters deep 
[1]. MOMA will go a step beyond characterizing habit-
ability of Mars and will search for traces of life, or bi-
omarkers, including nucleobases and amino acids, fun-
damental building blocks of terrestrial life [2]. To reach 
that goal, MOMA includes a gas chromatograph (GC) 
and a mass spectrometer (MS). Coupled together, these 
instruments will respectively separate the volatile com-
pounds produced from heating or chemical treatment of 
the samples, and provide a spectral signature of each 
compound. This combination allows the identification 
of organic molecules. In order to widen the detection 
capabilities for compounds of astrobiological interest 
using GCMS, MOMA carries onboard wet chemistry, 
used to produce controlled reactions to protect reactive 
groups of polar molecules. It is also known that the pres-
ence of perchlorates on Mars can cause potential prob-
lems for detection of organics by GCMS [3]. This study 
tests the capabilities of the GCMS technique to detect 
four potential representative organic bioindicators, 
adenosine 5’-monophosphate (AMP), L-glutamic  acid 
(Glu), L-phenylalanine (Phe), and phthalic acid (PhA), 
which have been adsorbed on to a mineral, Montmoril-
lonite, at three concentrations and with or without the 
addition of magnesium perchlorate.  
 

Methods: The Montmorillonite (Mont) SAZ-1 
(Clay Minerals Society) was treated to remove organics 
(0.112wt% C) so that the carbon content was below the 
detection limit of Isotope Ratio Mass Spectrometry 
(IRMS). Next, molecule-mineral complexes were pre-
pared by mixing the mineral powder with an aqueous 
solution of the four molecules of interest, AMP, Glu, 
Phe, and PhA, for a time sufficient to reach equilibrium. 
Then, the suspensions were dried in mild conditions to 
simulate desiccation processes of liquid water bodies on 
Mars. Samples were prepared at 3 concentrations, i.e. 
5%, 1%, and 0.1 wt%. Samples with perchlorates were 
treated with Mg-perchlorate at 1 wt% (Figure 1).  

The samples were first tested under flash pyrolysis 
at 650˚C, then under a MOMA-like pyrolysis program 
starting at 45˚C and ramped up to 830˚C at 200˚C/min 
and held at the final temperature for 2 min. Derivatiza-
tion was performed on the samples using N,N-methyl-
tert-butyl-dimethyl-silyltifluoroacetamide (MTBSTFA) 
and N,N-Dimethylformamide dimethyl acetal (DMF-
DMA), two derivatization agents which are imple-
mented in the MOMA experiment. For MTBSTFA deri-
vatization, two techniques were explored for extraction 
of the organics from the mineral matrix: extraction by 
solvent (water+isopropanol at 1:1 by volume) and a 
MOMA-like derivatization where 15 µL of the derivat-
ization reagent was applied directly to the sample. In the 
case of the extraction protocol, the sample was derivat-
ized at 75˚C for 15 min; for the direct derivatization the 
sample was heated at 140˚C (DMF-DMA), 200˚C 
(DMF-DMA) or 250˚C (DMF-DMA, MTBSTFA) for 3 
min. GCMS injection is by hand-held 1 µL SGE sy-
ringe, in contrast to the injection traps used on MOMA 
[1]. 

Figure 1: (Left) Montmorillonite samples spiked with organic mole-
cules. Right) a sample sealed with 15 µL of MTBSTFA for MOMA-
like derivatization.  
 

The GC column used was a 30 m Restek Rxi-5ms, 
which is different in length and coating from the 
MOMA columns. This standard column was selected 
since we were interested in the GCMS analysis of the 
samples rather than separation performance of a given 
column. The GC column was held at 40˚C for 1 min and 
then ramped up to 300˚C at 10˚C/min. The He carrier 
gas flow rate was 1.1 mL/min. An external standard of 
D8-naphthalene in DMF at 5×10-3 mol L-1 was used as 
an external standard for quantification.  
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Results and Discussion:  
Pyrolysis.  No major qualitative difference was 

found between flash pyrolysis and MOMA-like ramp 
pyrolysis, with the exception of the PhA sample, in 
which more reaction products were observed after flash 
pyrolysis. There was no detection of pristine AMP, 
which is expected due to the high molecular weight of  
the nucleotide, nor of Glu and Phe, which is expected 
because these molecules rely on derivatization for 
GCMS detection. 

There was no major difference between the perchlo-
rate free and perchlorate samples, with the exception of 
additional oxygenated compounds detected in the per-
chlorates samples with Phe and some chlorohydrocar-
bons detected in the perchlorates samples with PhA. 
PhA is known to be a precursor of chlorohydrocarbons 
detected by Curiosity’s Sample Analysis at Mars (SAM) 
instrument. These types of laboratory analyses will be 
important analog GC runs during MOMA operations on 
Mars in order to 1) predict and identify compounds of 
interest, including degradation and reaction products, in 
flight chromatograms, and 2) learn more about the mar-
tian parent mineral based on identified compounds in 
the chromatogram and in comparison to these types of 
analog samples.  

Derivatization.  Glu, Phe, and PhA derivatized with 
MTBSTFA were clearly detected at all three concentra-
tions, while AMP was not detected at any concentration. 
Glu, Phe, and PhA at the highest concentration, 5 wt%, 
were harder to detect with DMF-DMA derivatization as 
the chromatographic response was close to the noise 
limit. This difficulty prompted some optimization of the 
derivatization temperature protocol for DMF-DMA, 
which was tested at 140˚C (optimized for standards by 
[4]), 200˚C, and 250˚C.  

No major qualitative difference was observed be-
tween the extraction by solvent versus the MOMA-like 
direct derivatization, nor between the perchlorate free 
and perchlorates samples. Using the 5 wt% sample of 
PhA without perchlorates and derivatized with 
MTBSTFA, the difference in chromatographic response 
of the extraction method was found to be about 6×108 
counts/s higher than that of the direct derivatization 
method. The direct derivatization method is closer to the 
method to be utilized on Mars with MOMA.  

We used the samples at 3 concentrations of Glu, Phe, 
and PhA to calculate the limit of detection (LOD) for 
each of these compounds after a MOMA-like derivati-
zation with MTBSTFA. The detection limits are shown 
in Figure 2, illustrating that the GCMS technique ena-
bles detection of organics at concentrations of 0.01 wt% 
or below, the lowest detection limit of an ExoMars in-
strument for these samples to date.  

Figure 2: log/log scale response of the chromatogram (area of the 
peak) depending on the quantity of product injected (mol).  
 

Conclusions: A martian analog mineral spiked with 
biomarkers of interest was tested in the presence of 
MOMA-like pyrolysis and derivatization. The effects of 
perchlorates and organic concentration are explored. 
The tests show positive detections of bioindicators of 
interest, such as amino acids, and the limitations of the 
technique to detect heavier weight compounds such as a 
nucleic acid under these run conditions. If preliminary 
biomolecules are detected on Mars, these data will help 
inform the trade space on whether to modify the GC run 
conditions in order to target higher molecular weight 
compounds.  

  
References:  
[1] Goesmann, F. et al. (2017) Astrobiology, 17, 

655–685. [2] Vago, J. et al. (2017) Astrobiology, 17, 
471-510. [3] Navarro-González, et al. (2010) J. 
Geophys. Res., 115. [4] Freissinet, C., et al. (2010) J. 
Chrom., 1217, 731-740. 

6167.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



TOWARD A GREATER UNDERSTANDING OF CROSS-STRATIFIED FACIES IN THE HARTMANN’S 
VALLEY MEMBER OF THE MURRAY FORMATION, GALE CRATER, MARS.  S. Gwizd1, C. Fedo1, J. 
Grotzinger2, K. Edgett3, S. Gupta4, K.M. Stack5, S. Banham4, L.A. Edgar6, D. Sumner7, 1Department of Earth & 
Planetary Sciences, University of Tennessee, Knoxville, TN, 2California Institute of Technology, Pasadena, CA,  
3Malin Space Science Systems, San Diego, CA, 4Earth Science and Engineering, Imperial College London, 5Jet 
Propulsion Laboratory, California Institute of Technology, Pasadena, CA, 6U.S. Geological Survey, Astrogeology 
Science Center, Flagstaff, AZ, USA, 7University of California, Davis, Davis, CA 
 

Introduction:  Facies throughout the >300 m thick 
Murray formation at Gale crater represent deposition in 
marginal to lacustrine environments [1, 2]. The 
Hartmann’s Valley member (HVm, informal 
designation) of the Murray formation displays m-scale 
cross-stratification for which the depositional 
environment remains unclear. Trough cross-
stratification at m-scales can form in both fluvial and 
aeolian environments [3, 4]. The inability to measure 
statistically significant grain-size populations precludes 
grain-scale differentiation between these two 
environments [5]. Continued characterization of Murray 
formation facies is required to understand how 
environments varied spatially and temporally in Gale 
crater. Here we report on observations and current 
interpretations of these facies in the Hartmann’s Valley 
member based on Mast Camera (Mastcam), Mars Hand 
Lens Imager (MAHLI), and Navigation Camera 
(Navcam) images acquired using the Curiosity rover. 
These efforts are part of overall MSL team objective to 
understand variability within the lacustrine 
environments recorded in rock preserved at Gale crater.  

Background context: Exposures of the 23-m thick 
HVm explored via the Curiosity rover are subdivided 
into two regions east and west of the Naukluft plateau 
(Fig. 1A). The rover traversed across the HVm laterally 
from east to west during Sols 1100 to 1357, at which 
point the rover turned south and traversed up elevation 
(used as a proxy for stratigraphic height). Elevation of 
the HVm ranges from -4435 m to -4412 m.  

Image analyses: Outcrop-scale sedimentary 
structures are interpreted from Mastcam images. 
Navcam stereomesh image products covering the 
outcrops permit for measurements of features identified 
down to the dm-scale. MAHLI images provide a cm- to 
μm-scale assessment of textures and, where possible, 
grains within the bedrock. Observations are plotted on 
High Resolution Imaging Science Experiment 
(HiRISE) mosaics for outcrop mapping. Digital 
elevation models from HiRISE and Mars Orbiter Laser 
Altimeter data were used to determine outcrop 
elevations.  

Observations: The surface geography of the HVm 
is dominated by m-scale ridges and relatively more 
coherent bedrock than the fractured and eroded bedrock 

of other Murray formation members. These ridges were 
possibly larger buttes that have eroded to the m-scale. 

Mineralogy determined from CheMin on the Oudam 
drill sample indicates minimal phyllosilicates relative to 
most of the Murray formation [6].  

Two outcrops at the lowest outcrop elevation of the 
HVm occur both east and west of the Naukluft plateau 
(Fig. 1B, C). The east outcrop is ~ 40 cm thick and has 
a mounded appearance due to truncation by an 
overlying unconformable capping unit. The west 
outcrop is 70 cm thick and lacks a mounded appearance. 
Both outcrops contain multiple visible truncation 
surfaces, and tangential foresets. Both outcrops contain 
discernable laminations in Mastcam images, which 
suggests that the laminations are cm-scale. Images of 
laminations in the east HVm outcrop show veins and 
nodules broadly following lamination orientations, 
suggesting that the truncations and foresets represent 
cross-stratification and are not obscured by cross-
cutting veins or nodules. 

Another east HVm outcrop at the elevation range of 
-4432.0 to -4432.8 m is subdivided into three apparent 
ridges. The uppermost ridged portion of the outcrop 
contains apparent cm-scale dipping laminations that are 
truncated by the ridge top (Fig. 1D). The package of 
dipping laminations is approximately 40 cm thick. 
Laterally adjacent to these dipping laminations are 
apparent planar laminae (Fig. 1E). These planar 
laminations are most evident on the middle ridge. It is 
possible that these laminations are shallowly dipping.  

A 60-cm interval of concave curvilinear cm-scale 
laminations with stratal truncations occurs at Baynes 
Mountain at a stratigraphic height of -4430 m. Like 
other outcrops in the HVm, this outcrop has a ridged-
appearance. The ridges extend laterally for 10-20 m. 
Between the ridges is a zone of enhanced erosion.  

Apparent dipping laminations occur at an elevation 
of -4427 m in the east HVm (Fig. 1F). This outcrop is 
approximately 40 cm thick and has a similar resistant, 
ridge-like appearance as the previously mentioned 
outcrops. Similar to the stratigraphically lowest outcrop 
in the east HVm, dipping laminations are truncated by 
the unconformable Stimson capping formation. 
Laminations are overall planar in appearance, but there 
are instances of smaller-scale concave curvilinear 
laminations throughout the outcrop.  
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The Keetmanshoop target occurs at an elevation of -
4419 m and is 1 m thick, where it forms a ridge. 
Truncation surfaces divide inferred foresets, comprised 
of cm-scale laminations.    

Interpretation: Characterization of cross-
stratification within the HVm supports the interpretation 
that trough cross-stratified facies occur commonly 
throughout the member. Most outcrops in this study are 
similar in outcrop thickness, have a ridged geomorphic 
expression, and exhibit dipping laminations and 
truncation by other laminations or erosive surfaces. 
These similarities suggest that the characteristics of 
stratification are broadly consistent throughout the 
deposition of the HVm. The style of cross-stratification 
does not vary between the east and west regions. 

Meter-scale trough cross-stratification in the HVm is 
indicative of either an aeolian or fluvial depositional 
environment. A fluvial depositional environment fits 
better with the current interpretation that the Murray 
formation was deposited in a lacustrine setting with 
abundant standing water [1]. Nevertheless, both fluvial 
and  aeolian environments are possible lake margin 
facies. If the cross-stratified facies formed in an aeolian 
depositional environment adjacent to a lake with 
persistent standing water, then the observed cross-
stratification would represent wet aeolian dunes and 
contain interdune deposits such as current and wave 

ripples, wavy laminae, adhesion structures, desiccation 
cracks, and wind-ripple stratification [7]. In the case of 
a fluvial depositional environment, the trough cross-
stratification would represent fluvial macroforms in a 
braided fluvial system.  

Despite the lack of visible sand grains in 17 μm-
scale MAHLI images, trough cross-stratification 
indicates that sand grains must be present throughout 
the HVm. These sand grains are likely obscured by 
diagenesis and polishing from aeolian abrasion. Grain 
sizes would be relatively finer in aeolian dunes (100s of 
μm) than fluvial cross stratification (1 mm or greater). 
Additionally, grains in aeolian deposits are typically 
well-sorted, whereas fluvial deposits can have poorly-
sorted grains. Some MAHLI images contain apparent 
medium sand-coarse silt grains, suggesting that sand is 
present throughout the HVm or that sand is interspersed 
with silt and clay-sized grains.  

References: [1] Fedo, C. et al. (2018) LPSC XLIX, 
Abstract #2078. [2] Stack, K.M. et al. (2018) 
Sedimentology. [3] Miall, A. (2010) in Facies Models 4. 
[4] Brookfield, M.E.. and Silvestro, S. (2010) in Facies 
Models 4. [5] Gwizd, S. et al. (2018) LPSC XLIX, 
Abstract #2150. [6] Bristow, T. et al. (2018) Science 
Advances 4(6). [7] Grotzinger, J. et al. (2005) EPSL, 
240, 11-72. 

 

  
Figure 1. (A) Portion of study area with labels indicating locations of images in B-F. (B) Stratal truncation surface 
with cm-scale laminations in the east HVm. Sol 1101, mcam04883. (C) Tangential foresets and truncation surfaces 
in west HVm. Sol 1353, mcam06561. (D) Apparent dipping laminations. Sol 1160, mcam05248 (E) Apparent planar 
laminations. Sol 1160, mcam05248. (F) Bedrock dipping away from horizontal. Sol 1276, mcam05987.
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Disclaimer: The decision to implement Mars Sample Return will not be finalized until NASA’s completion of the National Environmental Policy 
Act (NEPA) process. This document is being made available for information purposes only. 
 

DEVELOPING A POTENTIAL INTERNATIONAL SCIENCE PROGRAM FOR SAMPLES RETURNED 
FROM MARS: STRATEGIES AND CONSIDERATIONS.  T. W. Haltigin1, M. A. Meyer2, E. Sefton-Nash3, D. 
W. Beaty4, D. S. Bass4, B. L. Carrier4, M. M. Grady5, on behalf of the MSR Science Planning Group (MSPG). 
1Canadian Space Agency (timothy.haltigin@canada.ca), 2NASA Headquarters, 3European Space Agency, 4Jet Pro-
pulsion Laboratory, California Institute of Technology, 5Open University, UK. 

 
 
Introduction: The successful return of Martian 

samples would be an international undertaking, as the 
current notional architecture of three flight missions + 
one ground segment [1] is too large to be accomplished 
by a single nation or agency.  

To that end, NASA and the European Space Agen-
cy (ESA) signed a Statement of Intent in 2018 to joint-
ly define roles & responsibilities for leading respective 
elements of a potential Mars Sample Return (MSR) 
campaign [2]. Additionally, contributions of other in-
ternational agencies are also being considered. While 
the scientific return from MSR would be immense [3], 
a key challenge remains in coordinating the overall 
international science effort. 

MSR Science Planning Group (MSPG): To ad-
dress this task, NASA and ESA established the MSR 
Science Planning Group (MSPG). Its driving objective 
is to help develop a stable foundation to formulate and 
implement an overarching MSR scientific strategy. 

As part of its mandate, the MSPG aims to establish 
a clear understanding of the science benefits of an 
MSR collaboration for all international stakeholders by 
developing a concept for competitive and fair scientific 
participation and access to the samples. This concept 
must consider both the Preliminary Examination (PE) 
process and subsequent Principal Investigator (PI)-
driven investigations. 

Key questions to be addressed include: What are 
the elements of a sample science management frame-
work that would benefit MSR’s international partners? 
What programmatic returns could be expected for the 
investment required to complete MSR? 

MSPG Science Management Approach: The 
group’s task has been broken into three components: (i) 
Developing a concept for competitive and fair scien-
tific participation; (ii) formulating a strategy for scien-
tific access to the samples, and; (iii) comparing the 
proposed approach to previous MSR science program 
formulations (e.g., [1]). 

In developing recommendations for the potential 
MSR science program, three philosophies are guiding 
the deliberations of the MSPG team: Transparency: 
program elements must be fair, open, and competed 
wherever possible;  Science Maximization: access to 
the samples must be based on the scientific merits of 
the proposed investigations, and; Accessibility: interna-

tional scientists must have multiple opportunities 
throughout the process to earn access to the samples. 

Task 1 - Competitive and Fair Scientific Partici-
pation: The goal of Task 1 is to identify the key stake-
holder considerations that may be addressed by pro-
gram design elements.  

From the science community perspective, such 
questions include: Who would comprise the PE team? 
How would it be selected? What would be the alloca-
tion procedure for subsequent investigations?  

From the program management perspective, ques-
tions include: What would our agency gain through 
MSR investments? How can we ensure that our nation-
al science community would be treated equitably? 

Task 2 – Strategy for Scientific Access to Sam-
ples: As an international science endeavor, the MSR 
science program stands to benefit from decades of ex-
perience from comparable organizations. Specifically, 
the International Ocean Discovery Program (IODP), 
Space Telescope Science Institute (STScI), and the 
Conseil Européen pour la Recherche Nucléaire 
(CERN) demonstrate programmatic and scientific ele-
ments similar to those envisaged for MSR. 

Through a data mining exercise, the MSPG team 
will collect the applicable information from each or-
ganization and apply it to the challenges identified in 
Task 1. Additional feasible solutions will also be con-
sidered in an options analysis that will be used to pro-
vide initial program design recommendations. 

Task 3 – Comparison to iMARS Phase II: Final-
ly, the outputs of Task 2 will be assessed against the 
iMARS Phase II Working Group report [1], which 
provided a series of findings related to MSR science 
program planning. Ultimately, the MSPG team will 
endorse, modify, or reject the specific iMARS recom-
mendations related to program planning and supple-
ment recommendations where necessary.  

Path Forward: The MSPG team will continue to 
meet both virtually and face-to-face when possible to 
continue its deliberations, with a final report expected 
to be delivered in Fall 2019. Inputs from the scientific 
community are actively welcomed, and can be ad-
dressed to the abstract authorship. 

References: [1] Haltigin, T. et al. (2018) Astrobio. 
18 S1. [2] https://mepag.jpl.nasa.gov/announcements/ 
2018-04-26%20NASA-ESA%20SOI%20(Signed).pdf 
[3] Beaty D. W. et al. (2019) MAPS 54 S1, S3-S152. 
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Fresh Impact Craters and Clusters on Mars:  What do they tell us about Mars and Asteroids? William K. 
Hartmann1, Ingrid Daubar2, Olga Popova3, Sylvain Breton4, Cathy Quantin4 (1) Planetary Science Institute,Tucson 
(hartmann@psi.edu); (2) Jet Propulsion Lab, Pasadena; (3) Institute for Dynamics of Geopsheres, Moscow;  (4) 
University of Lyon, Lyon.  

Introduction: Ongoing formation of fresh, single, 
decameter-scale impact craters and clusters of such 
craters, during modern spacecraft missions, was dis-
covered during the Mars Global Surveyor mission [1].  
The clusters indicate that some of the incoming mete-
oroids fragment in the Martian atmosphere.  Great ex-
pansion of these observations has been provided by the 
Mars Reconnaissance Orbiter, especially by the 
HiRISE imagery team [2,3]. Their studies found that, 
averaging among various data sets,  roughly 50%-60%
of the new impacts are clusters.  We have noted that 
ratios of fresh single to clustered craters can be used to 
clarify the numbers of small secondary craters in a re-
gion, thus improving crater-count chronometry at 
small-crater sizes [4]. In our present study, we attempt 
to integrate altitude/elevation information into the in-
terpretation of such objects, to understand how mete-
oroids are fragmenting in the Martian atmosphere and 
what this tells us about the bulk physical properties of 
these objects. (We use “elevation” to refer to surface 
elevation relative to the MOLA mean surface, and “al-
titude” to refer to distance in the atmosphere above the 
mean surface.)  Thus we have an interesting interdisci-
plinary interface between Mars surface features, Mars 
chronology, and the properties of asteroidal and com-
metary fragments that enter the Martian atmosphere.

An initial, perhaps naïve, view, which we consid-
ered at the outset, is that in the very thin Martian at-
mosphere, if a few meteoroids composed of fractured 
rocky material fragmented, numbers of hard-rock
fragments would incre toward lower elevations, so that 
high elevations might have mostly single craters and
lowest elevation might have the maximum density of 
clusters/km2. In studying the statistics of clusters as a 
function of surface elevation we have not confirmed 
that expectation.

Examination of Fresh Single Crater and Cluster 
Populations: The fresh impacts are initially detected 
from low-resolution CTX context camera images of 
“splotchs” of ejecta material, not present in earlier im-
ages. The “splotches” contrast in albedo with the back-
ground. They are then investigated with high-resolution 
HiRISE images (25-cm pixels). High-resolution images 
reveal either single craters or clusters as the cause of 
the “splotches.” The fresh impact craters are typically 
in the diameter range of ~2 m  to ~40 m. The “spotch-
es” are most strongly produced in dusty areas. In order 
to reduce bias we thus studied only areas with the high-

est dust cover index, namely “dust cover index” > 0.96
[5]. We have verified that there is no significant corre-
lation between high dust content and elevation that 
might bias our technique. Figure 1 shows a map of 
Mars with these high-dust ares in color, superposed 
raw data on fresh impacts as compiled in [2] and [3].

Figure 1.  Map of Mars with regions of highest dust 
cover [5]) shown in color.   Fresh impact detections are 
shown by open and closed circles [2,3 respectively].
Highest (MOLA) elevations (Tharsis, red-browns) ap-
pear to show highest densities of fresh imact densities, 
and lowest elevations, (Hellas blue-mauve), lowest 
densities, but see text for caveats.

Figure 2 shows another example of our results.  We 
divided the high-dust Mars surface into 1-km elevation 
zones and plotted numbers of detected fresh impact 
features/km2 vs. elevation zone. The densities of fresh 
impact detections are highest in the high elevation 
zones but the error bars are also highest there, because 
the areas of the highest zones (typically Tharsis volca-
no upper slopes) are very small, leading to small total 
samples of craters in spite of high density. The fact 
that significant numbers of clusters have been found at 
elevations frm +2 to +10 km above the mean surface of 
Mars indicates that fragmentations occur in the Martian 
atmosphere above these levels. This, in turn, implies 
significant numbers of meter-scale meteoroids with 
bulk strenths less than coherent rock.  This finding is 
consistent with numerus terrestrial fireball that frag-
ment at high altitudes indicating weak, highly-fractured 
or rubbly bulk properties [6].  

Our histograms, such as Fig. 2, show a dramatic re-
duction in detected impact densities below elevations 
of ~2 to 4 km, which might imply complete loss of 
some weak meteoroids and their weak fragments duru-
ring descent. However, the concept of detections is 
emphasized in the above paragraphs because the detec-
tions are dependent on the numbers of CTX images in 

6013.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



each zone, and, more significantly, the number of them
that have been studied in a search for fresh impacts.  At 
the time of this writing it is not clear to us that CTX 
search statistics, such as Figure 2, (or any other search 
statistics) are uniform enough to prove losses of mete-
oroids and meteoroid breakup fragments as they de-
scend into the Martian atmosphere.  

Fig. 2.  Detections of fresh impact features/km2

(abscissa) as a function of elevation (ordinate), for sin-
gle craters (right), clusters (middle), and total numbers 
(left).  All three detection categories decrease in spatial 
density toward lowest elevations --- but see text.

We have also studied size-frequency distribution
(“SFD”) of the fresh single craters and the “effective 
diameter” of the fresh clusters (crater size had the me-
teoroid not fragmented). At D 8m, the slope of the 
SFD is roughly consistent (within error bars) with the 
isochron slope derived from small craters observed in 
young regions [7].  At D 8 m, however, losses of 
fresh impact detections are evident, relative to the 
small-crater counts in [7]. Our calcuations indicate that 
velocities of objects making craters in that size range 
are significantly reduced by drag, causing smaller cra-
ters and probably less pronounced “splotches” of de-
bris. Loss of detections at D 8m may thus be due to 
these effects, which are much less at larger crater sizes.

Continuing work:.  We are continuing our at-
tempts to understand better how the fresh-impact detec-
tion procedures may affect the statistics of fresh impact 
features, and especially whether there may be effects 
that influence detections as a function of surface elev-
tion.  We are also comparing Martian meteoroid behav-
ior with both ground and satellite observations of ter-
restrial meteoroids terrestrial meteoroids.   Popova et 
al. [6] showed that 13 out of 13 well-observed terres-
trial fireballs fragmented at high altitudes, indicating 
bulk strengths much smaller than their rock fragments 
collected on the ground, so that meter-scale asteroidal 
and cometary objects in space may be laced with frac-
tures, or granular, or volatile-rich.  We also continue
our analysis of cluster sizes and dispersion of the frag-
ments, with modeling of the behavior and breakups of 

fragments following initial breakups of Martian mete-
oroids.    

Future Work: As mentioned above, understanding
the ratio of primary clusters to primary singles as a 
function of elevation will help in improving the field of
crater chronometry.  For example, suppose we know 
that half of primary impacts in these size ranges, in a 
given area, involve clusters. If 100 single craters and 
primary clusters are observed in a givens size range 
and Martian area, and 20 of them are primary clusters
(noting that primary clusters are identifiably smaller 
than secondary clusters because of velocities and flight 
times), then another 20 of that 100 must be primary 
single craters, so that the remaining 60 single craters
would be secondaries [4]. Crater-count chronometry 
has been criticized for uncertainty about numbers of 
secondaries;  this work should improve the system.  
The longer we continue observations of the fresh im-
pacts, the larger the crater sizes we can incorporate into 
these discussions.

Provisional Conclusions: (1) Many of the few-
meter-sized asteroid and cometary objects striking 
Mars are weak enough to fragment in the Martian up-
per atmosphere at elevations > +10 km.. (2) This re-
sult appears consistent with objects striking the Earth.
(3) Some weak objects, and their fragments, may be 
breaking up during descent; and may be lost entirely 
during descent to lower elevations. However, we need 
a better understanding of how the process of detection
of fresh impacts may affect these statistics as a function 
of elevation (4) Accurate statistics of fresh primary 
cluster abundances vs. fresh primary single craters will
help us understand the numbers of secondary craters 
among small craters. (5) Continued monitoring of new-
ly formed single and clustered craters will extend our 
understanding to craters of diameter D > 40 m.

References:  [1] Malin et al. (2006). Science
314:1573-1577.  [2] Daubar I. J., A. S. McEwen, S. 
Byrne, M. R. Kennedy M. R., B. and Ivanov 2013. 
Icarus 225:506-516. [3] Daubar et al. (2019) Journ.  
Geophys.Res., doi.org/10.1029/2018/JE005857.   [4]  
Hartmann, W. K. et al. 2018.  Meteoritics and Plane-
tary Science, 53, 672-686. [5] Ruff, Stephen S. and P. 
R. Christensen 2002.  Journ. Geophys. Res. 107, E12, 
5127  doi 10.1029JE001580. [6]  Popova, O., et al. 
2011.  Meteoritics & Planetary Science 46:1525-1550.
[7]  Hartmann, W. K. and I. Daubar (2016) Meteoritics 
and Planetary Science,  doi: 10.1111/maps.12807
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INTERPRETING POTENTIALLY HABITABLE PAST CONDITIONS RECORDED IN MINERALS ON 
MARS.  E.M. Hausrath, UNLV, Las Vegas, NV 89154 Elisabeth.Hausrath@unlv.edu 

 
Introduction: Mineral assemblages present on 

Mars provide an important record of past aqueous con-
ditions on that planet.  Different mineral phases dis-
solve at different rates depending on the pH, tempera-
ture, and salinity of aqueous solutions, and weathered 
minerals can therefore record evidence of these condi-
tions in the rock record.  Similarly, secondary minerals 
can provide evidence of the aqueous, and potentially 
habitable, conditions under which they formed.  Exam-
ining assemblages of primary and secondary minerals 
is therefore critical to assessing past aqueous and po-
tentially habitable conditions on Mars.  Here mineral 
assemblages at three different locations on Mars are 
examined using geochemical kinetics and thermody-
namics to assess the information they can provide on 
past aqueous and potentially habitable conditions.  

Gale crater:  At Gale crater, Mars, abundant evi-
dence exists for past water-rock interactions [e.g. 1]. 
However, multiple questions remain about the charac-
teristics of past water.  Reactive transport modeling, 
which includes geochemical kinetics and thermody-
namics; transport, including advection, diffusion, and 
dispersion; and reaction-induced porosity and permea-
bility feedback can be used to constrain these past 
aqueous environments [2].   

Comparison of the Stimson formation sandstone at 
Gale crater with modern eolian deposits Rocknest and 
Gobabeb suggest that dissolution of olivine and for-
mation of magnetite occurred due to the early cement-
ing fluids that flowed through the Stimson formation 
[3, 4].  Examination of altered fracture zones through 
the Stimson formation compared to the bulk Stimson 
formation indicate that dissolution of plagioclase, mag-
netite, and pyroxene, and precipitation of amorphous 
silica and calcium sulfate occurred due to fluids that 
flowed through the fractures [3, 4].  Reactive transport 
modeling of these water-rock interactions constrain at 
least two different aqueous solutions, the first near neu-
tral in pH, and the second very low in pH with high 
sulfate concentrations, containing Ca, P, and Si [5].     

Reactive transport modeling of potential scenarios 
for water-rock interactions in the Murray formation at 
Gale crater [6, 7] tests the pH, temperature, and oxida-
tion state of past aqueous conditions.  Results of ongo-
ing modeling [8] are most consistent with acidic condi-
tions, low temperature or a combined low temperature 
and high temperature scenario, and oxidizing fluids 
beneath the surface. Modeling water-rock interactions 
such as in these examples in the Stimson and Murray 
formations can help provide constraints on the types of 
potentially habitable past conditions on Mars.  

Jezero crater: Jezero crater, the future landing site 
of the Mars 2020 Rover, contains olivine, Mg-rich car-
bonates, Fe/Mg-smectite, siderite, and kaolinite [9-11].  
Some of these mineral phases may be detrital, trans-
ported from the surrounding watershed [9].  Therefore, 
an examination of the mineral assemblages present in 
Jezero crater sediments compared to parent material 
may help constrain past aqueous conditions in Jezero 
crater (Figure 1).   
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Figure 1. Comparison of laboratory-measured dis-

solution rates of magnesite, siderite, forsterite, fayal-
ite, kaolinite, and Fe/Mg smectite, phases observed at 
Jezero crater [9, 10], indicate that dissolution rates of 
carbonate and olivine are predicted to be faster than 
dissolution rates of smectite and kaolinite. In addition, 
except at pH values of ~5, carbonate is predicted to 
dissolve more rapidly than olivine of a similar Fe and 
Mg composition (i.e. dissolution rates of siderite > 
fayalite, and magnesite > forsterite).  Examination of 
olivine and carbonate in detrital sediments compared 
to parent material may therefore help constrain past 
aqueous conditions, including pH, in Jezero crater.  
Similarly, different dissolution rates of clay minerals 
may help interpret transitions in clay mineralogy ob-
served at the landing site for the ExoMars Rover, Oxia 
Planum[12, 13]. Dissolution rate laws from [14] for 
magnesite, [15] for siderite,  [16] (based on data 
compiled in [17]) for forsterite and kaolinite), smectite 
rate law from [18] based on data from [19] and [20], 
and fayalite assumed to dissolve 10x more rapidly than 
forsterite based on [21].    

Because forsterite, fayalite, magnesite, and siderite 
dissolve more rapidly than Fe/Mg and Al-bearing clay 
minerals (Figure 1), aqueously altered mixtures of oli-
vine, carbonate, and clay minerals are predicted to be 
depleted in olivine and carbonate relative to the parent 
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material. Because carbonate dissolves more rapidly in 
laboratory experiments than olivine of the same com-
position except at ~ pH = 5, relative amounts of car-
bonate and olivine in aqueously altered sediments ver-
sus parent material may also help constrain the pH of 
the interacting fluid. Examination of these mineral as-
semblages has the potential to help elucidate past 
aqueous and potentially habitable conditions.  

Laboratory-measured precipitation rates of Mars-
relevant carbonate phases predict that hydromagnesite 
would precipitate much more rapidly than magnesite at 
low temperatures (Figure 2; [22, 14]).  Both magnesite 
[9] and hydromagnesite [11] are present at Jezero 
crater.  With detailed information on the geological 
context of the occurrence of these minerals from the 
Mars 2020 Rover, the rates of their formation and dis-
solution may help constrain past aqueous conditions in 
this environment.      
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 Figure 2. Precipitation rates of calcite [23, 24], si-
derite [25], magnesite [14], rhodochrosite [26], and 
hydromagnestite [22] as a function of saturation state, 
figure after [27].   

Oxia Planum: Mineral assemblages, including 
Fe/Mg-phyllosilicates [12] and Al-bearing clay miner-
als present  on top of the Fe/Mg-bearing material in 
some areas [13], may also help shed light on past 
aqueous and potentially habitable conditions at the 
future landing site of the ExoMars Rover, Oxia 
Planum.  In weathering profiles on Earth, Fe/Mg-
bearing smectites have been observed to transform to 
the Al-bearing clay mineral kaolinite in the top 2 m of 
soil formed from weathered parent material of basaltic 
composition (e.g. Figure 3; [28]).  Examination of 2 m 
deep soil profiles at Oxia Planum may similarly reveal 
characteristic mineral transitions, shedding light on 
past water-rock interactions and potential habitability.   

Conclusions:  Examination of mineral assemblages 
from orbital and rover measurements, depth profiles, 

and future returned samples can help place constraints 
on the characteristics of past aqueous environments on 
Mars.  Information about the pH, temperature, salinity 
and other characteristics of past aqueous environments 
can help inform our understanding of habitability and 
the search for potential past signs of life.     
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 Figure 3. Transition from Fe/Mg-bearing smectite to 
kaolinite in the top 2 m of soil on Earth.  Moles of clay 
minerals calculated based on chemical and mineralog-
ical data from [28]. Fe/Mg phyllosilicates and Al-
bearing clay minerals have been detected at Oxia 
Planum [12, 13], and similar such transitions may 
help interpret past water-rock interactions and poten-
tial habitability in that environment.  
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Fig. 1 – Fan of sinuous, branching ridges with super-
posed yardangs in Aeolis Dorsa (20 km across; CTX)

Fig. 2 – Missippi River (blue) and the much-wider
channel belt it formed by lateral migration (gray).

EVIDENCE THAT SINUOUS RIDGES ARE SEDIMENTARY DEPOSITS FORMED BY LONG-LIVED
FLUVIAL ACTIVITY ON MARS. A. T. Hayden1, M. P. Lamb1, W. W. Fischer1, R. M. E. Williams2, D. Moh-
rig3, B. T. Cardenas3, R. C. Ewing4, B. J. McElroy5, P. M. Myrow6; 1California Institute of Technology, Pasadena, 
CA 91125, 2Planetary Science Institute, Tucson, AZ 85179, 3University of Texas, Austin, TX 78712, 4Texas A&M 
University, College Station, TX 77843, 5University of Wyoming, Laramie, WY 82071, 6Colorado College, Colorado 
Springs, CO 80903. (ahayden@caltech.edu).

Introduction: A key goal in Mars science is to link 
observations of landforms to ancient climate to assess 
habitability through time [1]. Major uncertainties exist
about the duration, extent and quantities of liquid water 
with endmember hypotheses represented by a long-
lived warm and wet early Mars versus a cold and dry
climate [2]. The primary evidence used for fluvial ac-
tivity is widespread valley networks. These networks 
are erosional landforms and determining the duration 
of fluvial activity from eroded valleys is difficult. On 
Earth, more information about ancient fluvial processes
is known from analysis of sedimentary deposits, but 
fluvial sedimentary deposits on Mars are less well-
identified. The geometry and sedimentology of sinuous 
ridges may hold important information about ancient 
rivers on Mars [3-12], but our understanding of how 
ridges record fluvial environments is unclear.

Sinuous ridges – often organized in branching net-
works – are commonly termed inverted channels for 
their resemblance to fluvial channels in inverted relief
[3-4] (Fig. 1). Evidence for a fluvial origin has includ-
ed their sinuous and branching nature that resembles 
fluvial networks, continuity with valley networks, and 
similar scaling between bend wavelengths and ridge 
widths [3-5]. Recent mapping indicates that ridges span 
a wide geographic area, occurring in terrains as late as 
early Amazonian [6] and including the landing ellipses 
for both the Mars 2020 and ExoMars rovers and other 
candidate sites for the missions. Ridges have been used 
to support a relatively warm-and-wet early Mars on the 
basis of wide geographic coverage, high stratigraphic 
density, position in putative oceanic deltas, and large 
dimensions [e.g., 4-9].

However, interpretations of river activity from sin-
uous ridges vary by 
orders of magnitude 
in quantitative pa-
rameters like dis-
charge and flow dura-
tion, and even quali-
tative parameters like 
flow direction [8,
12]. The source of 
these differences is 
likely the difficulty in 
discerning between 

two ridge formation pathways. In the topographic in-
version model, ridges are exhumed channel casts, 
formed when channels fill with an erosion-resistant 
material and subsequent erosion removes the surround-
ing erodible material [13]. In this case, ridge dimen-
sions approximate channel dimensions, ridge networks 
represent channel networks, and importantly the ridges 
preserve a fluvial landscape at a snapshot in time. In 
the deposit exhumation model, in contrast, ridges are
exhumed channel belts, which are created by deposi-
tional rivers migrating laterally and aggrading vertical-
ly across their floodplain over significant time [8]. The 
key difference from topographic inversion is that chan-
nel belts are composed of sediments deposited during 
channel migration, rather than deposits that fill and 
preserve the channel. Channel belts are often signifi-
cantly larger than their associated channels (e.g., Fig. 
2), and on Earth often represent fluvial activity over 
millions of years. In addition, channel belts are often 
stacked stratigraphically within a depositional basin 
signifying even longer-lived fluvial activity. Because of 
the major differences between these two ridge-forming 
models in duration of fluvial activity, it is important to 
develop tools to distinguish between them.

Methods: We conducted fieldwork on several ter-
restrial analog sites and compiled data on terrestrial 
channel belts to determine whether ridges represent 
channel belts or channel fills. Field sites included some 
of the best terrestrial examples of fluvial sinuous
ridges: a well-known Mars analog (near Green River, 
Utah [14]), a location well-studied for its sedimentolo-
gy but not ridges (in the Ebro Basin, Spain [15]), and a 
site without prior study (near Ferron, Utah).

We measured sedimentology at the three sites
(grain size and 
presence and size 
of sedimentary 
structures), and 
measured ridge 
geometry from dig-
ital elevation mod-
els. We focused on 
the ridge caprocks 
(indurated material 
at the top of each 
ridge), junctions
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between ridges, and locations where they intersect 
cliffs. Process sedimentology allowed us to reconstruct 
paleochannel dimensions and discharge from median 
grainsize and height of dune and bar cross-sets [10].

Results: Caprocks at all field locations comprise
fluvial deposits (well-indurated sands and gravels with 
dune and bar cross-sets) atop floodplain deposits (mud-
stone with paleosols and sandstone sheets). Uneroded 
caprocks preserved at ridge/cliff intersections indicate 
they are typically ribbon-geometry narrow sandstone 
bodies encased in mudstone. Many of the ridge inter-
sections occurred at stratigraphic offsets of 1-10 me-
ters, which was comparable to caprock thicknesses (1-
15 meters). Paleochannel depths were generally 1-5
meters, with widths <100 meters. A few bar sets inter-
preted to represent laterally accreting channel margins 
were observed on the edge of eroded caprocks, indicat-
ing the paleochannel had migrated laterally and that its 
former location is now fully eroded.

Together, these observations support the model 
that the ridges comprise stacked fluvial channel belts
within floodplain deposits, rather than channel casts
[10]. In addition to the sedimentological evidence of 
long durations of fluvial activity, other studies that 
have dated the formations containing these ridges using 
volcanic ash and paleosol carbonates indicate for-
mation over 104-107 years [16-17].

Implications for Mars: Ridges in Utah and Spain 
appear similar to some ridges on Mars, including those 
in the Aeolis Dorsa region, so we use that region to 
make a specific comparison. Aeolis Dorsa occurs with-
in the Medusa Fossae Formation, and has the highest 
density of sinuous ridges on Mars [6]. We focus on a 
set of branching ridges covering a small part of the area 
(Fig. 1). Like some prior work [8], we interpret that the 
ridges represent exhumed stacks of channel belts based 
on superposed crossings and fine-scale layering.

Using a similar set of reconstructions as for our 
field sites [10] (~15 m caprock thickness observed in 
HiRISE stereo-DEMs), it would take >105 years for the 
paleochannel to deposit the 400 km3 of sediment; this 
minimum duration becomes >107 years using flood 
recurrence intervals of 1%. This is consistent with oth-
er methods of estimating duration including embedded 
crater counts at a nearby location (>106 years [11]) and
Sadler timescales [18] for deposits ~300 meters thick 
(~106 years). While no method is perfect, all point to 
millions of years or more of fluvial activity to form just 
this fan, which represents <1% of the deposits in Aeo-
lis Dorsa and an even smaller fraction of the inventory 
of fluvial deposits on Mars [6].

Our terrestrial analyses indicate that detailed obser-
vations of sedimentary structures and grainsizes in 
ridge outcrops are critically important for reconstruct-
ing river geometries and flow durations. Equally im-

portant is the ridge stratigraphy, including channel and 
floodplain facies that can be used to infer depositional 
processes over longer timescales. Analyzing ridge 
junctions and cliff outcrops of ridges helps determine 
whether ridge networks are exhumed fluvial networks 
or stratigraphically stacked channel belts. Mars 2020 
and possibly ExoMars will visit exhumed sedimentary 
deposits that contain fluvial sinuous ridges; they could 
therefore make similar observations to Mars-ground-
truth orbit-based methods and help test ridge morphol-
ogy models used for most ridges globally.

Conclusions: Our key finding is that the terrestrial 
ridges studied represent exhumed channel belts formed 
by long durations of fluvial activity. We showed that 
sinuous ridges at many locations on Earth represent 
exhumed channel belts rather than inverted channels.
Similar observations of stacking and layering of ridges 
on Mars and those in our study areas suggest that some 
sinuous ridges on Mars also are exhumed channel belts. 
This interpretation is significant because it implies po-
tentially millions of years of fluvial activity. Ridges 
record the slow migration of rivers across the flood-
plain and the stacking of multiple generations of chan-
nel belts within a larger depositional basin. In contrast, 
under the channel inversion model, ridges are inter-
preted as exhumed channel fills, with an undetermined 
duration of fluvial activity. Ridges may contain key 
sedimentary deposits that record evidence for a rela-
tively wet early Mars over significant time.

Sedimentological analysis of exhumed channel 
bodies will be an important task for Mars 2020, and 
potentially ExoMars. Combining rover analyses with 
terrestrial analog study of channel belts, sinuous ridges 
on Mars can be analyzed globally from orbit, enabling 
full source-to-sink analyses of ancient Mars hydrologic 
systems and climate.
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Introduction and History: Geological data have 

been cited to support the presence of two separate 
oceans in the past history of Mars, one during the Noa-
chian and a later one during the Late Hesperian [1]. The 
presence of oceans remains a critical question, as evi-
denced by one of the driving questions of the 2017 4th 
Early Mars Conference: “Did early Mars have oceans, 
lakes, and seas? If so, how did they form? How long 
did they last? And what was their fate?”  We briefly 
review the history of these concepts and then use a se-
ries of questions to address the current state of under-
standing of the hypothesis of the two oceans, working 
backward in time.  

Late Hesperian Ocean: Mariner 9 data first revealed 
evidence for extensive outflow channels (OC) emptying 
into the northern lowlands (NL) and the Hellas basin 
(see summary in [2]). After an early debate about the 
processes that carved them [3], water was quickly set-
tled on as the medium, and the search for the fate of the 
water began. Early studies emphasized the possible 
presence of lakes at NL OC termini, but the complex 
geology of the NL precluded consensus on their size, 
fate of the water and sediment, and climatic effects of 
each event, particularly in the context of the current 
hyperarid, hypothermal Mars climate. At one end of the 
spectrum, many favored local NL lakes and little cli-
mate influence from the OC events [2]; at the other end, 
some favored an extensive ocean whose presence in-
duced a warm climate [4] and was marked by several 
shorelines [5]. After extensive debate [2-3], a landmark 
paper [6] integrated a variety of data and perspectives 
and proposed that OCs formed in the circum-Tharsis 
region by cracking of a thick cryosphere and cata-
strophic release of groundwater under hydrostatic pres-
sure, to flood the NL; recharge of the global aquifer was 
by basal melting of the south polar ice cap. Variations 
on this basic hypothesis [6] represent the current under-
standing and context for critical outstanding questions 
about the presence of an Hesperian ocean. 1. Where 
did the water come from? Virtually all hypotheses call 
on cracking of a globally continuous cryosphere and 
derivation of water from the groundwater (GW) system, 
but details differ about the exact cryosphere-cracking 
mechanism [7]. 2. What was the climate at the time? 
For the cracked cryosphere/pressurized groundwater 
release mechanism to work, there must have been a 
globally continuous cryosphere much like today [8]; 
supporting evidence comes from glacial-like features at 
Mangala Valles [9]. 3. How much water was there in 
each outflow event? This is still highly debated [10]; 
early estimates [3,4] assumed bankfull flow and later 

analyses revealed serious difficulties in sustaining very 
high flux estimates due to porosity, permeability, and 
overpressure factors [7]. These early very high esti-
mates are likely to represent peak fluxes and thus lower 
overall total water volumes [11], with recent total OC 
volume estimated at 40 m GEL [10]. 4. Does the OC 
event change the climate to warm and wet? What 
happens to the OC/NL water during and between the 
OC events? Recent climate models show that if the 
global MAT was similar to today (~215 K), as required 
by the cryosphere-cracking model, each outflow event 
would produce a transient regional weather disturbance; 
there would be local snow, but no rainfall or any lasting 
effect on the global climate system [12]. If water accu-
mulated in the NL, the lake or ocean would rapidly 
freeze, sublime and go to cold traps [13]. 5. What was 
the period of time between outflow events? There are 
numerous OCs ranging in age from Hesperian to late 
Amazonian [14], and the average recurrence is likely to 
be tens to hundreds of millions of years. There is no 
known plausible mechanism to preserve an ocean over 
the time period between OC events [42]; even water in 
a debris-rich ice-covered salty ocean is thought to rapid-
ly sublimate and migrate to cold traps [13,42], but ac-
cumulating layers of OC event ice might reach the in-
terpreted contacts [37]. 6. In the OC breached-
cryosphere hypothesis, how does the groundwater 
(GW) aquifer get recharged between OC events? 
MOLA data [15] showed that the Tharsis region cannot 
be recharged by the traditional south polar cap basal 
melting hypothesis [6]. Further, top-down ice accumula-
tion and basal melting are not plausible mechanisms for 
significant groundwater recharge [16] except at volcanic 
edifice heat pipes, which are  volumetrically insuffi-
cient. A plausible mechanism for aquifer recharge is not 
currently available. 7. If the OC/GW cryosphere-
cracking hypothesis is correct, is there subsurface 
groundwater at later times in the Amazonian? The 
236 km Lyot crater is an early/mid Amazonian-aged 
drillhole into the GW system below the cryosphere in 
the NL. It does not appear to sample groundwater [17, 
18]. This raises the question of the time at which the 
global ice-cemented cryosphere stabilized, and when 
the groundwater system might have been depleted due 
to a growing cryosphere [19]. 8. Is there evidence for 
the evaporative loss of ocean water in the northern 
lowlands? It has been suggested that the Vastitas Bore-
alis Formation (~100 m thick) which overlies km-thick 
Early Hesperian ridged plains in the NL [20], might be 
the sublimation residue of OC effluent [13,21]. 9. 
There is no ocean today: Is there evidence for NL 
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ocean residual ice buried beneath later deposits? It 
has been proposed that significant buried residual ice 
from an Hesperian ocean lies buried beneath the NL 
surface [22], but the suggested thicknesses are not con-
sistent with the documented stratigraphy [23] and can-
not be readily distinguished from later obliquity-
induced mid-high latitude phases of glaciation [e.g., 
24]. 10. Are there alternative scenarios for OC/GW 
formation for OCs? No comprehensive model compa-
rable to [6] has yet been proposed, but volcano-ice con-
tact and deferred melting may provide potential melt-
water generation and aquifer recharge mechanisms 
[25,26]. Remaining Unexplained: Several investigators 
have proposed that unusual features near the dichotomy 
boundary represent tsunami deposits from impacts into 
a NL ocean [27-29]. Alternative explanations have not 
been proposed. Several previously proposed shorelines 
[5,8] have been shown to vary significantly from predic-
tions for an equipotential surface [30], but not all (e.g., 
Utopia) [38-40] have been explained by alternate mech-
anisms. Synthesis: OCs provided water to the NL peri-
odically, but the total volumes, residence times and cu-
mulative effects all still remain unclear. The issues and 
questions discussed above must be resolved before the 
presence of an Hesperian ocean can be confidently con-
firmed.  

Late Noachian Ocean: Evidence exists for a “warm 
and wet” Mars (valley networks, enhanced weathering 
rates and crater degradation) [31] in the Noachian be-
fore the cryosphere had become globally continuous. 
These features suggest the presence of rainfall and over-
land flow. 1. Where did the oceanic water come 
from? The “warm and wet” interpretation [8] implies 
global MAT >273K and a vertically integrated hydro-
logic system; these surface conditions further imply 
direct connections between the surface and the ground-
water system and, in turn, the presence of a NL ocean 
[8]. 2. How much water was there? Noachian shore-
lines suggest at least a 10% greater area covered than 
the Late Hesperian Contact 2 (estimated at 100 m GEL) 
[29], but these contacts are not well defined [30] and 
alternative estimates for the global water inventory at 
this time are much lower [10]. 3. Do the proposed No-
achian shorelines define an equipotential surface 
expected of an ocean? Proposed Noachian shorelines 
[8] (e.g., Contact 1) are not well defined and deviate 
significantly from an equipotential surface [30]. 4. Was 
the Noachian ocean episodic (as in the OC input to 
the Hesperian ocean)? The Noachian ocean is predict-
ed to persist as long as MAT exceeded 273K and the 
hydrologic system was vertically integrated. Eventual 
transition to a cold climate with a global cryosphere 
would have caused freezing of the ocean and growth of 
polar ice caps. 5. What climate and MAT are needed 
to sustain a Noachian NL liquid ocean? To maintain a 
vertically integrated hydrologic cycle and a groundwa-

ter-fed ocean, MAT must exceed 273K. An MAT >273 
climate [32-33] predicts some rainfall, but not in places 
consistent with the distribution of valley networks [32], 
and requires a robust and continuous warming mecha-
nism of undetermined character. Could altitude-
dependent peak seasonal warming locally burn through 
the cryosphere [41]? 6. Where did Noachian oceanic 
water go? As the climate transitioned to the nominal 
Hesperian-Amazonian climate, the ocean froze, subli-
mated and migrated to cold traps, the ice-cemented cry-
osphere became globally continuous and sealed off the 
groundwater system from the surface [8]. 7. What are 
the implications of the loss of the Noachian ocean for 
the surface/near-surface water budget? A significant 
part of the estimated volume of the Noachian global 
ocean (>>100 m GEL) is required to reenter the global 
groundwater system to be released again in the Hesperi-
an OCs [6,8]. There are discrepancies in the surface-
near surface water budget and these values [10], which 
are not readily accounted for solely by the freezing of 
GW to form the cryosphere [22]. 8. Is there evidence 
for Noachian NL ocean residual ice buried beneath 
later deposits? Any such deposits [22] would lie be-
neath ~1-2 km of Early Hesperian volcanic ridged 
plains [23]; at this lava thickness, buried ice would un-
dergo either top down heating and melting during em-
placement, and/or deferred melting and loss to the 
groundwater system [25-26]. 9. Are there alternative 
scenarios to the presence of a Noachian ocean to ex-
plain the observations? Recent Late Noachian climate 
models [34-35] predict global MAT ~225K, a globally 
continuous cryosphere and no rainfall or surface melting 
under a wide range of conditions. Punctuated heating 
events [36], however, are required to cause top-down 
melting of snow and ice to form the observed fluvial 
features. Could local heating and cryospheric melt-
through create an ocean [41]? Synthesis: Multiple sub-
sequent events in the NL have obscured direct evidence 
for a Noachian ocean; its presence requires sustained 
global MAT >273K, in conflict with recent climate 
models. Establishing the presence of a Noachian ocean 
requires reconciliation of these issues.  
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Introduction: The absorption of shortwave radia-

tion by mineral dust in Mars’s thin atmosphere long has 
been recognized as a potentially potent energy source 
for the atmospheric circulation at multiple scales [1]. At 
mass mixing ratios of 100s of ppm, atmospheric heating 
rates within a dusty airmass may be comparable to latent 
heating rates in deep convective clouds [2]. This possi-
bility suggests an analogy between moist convection in 
Earth’s atmosphere and convection driven by dust heat-
ing in Mars’s atmosphere. 

Here I review current progress in the understanding 
of dusty convection on Mars, particularly advances 
since the 8th International Conference on Mars in 2014, 
as well as identify key areas of uncertainty for future 
research to address. 

Shallow and Deep Convection: The altitudes 
which Martian dust clouds reach are quite variable. One 
line of evidence for widespread shallow convection as-
sociated with dusty airmasses comes from analyzing the 
positive temperature response at ~ 25 km altitude to re-
gional dust storm activity, which is interpreted to origi-
nate from a mixture of direct shortwave heating and in-
direct dynamical heating in the descending branch of the 
principal meridional overturning circulation. During a 
typical Mars Year, two to four regional dust storm 
events produce a significant planetary-scale tempera-
ture response at ~ 25 km [3]. But during Mars Year 30, 
these events were exceptionally weak [3]. Yet 11 re-
gional dust storms were observed in visible imagery [4], 
suggesting that some proportion of regional dust storms 
do not mix significant dust above the boundary layer. 

The importance of shallow dusty convection and its 
distinction from deep convection has been further un-
derlined by close study of the “texture” or fine-scale 
morphology of Martian dust clouds in Mars Global Sur-
veyor Mars Orbiter Camera (MGS-MOC) and Mars Re-
connaissance Orbiter Mars Color Imager [5,6], which 
builds upon the systematic study of clouds in Viking im-
agery by [7] and occasional identification of cumuli-
form clouds in large-scale dust events [8,9]. Cumuli-
form or “puffy” texture is recognized by [6] as one of 
three dominant textural types along with “pebbly” and 
“plume-like.” While texture within large-scale dust 
storm activity can be quite diverse, certain areas do 
seem to be hotspots of particular textures [6]. For in-
stance, Noctis Labyrinthus in eastern Tharsis is a 
hotspot of puffy textures, while plume-like textures are 
commonly observed in N. Amazonis/S. Arcadia [6]. 

Interpretation of texture is somewhat contested. In 
the view of [6], plume-like texture arises from advection 
of dust from a putative, focused plume-head source by 
strong winds, and pebble-like texture is associated with 
strongly sheared, widespread boundary layer convec-
tion actively lifting dust. A study of dust storm activity 
focused in N. Amazonis/S. Arcadia [10] instead sug-
gested that the plumes were actually shallow convective 
roll structures, that is three-dimensional boundary layer 
convection organized into two-dimensional convection 
by strong wind shear: a phenomenon with a well-known 
Earth analog [11]. If that view is correct, pebbly texture 
is probably associated with boundary layer convection 
in lower shear environments. But [5,6,10] all recognize 
or demonstrate that puffy texture indicates that a dust 
cloud extends significantly above the boundary layer: a 
deep convective cloud.       

Energetics of Deep Convection: The perspective 
on heating rates in dust clouds in [2] is based on dust 
devils, whose extreme winds can generate high dust 
concentrations (> 1000 ppm) on the < 500 m (and usu-
ally <<500 m) horizontal scales of these systems. 
Mesoscale modeling of dust storms, however, has pri-
marily considered the phase space where dust mass mix-
ing ratios are below 100 ppm, with mixed results in sim-
ulating deep convection in dust storms [12,13]. 

 Studies of deep convective structures, however, 
suggest dust mass mixing ratios >>100 ppm at 10 km 
scales are possible [14,15]. Dust cloud heating rates on 
the order of 10 W kg-1 seem plausible, placing the ener-
getics of deep convective clouds on Mars within the 
phase space of severe tropical cyclone eyewalls and 
squall lines in the Earth’s atmosphere. Nevertheless, 
outstanding questions remain about estimating effective 
dust cloud heating rates while taking account of multi-
ple scattering, short length scales for extinction near the 
surface, water ice cloud formation, and non-local ther-
modynamic effects in the middle atmosphere [16].  

Mesoscale Organization of Deep Convection: 
Textural studies [5,6] as well as studies of individual 

dust storms [10,17] suggest the level/type of organiza-
tion in dust storms varies widely. One outstanding ques-
tion is whether dust storms are/contain convectively or-
ganized circulations analogous to mesoscale convective 
systems and/or severe tropical cyclones. One argument 
in favor of this idea is the observation of deep dusty con-
vective structures on Arsia Mons and Olympus Mons 
(and nearby areas) during globally quiet weather condi-
tions [14], which is hypothetically connected to daytime 
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convergent upslope flow toward their summits [18,19]. 
That a strong mesoscale circulation, even in the absence 
of dust, develops on these mountains may help generate 
and focus deep convection-enabling, extremely dusty 
airmasses on these mountains that would otherwise rap-
idly diffuse and advect away from them. And so when 
deep convective structures appear in other areas during 
large-scale dust storm activity, it seems plausible that 
deep convective structures are likewise associated with 
strong mesoscale circulation. Yet directly measuring 
these circulations remains an outstanding problem. 

Deep Convection and the Vertical Distribution of 
Dust: Dusty convective processes now appear essential 
to understanding inhomogeneous layering in the vertical 
dust distribution. A recent modeling study [20] was able 
to reproduce most aspects of the vertical dust distribu-
tion during the dustier second half of the Martian year 
by parameterizing convective plume injection by dust 
storms. Nevertheless, it remains unclear how to interpret 
and reproduce the layered dust distribution in the first 
half of the year as well as its high amplitude of diurnal 
variability [21, 22]. 

Dusty deep convection is rare/weak enough that dust 
above 50 km is unusual outside of global and regional 
dust events [14, 23-25]. The study in [25] is particularly 
valuable in detecting rare grain size changes in middle 
atmospheric dust that suggest deep convective plumes 
transport a continuous distribution of dust sizes up to 2 
µm or more that sediments/size-segregates within a sol 
or so, so that only O(100) nm-sized particles remain. 

Deep Convection and the Vertical Distribution of 
Water: Dusty convective processes also may explain 
the episodic mixing/inhomogeneity in the vertical dis-
tribution of water vapor into the middle atmosphere first 
identified by [26, 27]. That is, vertically ascending air-
masses containing dust lifted from the surface may carry 
boundary layer concentrations of water vapor along 
with it. Both direct and indirect remote sensing methods 
suggest that water concentrations an order of magnitude 
above climatology (up to 250 ppmv) reached the polar 
middle atmosphere within the first two weeks of the 
2007 and 2018 global dust storms [15, 24, 28,29]. 

Vulnerable to photolysis from solar EUV, water 
transported to the middle atmosphere during dust storms 
is a large, potential source of atomic hydrogen to the up-
per atmosphere [30,31]. And thus, understanding dusty 
convective processes may be critical to reconstructing 
the history of water loss during the Amazonian. And in-
deed, taking account of the potentially high altitude that 
moist convection might reach under Mars’s low gravity 
during Noachian and Hesperian time, this leak of water 
to the middle/upper atmosphere might be of general sig-
nificance to the history of Martian escape. 

Simulating the impact of dusty convection on the 
water cycle is still in its early stages. A recent study with 
a model that did not include mesoscale convection (but 
was advanced in its treatment of gravity waves/tides) 
seems to underestimate vertical mixing in the tropics 
and winter extratropics during the 2007 global dust 
event [cf. 32 and 24].  The author is currently leading an 
effort to develop explicit convective parameterizations 
of mixing [33] in parallel with efforts like [20].  

Deep Convection As A Gravity Wave Source:   
Mesoscale modeling suggests that dusty deep con-

vective structures generate gravity waves [13] just as 
deep convection on Earth does [35]. A survey of gravity 
wave activity at ~25 km altitude has found ambiguous 
evidence of dusty convective generation of gravity 
waves but underlines the difficulties of observing this 
phenomenon with currently available methods [36].    
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Introduction:  We used images of the Mars Sci-

ence Laboratory Mars Hand Lens Imager (MAHLI) 
calibration target acquired under various illumination 
conditions to  study changes in dust contamination 

during the rover traverse.  We selected daytime images 
of the calibration target that were fully sunlit and taken 
with the LEDs off:  Sols 34, 179, 411, 591, 825, 989, 
1157, 1340, 1519, 1696, 1892, 2082 (during the 2018 

dust storm), 2161, 
and 2248.  Each of 
these 3-band (red, 
green, blue) images 
was interpolated 
from the original 
Bayer-pattern imag-
es [1]. Images were 
typically acquired 
from a standoff of 5 
cm, with one cen-
tered on the resolu-
tion target and one 
centered on the 1909 
Lincoln penny (Fig. 
1).  While the obser-
vational geometry 
was essentially iden-
tical in all of these 
images, the solar 
incidence angle and 
atmospheric dust 
opacity varied 
among them.  

Figure 1.  RGB color (left) and red/blue ratio (right, 
stretched so that red/blue < 1.16 is black and >2.3 is white) 
versions of radiometrically-calibrated MAHLI images of the 
MAHLI calibration target, acquired on Sol 34 with illumina-
tion from upper left.  Diameter of penny is 19 mm.   

Experiments using simulants of Mars dust on 
white, grey and black substrates show that the color of 
thin dust coatings becomes steadily more like the red 
dust with increasing coating thickness [2].  We there-
fore use the ratio of calibrated MAHLI red band data 
to blue band data as a proxy for the concentration of 
dust on the calibration target.  But, as noted above, the 
effect of variable diffuse illumination must be consid-
ered, as the Martian sky is redder than the Sun [3] and 
contributes a larger fraction of the total surface illumi-
nation at higher  atmospheric opacity.  The difference 
in the colors of sunlit and shadowed areas is visible in 
Fig. 1:  shadowed areas at upper and lower right have 
higher red/blue ratios than sunlit areas.  Therefore, the 
colors of the shadowed and un-shadowed calibration 

target must be measured to understand and compensate 
for the magnitude of this effect, as in previous studies 
of the IMP and Pancam calibration targets.  Unfortu-
nately, white areas on the target cannot be used for 
such measurements and analysis because they were 
imaged only when either fully illuminated or fully 
shadowed.  However, as shown in Figure 1, the grey 
titanium base of the calibration target [1] was often 
imaged when partly shadowed.   

The observed reflectance in each of the red (R) and 
blue (B) bands is the sum of the reflectance of the di-
rect solar radiation and the scattered (ground and sky) 
illumination: 

R = RI + RS  (1) 
B = BI + BS  (2) 

where the subscripts refer to the directly illuminated (I) 
and scattered (S) components.  The scattered compo-
nent can be estimated by measuring the brightness in 
shadowed areas, which includes reflections from rover 
hardware and the Martian surface.  We are interested 
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in variations in dust abundance that cause changes in 
the red/blue ratio of directly illuminated areas, which 
can be approximated using equations 1 and 2: =           (3) 

This formula ignores the wavelength-dependent extinc-
tion of the direct solar illumination by dust in the Mar-
tian atmosphere, and is therefore valid only when at-
mospheric opacity is <1.  However, the subtraction of 
the brightness observed in shadowed areas partly cor-
rects for wavelength-dependent scattering.   

Data Processing and Analysis:  Radiometrically-
calibrated, linearized MAHLI images [1] were con-
verted and processed using the USGS Integrated Soft-
ware for Imagers and Spectrometers (ISIS) version 3 
[4].  The ISIS program “qview” was used to display 
images and extract data from them.  Calibrated I/F was 
calculated for each pixel using data included in the 
image labels.  The reflectance difference between il-
luminated and shadowed areas was measured near the 
shadow boundary, where illumination and viewing 
geometry is nearly identical in the illuminated and 
shadowed areas.  Images of the calibration target were 
acquired at various times of day and rover orientations, 
so shadows appear in different parts of the various 
images.  Shadows on and near the “staircase” at the 
bottom of the target are typically visible, so these were 
used to measure brightness profiles across shadow 
boundaries on various sols.  The shadow boundaries 
are not sharp primarily because the image is slightly 
out of focus in those areas and partly due to the angular 
size of the Sun at Mars (0.35°).  In addition, the aure-
ole around the sun (due to forward scattering by sus-
pended dust particles) causes the curvature of the re-
flectance plots near the shadow boundary, seen on the 
left side of the plot in Fig. 2. 

 
Figure 2.  Reflectance (I/F) profiles across shadow boundary 
in Sol 34 MAHLI image.  The profiles are offset horizontally 
for clarity.  The profiles in shadow were fit using data be-
tween pixel 20 and the steep rise at the edge of the shadow, 
so the data deeper in shadow deviate from the fits.    

Red and blue reflectance profiles extracted along 
stair tread 3 at the bottom of a Sol 34 image show fea-
tures typical of images taken later in the mission (Fig. 
2).  Exponential fits were used to extrapolate the I/F in 
the shadow to the edge of the illuminated area, where it 
was subtracted from linear fits of the illuminated pro-
files at the same location.  Ranges of data were select-
ed for fitting based on the apparent quality of the data; 
for example, the data deep in shadow was not as useful 
in modeling the rise in shadow brightness near the 
edge of the shadow, as illustrated in Figure 2. 

Results:  This approach described above was used 
to derive the corrected red/blue ratio and associated 
uncertainty for selected images. Changes in red/blue 
ratio during the MSL mission (Table 1) suggest that 
dust deposited on the calibration target during landing 
was partly removed later, consistent with changes in 
the appearance of the target surfaces seen in the imag-
es.  Changes in the color ratio are not correlated with 
atmospheric opacity ( ), which was interpolated from 
880-nm normal opacity measurements made during the 
MSL mission using Mastcam observations of the sun.  
MAHLI images of the calibration target acquired on 
Sols 2082 (  = 3.3) and 2161 (  = 1.6), during the 2018 
global dust storm, could not be analyzed using the 
technique described above because the shadow edge 
was too diffuse. 

Table 1.  Corrected red/blue ratios and standard deviations 
for each observation.  Tau ( ) is the interpolated 880-nm 
normal opacity. 

Sol Corrected R/B  
34 1.16 ± 0.16 0.74 

179 1.10 ± 0.12 0.98 
989 0.99 ± 0.13 1.07 

1340 1.05 ± 0.17  0.79 
1519 0.97 ± 0.05  0.98 
1696 0.98 ± 0.10 0.84 
2248 1.06 ± 0.06 0.77 

Conclusions:  Color reflectance data indicate that 
dust contamination of the MAHLI calibration target 
varied during the MSL mission.  The target was con-
taminated by dust raised by the landing rockets, but 
this dust was partly removed later in the mission.  
Winds are likely to have removed some of the dust, 
and later dust accumulation is evident, including dur-
ing the 2018 global dust storm. 

References:  [1] Edgett et al. (2012) Space Sci. 
Rev., 170, 259–317.  [2] Johnson, J. R. et al. (2006) 
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M. et al. (2015) Earth Space Sci., 2, 144-172.  
[4] Anderson, J. A. et al. (2004) LPS XXXV, Abstract 
#2039. 
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Introduction: Active flow processes are currently 
ongoing at the surface of Mars, for example within 
gullies or RSL (Recuring Slope Lineae). The physical 
processes involved in their formation and current activ-
ity have not been unambiguously identified. One possi-
ble candidate is liquid water [1,2], but under current 
martian conditions liquid water is transient and can 
only be present in limited amounts [3,4,5]. However 
the surface temperature can locally exceed the melting 
point [6,7] on present-day Mars, leading to rapid boil-
ing of liquid water. So far, little attention has been paid 
to the role of boiling in sediment transport processes. 
Recent study has highlighted that boiling water can 
drive unusual transport mechanisms leading to an en-
hanced transportation volume [8]. In our work [9,10] 
we conduct a series of experiments under low pressure 
to investigate the transport capacity of boiling liquid 
water under martian-like surface conditions. The exper-
imental observations are then compared to physical 
laws in order to identify the important parameters driv-
ing the transport and scale our results to martian gravi-
ty to apply them to martian features.

Experimental set up and protocol: The experi-
ments were performed under martian-like pressure (~9
mbar) in the Open University’s Mars Chamber (Fig. 1).
The test bed is a rectangular tray filled with a 5 cm 
thick layer of fine silica sand. It was set to an angle of 
25° which is in the range of observed slope angles of 
martian gullies and RSL [7,11]. The water outlet was 
positioned at the top of the slope and controlled with a 
valve from outside. We choose to investigate the influ-
ence of two parameters on water boiling intensity and 
sand-transport: the sand (Ts) and water temperature
(Tw). We performed experiments with 9 combinations
of 3 different temperatures, 278 K, 288 K and 297 K 
for sand and water, respectively. These temperatures
are consistent with temperatures measured at the sur-
face of Mars [6,7]. Each combination has been per-
formed as triplicates for a total of 27 experiments. The 
sand and the water were initially pre-cooled if neces-
sary. The pressure was lowered by two vacuum pumps 
to the initial pressure of ~7 mbar. When the pressure 

and temperature reached the desired values, water was
released for a duration of ~60 s with a mean flow rate 
of 11 m s-1. We maintained the low pressure inside the 
chamber for several minutes after the flow ceased to
observe any further transport processes. We constantly 
monitored the sand temperature, water temperature, 
pressure, and humidity. The evolution of the test bed 
was recorded by two webcams inside and a camera 
outside the chamber. Before and after each experiment 
the test bed was photographed using multiple observa-
tion angles in order to produce digital elevation models
and calculate the volumes of transported sand.

Figure 1: Diagram of the experimental set up [10].

Experimental results: For all performed experi-
ments water was boiling. Even from observational data
it is clear that the intensity of boiling was mainly driv-
en by sand temperature while water temperature had
only a minor influence. As sand temperature increases,
the total volume of sand transported is increased by a 
factor of ~9 while for different water temperatures it is 
rather constant (Fig. 2) [10].

For all experimental configurations we observe 
transport of sand directly by overland flow and by the 
formation of pellets (sand-water mixture) as water in-
teracts with sand [9,10]. At Ts 288 K the boiling is 
more vigorous and we observe additional dry process-
es, including sand ejection and avalanches of dry sand.
In addition the size of ejected pellets (millimeters to 
centimeters) increases significantly. The volume at-
tributable to each mechanism changed as the sand tem-
perature increased. At Ts = 278 K, the majority of the 
sand is transported by overland flow while at Ts
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K the majority is transported by mechanisms associated 
with boiling water, i.e. ejected pellets and dry process-
es. We observe that the gas ejected by the boiling water 
is strong enough to create an air cushion at the bottom 
of pellets leading to their downslope levitation rather 
than rolling as observed at Ts = 278 K. Additionally,
the produced gas is also able to eject single sand parti-
cles and drive dry avalanches. These processes can 
persist several minutes after the end of liquid water 
flow. Water temperature plays a role in the duration of 
these dry processes which are longer at lower water 
temperature [10].

Figure 2: Transported sediment volume versus (a) wa-
ter temperature and (b) sand temperature [10].

Transport mechanisms due to boiling and mar-
tian gravity scaling: Sand temperature is the main 
parameter controlling the boiling intensity because
surface temperature drives the heat flux [12,13]. As 
liquid water is unstable it turns into gas and we observe
single sand particle ejection and pellet levitation. In 
both cases the two forces in competition are the weight 
of the object W and the force exerted by gas produc-
tion Fe (Fig. 3).

For sand ejection, we calculate conditions for 
which we obtain a velocity of the gas exceeding 
threshold transport velocity Ut to entrain particles. For 
our given experimental conditions Ut ~6 m s-1 meaning
that at Ts = 278 K grain ejection is very unlikely while 
at Ts the gas velocity far exceeds the threshold 
and grains are ejected as observed in our experiments. 
The lower martian gravity decreases the transport 
threshold velocity to Ut ~2.5 m s-1. But according to 
atmospheric characteristics of Mars, the gas speed re-
mains lower than this value for Ts = 278 K and still 
exceed the threshold velocity for Ts . However, 
if ejection does occur on Mars, the ejection velocity of 
the sand grains should be similar to that obtained in our 
experiments and the ballistic trajectory would be en-
hanced by a factor of 2.6 compared to Earth [10].

Pellet levitation is made possible by the rapid gas 
production at the base of the pellet via boiling. Compu-
tational results (Fig. 3) show that the increase of sand 
temperature leads to an increase in the duration of levi-
tation of about several seconds and also a larger size 

range can potentially be lifted. In addition we found 
that the levitation process under weaker martian gravity 
is enhanced by a factor of ~7 and is able to transport 
larger objects for a longer time. This process should be 
efficient even at temperatures close to the saturation 
point [10].

Figure 3: Evolution of the ratio Fe/W cos during time 
for different (a) sand temperatures and radius R of pel-
lets, and (b) sand temperatures and gravity values
(Mars and Earth). The slope angle is set to 25°. 
Levitation occur when the ratio exceed 1 (dashed black 
line) [9].

Conclusion: Our experiments and scaling calcula-
tions reveal that if liquid water is present at the surface 
of Mars, boiling could play an important role in under-
standing the recent changes in martian gullies or RSL
for which water is a candidate fluid [9,10]. We find 
that sediment transport by boiling is characterised by 
grain ejection, granular avalanches and levitating pel-
lets, which according to our scaling calculations are 
more effective transport processes under martian gravi-
ty [9,10]. Among the two parameters tested, the sand 
temperature is the main driving parameter for transport 
via boiling while water temperature plays a minor role
[10]. We highlight that boiling is an important agent of 
sediment transport, which should not be neglected 
when analysing and modelling water flow features on 
Mars.
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WISDOM/EXOMARS 2020: A CALIBRATED AND FULLY CHARACTERIZED GROUND 
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Le Gall1,  C. Corbel1, D. Plettemeier 2,A.J. Vieau 1, B. Lustrement1, O. Humeau1, R. Hassen-Khodja1,W.S. Benedix2, 
N. Oudart1, E. Bertrand1, L. Lapauw1, V. Tranier1, F. Vivat1, S. Hegler2, LATMOS/IPSL, UVSQ (Université Paris-
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Introduction:  In 2021, the second part of the Ex-

oMars mission (Rover and surface platform) will land 
on Oxia Planum, which has been selected because it is 
an old Noachian terrain that shows evidence of aque-
ous episodes [1]. The mission’s main objectives are to 
search for possible bio-signatures of past Martian life, 
to characterize the water and geochemical distribution 
as a function of depth in the shallow subsurface and to 
investigate the planet's subsurface in order to better 
understand the evolution and habitability of Mars. To 
reach these objectives, the ExoMars Rover is equipped 
with a drill able to collect samples at depth down to 2 
m, that will be analyzed inside the Rover body. 

WISDOM (Water Ice Subsurface Deposits Obser-
vation on Mars) is the polarimetric ground penetrating 
radar that will be accommodated on the Rover of the 
ExoMars mission [2],[3]. In accordance with the mis-
sion’s objectives, the main goal of the instrument is to 
reveal the geological context and evolution of the land-
ing site. WISDOM observations will be used to select 
the best places to collect samples in the subsurface. 
They will also guide the drill in order to avoid hazard-
ous area.  

In this paper, we will present a selection of the 
measurements that have been performed on the Flight 
Model (FM) of the instrument to check its performanc-
es and obtain reference data that will be used once on 
Mars to produce calibrated data.  

 
Characterization of the Flight Model:  WISDOM 

is a step-frequency radar, which operates from 500 
MHz to 3 GHz. It is able to probe down to a depth of 
few meters with a vertical resolution of a few centime-
ters. WISDOM is composed of two elements, an Elec-
tronic Unit (EU) located inside the Rover body (Figure 
1) and an Antenna Assembly (AA) accommodated at 
the rear of the Rover (Figure 2). The Flight Model 
(FM) of the instrument was delivered in January 2019 
at Airbus premises in Stevenage for integration in the 
mission Rover.  

In order to produce data calibrated both in time and 
amplitude, it is essential to characterize as much as 
possible the instrument that will land on Mars. Here we 
report a suite of measurements in controlled environ-

ments that have been performed before the instru-
ment’s delivery.  

 

 
Figure 1 : WISDOM FM Electronic Unit  

 
Figure 2 : WISDOM FM Antenna Assembly 

 
Effect of temperature.  The EU has to be able to oper-
ate at temperature ranging between -55°C and +55°C. 
The Thermal Vacuum environmental tests performed 
on the EU at the PIT (Plateforme d’Integration et Tests 
of OVSQ, Guyancourt, France) facilities provided the 
opportunity to quantify the effect of the temperature in 
low-pressure (~6 mbar) Martian conditions. The meas-
urements show a linear decrease of the transmitted 
power with the temperature measured on the Radio 
Frequency board. We determine a power loss of about 
0.05 dB per degree Celsius. The corresponding correc-
tion will be applied automatically in the WISDOM data 
processing pipeline in order to remove the effect of the 
temperature. 
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Antenna crosstalk and internal coupling.  Meas-
urements performed with both the EU and the AA in 
free space (i.e., without any obstacle closer than 3 m 
from the AA) have provided an accurate characteriza-
tion of the direct coupling between the transmitting and 
receiving antennas (waveform), as well as of the inter-
nal coupling (i.e., inside the EU) ; these couplings will 
have to be removed from the data collected on Mars.  

Amplitude calibration – link budget. Based on 
complementary measurements performed with a net-
work analyzer, the transfer function necessary to con-
vert WISDOM data into physical units (i.e., the re-
ceived power in dBm) has been established. We also 
verify that, in case of a simple target (such as a large 
metallic plate) the received power is consistent with the 
characteristics of each element of the radar and settings 
(antennas’ gain and radiation pattern, attenuations in 
the transmitting chain and in the cables). The achieved 
link budget enables us to validate the characterization 
of the instrument and to be confident that quantitative 
analysis of the data collected on Mars will be possible. 
In fact, we show in [4] that the calibrated amplitude of 
the surface echo can be used to estimate the subsurface 
permittivity value and thus to convert the time of arri-
val of the detected echoes into distance. 

Impact of the rover structure Preliminary tests have 
been performed at Airbus, Stevenage (UK) with a rov-
er named Charlie, which is also the rover used for the 
ExoFit trial [4]. This rover is not exactly similar to the 
Rosalind Franklin ExoMars rover but has the very 
same wheels. The impact of the rover’s structure and in 
particular of its wheels on WISDOM data is not negli-
gible and has been carefully analyzed. This analysis 
shows that the Rover impact must be taken into ac-
count when processing the data acquired on Mars 
which urges us to perform the same characterization 
with the actual Rosalind Franklin rover. 
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NEW CONSTRAINTS ON THE FORMATION AGES OF THE CHLORIDE-BEARING DEPOSITS IN THE 
MARTIAN SOUTHERN HEMISPHERE.  J. R. Hill1 and P. R. Christensen1, 1School of Earth and Space Explora-
tion, Arizona State University, Tempe, AZ (jonathon.hill@asu.edu). 

 
 
Introduction:  Chloride-bearing deposits in the 

Martian southern hemisphere provide significant insight 
into the water cycle on Mars at a time when the planet 
may have been habitable. However, an earlier study [1] 
was only been able to constrain their formation to the 
general period from the early Noachian to the early Hes-
perian. This study aims to further constrain the for-
mation ages of the chloride-bearing deposits using data 
that was not available at the time of the original study. 

The detection of chloride minerals is difficult be-
cause they do not have diagnostic spectral features in 
the wavelength ranges observed by current Mars-orbit-
ing instruments. However, they can be indirectly identi-
fied by the slopes they introduce to thermal infrared 
spectra [2], particularly in THEMIS [3] decorrelation-
stretched (DCS) images, which enhance this spectral 
slope and give the chloride-bearing deposits diagnostic 
colors in different DCS band combinations.  

Osterloo et al., (2010) [2] identified 642 chloride-
bearing deposits by visually inspecting the available 
THEMIS DCS images for their diagnostic colors and 
then used the ages of the geologic units [4,5] where they 
are located to estimate their formation ages. Fortunately, 
significant improvements have been made to all of these 
inputs over the last decade. 

Methods:  This study has improved on the methods 
of Osterloo et al., (2010) [2] by: 1) using the objective 
THEMIS quasi-spectral index to identify chloride-bear-
ing deposits; 2) examining all DCS-suitable THEMIS 
images acquired from 2002-present; 3) re-mapping the 
deposit boundaries using CTX [6] images; and 4) esti-
mating the deposit ages based on the improved geologic 
map and unit ages compiled by Tanaka et al., (2014) [7].   

Chloride Index:  A THEMIS quasi-spectral index 
has been developed to objectively identify chloride-
bearing deposits. The index is considered “quasi-spec-
tral” because it is based on the band variations from the 
decorrelation-stretched data instead of the original radi-
ance or emissivity data. This approach was chosen be-
cause initial attempts to develop a true spectral index for 
the chloride-bearing deposits were plagued by signifi-
cant false-positive identifications. 

The quasi-spectral index utilizes the standard 
THEMIS DCS band combinations of 875, 964 and 642, 
which highlight the chloride-bearing deposits with diag-
nostically unique colors (blue in DCS875, teal in 
DCS964 & yellow/orange in DCS642 [2]). The index it-
self is composed of four tests: one for each of the three 
standard DCS band combinations and one for slope, 
which helps reduce false positives. 

 
Figure 1: Chloride-Bearing Deposit East of Ma’adim Vallis: a) THEMIS DCS 875 Mosaic (Chlorides in Blue) 
with Previously-Mapped Deposit Outline in White;  b) CTX Image with THEMIS Quasi-Spectral Chloride Index 
Detections (Detections ≥ 2) Shown as a Heat Map with the Re-Mapped Deposit Outlines in White. 

10 km 10 km a) b) 
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DCS875:  B > (R+1σ)   Eq. 1 
DCS964:  G > (R+1σ)   Eq. 2 
DCS642:  R > (B+½σ)   Eq. 3 
HRSC/MOLA DTM [8]:  m ≤ 5° Eq. 4 
 
The index returns a positive detection for any pixels 

that satisfy all four tests. To further protect against false-
positives, only pixels that satisfy the index criteria in 
multiple THEMIS images are treated as confident de-
tections. The results are displayed as a heat map, indi-
cating how many images provided positive identifica-
tions for a certain pixel. (Figure 1) 

Available THEMIS Images:  At the time Osterloo et 
al., (2010) [2] conducted their survey, THEMIS had ac-
quired < 23,800 DCS-suitable IR images. At the time of 
this survey, THEMIS has acquired > 66,200 DCS-
suitable IR images, which translates to full global cov-
erage with repeat coverage over most of the planet. 

Re-Mapping with CTX:  To better estimate the sur-
face area covered by the chloride-bearing deposits, they 
were re-mapped using CTX images manually registered 
to the THEMIS Day IR Global Mosaic (v14) in JMARS 
[9]. The extents of the deposits were determined by the 
visual extent of the surface unit corresponding to the 
chloride index detections. In many cases, the deposits 
identified by the original survey[2] were divided into 
multiple deposits because they were clearly not contin-
uous at the scale of CTX images. 

Improved Geologic Map:  The re-mapped chloride-
bearing deposits were compared to the improved Mars 
geologic map by Tanaka et al., (2014) to determine their 
corresponding geologic era with improved temporal res-
olution compared to the original survey. 

Results:  Re-mapping the chloride-bearing deposits 
resulted in 888 distinct deposits. Their geologic context, 
as determined by the improved geologic map [7], are 
summarized in Table 1 and Figure 2, which are color-
coded by historical period. (Units with relatively uncon-
strained ages are not included in Figure 2.)  

Figure 2: Distribution of Chloride-Bearing Deposit 
Ages by Geologic Period 

 
Work in Progress:  Chloride-bearing deposits that 

were not identified by Osterloo et al., (2010) [2] are cur-
rently being identified and mapped using a global map 
of the THEMIS quasi-spectral chloride index results. A 
few deposits (~2%) cross multiple geologic units [7] and 
will need to be examined in more detail to determine the 
unit most representative of their ages. 

Acknowledgements:  This project was funded by 
the Mars Odyssey Program Office. 
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Table 1: Distribution of Chloride-Bearing Deposits Across Geologic Units and Time 

Unit Unit Description Chloride Area 
(km2) 

Normalized Chloride Area  
by Unit (x106) 

eNh Early Noachian Highland 1457.98 99.87 
eNhm Early Noachian Highland Massif 16.05 8.25 
mNh Middle Noachian Highland 5825.99 180.30 

mNhm Middle Noachian Highland Massif 2.13 1.14 
lNh Late Noachian Highland 2545.55 239.12 
Nhu Noachian Highland Undivided 3.76 2.34 
eHv Early Hesperian Volcanic 169.69 29.30 
Ahi Amazonian & Hesperian Impact 9.52 1.20 
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TRANSIENT EDDIES, WATER ICE CLOUDS, AND NOCTURNAL MIXED LAYERS AT HIGH 
NORTHERN LATITUDES IN EARLY SUMMER.  D. P. Hinson1, H. Wang2, R. J. Wilson3, A. Spiga4, M. A. 
Kahre3, and J. L. Hollingsworth3; 1SETI Institute, Mountain View, CA 94043, USA, dhinson@seti.org; 
2Smithsonian Astrophysical Observatory, Cambridge, MA 02138, USA; 3NASA Ames Research Center, Moffett 
Field, CA 94035, USA; 4Laboratoire de Météorologie Dynamique, Paris, France.  

 
 
Introduction: We are using observations from 

Mars Global Surveyor (MGS) and simulations by two 
numerical models to investigate water ice clouds and 
atmospheric dynamics at high northern latitudes in 
early summer. Through analysis of radio occultation 
(RO) profiles [1], primarily from Mars Year (MY) 27, 
and contemporaneous wide-angle images from the 
Mars Orbiter Camera (MOC) [2], we have obtained a 
detailed characterization of the spatial structure, radi-
ative effects, diurnal cycle, and seasonal evolution of 
the clouds.  

This is an extension of previous work concerning 
frontal/annular clouds that appear each year in early 
summer (Ls ≈ 120°) near 270°E, 60°N [2, 3, 4, 5]. 
The transient eddies that produce this type of cloud 
have been explored with a mesoscale model [6].  

Nocturnal Mixed Layers: High-resolution tem-
perature profiles retrieved from RO data contain 
unique information about the vertical structure of the 
lower atmosphere [1]. Profiles at some locations and 
seasons contain a distinctive nocturnal mixed layer 
(NML), which forms at night when radiative cooling 
by a water-ice cloud layer triggers convective insta-
bility [7, 8]. In the polar profiles considered here, the 
presence of a NML is indicated by a detached layer of 
near-neutral static stability with an overlying tempera-
ture inversion, as shown in Fig. 1. Analysis of RO 
profiles yields basic properties of the NMLs as well as 
constraints on their spatial distribution and seasonal 
evolution.  

We have examined ~1600 RO profiles from MY27 
in a latitude band roughly centered on the Phoenix 
landing site (234°E, 68°N), where nighttime water-ice 
clouds were observed by the LIDAR instrument [9, 
10]. Many NMLs were present in early summer of 
MY27 at ~5 h local time, primarily at Ls = 112–133°, 
56–68°N, 210–330°E, as shown in Fig. 2. The top of 
the NML is typically 5–6 km above the ground, con-
sistent with the detached cloud layer observed by the 
Phoenix LIDAR at the same season and local time in 
MY29. The RO observations in Figs. 1 and 2 confirm 
that nighttime radiative cooling by the Phoenix cloud 
is sufficient to cause convective instability, confirm-
ing a key prediction of a Large-Eddy Simulation 
(LES) [8].  

 
Fig. 1. (A, B) An ordinary MGS RO profile. Gray 
shading shows the 1-sigma uncertainties. (C, D) A 
profile with a NML. Horizontal lines indicate (A, C) 
the surface elevation and (D) the upper and lower 
boundaries of the NML. Both observations are at 
65°N, 5.1 h local time, and Ls = 128° (MY27). The 
longitudes are (A, B) 357°E and (C, D) 271°E. A 
model for the saturation temperature of water vapor 
(red line) is consistent with the presence of a detached 
cloud layer in C.  

Polar Clouds: Contemporaneous wide-angle im-
ages from the MGS MOC provide compelling evi-
dence that NMLs originate from water-ice clouds. For 
example, Fig. 3 shows a remarkable observation of an 
extratropical cyclone with a symmetrical, spiral cloud 
and a small, clear center. The RO measurement from 
the same orbit sounded the atmosphere within the 
cloud at a local time of 4.7 h, when the Sun was 10° 
above the horizon; the profile retrieved from those 
data contains a NML like the one shown in Fig. 1C 
and 1D.  

Wide-angle images from successive orbits show 
that the cloud structure has a strong diurnal cycle, 
confirming the results of a previous investigation [5]. 
The spiral cloud in Fig. 3 dissipates rapidly as the Sun 
moves to higher elevation and the surface warms. By 
~14 h local time the central clearing is much larger 
and the cloud has lost its symmetry.  

A 3-sol animation of single-orbit swaths, including 
the one in Fig. 3, shows that the diurnal cycle largely 
repeats from sol to sol as the transient eddy moves 
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toward the pole. The area covered by the cloud is 
largest at about the local time of the RO measure-
ments (Fig. 3). Within this 3-sol span, NMLs appear 
only in profiles that sounded the atmosphere within 
the spiral cloud.  

Numerical Simulations: The RO and MOC ob-
servations provide valuable guidance for numerical 
simulations. We will use two complementary atmos-
pheric models to interpret these results: the FV3 Mars 
Global Circulation Model at the NASA Ames Re-
search Center [11] and Large-Eddy Simulations at the 
Laboratoire de Météorologie Dynamique [12]. The 
main objectives are to understand the dynamical 
origin and seasonal evolution of the transient eddy, 
the diurnal cycle of cloud structure, and the impact of 
NMLs on nighttime weather and the vertical mixing 
of water vapor and dust. Fig. 4 shows a sample of 
results from a previous LES [8].  

Acknowledgments: This work is made possible 
by support from the NASA Mars Data Analysis Pro-
gram and the Laboratoire de Météorologie Dy-
namique.  

 

 
Fig. 2. Distribution of NMLs in early summer of 
MY27. This sequence of RO measurements began at 
52°N and ended at 72°N; the local time drifted from 
4.3 h to 6.0 h. Among these 661 profiles, 71 contain a 
NML (white and gray dots) and 590 do not (black 
dots). A red triangle marks the Phoenix landing site.  

 
Fig. 3. Part of a single-orbit swath from the MOC 
wide-angle camera at Ls = 119.85° (MY27), showing 
a symmetrical, spiral cloud centered at 260°E, 68°N. 
The RO measurement from the same orbit sounded 
the atmosphere within the cloud at the location shown 
by the red circle (248°E, 60°N, 4.7h local time). The 
red line indicates the horizontal resolution of the RO 
profile along the limb-sounding line of sight. The blue 
circle is the Phoenix landing site.  
 

 
Fig. 4. Vertical velocity associated with a NML in a 
Large-Eddy Simulation at the Phoenix landing site 
[8]. The strong updrafts and downdrafts (±2.5 m s-1) 
are a consequence of radiatively-induced convective 
instability in a detached cloud layer.  
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THE RECENT ATMOSPHERIC HISTORY OF MARS DERIVED FROM SMALL CRATERS OBSERVED 
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Introduction:  The obliquity of Mars has undergone 
semi-periodic, quasi-chaotic fluctuations throughout the 
planet’s history that have subsequently resulted in at-
mospheric density fluctuations [1], [2]. Periods of high 
obliquity expose the poles to longer amounts of sunlight 
and shorter amounts at low obliquity. The exposure of 
the Martian poles allows for greater sublimation of the 
reservoir of CO2 ice contributing more CO2 to the at-
mosphere. During periods of higher obliquity, the in-
crease contribution of CO2 increases the atmospheric 
pressure of Mars and alters the interaction of projectiles 
encountering the atmosphere which form the smallest 
craters on Mars. Small craters are a geologic reflection 
of the atmospheric density [2]. The distribution of the 
smallest craters on a surface can determine if there have 
been atmospheric fluctuations over the lifespan of small 
craters. We are reporting here our improvements to the 
data since the work of Hoffman et al. [3]. 

Methods: The objective of this study was to identify 
and measure all crater candidates near the rover. The 
primary method for identifying craters was OnSight, an 
augmented reality of the traverse constructed with im-
ages from the mission. OnSight is compatible with a 
Hololens and has a web-based version. Being able to see 
the traverse with a 3D headset proved to be the most 
useful tool to find small craters of D < 1 m. After a crater 
was identified, it was measured with the ruler tool in 
OnSight. Candidates that were harder to distinguish as 
craters we also analyzed in Midnight Mars, a program 
that collects anaglyphs of images from the mission. If 
the crater appeared to be a circular, bowl-shaped depres-
sion, it was considered to be a more favorable crater 
candidate. If a crater was still questionable, Analyst 
Notebook, another tool to review data from the mission, 
was used to draw topographical profiles of craters to see 
if there was a circular depression. If a candidate was still 
questionable after these methods were implemented, it 
was not included. 

Crater Mechanics: Objects that encounter plane-
tary atmospheres undergo some degree of deceleration, 
ablation, and possibly fragmentation as they travel to the 
planet’s surface [4], [5]. Smaller objects that result in D 
< 5 m primary impact craters are greatly influenced by 
deceleration and ablation but are not likely to fragment 
which would result in a primary impact cluster [5], [6]. 
Most small objects are slowed down through energy 
loss to the atmosphere to speeds below hypervelocity or 
ablate completely before the projectile can impact the 

surface [5]. Despite the fact that most small primary 
projectiles vaporize completely or are decelerated be-
low hypervelocity, there are still objects that survive and 
form the smallest hypervelocity primary craters. Atmos-
pheric affects are dependent on whether it is an iron or 
stony meteorite. Fragmentation of small primary projec-
tiles is not likely to occur because smaller impactors are 
more homogenous, contain less fracturing, and have a 
greater bulk strength [5]. For present day Martian at-
mospheric conditions, the smallest primary crater theo-
rized to be able to form is D = 25 cm [5], [7], [8].  

Crater Catalog: Over the first 2119 sols, a total of 
156 craters were found along the traverse using the 
rover’s imaging capabilities. Of the 156 total craters, 
126 were D < 5 m, 26 were D < 1 m, and 5 were D < 0.5 
m. The smallest crater measured was D = 0.33 m.  

 

 
Figure 1. Location of craters found across the traverse 
for the first 1700 sols. 
 
After a thorough review of the traverse, there were still 
candidates that were too hard to distinguish as craters, 
usually because they were heavily eroded or there was 
limited imagery. The catalog is also considered to con-
sist of primary craters and not secondary craters, or cra-
ters that formed from ejecta from other impacts on the 
surface. The craters of this catalog are mostly circular 
and assumed to be young enough so that if they were 
secondaries, there could still be evidence of rays from 
the primary crater [9], [10]. There is still ongoing debate 
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in the literature on how secondary craters influence 
crater statistics, especially with small diameter craters 
[9], [11]. Any craters that were suspected of being sec-
ondaries were not included, however it is still difficult 
to distinguish distant secondaries from primary impacts.  
 

 
 

 
Figure 2. a) The cumulative crater frequency of the craters 
observed by MSL (black) over an area of 334,029 m2 com-
pared with simulations of a 6 mbar average Martian atmos-
phere propagated for 20 Ma (red) and of a Martian atmosphere 
varying in pressure with obliquity over 20 Ma (blue) [Wil-
liams et al., (2018)]. b) The differential crater frequency of the 
craters identified along the traverse compared with the same 
simulations. The turnover of crater frequency occurs at D = 
0.93 m and the smallest craters appear to fall off similar to the 
obliquity adjusted scenario. Plots from Craterstats 2 [13].  
 

Atmospheric Fluctuations: If the atmosphere of 
Mars has experienced a change in density over the life-
time of the smallest craters, then that fluctuation should 
be reflected in the crater frequency distribution [2], [12]. 
According to Laskar et al., (2004), the obliquity of Mars 
was at angles closer to 40 degrees as recently as 5 mil-
lion years ago. This could allow for atmospheric pres-
sures of 100 mbar. The crater statistics of this study 
were compared to simulated statistics from Williams et 
al., (2018) which sought to understand how the recent 
obliquity fluctuations and subsequent atmospheric fluc-
tuations effected the crater size frequency distribution.  

Erosion Rates: The crater catalog can only provide 
insight into the atmospheric history of Mars as long as 
the smallest craters can survive at the surface. Current 
estimates predict that centimeter-sized craters can sur-
vive for 20 million years [14]. There is still work to be 
done to understand how erosion rates effect the crater 
counts. The more gentle turnover of crater diameter dis-
tributions at D = 0.93 m from the differential crater size 
distribution could be affected by eroded craters not be-
ing counted. It is also possible that the texture of the ter-
rain is influencing the amount of small observable cra-
ters. The target density these impactors are encountering 
is changing even along the traverse. Craters may be 
harder to identify when there are numerous rock frag-
ments present due to erosion, or when the rocks are 
comparable or larger than the impactors, the impact en-
ergy might contribute to fragmenting the rock rather 
than forming craters. An increase rock abundance might 
cause the suppression of small crater formation [15]. 

Conclusions: There have be 156  craters observed 
by MSL over the first 2119 sols. The size frequency dis-
tribution illustrates that there are fewer than predicted 
small submeter diameter craters for the current Martian 
atmospheric conditions. However, the crater catalog 
maybe influenced by erosion of craters and the specific 
characteristic of the target terrain. It is still plausible that 
the data support a denser Martian atmosphere over the 
last 5 to 20 million years. 
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teoritics & Planet. Sci., 38, 905–925. . [9] McEwen, A. S., et al. (2005) 
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JGR, 119, 2522-2527 [15] Williams J. P. et al. (2016) Icarus, 273, 
205-213. 

6371.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



GLOBAL ANALYSIS AND FORECASTS OF CARBON MONOXIDE ON MARS.  J. A. Holmes1, S. R. 
Lewis1, M. R. Patel1,2 and M. D. Smith3, 1School of Physical Sciences, The Open University, Milton Keynes MK7 
6AA, UK, james.holmes@open.ac.uk 2Space Science and Technology Department, Science and Technology Facili-
ties Council, Rutherford Appleton Laboratory, Harwell Campus, Didcot, Oxfordshire OX11 0QX, UK, 3NASA 
Goddard Space Flight Center, Greenbelt, MD 20771, United States 

 
 
Introduction: Carbon monoxide (CO) plays an 

important role in the chemical stability of the martian 
atmosphere [1] and has now been observed by a num-
ber of ground-based telescopes [2,3,4] and spacecraft 
in orbit around Mars [5,6,7]. The long chemical life-
time of CO of around 6 years [4] means that for any 
given annual cycle CO can effectively be treated as a 
passive tracer. CO can also potentially be used as a 
tracer of the middle atmosphere dynamics, since the 
CO distribution is largely determined by the dynam-
ical state of the atmosphere. 

Furthermore, CO is a non-condensable gas, and 
hence a relative enhancement in abundance during 
polar winter is to be expected, as has previously been 
seen for argon [8]. The relative enhancement of CO 
and other non-condensable gases is directly linked 
with the condensation of carbon dioxide, and so con-
straining the CO abundance can be used to study and 
constrain the sublimation/condensation processes of 
carbon dioxide. Overestimation of the modelled CO 
distribution during summer at polar latitudes when 
compared to retrievals of CO could perhaps be as a 
result of excessive condensation of carbon dioxide 
during the preceding winter for example. 

The statements above indicate that a good under-
standing of the spatio-temporal distribution of CO 
provides  a powerful tool for constraining multiple 
elements of the photochemical and dynamical pro-
cesses that occur in the martian atmosphere. To make 
optimal use of the available information, however, it 
would be ideal to have the ability to synthesize the 
models and retrievals of CO in a self-consistent way. 
This process would allow for investigation of the evo-
lution of the retrievals that is difficult to deduce using 
retrievals alone as they are generally separated by at 
least one sol in time and include a ‘snapshot’ of the 
atmosphere at the exact spatio-temporal location. 

The above approach provides a much more in-
depth investigation of the underlying chemical and 
physical processes and is one of the primary goals of 
data assimilation, a technique that combine a global 
circulation model (GCM) and retrievals to provide the 
best estimate of the global atmospheric state. 

Other benefits of data assimilation over direct 
comparison between GCM simulated and observed 
quantities include providing estimates for parameters 

which are not directly observed, investigating interac-
tions between chemical species such as CO and water 
vapor and the ability to combine observational datasets 
(including of different observations such as CO col-
umn mixing ratio and temperature profiles) to opti-
mize the value of the resulting data set. 

Methods: The model simulations conducted as 
part of this investigation use the UK version of the 
Laboratoire de Météorologie Dynamique (LMD) Mars 
GCM (hereafter MGCM). The MGCM is comprised 
of shared physical parameterizations [9] and the LMD 
photochemical module [10] with a recent version of 
the LMD Mars GCM coupled to a UK-only spectral 
dynamical core and semi-Lagrangian advection 
scheme [11] and has been developed in a collaboration 
between LMD, the Open University, the University of 
Oxford and the Instituto de Astrofisica de Andalucia. 

The assimilation package associated with the UK 
version of the LMD GCM is now capable of assimilat-
ing multiple different trace gases and other meteoro-
logical variables such as temperature and dust. This 
unique capability provides an invaluable tool for in-
vestigating links between the different components 
and transport processes in the martian atmosphere and 
for combining future observations from multiple dif-
ferent spacecraft currently in orbit around Mars, in-
cluding the ExoMars Trace Gas Orbiter spacecraft 

 
Figure 1 - CRISM column integrated CO mixing 
ratio retrievals covering multiple Mars years as a 
function of latitude and solar longitude displaying 
(a) the column integrated CO mixing ratio and (b) 
number of retrievals. The number of CRISM CO 
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retrievals are binned every 5° LS and 5° latitude. 
White indicates no retrievals. 

The MGCM is combined with CRISM hyperspec-
tral CO retrievals [12], shown in Figure 1, and MCS 
temperature profiles [13] using a form of the Analysis 
Correction (AC) scheme [14], and has been shown in 
the past to be a computationally inexpensive and ro-
bust method [15]. Through the AC scheme, observa-
tions of long-lived species such as CO are combined 
with the MGCM through successive corrections at 
every dynamical timestep, resulting in an evolving  
CO distribution that is supplemented by knowledge of 
the transport and atmospheric chemistry from a GCM.  

The simulations are conducted for MY 29 as it 
provides the greatest number and also spatio-temporal 
coverage of CRISM CO retrievals and MCS tempera-
ture profiles for any of the MY covered by the CRISM 
retrievals. 

Global results: The first global reanalysis of CO 
on Mars is shown in Figure 2. Through comparison 
with the standalone MGCM simulation, we find the 
northern summer solstice CO minimum between 10°–
50°S is found to be caused by suppression of CO-
enriched air leaking from the northern edge of Hellas 
basin and strongly linked to carbon dioxide condensa-
tion during this time period . The MGCM is the first 
model capable of simulating the northern summer 
solstice CO minimum and can match in time the an-
nual maximum CO at northern polar latitudes seen in 
CRISM CO retrievals.  

The reanalysis indicates that the MGCM is within 
the CRISM retrieval error (40%) for a large majority 
of the time period investigated. The primary region in 
which differences in column integrated CO mixing 
ratio are seen between the reanalysis and MGCM that 
are outside the CRISM retrieval error is at southern 
polar latitudes around perihelion, where CO is deplet-
ed as carbon dioxide sublimates from the southern 
polar cap. The reanalysis suggests that the MGCM 
possibly under-predicts the strength of carbon dioxide 
sublimation, but coincident vertical profiles of CO are 
warranted to confirm the result.  

 
Figure 2 - Zonally-averaged column integrated CO 
mixing ratio at 3 p.m. everywhere in the reanalysis 
for LS = 0-332° MY 29. 

Inclusion of MCS temperature profiles alongside 
CRISM CO retrievals in the assimilation process leads 
to a more accurate representation of the temperature 
structure and circulation of the atmosphere that can 
alter the distribution of CO in unobserved regions, 
alongside alterations to the condensation/sublimation 
of carbon dioxide. This is a powerful method to pro-
vide constraints on predictions of CO in regions that 
are unobserved due to instrument limitations. The 
modelled vertical distribution of CO is also found to 
be altered through additional assimilation of MCS 
temperature profiles, and will be the focus of future 
observations and reanalysis.  

Forecasting CO on Mars: We have also investi-
gated the potential to forecast the CO abundance using 
the data assimilation method,  by comparing forecasts 
initiated from the reanalysis at  different times of year 
with withheld CRISM CO retrievals. 30-sol forecast 
simulations starting at LS = 9° and LS = 282° MY 29 
(Figure 3) had a lower root mean square error (reduced 
from 120 ppm to 60 ppm) when compared to the con-
trol simulation for the whole 30 sol time period, indi-
cating that there is significant skill in the global fore-
casting of column integrated CO mixing ratio during 
southern summer and early northern spring. Further 
details will be presented at this meeting. 

 
Figure 3 - The simulated column integrated CO 
mixing ratio in the control (left), forecast (middle) 
and reanalysis (right) at LS = 297° MY 29 after 30 
sols of withheld CRISM CO retrievals. Black con-
tours indicate topography. 
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Introduction:  Mars’ obliquity is currently ~25° but 

has changed dramatically over billions of years since so-
lar system formation [1]. Further, the dynamics of Mars’ 
obliquity are believed to be sensitive to orbital proper-
ties that vary chaotically on timescales < 100 Myr 
[2,3,4]. This provides a fundamental challenge for Mar-
tian climate scientists, as obliquity is a strong control on
post-Noachian climate [5,6,7,8], but Mars’ obliquity 
should have experienced no more than a few transitions 
between high and low values [9]. As a result, the effects 
of chaotic obliquity shifts (such as low-latitude snow-
melt at high obliquities > 40o ) do not “average out” over 
Mars’ ~3.5 Gyr post-Noachian history. Many geologic 
methods have been proposed to vault this fundamental 
barrier of chaotic diffusion of the solar system and its 
effect on Mars’ obliquity [e.g. 10,11,12], but all are in-
direct. Here, we describe a new direct method for con-
straining Mars’ late-Hesperian-onward historical obliq-
uity PDF (probability density function) using the “bom-
bardment compass” provided by the orientations of el-
liptic craters [Figure 1, 13]. We showed that Mars’ late-
Hesperian-onward obliquity was lower than the central 
expectation in a simulation ensemble. 

Figure 1. Schematic illustrating the basic principle in 
our model. Spin axis parallel impactors create N-S el-
liptic craters near the equator, while spin axis normal 
impactors produce elliptic craters that are E-W oriented 
at all latitudes except near the pole. The effects of grav-
ity focusing are not shown here for simplicity.  

Modeling Approach: The vast majority of craters 
on Mars are nearly circular, but impactors with small 
impact angles relative to the surface produce elliptic 
craters with major axes aligned with impactor velocity 
vector [14,15]. As a result, impactors that travel parallel 
to Mars’ spin pole will create North-South oriented cra-
ters at the equator, and impactors that travel normal to 
the spin pole will create elliptic craters at all latitudes 
that are East-West oriented everywhere except near the 
pole (Figure 1). As the obliquity changes, the angles be-
tween impactors and the spin axis change, causing a 
change in predicted orientation of elliptic craters.    

To simulate this fully, we developed a stochasti-
cally-driven forward model for the PDF of elliptic crater 
orientations on Mars that contains two major compo-
nents: 1. An ensemble of equally likely Mars 3.5 Gyr 
obliquity PDF’s from perturbed initial conditions [16]
and 2. a long-term cratering model that, using a forward 
N-body simulation of representative Mars crossing as-
teroids, estimates the locations, sizes and orientations of 
elliptic impact craters as a function of obliquity. From 
this, we can generate ensembles of predicted elliptic 
crater populations under realistic obliquity and impactor 
conditions. Comparison of our model output with data 
enabled us to determine the most likely obliquity PDF’s.

Figure 2. All 250 equally-likely obliquity PDF’s in our 
ensemble, each colored by the number of times it pro-
vides the best fit to resampled data (tracks selected <3 
times are shown in grey). The effect of chronology 
choice on these estimates is minimal.  
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Model-Data Comparison: To compare our model 
outputs with data, we use a corrected version of the Rob-
bins crater database [17] that contains accurate ellipti-
city and orientation (long-axis azimuth) measurements. 
After vetting the dataset for acceptably low inter-analyst 
variability on ellipticity and orientation measurements 
[13], we restricted the elliptic crater populations to those 
found on late-Hesperian and younger terrains as mapped 
in [18]. We then carried out a Monte Carlo procedure 
that generates predicted elliptic crater orientation popu-
lations and accounts for latitude- and diameter-depend-
ent geographic masking of elliptical craters, as well as 
uncertainty in the age of each elliptical crater (underly-
ing unit age constrains only maximum age). We com-
pared the generated predictions to the observed data and 
computed the relative likelihood of each ~3.5 Gyr obliq-
uity PDF from our perturbed ensemble (Figure 2).  

We found a few obliquity PDF’s were strongly fa-
vored and that many never provide a good fit to the ob-
served orientation distribution (Figure 2). Weighting 
each PDF by their computed likelihoods allows us to 
construct posterior distributions on parameters like the 
mean obliquity (Figure 3) and the fraction of time spent 
at high obliquity (Figure 3). 

 
 

 
 

Conclusions: Our novel elliptic crater “bombard-
ment compass” technique allowed us to determine 
which possible Mars ~3.5 Gyr obliquity PDF’s are most 
likely to reproduce observed orientation data. We found
that obliquity was lower than expected, limiting the po-
tential for (among other things) Amazonian low-latitude 
snowmelt.  

What’s Next: The “bombardment compass” tech-
nique may have the ability to detect true polar wander 
by searching for degree-2, order-2 twists in preferred 
long-axis orientation that cannot be explained by geo-
graphic masking alone.  

Acknowledgments: We thank R. Malhotra, D. Fab-
rycky, D. Abbot, and S. Kidwell for discussions 

References: [1] Ward 1973 Science [2] Touma+ 
1993 Science [3] Laskar+ 1993 Nature [4] Brasser+ 
2011 Icarus [5] Jakosky+ 1985 Nature [6] Mellon+ 
1995 JGR [7] Head+ 2003 Nature [8] Mischna+ 2013 
JGR [9] Li+ 2014 ApJ [10] Fassett+ 2014 Geology [11] 
Ma+ 2017 Nature [12] Kent+ 2018 PNAS [13] Holo+ 
2018 EPSL [14] Bottke+ 2000 Icarus [15] Collins+ 
2011 EPSL [16] Kite+ 2015 Icarus [17] Robbins+ 2012 
JGR [18] Tanaka+ 2014 USGS Map. 
Grants: NASA(NNX16AG55G) & UChicago RCC. 

 
Figure 3. Smoothed prior (dashed) and posterior (solid) PDF’s for mean obliquity (left) and fraction 
of the ~3.5 Gyr history spend at high values (right). Hartmann chronology-based estimates are in 
blue, and Neukum estimates are in red. Vertical lines represent 95th percentile locations.  
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Summary: The regolith on Mars exchanges water 

with the atmosphere on a diurnal basis and this pro-
cess causes significant variation in the abundance of 
water vapor at the surface. While previous studies of 
regolith-atmosphere exchange focus on the abundance 
[1,2,3], recent in-situ experiments and remote sensing 
observations measure the isotopic composition of the 
atmospheric water [4,5,6]. We are therefore motivated 
to investigate isotopic water exchange between the 
atmosphere and the regolith and determine its effect 
on the deuterium to hydrogen ratio (D/H) of the at-
mosphere. We model transport of water in the regolith 
and regolith-atmosphere exchange by solving a 
transport equation including regolith adsorption, con-
densation, and diffusion. The model calculates equi-
librium fractionation between HDO and H2O in each 
of these processes. The fractionation in adsorption is 
caused by the difference in the latent heat of adsorp-
tion, and that of condensation is caused by the differ-
ence in the vapor pressure. Together with a simple, 
bulk-aerodynamic boundary layer model, we simulate 
the diurnal variation of the D/H near the planetary 
surface. We find that the D/H can vary by 300 – 
1400‰ diurnally in the equatorial and mid-latitude 
locations, and the magnitude is greater at a colder 
location or season. The variability is mainly driven by 
adsorption and desorption of regolith particles, and its 
diurnal trend features a drop in the early morning, a 
rise to the peak value during the daytime, and a sec-
ond drop in the late afternoon and evening, tracing the 
water vapor flow into and out of the regolith. The 
predicted D/H variation can be tested with in-situ 
measurements. As such, our calculations suggest that 
stable isotope analysis is a powerful tool in pinpoint-
ing regolith-atmosphere exchange of water on Mars. 

Model: We construct a one-dimensional model to 
simulate transport of isotopic water in the Martian 
regolith and boundary layer. It has a thermal diffusion 
module, a water transport module, and a boundary 
layer module. The model includes the isotope frac-
tionation effects of adsorption, condensation, and mo-
lecular diffusion. The water transport module includes 
water vapor, adsorbed water, and condensed water in 
the regolith. Adsorption and condensation are as-
sumed to be in equilibrium [2]. The diffusion equation 
for water includes the effects of soil porosity, tortuos-
ity, and both molecular and Knudsen diffusion re-
gimes [7]. For the eddy diffusion coefficient and the 

rate of mass transfer between the atmosphere and the 
soil, we use the bulk aerodynamic method [8], with 
the surface temperature, the near-surface atmospheric 
temperature, and the wind speed as input parameters. 
These parameters are either measured in situ, or cal-
culated by global circulation models. We use typical 
values for the thermal inertia, the particle size, the 
specific surface area, the adsorption isotherm, and the 
surface roughness length in the model, and explore 
sensitivity of the results to these parameters. 

Regolith adsorption fractionates water because the 
latent heat of adsorption of HDO is higher than that of 
H2O. Ref. [9] conducted experiments of water 
transport in JSC Mars-1, a commonly used Martian 
regolith analog, and measured the effective diffusivi-
ties of H2O and HDO under temperatures, pressures, 
and the background atmosphere corresponding to 
Mars. Because the ratio between the effective diffu-
sivity is the inversed ratio between the adsorption 
coefficient, we fit the effective diffusivity data of Ref. 
[9] to an Arrhenius form for use in the model. We also 
include the fractionation factor between vapor and ice 
caused by the vapor pressure isotope effect [10]. 

Model Testing. We test the water transport model 
and compare model results with the relative humidity 
measurements made in situ by Curiosity’s REMS in-
strument [11]. In particular, we obtain the REMS re-
calibrated data of relative humidity, air temperature, 
surface temperature, and wind speed from the Plane-
tary Data System (PDS) for two 10-day periods. We 
pick an initial amount of water so that the resulting 
water column in the atmosphere matches the value 
measured by Curiosity’s ChemCam instrument in 
each season [12]. 

We confirm that the model results are consistent 
with the measured relative humidity and absolute hu-
midity. Most of the variation in the relative humidity 
is caused by the variation of the temperature; howev-
er, the measured absolute humidity features a rise by a 
factor of 2 – 3 after sunrise. This feature is well cap-
tured by the model. We consider this exercise a bona 
fide test because for a fixed water column, should 
there be major errors in the model, the nighttime hu-
midity would depart substantially from the data. The 
modeled variation of the surface water abundance is 
also consistent with the existing 1D and mesoscale 3D 
models [13,14], and follows the typical patterns of 
diurnal water exchange on Mars [2]. 
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Result: The modeled D/H diurnal variation in 
Gale Crater is shown in Fig. 1. The starting atmos-
pheric D/H is chosen such that the resulting δD 
matches the measurements of Curiosity [4]. The D/H 
is driven by the fractionation in adsorption, and no 
condensation is found in these models. Since the frac-
tionation factor is larger at a lower temperature, the 
magnitude of the variation is larger for a colder sea-
son. The D/H variation is ~900‰ at the surface and 
~200‰ at 100 m during the season of aphelion. The 
magnitude of the D/H variation is sensitive to the 
fractionation factor of adsorption. The uncertainty in 
the fractionation factor leads to the D/H variation’s 
magnitude ranging between 600 and 1000‰. 

To study more generally the diurnal variation of 
D/H at various latitudes and seasons, we model equa-
torial and mid-latitude locations using the Mars Gen-
eral Circulation Model (MGCM) outputs [15] for the 
surface temperatures and the wind speed. The results 
are shown in Fig. 2. 

The diurnal variation follows a similar trend as the 
driving forces for the variation are regolith adsorption 
and desorption, and their coupling with the boundary 
layer. The adsorbed water is enriched in HDO com-
pared to the water vapor. As a result, when there is a 
flux from the regolith to the atmosphere, we see an 
increase of the near-surface D/H (i.e., the midday 
rise), and when there is a flux from the atmosphere to 
the regolith, we see a decrease of the near-surface 
D/H (i.e., the morning and evening drop). In the even-
ing when regolith-atmosphere exchange is weak, the 
near-surface D/H gradually returns to the diurnal av-
erage due to mixing in the atmosphere. 

In all, the results indicate that the D/H variation 
traces the exchange flux. Measuring the diurnal varia-
tion of D/H in water on Mars’s surface with sufficient 
precision will thus provide a new indicator for the 
regolith-atmosphere exchange of water. 
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Fig. 2. Modeled diurnal D/H variations at the equa-
torial and mid-latitude locations of Mars. Labels 
show the mean surface temperature and the atmos-
pheric water column, which we make to match with 
orbital remote sensing [16] by adjusting the initial 
water loading. The magnitude of the D/H variation 
is greater for a lower surface temperature, except 
when condensation occurs. 
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Fig. 1. Modeled diurnal variations of D/H in Gale 
Crater. Thick lines are the nominal model of adsorption 
fractionation, and thin lines are produced using the 1-σ 
standard deviation of fractionation factor. The variation 
at the surface is up to ~900‰ at the season of aphelion. 
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Introduction:  The analysis in Earth laboratories of 
samples that could be returned from Mars is of ex-
tremely high interest to the international Mars explora-
tion community. The NASA Mars 2020 sample-caching 
rover mission [1] is the first component of a potential 
Mars Sample Return (MSR) campaign, so its existence 
constitutes a critical opportunity to return those samples 
to Earth for subsequent scientific analysis [2]. ESA and 
NASA are currently working together to explore con-
cepts for this potential international MSR campaign. 
Key elements for this campaign are an NASA-led Sam-
ple Retrieval Lander (SRL), which would be responsi-
ble for retrieving the Mars 2020-collected samples, 
loading them into an Orbiting Sample (OS) container, 
and launching the OS into a stable Mars orbit on a Mars 
Ascent Vehicle (MAV), and an  ESA-led Earth Return 
Orbiter (ERO), which would be responsible for locating 
and capturing the OS in Mars orbit and ensuring its safe 
return to Earth. 

ERO Mission Description:  The ERO mission 
would contain a modular spacecraft, including the 
chemical propulsion module, the main return module 
and the NASA provided  Capture, Containment, and Re-
turn System (CCRS), which includes the Earth Entry 
Vehicle (EEV). A notional artist’s impression of the 
spacecraft is shown in Figure 1. 

Mission Design: ERO would make an continuous 
low-thrust transfer to Mars, using Solar Electric Propul-
sion (SEP). On arrival at Mars, it would use its chemical 
propulsion module to perform a chemical Mars Orbit In-
sertion (MOI) into a highly elliptical orbit around Mars. 
Again using its SEP in order to save propellant mass, it 
would spiral down into a circular target rendezvous or-
bit approximately 400 km above the surface of Mars. 
The transfer would be timed to provide relay telecom-
munication support to the SRL mission including the 
ESA provided Sample Fetch Rover (SFR), launched in 
the same opportunity and arriving near Ls ~ 0. At the 
end of the surface mission before Ls ~180 prior to the 
Northern hemisphere autumn and subsequent potential 
global dust storms, the ERO would be positioned to pro-
vide tracking and monitoring of the launch of the Mars 
Ascent Vehicle (MAV) and release of the OS. The ERO 
would then rendezvous with and capture the OS. The 
return module and the retained parts of the CCRS not 
jettisoned in Mars orbit, would then begin the Mars de-
parture by using the SEP to spiral out of its operational 

orbit and make the inbound journey to Earth. Upon ar-
rival at Earth the ERO would release the EEV and per-
form an Earth avoidance manoeuvre to prevent any po-
tential contact of residual Mars particles on the space-
craft with the Earth’s atmosphere. Launch dates as early 
as 2026 are under study. 

Relay telecommunication support: During its time 
around Mars, the ERO would provide relay telecommu-
nications support to the SRL mission and possibly other 
surface assets. Already while spiraling down to its target 
orbit, it would provide relay service during the SRL En-
try, Descent and Landing (EDL) near Ls ~ 0. During the 
surface mission, ERO would then support the SFR dur-
ing its retrieval of the samples. The high levels of au-
tonomy and mobility required for this part would de-
pend upon reliable and repetitive communications ser-
vice, therefore the relay operations provided by ERO 
and its subsequent orbit selection will have to be care-
fully planned. Potentially ERO could also provide addi-
tional support to further surface assets. Upon delivery of 
the samples back to SRL, ERO would provide relay tel-
communications support for the MAV loading and 
launch preparation operations. Prior to the lauch of the 
MAV, ERO would be carfully positioned to provide vis-
ibility of the full MAV launch and ascent through to the 
OS release. 

OS detection and rendezvous in Mars orbit: Follow-
ing the launch of the MAV, the orbiter would be re-
quired to detect and locate the target OS in Mars orbit 
using a primarily optical on-board sensor suit. For this 
the orbit would be position to provide a sufficient field-
of-view to cover the dispersions associated with the 
MAV launch and OS release. The detection of the rela-
tively small OS in front of the star background would 

Figure 1: Notional artist’s impression of the ERO spacecraft 
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then still require elaborate image processing techniques 
realised on-board or in ground processing or as a com-
bination thereof. Following the detection and orbit de-
termination of the OS, the ERO would then match the 
orbit and start to rendezvous the OS. The need for on-
board autonomy during the terminal rendezvous phase 
is driven by the round-trip light time delay between 
Earth and Mars on the order of 20 minutes, and the 
ground-based processing delays on the order of minutes 
to hours. The rendezvous itself would require manoeu-
vres to be performed every few minutes, or faster. 

The CCRS : Following the terminal rendezvous, the 
CCRS would capture and isolate the OS from any Mars 
material on its surface or in its near environment when 
captured. It would provide a sealing between ‘dust con-
taminated’ and ‘sterilised’ sides within  
the system, ensuring that possible residual Mars mate-

rial external to the OS does not enter the ‘sterilised’side 
of the CCRS. Then the OS would be inserted and as-
sembled into a dedicated Earth Entry vehicle (EEV). 
Subsequently, all potentially contaminated and un-
needed portions of the CCRS would be jettisoned at 
Mars. Upon arrival at Earth, the EEV would be ejected 
within negotiated states of velocity and spin rate to enter 
the Earth’s atmosphere and safely land the OS. While 
several promising architectures are being assessed, no 
decision has been made yet on the baseline configura-
tion to be taken forward. The candidate architectures 
share common mission objectives and high-level func-
tionalities. As an example, one candidate CCRS archi-
tecture previously studied in the past by JPL is shown in 
Figure 2. 

Planetary Protection: Unlike previous Mars orbit-
ers, both forward and backwards Planetary Protection 

measures need to be taken into account for ERO. The 
ERO mission would be classified under Planetary Pro-
tection measures as COSPAR Category V, restricted 
Earth return. In addition to minimising potential con-
tamination of Mars, preventative measures are required 
to ‘break the chain’ of contact between Mars and the 
Earth. Strict adherence to Planetary Protection princi-
ples is necessary for all phases of the ERO mission de-
velopment in order to ensure the scientific return of 
samples is not compromised and to prevent the potential 
contamination of the Earth’s biosphere by unsterilized 
Mars material. 

The information provided about possible Mars sam-
ple return architectures is for planning and discussion 
purposes only. NASA and ESA have made no official 
decision to implement Mars Sample Return. 

Acknowledgements: A portion of the research de-
scribed in this paper was carried out at the Jet Propul-
sion Laboratory, California Institute of Technology,un-
der a contract with the National Aeronautics and Space 
Administration. 
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Figure 2: Model of previously studied CCRS architecture 
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Introduction: We present observations of proton 

aurora at Mars using the Imaging UltraViolet Spectro-
graph (IUVS) [1] onboard the Mars Atmosphere and 
Volatile EvolutioN (MAVEN) spacecraft [2]. Proton 
aurora are a third type of aurora recently identified at 
Mars in addition to discrete and diffuse aurora [3]. 
Although terrestrial proton aurora are strongly influ-
enced by Earth’s global magnetic field, Martian proton 
aurora have very different formation mechanisms due 
to Mars’ lack of a planetary-wide magnetic field. Pro-
ton aurora at Mars are constrained to the dayside and 
form via interaction with the neutral corona and atmos-
phere. These phenomena are created by solar wind 
protons that charge exchange with coronal H and con-
vert to energetic neutral atoms (ENA) which then pass 
unimpeded through the bow shock with the same ve-
locity and energy as the incident solar wind; these 
ENAs subsequently reconvert back into protons via 
charge exchange, ionization, or inelastic collisions with 
the neutral atmosphere before depositing their energy 
in the lower atmosphere as proton aurora [3, 4] (Fig. 1, 
Left). Previous UV observational studies of Martian 
proton aurora presented only a handful of example 
detections [3, 5]. We expand on previous studies to 
include the entire IUVS dataset, identifying thousands 
of new proton aurora detections and characterizing 
their phenomenology and variability.  

 
Figure 1: Left: Proton Aurora formation mechanism 
(modified from [3]). Right: Example H Lyman-alpha 
altitude-intensity profile of coronal H (grey) and pro-
file with proton aurora detection (blue).  

Data and Methodology: We use altitude-intensity 
profiles of hydrogen Lyman-alpha (Ly-α) (121.6 nm) 
IUVS periapsis limb scan data spanning ~2 Mars years 
to create a comprehensive database of events, charac-
terizing the phenomenology of the proton aurora da-
taset. The typical H Ly-α altitude profile is relatively 
flat due to the optically thick nature of Ly-α and the 

diffusive separation of H from CO2 above the homo-
pause. Martian proton aurora profiles, alternatively, 
display a prominent peak in this emission between 
~110-150 km altitude.  

In our methodology, proton aurora are identified 
using an automated method by: 1) separating the data 
of an altitude-intensity profile into high altitude (160-
200 km) and peak altitude (110-150 km) data regions 
(Fig. 1, Right); 2) taking the difference between the 
second highest intensity value from the peak altitude 
data region and the median intensity value from the 
high altitude data region; 3) comparing the difference 
values for profiles from the entire dataset against a 
statistically determined threshold value (we use the 
mean plus 0.5 times the standard deviation (STD)) 
(Fig. 2A). Profiles with difference values greater than 
the threshold are considered proton aurora detections.  

 
Figure 2: A) Histogram of emission enhancement dif-
ferences of all dataset H profiles. Proton aurora detec-
tions have enhancements larger than detection thresh-
old (0.5STD+Mean). B) Negative histogram values 
overlain on positive; plots become non-symmetric near 
detection threshold (which coincides with 90th percen-
tile). C) Normalized percentile-binned altitude profiles. 
Proton aurora profiles become indistinguishable from 
coronal H profiles near ~90th Percentile. 

To test the detection threshold, we plot negative 
histogram values overlain on top of positive (Fig. 2B). 
In the absence of proton aurora, we would expect the 
two sides of this histogram to be symmetric. In Fig. 
2B, Positive values become non-symmetric with nega-
tive values near the 0.5STD detection threshold; this 
threshold also approximately corresponds with the 90th 
percentile value. Additionally, we plot normalized per-
centile-binned altitude profiles (Fig. 2C), where each 
profile represents median intensities from every emis-
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sion enhancement percentile bin. A prominent en-
hancement is evident in highest percentile bins, and 
profiles become indistinguishable from coronal H pro-
files near ~90th Percentile (i.e., 0.5STD).  

Proton Aurora Phenomenology and Variations: 
In Fig. 3 we present proton aurora occurrence rates for 
numerous variables spanning two Mars years of obser-
vations. Occurrence rates are calculated by dividing 
detection counts by all data counts in each histogram 
bin. We observe that proton aurora have high emission 
enhancements and peak intensities. Further, proton 
aurora correspond with low solar zenith angles (SZA) 
and daytime occurrences, consistent with hypothesized 
formation mechanisms.  

We also observe a seasonal dependence for proton 
aurora, being most active around southern summer 
solstice (i.e., solar longitude (Ls) ~270).  During this 
season, these events display the highest annual emis-
sion enhancements, intensities, peak altitudes, and oc-
currence rates (Fig. 3). During dayside southern sum-
mer observations, proton aurora are observed to occur 
80-100% of the time.  

Discussion and Conclusions: We observe proton 
aurora in ~10% of IUVS altitude-intensity profiles 
from 27% of all MAVEN orbits (i.e., 4254 individual 
profile detections from 1074 unique orbits). This also 
corresponds to ~14% of all dayside (i.e., SZA<105) 
profiles, with notable seasonal variability.  

We determine that the primary factors influencing 
proton aurora magnitude/occurrence are season and 
SZA. During southern summer solstice, when proton 
aurora are most active, the neutral atmosphere and H 
corona are inflated [6, 7], coronal H column densities 
are increased [8], and the Mars-Sun distance is small 
following perihelion. This time period also follows the 

onset of dust storm season, which further increases 
temperatures and inflates the lower atmosphere. These 
factors, in addition to the higher solar wind proton flux 
near perihelion, lead to seasonally-induced inflation of 
the H corona further beyond the bow shock, exposing 
more neutral H to interact with solar wind protons and 
increasing occurrence rates of ENA-driven proton au-
rora during this season.  

We present first time measurements of proton auro-
ra phenomenology and occurrence rates. We identify a 
strong seasonal dependence, with occurrence rates ap-
proaching 100% near southern summer. Based on our 
findings, we determine proton aurora to be the most 
commonly observed type of aurora at Mars. These re-
sults provide a deeper understanding of the driving 
processes and variability of proton aurora over multiple 
Mars years. By understanding Martian proton aurora 
we will better understand the connection between 
Mars’ H corona and the solar wind.   

References: [1] McClintock et al. (2014) Space 
Sci. Rev. [2] Jakosky et al. (2015) Space Sci. Rev. [3] 
Deighan et al. (2018) Nature Astro. [4] Halekas et al. 
(2015) Geophys Res. Lett. [5] Ritter et al. (2018) 
Geophys Res. Lett. [6] Chaffin et al. (2014) Geophys 
Res. Lett. [7] Clarke et al. (2014) Geophys Res. Lett. 
[8] Halekas (2017) J. Geophys Res. Planets. 

 
Figure 3 (Below): Proton Aurora occurrence rates for 
numerous variables spanning all MAVEN orbits in this 
study. Highest occurrence rates, emission enhance-
ments, peak intensities, and peak altitudes are ob-
served around southern summer solstice (Ls~270), and 
correspond with low SZAs (i.e., daytime occurrence). 
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Introduction: Curiosity is currently exploring Glen 

Torridon, and after finishing characterizing this area 
the rover will investigate the Greenheugh pediment and 
the lower Gediz Vallis Ridge (Figures 1, 2). Curiosity 
will also traverse Gediz Vallis and examine its upper 
ridge that is characterized by debris filling a central 
channel (Figure 2). In this abstract we compare these 
debris deposits to more extensive deposits and evi-
dence of slope-dependent mass movements in the 
Grand Canyon located on the SW portion of Mount 
Sharp. 

 
Figure 1: CTX mosaic covering NW Gale crater and 
its central mound (Aeolis Mons, informally named 
Mount Sharp) overlain with Curiosity rover’s traverse 
through sol 2381. Gediz Vallis and Grand Canyon lo-
cations are labeled. 

Gediz Vallis and the Upper Gediz Vallis Ridge: 
Gediz Vallis is ~10 km long, ~0.9 km wide, ~100 m 
deep, with relatively smooth U-shaped walls and floor, 
and has been cut into sulfate-bearing strata. A central 
ridge extends from the upper portion of the valley, 
merging with the lower ridge on the Greenheugh pedi-
ment [3]. The upper valley ridge fills a  ~0.9 km wide 
central valley and has relief above the valley floor 
ranging from ~3 m to ~20 m. CRISM and HiRISE data 
show that the debris is a poorly sorted mix of polyhy-
drated sulfate and basaltic materials, including polyhy-
drated blocks as large as ~20 m [2].  

Grand Canyon: The Grand Canyon is ~35 km 
long, ~1.8 km, wide, and ~250 m deep. This valley is 
V-shaped on its upper reaches, transitioning to a more 
U-shaped on the distal portion. The valley is cut into a 
mix of monohydrated and polyhydrated sulfate-bearing 
strata, with the floor rocks dominated by mono-
hydrated sulfate bearing deposits (Figure 3). The floor 
in many areas is covered by debris deposits that based 
on HiRISE images appear to have been differentially 
eroded to expose various strata. Debris is poorly sorted 
with “boulders” extending up to ~20 m in diameter. 
Basaltic sands cover the deposits in some areas. These 
deposits are dominated by polyhydrated and basaltic 
signatures (Figure 4).  In areas, the deposits are clearly 
distal portions of mass movement events with sources 
from the valley walls. In these cases debris is evident 
extending down into the valley floor (Figure 5).  

 
Figure 2: CRISM-based mineral absorption parame-
ters [1] are color coded and overlain onto a HiRISE 
DEM-based shaded relief map. The parameters show 
the change from hydrated phases in Glen Torridon to 
mixed monohydrated (red areas) and polyhydrated 
(yellow areas) sulfate-bearing strata to the south (e.g., 
higher up on Mount Sharp) [2]. Blue areas are domi-
nated by basaltic sand. The white box shows the loca-
tion of the HiRISE image segment covering the upper 
Gediz Vallis ridge (UGVR) shown in Fig. 6. The lower 
Gediz Vallis ridge (LGVR) is also labeled. Curiosity’s 
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traverse to sol 2381 is labeled. CRISM data from 
FRT0000B6F1. 

 
Figure 3: CRISM-based mineral absorption parame-
ters used in Figure 2 are shown overlain onto the 
HiRISE mosaic for a portion of the Grand Canyon. 
White box shows enlargement shown in Figures 4 and 
5. CRISM data from FRT000095EE. 

 
Figure 4: Closer view of the debris deposits within the 
Grand Canyon shown in Fig. 3. The white box shows 
the location of the HiRISE image segment shown in 
Fig. 6. The debris deposits are dominated by a polyhy-
drated signature mixed with a basaltic signature. 

Discussion: The similarities in debris deposits 
within Gediz Vallis and the Grand Canyon imply simi-
lar processes have been at work. We surmise that the 
Grand Canyon mass movements left distinct debris 
deposits and that similar processes produces the Gediz 
Vallis transverse ridge, which appears to be an ero-
sional remnant. This may be a consequence of the rela-
tive ages of the two valleys, and/or perhaps the loca-
tions of the features relative to wind-action and conse-
quent erosion. A greater extent of valley erosion may 
have removed mass movement scars and some of the 
debris deposits in Gediz Vallis, leaving behind only 

debris in the central valley. We are currently investigat-
ing similar landscapes and deposits in terrestrial sys-
tems, including glacial areas such as the Himalayas, as 
well as other valley systems in Mount Sharp. We are 
also modeling the dynamics of mass movements, given 
the slopes and appearances of the features evident in 
the Grand Canyon. The objective is to understand the 
dominance of polyhydrated sulfate-bearing and basaltic 
materials in the debris deposits, the role of water and 
ice in formation, and the temporal evolution of Gediz 
Vallis landforms and deposits.  

 
Figure 5: HiRISE image segment showing two mass 
movement events with debris extending downhill. 
HiRISE scenes esp_044726_1750_red and 
esp_044726_1750_color are shown. 

 
Figure 6: Left: HiRISE red and color images over a 
debris deposit in Grand Canyon 
(esp_041192_1750_red and esp_041192_1750_color). 
Right: HiRISE image over the upper Gediz Vallis ridge 
(esp_052387_1750_red). 
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(2019) Mars IX, these abstracts.  
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University, Tallahassee, FL 32310, USA (humayun@magnet.fsu.edu). 

 
 
Introduction:  The (former) presence of a hydro-

sphere creates a distinctly more complex set of geo-
chemical cycles in martian sediments than those of 
airless bodies (Moon, Mercury, asteroidal regolith). 
Due to the aridity of Mars, the mainly basaltic martian 
sediments lack the intense soil-forming processes fa-
miliar on Earth [1]. Nonetheless, martian sediments 
have experienced intense alteration processes but show 
limited transport of elements like phosphorus [2] that 
cannot be studied in situ in enough detail to discrimi-
nate between multiple hypotheses. 

Recently, vitrophyric spherules [3-5] found in the 
martian breccia NWA 7533 (and paired meteorites*) 
have been interpreted as impact melted martian sedi-
ments [6-7]. These spherules are characterized by 
anomalous enrichments of alkalis, Ni and Zn, and oth-
er chemical features found in martian sediments [2]. 

The ability to perform multi-element analyses by 
laser ablation ICP-MS provided unprecedented detail 
to examine the processes that transformed the proto-
liths from clastic basaltic material into more complex 
materials [6-7]. Here, we review key lessons learned 
on the geochemical cycles of Fe, Ni and P by combin-
ing constraints from meteoritic spherules and igneous 
martian meteorites with APXS data collected by MER 
and MSL on martian soils and sediments. We use these 
findings to make predictions on the composition of 
Jezero crater sediments planned to be returned by 
Mars-2020. We highlight the issues that cannot be re-
solved by studies of either martian meteorites or by 
APXS, to define new measurements that would be 
needed to better understand martian sedimentary pro-
cesses from returned samples. For the sake of brevity, 
we focus on two particular aspects: the Ni and P cycles 
on Mars. In a companion abstract, we review new con-
straints from the meteoritic spherules [8]. 

The Martian Nickel Cycle: The high nickel (Ni) 
content of martian rocks and soils at Gusev and Gale 
craters has been interpreted to be the result of 1-3 % 
meteoritic input into the martian highlands [9]. Some 
workers have interpreted the high Ni of the highlands 
rocks observed by MER and MSL to be the result of 
oxidizing conditions in the martian mantle [10]. Chem-
ical analyses of the martian polymict, regolith breccia, 
NWA 7533 and paired meteorites [4, 11-12], con-
firmed that highlands rocks are rich in Ni, Ir and other 
siderophile elements equivalent to a few percent mete-
oritic input, and not the products of oxidized melting. 
Figures 1-2 show that spherules in the NWA 7533* 

breccia exhibit Ni and Co enrichments that are much 
larger than that of the bulk breccia. The target sedi-
ments were arguably deposited in ancient, crater lakes 
[6-7]. Measurements of Ir and other siderophile ele-
ments revealed a marked depletion of highly sidero-
phile elements within the spherules (<0.1 ppb Ir, Os) 
relative to the breccia matrix (Ir~20 ppb). The enrich-
ment of Co, an element less susceptible to meteoritic 
enhancement than Ni, implies that both Ni and Co 
were concentrated from the lake waters within which 
the spherule protolith sediments formed. The breccia 
matrix composition is interpreted to be typical of dust 
in the martian highlands [11].  

Figure 1: Ni abundances in martian igneous meteor-
ites, spherules from the NWA 7533* breccia, and soils 
from MER and MSL [13]. The blue circle is the bulk 
breccia composition. Purple triangle from [3]. 

 
Figure 2: Co abundances in martian igneous meteor-
ites, spherules from the NWA 7533* breccia. Legend 
is the same as in Fig. 1. Purple triangle from [3]. 
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Iron is present at abundances higher than in the breccia 
matrix indicating precipitation of Fe-oxides as the like-
ly source of the high Ni and Co in the spherules. To 
create enrichments of Ni and Co above the ambient 
background requires leaching of those elements from 
the surrounding watershed draining into the crater lake. 
Both elements are concentrated in NWA 7533* in 
nickeliferous pyrite (~1% by weight) [14], oxidation of 
which would release a significant fraction (10-20%) of 
the Ni and Co in the breccia. The Ni or Co concentra-
tion of sediments is then controlled by the ratio of the 
watershed volume to the depositional volume of the 
crater. A set of geochemical estimates of the watershed 
areas to that of the lake areas was estimated from the 
Ni contents of the spherules [7]. Watersheds that are 4-
25 times the lake area are implied. This geochemical 
estimate is comparable to the geomorphologically es-
timated watershed areas/lake surface areas inferred for 
martian crater lakes [15]. 

Implications for Ni in Jezero sediments: The 
Mars-2020 landing site is in the Jezero crater, a deltaic 
sediment deposit characterized by having a very exten-
sive watershed for a martian lake [16]. The watershed 
area/lake area estimated for the Jezero delta is ~15 [15]
implying a Ni content of ~1,000 ppm. This Ni estimate 
is for typical highlands protoliths. The Isidis basin is 
characterized by extensive olivine-carbonate litholo-
gies [16] weathering of which could release Ni from 
olivine, so that this estimate is a minimum estimate.  

The Martian Phosphorus Cycle: Phosphorus is 
an important element in biological processes, forming 
nucleotides, adenosine triphosphate (ATP) and other 
molecules essential to life. To be biologically availa-
ble, P has to be dissolved from its mineral hosts. Mar-
tian sediments contain a surprisingly high phosphorus 
content [1-2], raising concerns that P may not be bioa-
vailable in the arid Martian climate. The principal host 
of P in the NWA 7533* breccia is chlorapatite [5, 11], 
a phase that is readily soluble in acidic conditions. 
Such conditions are required to mobilize elements like 
Ni and Zn [2], and yet P shows no depletions in mar-
tian soils measured by both MER and MSL (Fig. 3). 
The P content of the NWA 7533* breccia is high com-
pared with typical shergottite abundances. The spher-
ules are variably depleted in P. Some P depletion may 
be due to volatile loss, the extent of which is con-
strained by losses of Ga [8]. Interestingly, P can be just 
as low in spherules that show no volatile Ga losses as 
in spherules that do. This implies that the primary con-
trol of P abundances in the spherules came from proto-
lith composition. All the protoliths are inferred to have 
been variably depleted in P relative to highlands rocks.

Thus, P is inferred to have been biologically available 
on Mars in the crater lakes from which the spherules 
were derived. The high P contents observed in martian 
sediments of the Murray formation [2] could be sec-
ondary, i.e. reprecipitated phosphates after acidic 
leaching of the sediments had occurred. 

Figure 3: Phosphorus abundances in martian igneous 
meteorites, spherules from the NWA 7533* breccia, 
and soils from MER and MSL [13]. The blue circle is 
the bulk breccia composition.  

Implications for P in Mars-2020 returned sam-
ples: Chemical distinction between detrital phosphate 
and secondary phosphate would involve trace element 
contents, particularly rare earth element (REE), Th and 
U abundances. Such measurements could be performed 
in conjunction with textural studies of phosphates in 
returned martian sedimentary rocks by laser ablation 
ICP-MS or SIMS techniques. Laboratory analysis of 
returned samples would solve issues in the Ni and P 
cycles on Mars. 
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SULFUR CYCLING AND MASS BALANCE AT MERIDIANI, MARS.  B. M. Hynek1,2, T. M. McCollom1, 
and A. Szynkiewicz3, 1Laboratory for Atmospheric and Space Physics, University of Colorado Boulder, 2Dept. of 
Geological Sciences, University of Colorado Boulder, 3Dept. of Earth and Planetary Sciences, University of Tennes-
see-Knoxville.  hynek@lasp.colorado.edu 

Introduction:  Unlike Earth’s carbon cycle, Mars’ 
history has been dominated by a sulfur cycle. This has 
likely had a large impact on geophysical (core compo-
sition), geological (sulfur sources-to-sinks), and even 
climatic conditions (potentially warming the planet). 
Sulfur enrichment is evident in the Mars meteorites 
(enrichment up to ~22 wt%), global martian soil (2.5 
wt%), global dust (2.7 wt%), and bedrocks investigated 
by rovers (>30 wt% in cases) [e.g., 1]. It is thought that 
Mars accreted sulfur-rich, and through extensive vol-
canism it outgassed significant sulfur to the surface-
atmosphere environments. Thus, sulfur is perhaps the 
key element for understanding the geochemical evolu-
tion of Mars. 

One of the largest concentrations of sulfur-rich bed-
rocks occurs in Meridiani Planum; the site of the Op-
portunity rover investigations. These bedrocks are 
thought to have been subjected to acid-sulfate weather-
ing that resulted in sulfate cemented sandstones (e.g., 
[2]). However, the source of the sediments and sulfur 
for these acidic groundwater fluids remains unclear. 

Multiple Working Hypothesis Testing:  Here, we 
test the varied hypotheses regarding emplacement of 
the sediments and sulfur at Meridiani Planum.  The 
Opportunity rover investigated >10 m of Burns for-
mation stratigraphy that was consistently sulfur-rich, 
averaging about 20 wt% (e.g., [2]).  Underlying the 
Burns formation is the Grasberg formation, which was 
also sampled by Opportunity with a sulfur content 
around 10 wt% [3].  Orbital data and geologic mapping 
indicate the Burns formation (or at least associated 
layered stratigraphy) is up to 800 m thick and sulfate 
rich (e.g., [4]).  Recent geological mapping by Hynek 
and di Achille [5] has provided broader context for the 
local in situ rover observations and extended them over 
a large area (Fig 1). Here we address the question, what 
was the source of the sediments and sulfur required to 
result in the extensive (4 ×105 km2) deposits of sulfate-
rich bedrocks, with a volume of ~1 ×105 km3?  

Groundwater upwelling 
The canonical model proposes basaltic rock that 

was weathered in a “dirty evaporite” and transported to 
Meridiani (e.g., [6]).  The source of sediment for this 
scenario is unconstrained. The sulfur would have come 
from later groundwater upwellings of acidic fluids. 
(e.g., [3,6,7]). If the acid-sulfate fluids were of pH 3 
(based on detections of jarosite), then .001 mol/L 
H2SO4, or 0.001 mol/L * 98 g/mol  leads to ~0.1 g/L of 
H2SO4 available for deposition in the bedrocks. 1 m3 of 

Burns bedrock likely has a mass of ~2400 kg.  20 wt% 
SO3 requires 480 kg SO3/m3, or ~480 kg H2SO4/m3.  
Therefore, 4.8 × 106 L of fluid would be required to 
deposit enough S (SO3 mass divided by 0.1 g/L) per 
m3.  However, more S is deposited in the total Meridi-
ani layered sulfate-rich geologic units (volume = 1 × 
1014 m3), thus 4.8 × 1020 L of fluid would be required 
to impart enough sulfur.  This volume of 4.8 × 108 km3 
is almost half of Earth’s entire ocean volume (or a >3.3 
km global equivalent layer) and is probably well above 
Mars’ planetary water budget.  

Volcanic Airfall/Ashflow 
McCollom and Hynek ([8]; also this conference) 

proposed the source of the sediments and sulfur was 
from local to distal volcanic eruptions through time.  In 
this case, the S would be indigenous to the ash depos-
its. S-rich ash deposits can be common on Earth, owing 
to the oxidation, condensation, and nucleation of S gas 
species in the eruption plume onto the airborne ash, 
eventually becoming part of the ash deposited on the 
ground.  The 1982 El Chichón (Mexico) eruption 
yielded 2.6 wt% S in the ash deposits [9], which is still 
well below the 20 wt% S in the Burns formation. The 
sediment volume of 1 × 105 km3 would require roughly 
40 Yellowstone-sized eruptions to account for the 
amount of materials.  If these were from distal sources, 
more eruptions would be required. 

Atmospheric Source 
Niles and Michalski [10] and Michalski and Niles 

[11] proposed an atmospheric source for the S and sed-
iments.  They envisaged the sediments could represent
a sublimation residue from a large-scale deposit con-
sisting of dust and ice emplaced during times of high
obliquity or true polar wander.  In this case, the sulfur
would be derived from sulfate-rich aerosols from the
atmosphere that acid weathered the silicate dust within
the ice deposits.  Craddock and Greeley [12] estimated
volcanic outgassing totals during Late Noachian/Early
Hesperian and found that 1.23 × 1017 kg of S would
have been deposited planetwide during these times.
The Meridiani layered units make up 0.35% of the
planet, yielding 4.24 × 1014 kg S deposited in this re-
gion, which is 100× less than the 4.8 x 1016 kg actual S
estimate in these bedrocks.  In terms of the sediment
volume, modern polar ice deposits on Mars have dust
contents <<10% and perhaps <0.01%.  Using 1% dust
in the ice, that requires a 50 km total thickness of ice
through time to account for the sediment volume.
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Fluvial Input 
Large valley networks are found uphill from the 

Meridiani deposits and these could also be a source for 
the S and sediments. These fluvial systems appear to 
have been active before, and also during, the incipient 
emplacement of the sulfate-rich bedrocks [13,5]. Sedi-
ment transport modeling by Hoke et al. [14] detailed 
the volume of material removed, and the timescales to 
form the valleys. The valleys feeding into Meridiani 
have a volume of ~1.1 × 103 km3, which is only about 
~1% of the volume of the Meridiani sedimentary pack-
age.  Using the valleys’ excavated volume and the 
global average of 2.5% S on the surface of Mars yields 
5 × 1016 kg total S that could have been deposited in 
Meridiani from this process.  Additional S likely came 
from groundwater inflow across the watershed, but the 
above estimate is ~1000× too little S. 

Conclusions:  Given the above attempts to explain 
the volume of materials and their S content, the sources 
of the sediment and sulfur for Meridiani remains entire-
ly unknown. None of the proposed hypotheses can ac-
count for either the S mass or sediment volume, even 
when considering the less S-rich Grasberg formation as 
representative of the broader stratigraphy.  The 
groundwater upwelling model requires half of Earth’s 
ocean volume to impart enough S and no source for the 
sediments has been proposed. The volcanic air-
fall/ashflow model requires copious sulfur in the ash 
and unidentified volcanic sources. Meanwhile, the at-

mospheric model comes up short on the mass of the 
sulfur that outgassed during deposition of these sedi-
ments and requires a net total of ~50 km thickness of 
ice through time.  The fluvial model also cannot ac-
count for the mass of the S or the volume of materials 
present.  Thus, a new model is required to explain the 
sources for both the S and sediment in these exceeding-
ly voluminous sulfate-rich layered materials. 
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LABORATORY STUDY ON MORPHOLOGICAL FEATURES OF REPEATED BRINE FLOWS ON MARS: 
IMPLICATIONS FOR DETECTION OF HYDRATED SALTS ON RECURRING SLOPE LINEAE S. Imamura1,2, Y. 
Sekine1, H. Kurokawa1, Y. Maekawa3, T. Sasaki3, 1Earth-Life Sci. Inst., Tokyo Inst. Tech., 2Dept. Earth Planet. Sci., 
Univ. Tokyo, 3Univ. Museum, Univ. Tokyo 

 
Introduction:  On present-day Mars, high-concen-

tration brine can transiently exist as liquid [1, 2]. Once 
liquid brine forms on a slope, it may flow downward, 
creating morphological features. Such morphological 
features may include recurring slope lineae (RSL) [1].  

Geomorphologic features formed by repeated brine 
flows on Mars could be different from those formed by 
fresh water flow on Earth in terms of precipitates of salts 
and flow rate of brine. Precipitated salts within soil after 
evaporation would prevent infiltration of subsequent 
brine flow. In our previous study [3], we performed la-
boratory experiments on repeated brine flows onto slope 
covered with glass beads. The results show that precip-
itation of salts within glass beads layer prevents infiltra-
tion of subsequent brine flow, forming surface runoff 
[3]. The flow rate of brine on Mars is expected to be 
very low (e.g., several mm/hour in the case of melting 
ice sheet [4]). Our previous study suggests that, owing 
to the precipitation of salts within glass beads layer, sur-
face runoff occurs effectively even under low flow rate 
conditions, leading to formation of elongated features 
on the slope [3]. 

However, surface runoff is forced downward by 
gravity. Under low gravity conditions, such as Mars, 
this downward force becomes relatively weak compared 
with capillary force that causes infiltration of water into 
soils. In our previous study [4], we performed experi-
ments at slope angle of 33º. Nevertheless, to reproduce 
the same downward force on a slope with 30º (typical 
slope angle of RSL) on low-gravity Mars, the slope an-
gle needs to be ~10° on Earth. Thus, the slope angle 
would be an important parameter that could determine 
the flow features.  

In the present study, we focus on the effects of slope 
angle on morphological features due to brine flow. We 
perform laboratory experiments to observe morpholog-
ical feature of repeated flows of MgCl2 solution on a 
slope with angles of 10º and 33º. Based on the experi-
mental results, we discuss the effect of slope angle on 
morphological features formed by repeated cycles of 
flow and evaporation of brine on Mars.  

In addition, if RSL relate to brine activity, repeated 
flow and evaporation of brine should result in precipita-
tion of salts within soils on the slope. In fact, the pres-
ence of hydrated salts on a few RSL sites has been sug-
gested by Compact Reconnaissance Imaging Spectrom-
eter for Mars (CRISM) onboarded on Mars Reconnais-
sance Orbiter (MRO) [5]. However, the mineralogical 
and chemical compositions of salts on RSL are poorly 

constrained due to the high signal-to-noise ratios in the 
CRISM spectra [5].  

In the present study, we also discuss whether the 
salts precipitated within soils are detectable in CRISM 
spectra when geomorphologic features are formed by 
the repeated brine flows.  

Methodology of Laboratory Experiments:  We 
performed laboratory experiments using the experi-
mental setup of our previous study [3]. In the laboratory 
experiments, solutions were introduced into a 33° or 10° 
slope covered with a thin layer (layer thickness = 3 mm) 
of pulverized glass beads (grain size = 45–250 μm). The 
flow rate was controlled with a peristatic pump at a con-
stant flux of 0.15 ml/minute, comparable to the flux due 
to melting of ice sheet on Mars [4]. We employed 
MgCl2 solutions with 5 mol/L in the experiments. The 
slope was set in a glovebox, where temperature was set 
to be ~27 and relative humidity was maintained ~38% 
using an air drier connected with the globe box. After a 
flow of a solution for 5 minutes, the slope was moved to 
an electric oven at temperature of 45ºC for drying over 
18 hours. Then, the dried slope was again set in the 
globe box for the subsequent flow of the solution. The 
cycle of flow and evaporation was repeated more than 
five times for each solution. A digital video camera in 
front of the globe box was used to observe the flow fea-
tures of solutions on the slope. 

Results of Experiments: Figure 1 shows morpho-
logical features of flow of MgCl2 solution on a slope at 
10º and 33º. For a comparison, we show our previous 
result of ultrapure water flow onto a slope at 33º.  

Ultrapure water infiltrate into the glass beads layer 
almost radially, whereas repeated flows of MgCl2 solu-
tion form elongated features (e.g. Fig. 1(a,b)) [3]. In the 
first flow on slope with 33°, the MgCl2 solution infil-
trates into the glass beads layer almost concentrically 
[3]. However, in the subsequent flows, surface runoff 
also appears together with infiltration of the solution 
into the glass beads layer [3]. Due to the surface runoff, 
the flow feature of the MgCl2 solution becomes elon-
gated downward over the cycles of flow and evapora-
tion (Fig. 1(b)) [3]. The aspect ratio of the elongated 

 
Fig. 1 Visual images of flows of three types of solutions. The 
dotted lines represent the rims of flow features. (a) A flow fea-
ture of ultrapure water. (b) A flow feature of the MgCl2 solu-
tion on a 33° slope, (c) on a 10° slope. 
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flow features reaches up to ~2.7 after the five cycles of 
flows of MgCl2 solution.  

The flows of the MgCl2 solution on slope with 10° 
slope also generate the ligulate feature extending down-
ward (Fig. 1(c)). In the first-time flow, the MgCl2 solu-
tion infiltrates laterally into the glass beads layer. In the 
second-time flows, the only infiltration of the MgCl2 so-
lution occurs following the flow feature of the first-time 
flow. In the third-time flow, surface runoff appears on 
the slope together with the infiltration flow. Upon the 
repeated cycles of flow and evaporation, the flow fea-
ture of the MgCl2 solution extends downward, although 
clear elongated features are not generated even in the 
five cycles of flows (the aspect ratio; ~0.6) (Fig. 1(c)).  

Effect of Slope Angle on Morphological Features:  
Our results suggest that, even on a 10° slope, our sug-
gested flow mechanism [3] works. The precipitated salts 
prevent the infiltration flow, generating surface runoff. 
Consequently, the flow features get elongated. However, 
the flow features on a  33° slope are narrow streaks, 
whereas those on a 10° slopes are ligulate. A possible 
reason for no clear elongated features on the 10º slope 
is that gravity is not predominant on both of the infiltra-
tion flow and surface runoff. Therefore, isotropic diffu-
sion due to capillarity makes the infiltration flow in the 
first and second-time flows spread widely. In terms of 
surface runoff, the friction force between the MgCl2 so-
lution and glass beads may be more effective than the 
gravity force. Thereby, the surface runoff is difficult to 
flow downward.  

Detectability of Precipitated Salts on RSL: Next, 
we assess whether the precipitation of salts can be de-
tected and identified on RSL with a spectrometer equiv-
alent to CRISM’s spatial resolution. First, a mixing 
spectrum was calculated by linear combination of the 
measured spectra of powdered basalt and MgCl2·2H2O 
salt. We obtained the mixing spectra for various mixing 
ratios of basalt to MgCl2 as (a) 50 : 50, (b) 70 : 30, (c) 
80 : 20, (d) 90 : 10 and (e) 95 : 5. Then, we added arti-
ficial random noise with a Gaussian distribution to the 
mixing spectra in order to reproduce the noise levels of 
the CRISM [5]. To discriminate between the signal and 
noise, we used a band detection algorithm for the mix-
ing spectra with the noise based on the previous study 
[5]. Finally, we calculated band depths for detected ab-
sorption bands whether they exceed the detection errors 
of CRISM. 

Figure 2 shows the mixing spectra with artificial 
noise together with the smoothed spectra and the 7th or-
der polynomial-fit continuum curves. Our results show 
that the mixing spectra exhibit absorption bands at (a) 
~1.47 and 1.98 μm, (b) ~1.45 and 1.97 μm, (c) ~1.47 
and 1.98 μm, (d) ~1.41 and 1.97 μm and (e) ~1.96 μm, 
whereas pure MgCl2·2H2O salt has absorptions at ~1.46 
and ~1.98 μm. Considering that 95% confidence 

interval of the noise, a band depth needs to exceed 3% 
for definite detection. Due to the noise, the band depths 
of absorptions at around ~1.97 μm do not exceed 3% for 
the basalt-to-MgCl2 ratio of (d) 90 : 10 and (e) 95 : 5 
with CRISM (Fig. 2). On the other hand, band depths 
exceed 3% for the mixing spectra with the basalt-to-
MgCl2 ratio greater than 80 : 20. 

Our results show that if the volumetric MgCl2 salt 
contents are higher than 20%, the band depth can be 
identified with the noise levels of CRISM (Fig. 2). 
Based on our previous experiments [3], precipitation of 
salts fills pores within the glass beads and reaches up to 
~30% of glass beads in volume. Given that typical width 
of RSL (0.5–5 m) is about 1/3 of the spatial resolution 
of CRISM (~18 m), effective salt contents in a field of 
view of CRISM would be ~10% or less.  Thereby, salts 
are unable to be detected with CRISM from the current 
orbit of MRO unless most of a field of view is occupied 
with RSL [5]. To identify possible MgCl2·2H2O salts on 
one streak of RSL, effective salt content need to exceed 
20%. This means that a spatial resolution of a spectrom-
eter equivalent to CRISM needs to be ~5 m or lower. To 
achieve this high-spatial resolution, an orbital altitude 
of a spacecraft needs to be 1/3 or less of that of MRO 
(the current orbit: ~260–320 km from the surface). Such 
observations from low orbital altitudes may be able to 
be achieved by an orbiter with elliptical orbits or during 
aerobraking upon orbital insertion in future spacecraft 
missions to Mars. 

 
Fig. 2. The synthesized theoretical spectra (a) in the mix-

ing ratios of basalt to hydrated MgCl2 as (a) 50 : 50, (b) 70 : 
30, (c) 80 : 20, (d) 90 : 10 and (e) 95 : 5. The figures show the 
mixing spectra with noise (magenta), the smoothed spectra 
(black), and the 7th order polynomial-fit continuum curves 
(lime). The red and blue vertical dot lines represent the absorp-
tion bands detected by the band detection algorithm [5]. 
The band depth of absorption bands only in the red lines 
exceed the detection errors of CRISM. 
References:  [1] McEwen et al. (2011) Science, 333, 
740. [2] Martín-Torres et al. (2015) Nat. Geosci., 8, 357. 
[3] Imamura et al. (2019) LPSC 2019. [4] Chevrier & 
Rivera-Valentin (2012) GRL. [5] Ojha et al. (2015) Nat. 
Geosci. 8, 829. [6] Hanley et al. (2014) JGR Planets. 
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Figure 1: Variation in the Sr (ppm) to Ca (wt. %) ratio with elevation across the 
Murray Formation for Ca-sulfate veins, cements, and sediments (triangles, col-
ored circles, and grey ‘x’s respectively) and at the Yellowknife Bay (YKB) 
location (asterisks). Stratigraphy in the Murray formation is divided into geo-
logic members which are color coded for cement data (10-30 wt. % CaO). Geo-
logic members of veins (black symbols) can be determined by color-coded data. 
Higher Sr/Ca ratios in veins and cements suggest deposition from a more saline 
fluid. 

Strontium in Ca-Sulfate Veins and Cements at Gale Crater, Mars.  R. S. Jackson1, A. M. Ollila2, M. A. Nel-
lessen1, A. M. Baker1, R. C. Wiens2, O. Forni3, A. L. Reyes-Newell2, N. Mangold4, A. Cousin3, J. Frydenvang5, S. 
Clegg2, and H. E. Newsom1  1Univ. of New Mexico (Albuquerque, NM 87131; rjacks04@unm.edu), 2Los Alamos 
Nat. Lab., 3IRAP/CNES, 4Univ. de Nantes, 5Univ. of Copenhagen. 

 
Introduction: The ChemCam instrument on the 

Curiosity rover uses Laser Induced Breakdown Spec-
troscopy which provides observations of Martian mate-
rials with a footprint of ~ , 2]. The ChemCam 
instrument is designed for rapid remote analyses with 
this micro-probe device. These abilities allow the 
ChemCam instrument to differentiate between the bulk 
composition of the host rock and composition of chem-
ically distinct diagenetic materials, like 3]. 

The rover has sampled Ca-sulfate veins since enter-
ing Yellowknife Bay, during the earliest part of the 
mission, up until the current drive through the Murray 
formation, which makes up the lower portion of Mount 

4, 5]. In addition, Ca-sulfate cements were pre-
viously identified in the Murray and reported by Nel-

6]. 
Sr2+ can substitute for Ca2+ in the structure of sev-

eral minerals – including Ca-sulfates. At higher brine 
concentrations, Sr will coprecipitate at higher concen-

trations relative to Ca 7]. Previous work in the Nijar 
Basin of Spain was able to differentiate between diage-
netic veins and gypsum bearing units, one deposited in 
a marine environment and one deposited from mixed 
marine and non-marine fluids. Much of that work was 
based on the variations in the Sr/Ca ratio and con-
firmed by other stratigraphic and geochemical methods 
8].  

Methods: This study currently uses the Sr and Ca 
abundances reported by the ChemCam 
team, including previously developed 
univariate calibration curves for quantita-
tive analysis of Sr (and other trace alkalis) 
using >400 quantitative standards 9, 10]. 
The Mars data consists of cemented bed-
rock – from the list generated by Nelless-
en et al. 6] – and veins – determined by 
selecting points with >25% CaO. The 
data in this abstract were collected 
through sol 1865. The data were separat-
ed into the appropriate stratigraphic 
members and the ratio between Sr ppm 
and CaO wt. % was computed. The stand-
ard deviation divided by mean ( ) was 
calculated for targets with at least four 
Ca-sulfate cement bearing points to inves-
tigate spatial variability in Sr.  

Results: Sr/Ca ratios vary throughout 
the Murray formation (Fig. 1), with values 
from all stratigraphic members stretching 
from ~0 to >10 and a few members with 
values above 20. The lower members 
tend to contain the highest Sr/Ca. In Pet-
tigrove Point, which is the lowest mem-
ber of Vera Rubin Ridge, the minimum 
values rise gently with elevation, but the 
maximum values are not much greater 
than at Blunts Point, the member imme-
diately below (Fig. 1). The median value 

of Pettigrove Point is noticeably greater than Blunts 
point (Fig. 2). The points on rock grains without identi-
fied cements have a large amount of variation but tend 
to have higher ratio values than the cements. 

Veins mostly have low ratios (<5) but show higher 
ratios at the base of Sutton Island and in Pahrump 
Hills. The four vein points with high ratios are in the 
targets Hoskinnini in Pahrump Hills and Palapye in 
Sutton Island (Fig. 1). 

Fi 1 V i ti i th S ( ) t C ( t %) ti ith l ti th
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Figure 2: Median vales of cements and veins for each unit in 
the Murray formation. 

Figure 
-

for all individual points containing Ca-sulfate cement through sol 
1865. 

ChemCam’s small spot size and use of multi-point 
rasters allow it to sample the spatial variations of Sr 
that occurs due to the low abundance of trace elements 
in the fluids that formed the cements. Cements within 
the Murray formation have Sr standard deviations with-
in each target above 0.5 of the mean with some targets 
having standard deviations >0.7 of the mean (Fig. 3). 

Discussion: Due to the limitations between Martian 
data and terrestrial data, and the potential that much of 
the Ca sulfates were deposited during diagenesis, it is 
not possible to quantitatively determine the paleo-
salinity of the lake during the deposition of each strati-

tively, this method sug-
gests that the lower members were deposited in more 
saline groundwater than the upper members with the 
transition occurring in the lower portion of the Sutton 
Island member. (Figs. 1, 2). The variation observed in 
ratios may have many causes, including increasing sa-
linity as water is lost from the system or multiple pulses 

of fluids. Fig. 3 shows a large amount of variation on 
the scale of individual ChemCam points within the 
same target. Indicating that some of the variability in 
the Sr/Ca ratio is due to spatial variation at the scale of 
individual targets. The high Sr/Ca values are not 
uniquely diagnostic of any geologic processes. Sr is 
present in both primary igneous materials and in many 

 The Sr/Ca ratio  was designed 
to investigate processes relating to the deposition of 
Ca-sulfates and is likely not meaningful for the deposi-
tion of primary and secondary silicates . The high 
values of the Sr/Ca ratio in the sediments may be the 
result of low Ca in secondary minerals but the cements 
have on average a few 10’s of ppm less Sr than proxi-
mal sediments. It is possible that the cements’ Sr abun-
dances have been influenced by the silicates, either by 
incorporation of sediments with higher Sr abundances 
into the LIBS analysis or due to pore fluids leaching Sr 
from sediments during early diagenesis. Either instance 
would increase the Sr/Ca ratio; however, there is no 
evidence to support leaching.  

Future Work: Laser Induced Breakdown Spec-
troscopy can be sensitive to materials with different 

12]. To test our cali-
brations for Li, Ba, Rb, and Sr we plan to check peak 
areas from emission lines of these elements in >20 ter-
restrial Ca-sulfate samples of known trace-element 
compositions. For this, 14 gypsum samples have been 
provided from a study in the Society Cliffs Formation 

13]. The 
rest are Ca-sulfate standards that were used as part of 

9, 10]. The optical prop-
erties of pure or nearly pure Ca-sulfates may frustrate 
attempts to develop trace element calibrations for 
veins; however, it is more likely that Ca-sulfate ce-
ments will couple with LIBS laser pulses similarly as 
with 2]. This would still be beneficial as 
the composition of the cement should relate more 

closely to the processes of deposition, burial, and 
lithification of the sediment 14].  

References:  Wiens R. C. et al. (2012) Space Science 

Review, 170, 167  Maurice, S. et al. (2012). Space Science Re-

view, 170(1-4), 95-166. 3] Jackson R. S. et al. (2016) Icarus, 277, 

330-341. 4] Nachon M. et al. (2014) JGR: Planets, 119(9), 1991-

Nachon M. et al (2017) Icarus, 281, 121- 6] Nellessen, 

et al. (2018). LPS XLIX, Abstract #2858. 7] Kushnir J. 

(1980) Geochim. et Cosm., 44, 1471-1482. 8] Lu, F. H., Meyers, W. 

J, & Harrison, G. N. (2002) Chem. Geo., 192, 149-161. 9] Payré, et 

al. (2017), JGR: Planets, 122(3), 650-679.  10] Clegg et al. (2017) 

Spect. Acta B, 129, 64- 1] Fischer, K., et al. (1969). Springer-

Cremers D. A., & Knight A. K. (2006). 

John Wiley & Sons, Ltd. 13] Kah et al. (2001) Precambrian Research, 

111, 203-234. 14] Berner, R. (1980). Princeton Series in Geochemis-

try, 42-51, 81-89.  
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Mars UV Dayglow: Indicator of Coupling, Dynamics, and Energetics of Mars’ Middle and Upper Atmospheres, 
S. K. Jain1 and J. Deighan1, N. M. Schneider1, A.I.F Stewart1, J. S. Evans2, M. H. Stevens3, M. S. Chaffin1, E. 
Thiemann1, F. Eparvier1, 1Laboratory for Atmospheric and Space Physics, University of Colorado at Boulder, 3665 
Discovery Drive, Boulder, CO, USA (Sonal.Jain@lasp.colorado.edu), 2Computational Physics Inc., Springfield, 
Virginia, USA, 3Space Science Division, Naval Research Laboratory, Washington, DC, USA.  

 
 

Introduction:   
Understanding the present state of the Martian upper 
atmosphere is an important component of 
understanding the interactions of Mars with its space 
environment, atmospheric loss, and for missions to 
Mars that utilize the upper atmosphere for aerobraking 
maneuvers. The upper atmosphere of Mars, including 
the upper mesosphere and thermosphere provide the 
main reservoir for atmospheric escape. Given its direct 
exposure to solar extreme ultraviolet radiation and its 
strong coupling with the lower atmosphere, the upper 
atmosphere is subject to strong variability driven both 
from above (solar forcing) and from below (via waves 
and tides) (plz. see recent review [1,2])  

Observation and Methodology:   
The aim of this study is to understand and characterize 
the middle and upper atmosphere dynamics using the 
ultraviolet dayglow measurements from IUVS 
instrument onboard MAVEN. We fit a chapman fit to 
CO2+ Ultraviolet doublet emission to get the 
temperatures information at about 170 km, which is 
shown in the Figure 1. We have also fitted emission 
profile of OI 297.2 nm emission using two Chapman 
fits; one for lower peak (~90 km) and second for upper 

peak (~120 km). The lower peak is solely coming from 
dissociation of CO2 by solar Lyman-α photon, hence 
the fitting the lower could provide neutral CO2 scale 
height below 100 km [3,4,5].  

Results: 
The long term changes are evidently clear in 4 years 
of IUVS/MAVEN data (Figure 1), which shows strong 
correlation with solar EUV and Mars season [6,7]. 
These long term changes are indicative of bulk 
response of the thermosphere to the EUV input and can 
be used to better characterize the EUV driven 
variability. The temperatures also showed strong 
response to the local time (temperatures symbol are 
colored according to the local time of the observation).  
 
Apart from seasonal trend, the observed Martian upper 
atmosphere show lot of variability in a short time scale 
[8,9], which can’t be determined solely on the EUV 
forcing, and are indicative of strong coupling between 
the upper and lower atmosphere via tides and waves. 
Tides in the Mars thermosphere have large amplitudes 
and have significant effect on the energy and 
momentum balance, and the tidal amplitude and phase 

Figure 1 The mean thermospheric temperatures per orbit inferred from the scale height derived from IUVS 
observations of CO2+ UVD emission profile. The temperatures colored according to the local time of the 
observations. The data from two channels (17-22 nm and Lyman alpha) of Extreme Ultraviolet Monitor (EUVM) 
on MAVEN, which was taken simultaneous to the dayglow observations, are also plotted on the same graph with 
arbitrary scaling. The thin blue curve shows the inverse of square of Mars radial distance from Sun (with 
arbitrary scaling). The solar longitude are plotted on the top x-axis along with labels indicating the Martian year 
(MY). The large variability in the scale height for a small time scale indicates coupling from lower atmosphere via 
waves/tides. The long term variations in the scale heights are largely dependent on the solar EUV variations and 
Mars seasons. (Jain et al., 2018b). 
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shows local time, latitude and seasonal dependence. 

 
Figure 2 Harmonic fit to the small subset of IUVS data 
observed during aphelion (19 Oct. - 12 Nov. 2015) and 
perihelion (6 Nov. - 6 Dec. 2016) of Martian year 33. Solid 
black and blue curves show the average temperature 
derived from CO2+ Ultraviolet doublet (at 170 km) and 
from OI 297.2 nm lower peak (near 100 km) over 20 
degrees latitude bins along with their standard deviation. 
Red solid and dashed curves show the harmonic fit to the 
temperatures derived from UVD and O297.2 nm 
emissions, respectively. The wave amplitudes are shown 
next to the figures with black and blue text for their 
respective temperatures harmonic fit. (top) For aphelion. 
(bottom) For perihelion. 

Figure 2 shows the harmonic fit to the IUVS derived 
temperatures at ~170 km (black symbols) and 100 km 
(blue symbols) during perihelion and aphelion. Dur- 
ing aphelion for the same local times and latitudes, 
temperatures at ~170 km and 100 km show a strong 
wave-3 component, with opposite phases. The wave-2 
component is significantly stronger at 100 km 
compared to 170 km. Using the same IUVS data set 
(same local time and latitude), Stevens et al. [10] 
reported the presence of mesospheric clouds at lower 
altitudes between 60-80 km. They showed that clouds 
appeared in the same wave 3 pattern as shown at ~170 
km in Figure 2, and that their appearance aligned with 
mesospheric cold troughs concurrently observed by the 
Mars Climate Sounder on the Mars Reconnaisance 
Orbiter. Our analysis further constrains the coupling of 
these non-migrating thermal tides to the upper 
atmosphere with complementary observations at ~100 
km. These new observations demonstrate the pervasive 
influence of tides in the dynamics of the middle/upper 
atmosphere of Mars.  

 
During perihelion, the tidal signatures in the upper 
atmosphere are quite negligible whereas in the middle 
atmosphere, they are weak compared to aphelion. This 
difference between the two time periods could be due 
to the strong solar forcing during perihelion, which 
dominates the temperature structure. This analysis 
demonstrates the observed variability in the tidal 
signature for a small subset of IUVS data.   
 
References:   
[1] Bougher, S. W., T. E. Cravens, J. Grebowsky, and 
J. Luhmann (2015), Space Sci. Rev., 195, 423–456. [2] 
Bougher, S. W., D. A. Brain, J. L. Fox, G.-G. 
Francisco, C. Simon-Wedlund, and P. G. Withers 
(2017),  Cambridge University Press, pp. 405-432. [3] 
Fox, J. L., and A. Dalgarno (1979), J. Geophys. Res., 
84, 7315 – 7333. [4] Gronoff, G., C. S. Wedlund, C. J. 
Mertens, M. Barth elemy, R. J. Lillis, and O. Witasse 
(2012), J. Geophys. Res., 117, A05309, [5] Jain, S. K. 
(2013), Ph.D. thesis, Cochin University of Science and 
Technology, India, 
https://dyuthi.cusat.ac.in/jspui/bitstream/purl/3688/1/D
yuthi-T1654.pdf. [6] Jain, S. K., and A. Bhardwaj 
(2012), Planet. Space Sci., 63-64, 110 – 122. [7] 
Bougher, S. W., et al. (2017),  J Geophys. Res. Space 
Phys, 122(1), 1296–1313. [8] Jain, S. K., et al. (2015), 
Geophys. Res. Lett., 42, 9023–9030. [9] Stiepen, A., 
J.-C. Gerard, S. Bougher, F. Montmessin, B. Hubert, 
and J.-L. Bertaux (2015), Icarus, 245, 295–305. [10] 
Stevens, M. H., et al. (2017), Geophys. Res. Lett., 44, 
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.  B.M. Jakosky, LASP and Geological Sciences, University of Colorado, 3665 Discovery Dr., Boulder, CO 

80303 (bruce.jakosky@lasp.colorado.edu). 

Introduction:  We use spacecraft measurements to 
determine the inventory of CO2 gas on Mars.  We esti-
mate the amounts of gas from an early, thicker Martian 
atmosphere that have been lost to space by impact ejec-
tion and by solar and solar-wind stripping, and that have 
been removed to non-atmospheric reservoirs of CO2 ice, 
clathrate hydrate, adsorbed gas, or carbonate minerals. 
Loss to space has removed 1-2 bars of CO2.  Deeply 
buried carbonates may contain up to the equivalent of a 
bar of CO2, with the other sinks likely contain no more 
than ~90 mbar of CO2.  These sinks can readily account 
for loss of the bulk of an early CO2 atmosphere thought 
to have been necessary to provide early greenhouse 
warming.  Loss of CO2 from the atmosphere to these 
sinks is the likely explanation for the transition in cli-
mate from an early, warmer atmosphere to the cold, dry 
atmosphere that has been present since early in the Hes-
perian epoch. 

Approach:  Our goal is to identify from observa-
tions where the CO2 from an early atmosphere went, to 
determine whether the identifiable sinks for CO2 can ac-
count for loss of a thicker early atmosphere, and to see 
if removal of CO2 into non-atmospheric sinks can ex-
plain, at least in part, the transition inferred for the Mar-
tian climate. 

Sources and sinks for CO2:  We consider the fol-
lowing sources and sinks: 
• Supply during accretion, including later impacts.
• Supply by release from intrusive and extrusive vol-

canic eruptions.
• Loss by ejection to space by impact.
• Loss by solar and solar-wind stripping.
• Formation of CO2 ice or clathrate in the polar caps

or high-latitude subsurface.
• Formation of carbonate minerals in the shallow

subsurface.
• Formation of carbonate minerals in the deep sub-

surface.
• CO2 gas adsorbed on mineral grains in the regolith

or crust.
Table 1 and Figure 1 summarize the current best

estimates of the amount of gas that has been seques-
tered into each of the sinks.  Information comes from a 
combination of observations of surface and subsurface 
composition, stability analysis based on composition 
and temperature, observations of loss to space and ex-
trapolation to loss through time (including use of ratios 
of stable isotopes as constraints on efficacy of loss), 
and models of loss processes: 

Impact ejection to space.  Models of the amounts 
of gas ejected to space by an impact, constrained by 
the observed distribution of impact craters with time 
since the onset of the geological record. 

Stripped to space.  Observations from MAVEN of 
the loss to space occurring at the present epoch, with 
loss processes extrapolated back in time as constrained 
by scenarios of the solar history based on observations 
of sun-like stars and by ratios of light stable isotopes. 

Polar ice.  Amounts of CO2 ice in the south polar 
cap as inferred from radar observations of dense ice. 

Polar/regolith clathrate.  Potential abundance 
based on inferred/derived temperatures and stability 
analysis. 

Near-surface carbonates.  Abundance of car-
bonates derived for airborne dust plus global distribu-
tion of dust, and carbonates exposed at the surface in 
discrete locations (such as Nili Fossae). 

Adsorbed gas.  Abundance based on laboratory 
adsorption measurements plus distribution of particu-
late material. 

Deep-crust carbonates.  Carbonates observed in 
central peaks of impact craters and inferred to have 
been deposited prior to impact, plus inferred global 
distribution. 

Discussion and conclusions:  Clearly, there is con-
siderable uncertainty both in the amount of CO2 present 
early on Mars and in its atmosphere and in its eventual 
fate.  A large part of the uncertainty is inherent in the 
individual measurements and models.  Some of the 
models describe a fraction of the gas that has been re-
moved, and others describe an absolute amount (e.g., in 
grams or equivalent atmospheric pressure of gas).  In 
addition, many of the analyses require extrapolation of 

Table 1.  Summary of amounts of CO2 lost to the differ-
ent sinks for gas.   
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local measurements or processes to global behavior; de-
finitive answers will require more investigation of the 
different sinks for CO2.  While additional data might be 
expected to change some of the results presented here, 
these results represent our current best estimate as to the 
available CO2 and its eventual fate. 

One conclusion that stands out very clearly is that 
the identifiable sinks for CO2 can account for loss of a 
considerable amount of CO2 from an early, thicker at-
mosphere.  An early CO2 atmosphere of up to several 
bars pressure can be accounted for by these loss pro-
cesses.  Of this, the largest fraction likely has been lost 
to space, accounting for as much as 2 bars from an early 
several-bar atmosphere.  Even taking the lower end of 
the ranges for loss by impact ejection and solar/solar-
wind-driven loss, loss to space accounts for loss of a bar 
or more of gas. 

The largest sink for CO2 that remains on the planet 
is likely to be deeply buried carbonates, at depths of 5-
10 km below the surface.  Although the amount of CO2 

locked up in deep carbonates is uncertain by a large fac-
tor, this sink may be able to account for up to an addi-
tional bar of gas. 

The remaining sinks for CO2 – polar ice, clathrate 
hydrate, shallow or near-surface carbonates, and ad-
sorbed gas – likely cannot account for more than ~90 
mbar of CO2.  This relatively small amount of CO2, were 
it all in the atmosphere, would produce less than about 
10 K of greenhouse warming.  By itself, this could not 
have been a major contributor to early greenhouse 
warming. 

In summary, the identifiable sinks can account for 
as much as several bars of CO2 gas from an early atmos-
phere.  This amount of CO2 is large enough for CO2-
induced greenhouse warming to have been a significant 
contributor to producing temperatures capable of sus-
taining liquid water.  The loss of CO2 from the early 
atmosphere into the identifiable sinks likely accounts 
for the transition in climate inferred from the geological 
constraints. 

 
 

Figure 1.  Graphic summary of amounts of CO2 lost to the various sinks and reservoirs.  
Details are the same as in Table 1. 
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MARS EXPLORATION ROVER PANCAM SPECTROPHOTOMETRIC MODELING: THE FINAL 
CHAPTER.  J.R. Johnson1 , J.F. Bell III2, M. Lemmon3, W. Grundy4, W. Liang5, A. Hayes6, R. Deen7,  1JHU/APL, 
Laurel, MD, jeffrey.r.johnson@jhuapl.edu, 2ASU, Tempe, AZ, 3Space Science Institute, 4Lowell Observatory, Flag-
staff, AZ, 5Lunar and Planetary Lab, Univ. AZ, 6Cornell Univ., Ithaca, NY, 7Jet Propulsion Lab., Pasadena, CA. 

 
Introduction:  Pancam multispectral visible/near-

infrared images acquired during both Mars Exploration 
Rover traverses enabled mapping of morphology, tex-
tures, and mineralogical variations vital in constraining 
the geologic processes that formed and modified these 
field sites.  We describe results from the final photo-
metric experiments conducted by both rovers, includ-
ing observations of airfall dust deposits and the effects 
of dusty windows on photometric model parameters.  

Background: Previous Pancam spectrophotometric 
studies [1] investigated variations in light scattering 
properties of different materials along the rover 
traverses. Variations in single scattering albedo (w) 
were evident among variably dusty rocks, soils, and 
rover tracks. “Gray” rocks and rover tracks typically 
exhibited forward scattering, consistent with particles 
with few wavelength-scale internal scatterers. Typical 
soil and “Red” rocks (those coated with dust or soil-
like materials) were more backscattering, suggestive of 
surface particles with more internal scatterers. 

Data sets:  At Spirit’s final resting place (Troy) on 
the western side of Home Plate, a set of photometry 
sequences was executed on Sols 1944-1946.  This data 
set sampled the crusted soils, as well as layered float 
rocks associated with Home Plate (Fig. 1). On the 
northern tip of Cape York on the western rim of En-
deavour crater, Opportunity acquired observations of 
large dust drifts and soils at Turkey Haven (“TH”, Sols 
2785-2789) and rubbly soils mixed with variable types 
of pebbles at São Gabriel crater (Sols 3012-3017) 
(Figs. 2-3). In all cases, images were acquired at wave-
lengths of 432 nm, 601 nm, 753/754 nm (stereo), 934 
nm (TH), and 1009 nm covering phase angles ~0-140 . 

Methods: We followed the methods of [1,2] in 
which stereo image disparity maps were produced 
from radiometrically calibrated Pancam stereo images 
acquired at multiple times of day.  This method ena-
bled geometric registration of right-eye images to left-
eye images and construction of incidence, emission, 
phase, surface normal, range, and XYZ position maps 
for each time of day. Regions of interest (ROIs) were 
selected for specific unit types (e.g., Gray/Red rocks, 
dust deposits, soils) at each time of day to provide suf-
ficient phase angle coverage to model Hapke scattering 
parameters of each unit.  Sky radiance models were 
used in combination with ROI facet orientations to 
compensate for diffuse skylight [1].  Hapke models 
were run at each wavelength to constrain w, surface 

roughness ( ), and 1- and 2-term Henyey-Greenstein 
(HG) phase functions to determine asymmetry parame-
ters (  and scattering functions (b,c).  Opposition 
effect parameters (B0, h) were included when well-
constrained, with error estimates provided using the 
methods of [1]. 

Dust deposition on the Pancam windows resulted 
in scattered light effects in high-phase angle images 
from the São Gabriel and Troy data sets (Figs. 1-2).  
Models were run with and without using affected ROIs 
to quantify the effect on modeled parameters.  

Results: Troy. Gray rocks exhibited narrow for-
ward scattering 2-term HG phase functions (Fig. 4, 
top) whereas red rocks and soils were more backscat-
tering.  Dark soils had slight lower w values than regu-
lar soils (Fig. 5, top) but exhibited greater  values. 
Red rocks exhibited the highest w, , and h values, 
likely indicative of low porosity, rough surfaces.  

Turkey Haven.  The dust deposits exhibited slightly 
larger w values compared to the grayer nearby soils 
(Fig. 5, bottom). Dust was slightly more forward scat-
tering in 1-term HG models (higher values) than the 
soils (Fig. 4, bottom).  Dust deposits were the smooth-
est of all units studied here (lowest ), and the exhib-
ited the highest h values, likely indicative of a more 
homogeneous grain size distribution than other units. 

São Gabriel. The rubbly soils exhibited backscat-
tering functions typical for soils and the lowest h val-
ues, consistent with the least uniform grain size. 
Backscattering increased with wavelength in 2-term 
HG models, likely a result of surficial dust coatings. 

Scattered light. Upon removal of ROIs affected by 
scattered light, more backscattering behaviors were 
modeled, but only small changes in w values.  Soils 
were modeled with less uniform grain size and were 
macroscopically smoother, whereas rock models 
demonstrated the opposite behaviors.  These results 
suggest that useful modeling could be performed of the 
final unanalyzed Opportunity photometry data set 
(Sols 3863-3867, Cape Tribulation), which was also 
affected by scattered light in high phase angle images. 

References: [1] Johnson, J. et al. JGR, 
doi:10.1029/2005JE002494, 2006; Johnson et al., 
JGR, doi:10.1029/2006JE002762, 2006b; Johnson, J. 
et al., Icarus, 248, 25-71, 2015; [2] http://pds-
geosciences.wustl.edu/mer/urn-nasa-pds-
mer_pancam_photometry/; [3] McGuire, A., and B. 
Hapke, Icarus, 113, 134-155, 1995. 
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Fig 1. L247 false color mosaics (753 nm, 601 nm, 432 nm) 
of the Spirit Troy area ~16:30 LTST, Sol 1994. (left) East-
looking, (P2384); (right) West-looking, (P2383) showing 
effects of scattered light in top image. 

Fig 2. L247 false color mosaics (753 nm, 601 nm, 432 nm) of the 
Opportunity São Gabriel area ~16:15 LTST, Sol 3017, (left) East-
looking; (right) West-looking, with example of scattered light in 
lower portion of image. 

 
Fig 3. L247 false color mosaics (753 nm, 601 nm, 432 nm) of the Opportunity Turkey Haven area (left) East-looking on Sol 2789 

at 11:16 LTST (P2577); (right) West-looking on Sol 2788 at 16:51 LTST (P2578), showing no effects from scattered light. 

                                

                                   
Fig. 4. (top) 2-term HG asymmetry parameters (b) versus 
backscattering fraction (c) for Troy units, plotted with values 
derived for synthetic particles (gray) from [3]. (bottom) 1-term 
HG asymmetry parameter vs. w for Turkey Haven units.  All 
error bars represent 1-  uncertainty estimates [1]. 

Fig 5. Single scattering albedo (w) values from 2-term HG 
phase function Hapke models for (top) Troy units and (bottom) 
Turkey Haven units. As with Fig. 4, all model results presented 
here represent data for which ROIs affected by scattered light 
were removed.   
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    Introduction: Current strategies for biosignature de-
tection on Mars rely mainly on identification of features 
associated with terran life and signatures of biologic 
processes, such as particular classes of molecules and 
isotopic signatures, enantiomeric excesses, and patterns 
within the molecular weights of fatty acids or other li-
pids. Yet, it is plausible that life on Mars may have orig-
inated independently from than life on Earth.  It is 
equally plausible that detection of these aforementioned 
targets are suboptimal for life detection on Mars. We 
posit that developing “agnostic” life detection meth-
ods—approaches that do not presuppose a specific un-
derlying biochemistry—provides a robust means of life 
detection.  

Chemical Complexity:  The recently formed Labor-
atory for Agnostic Biosignatures (LAB) project is pio-
neering the use of existing chemical analyzers, such as 
the Sample Analysis at Mars (SAM) gas chromatograph
mass spectrometer (GCMS) instrument [1] and the Mars 
Organic Molecule Analyzer (MOMA) instrument in de-
velopment for the 2020 Rosalind Franklin (ExoMars), 
to search for chemical complexity of any type of mole-
cule (organic or inorganic) that would be unlikely or im-
possible to form spontaneously. Algorithms are being 
developed to describe pathway complexity [3] and link 
it, using a mapping of the mass spectroscopic fragmen-
tation pattern, to the complexity of a given molecule. 
This promising methodology has begun to enable the 
search for different complexity distributions. LAB is 
currently testing the correlation between structure and 
complexity on a variety of abiotic and biotic samples to 
build a robust complexity index database (see Figure 
1). 

Chemometrics: Sequencing technologies have 
also been developed as a way to search for life [4-6]. 
While this approach primarily targets nucleic acids, in-
cluding those with nonstandard bases, recent work has 
laid the foundation to harness the power of sequencing 
to explore sample complexity, regardless of whether life 
is based on nucleic acids [7]. This research builds on the 
fact that oligonucleotides naturally form secondary and 
tertiary structures that can have affinity and specificity 
for a variety of molecules, from peptides and proteins 
[8], to a wide variety of small organic molecules [9,10], 
to inorganics like mineral surfaces [11] and metals [12]. 

Figure 1. MS/MS data from the 825 Da paraformalde-
hyde ion shows repeating common mass losses, indic-
ative of a polymer with high molecular weight, but low 
complexity. 

Binding patterns of nucleic acids, independent of 
their biological function, can thereby be used to probe 
and report on any chemical environment. By accumu-
lating large numbers of binding sequences that reflect 
different compounds in a mixture, statistical data anal-
yses of oligonucleotide sequences and sequence counts 
enable patterns associated with increasing levels of 
complexity to be analyzed.  This pattern recognition, 
known as “chemometrics,” represents a set of protocols 
that can be applied to find patterns in chemical data sets 
[e.g. 13-17], which in turn can be used to fingerprint 
nonterran biosignatures. The approach could distinguish 
samples with chemistries suggestive of biology—to 
“read” patterns of molecules that arise from the vast 
amount of information stored on the surface of a primi-
tive microbial cell, and to do it with great sensitivity. By 
utilizing the power of PCR, this technique could be ca-
pable of amplifying the signal associated with an ex-
ceedingly small input.  

Disequilibrium Redox Chemistries: While bio-
logical phenomena, from biomolecular production to 
growth and biosynthesis, have indelible “biosignat 
ures,” it is also true that these compounds and processes 
are, in essence, well-coordinated chemical reactions.  
Metabolically active organisms, by necessity, maintain 

FUTURE APPROACHES TO LIFE DETECTION ON MARS.  S. S. Johnson1, H. Graham2, E. Anslyn3, W. 
Brinckerhoff2, P. Conrad4, L. Cronin5, A. Ellington3, J. Elsila2, P. Girguis6, A. Grubisic2, C. House7, C. Kempes8, X. 
Li2, E. Libby8, P. Mahaffy2, J. Nadeau9, A. Roussel1, B. Sherwood Lollar10, and A. Steele4. 1Georgetown University, 
2NASA Goddard Space Flight Center, 3University of Texas at Austin, 4Carnegie Institute of Washington, 5University 
of Glasgow, 6Harvard University, 7Pennsylvania State University, 8Santa Fe Institute, 9Portland State University, 
10University of Toronto. 
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Figure 2: A new concept for life detection harnesses the 
power of DNA sequencing for detecting life that is not 
based on nucleic acids. 1) DNA strands are mixed with 
samples. 2) Diverse folded oligonucleotides bind to 
complex surfaces and far fewer bind to a simple, repeat-
ing, structures. 3) Bound sequences can be amplified 
and sequenced, revealing the diversity of binding sites 
within a sample. 

themselves at chemical disequilibrium from the envi-
ronment. This disequilibrium can be detected and the bi-
ogenicity of this signal assessed. Redox reactions are 
typical mechanisms for terran organisms to create en-
ergy and terran life can use organic carbon as a reduct-
ant and a diversity of soluble oxidants including oxygen, 
nitrate, sulfate and carbon dioxide. An agnostic ap-
proach to life detection would not limit bioelectrochem-
ical observations to just these compound pairs though. 
Rather, disequilibrium redox chemistries that are incon-
sistent with abiotic redox reactions could be used as an 
indicator of active metabolism.  

 As an example, many microbes can utilize solid-
phase minerals as an electron acceptor, e.g. insoluble 
Fe(III) oxides. An agnostic means of detecting this mi-
crobial activity is to use an inert, conductive electrode 
(e.g. graphite) in the environment, such as a subglacial 
brine lake [18]. The current density and other electrical 
attributes produced by microbes are notably distinct 
from abiotic oxidation; thus this signal could be used as 
an agnostic biogignature. An example of these observa-
tions are the results reported in [19].  

Chemical Fractionation: Living cells are univer-
sally distinct from their local environment in their ele-
mental and isotopic composition. Further, driven by me-
tabolism, the gross compositions of biological cells are 
far from geochemical equilibrium. Using this concept as 
the basis for the detection of life also provides an agnos-
tic view that distills the complexity of biology into an 
observable phenomena—discrete, metastable entities 
that are geochemically substantially distinct from their 
local environment.  The LAB team is currently laying
the foundation for this new analytical approach by de-
ploying and analyzing cells collected on deep mine bi-
osamplers. 

Probabilistic Approaches to Data Analysis: 
While it is necessary to broaden our scope and design  

inclusive life detection strategies, these approaches may 
be less definitive than, say, uncovering a hopane or 
DNA sequence.  A data interpretation scheme that con-
siders expectations and likelihoods and establishes crit-
ical thresholds for life detection based upon probabilis-
tic models is therefore key to progress. Life detection 
may best be viewed along a spectrum of certainty, more 
refined than a  binary “life” versus “no life” model.   

Expectations for abiotic signals can also be set by 
developing challenging null models.  For instance, mod-
els of nonterran physical and physiological environ-
ments can generate a large space of synthetic data rep-
resenting a wide variety of possibilities for life. These 
models, which do not pre-suppose terran chemistry, her-
itage, or physiology, can help the community build 
“life-relevant” expectations for our collected data.   

Theoretical models can also inform the limits of bi-
ology in different environments on Mars, anticipate nec-
essary trade-offs indicative of alternate life strategies, 
and help us to understand minimum sample sizes neces-
sary to provide robust statistical analysis for the results. 
A theoretical approach that focuses on combining inclu-
sive principles with physical and chemical laws to de-
fine feasibility regimes. Studies that carefully consider 
the abiotic mimics of biosignatures and what tools and 
metrics can distinguish them from life are also of critical 
importance.  

References: [1] Mahaffy P. R. et al. (2012) Space Sci. 
Rev 170, 401. [2] Goesmann et al. (2018) Astrobiology 
17, 655. [3] Marshall et al. (2017) Philos. Trans. Royal 
Soc. A, 375, 20160342. [4] Carr et al. (2016) IEEE Aer-
ospace Conference. [5] Mojarro et al. (2016) LPSC, 
Abstract #1980.  [6] Bywaters et al. (2017) AbSciCon, 
Abstract #3437.  [7] Johnson et al., (2018), Astrobiol-
ogy, 18, 7. [8] Sun and Zu (2015) Molecules, 20, 
11959-11980. [9] Kim and Gu (2013), Kim and Gu, 
2013, Biosensors Based on Aptamers and Enzymes. 
[10] Stoltenburg et al. (2007), Biomolecular enginee-
ring, 24(4), 381-403. [11] Cleaves et al. (2011), Che-
mosphere, 83(11), 1560-7. [12] Ye et al. (2012), Na-
noscale, 4, 5998–6003. [13] Goodwin et al. (2015) An-
gew. Chem., 127, 6437-6440. [14] Hughes et al. (2008) 
Chem. Eur. J., 14, 1822-1827. [15] Pai and Ellington 
(2009) Biosensors and Biodetection, 385-398. [16] 
Umali and Anslyn, (2010) Curr. Opin. Chem. Bio., 14, 
685-692.  [17] Nie et al. (2015) RSC Advances, 5(108), 
89062-89068. [16] Lies et al. (2005) AEM, 71, 4414-
4426. [17] Watanabe et al. (2009) Curr. Opin. Bio-
tech., 20, 633-641. [18] Orosei et al. (2018). Sci-
ence, 361(6401), 490-493. [19] Nie et al. (2015) RSC 
Advances, 5(108), 89062-89068 

6374.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)
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Introduction: Solar energetic particles (SEPs) rep-

resent an important but episodic energy source for the 
Martian atmosphere. Released during periods of in-
tense solar activity, SEPs can “precipitate” into plane-
tary atmospheres and cause increased heating and ioni-
zation. While Earth has an intrinsic magnetic field that 
confines SEP precipitation to the poles [1], SEPs at 
Mars are influenced by draped magnetic fields from 
the global induced magnetosphere and intensely mag-
netized crustal anomalies localized in the Southern 
hemisphere. Particularly energetic SEPs can cross the-
se barriers unhindered and globally precipitate [2, 3, 4, 
5]. SEP precipitation at Mars has been suggested to 
have facilitated increased atmospheric escape, particu-
larly in the early solar system when SEP-producing 
events were likely stronger and more frequent. 

However, the energy imparted by SEPs compared 
to other energy inputs such as solar wind and EUV has 
not been quantified. 

Approach: The Mars Atmosphere Volatile Evo-
lution (MAVEN) spacecraft has monitored the energet-
ic particle environment at Mars since 16 November 
2014. Due to the spacecraft’s elliptical orbit, MAVEN 
has occasional access to the pristine solar wind. On 
these passes, the Solar Wind Ion Analyzer (SWIA) 
measures the energy fluxes of the impinging solar 
wind, while the Solar Energetic Particle (SEP) instru-
ment measured fluxes of ions of energies 20 keV to 5 
MeV and electrons of energies 10 keV to 100 keV. 
Using these measurements, we can compute the total 
energy flux from SEPs and the solar wind. 

Results: We compare the energy input fro 
SEPs to the solar wind between 2014 December 1 and 
2015 March 15 (Figure 1). We observe that there are 
the times of apparent elevated SEP fluxes such as the 
four day period between March 3 and March 8. These 
are likely caused by extremely energetic particles 
(~GeV) depositing energy in the SEP detector stack, 
which can appear as excessive fluxes of lower energy 
SEPs. Neglecting observations from these times, we 
find that the energy input of SEP ions and electrons 
imparted between 0.01% and 10% of the energy from 
the solar wind. However, it should be noted that the 
solar wind was relatively disturbed  during this time 
period. We can compare these results to other times in 
the mission when the solar wind isn’t disturbed. We 
can also expand the study to use proxy measurements 
of solar wind velocity and density to estimate solar 

wind fluxes when MAVEN does not have access to the 
solar wind. 

References:  
[1] Mironova I.A et al. (2015) Space Sci. Rev., 194, 

1. [2] McKenna-Lawlor S. et al. (1998) Planet. Space 
Sci., 46, 83-102. [3] Luhmann J. G. et al. (2007) JGR, 
112, E1000. [4] Leblanc F. et al. (2002) JGR, 107(A5), 
1058, [5] Jolitz et al. (2017) JGR, 122. 

 

Figure 1: Comparison of solar wind imparted energy 
to SEPs (top), total energy fluxes measured by SEP 
detectors in color and solar wind fluxes in black and 
gray (middle), and altitude of observations (bottom). 
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Introduction:  The Mars Global Reference Atmos-

pheric Model (Mars-GRAM) is one of the most widely 
used engineering models of the Martian atmosphere.  
Mars-GRAM is developed and maintained by the 
NASA Marshall Space Flight Center (MSFC).  The 
NASA Science Mission Directorate (SMD) has pro-
vided funding support to upgrade the planetary GRAMs 
in Fiscal Year 2018 and 2019.  This presentation will 
provide a summary of the upgrades that have been made 
to Mars-GRAM, the release status of Mars-GRAM, the 
new planetary GRAMs that are under development, and 
future Mars-GRAM upgrade plans. 

Mars-Global Reference Atmospheric Model 
(Mars-GRAM):  Mars-GRAM is an engineering-level 
atmospheric model applicable for engineering design 
analyses, mission planning, and operational decision 
making.  Mars-GRAM provides mean values and varia-
bility for any point in the Martian atmosphere as well as 
seasonal, geographic, and altitude variations.  Mars-
GRAM outputs include winds, thermodynamics, chem-
ical composition, and radiative fluxes.  Mars-GRAM 
has been widely used by the engineering community be-
cause of its ability to create realistic dispersions; Mars-
GRAM can be integrated into high fidelity flight dy-
namic simulations of launch, entry, descent and landing 
(EDL), aerobraking and aerocapture.  MSFC has been 
developing and updating GRAMs since 1974 with 
GRAMs currently available for Earth, Mars, Venus, 
Neptune, and Titan. 

Mars-GRAM and Overall Planetary GRAM Up-
grade Status:   

Code Upgrades.  All planetary GRAMs have been 
redesigned around a common C++ framework.  The 
source code for the GRAM suite has been reorganized 
in a modular fashion. A common framework has been 
developed upon which all GRAM models are built 
which is then coupled with the models specific to that 
particular planetary body.  This will make the user in-
terface with all of the planetary GRAMs uniform.  The 
first C++ releases of the existing planetary GRAMs will 
be a straight conversion from the latest Fortran version. 

Model Upgrades.  The focus of the model upgrade 
task has been to improve the atmosphere models in the 
existing GRAMs and to establish a foundation for de-
veloping GRAMs for additional destinations.  The 

GRAM ephemeris has been upgraded to the NASA 
Navigation and Ancillary Information Facility (NAIF) 
Spacecraft Planet Instrument C-matrix Events (SPICE) 
toolkit (version N0066).  Meetings with planetary mod-
elers, mission data providers, and experts are ongoing to 
determine new data sets and models that are currently 
available to upgrade existing planetary GRAMs and to 
develop new planetary GRAMs (Saturn, Uranus, and 
Jupiter-GRAM).   

It is anticipated that a subsequent  release of Mars-
GRAM will include the latest data from the NASA 
Ames Mars General Circulation Model (MGCM) and 
University of Michigan Mars Global Ionosphere‐Ther-
mosphere Model (M‐GITM) and update the fairing be-
tween these models. 

Upcoming GRAM Releases.  The upgraded plane-
tary GRAM software release is targeted for August 
2019.  This release will include the new common C++ 
framework as well as SPICE.  It will include the rear-
chitected versions of Mars, Venus, Neptune, Titan, Ju-
piter, Saturn, and Uranus-GRAM.  The original atmos-
phere models will be utilized in the existing planetary 
GRAMs (Venus, Mars, Neptune, and Titan) with indi-
vidual profiles used for new GRAMs (Jupiter, Saturn, 
and Uranus).  A GRAM Programmer’s Manual, User 
Guides for each GRAM destination, test cases, and tra-
jectory code interfaces will be included in this release. 

Conclusions:  Upgrades of Mars-GRAM and the 
other existing planetary GRAMs and development of 
new planetary GRAMs are continuing.  The funding 
provided by the NASA SMD has been essential to up-
grading this critical tool set. 

Acknowledgments:  The authors gratefully 
acknowledge support from the NASA SMD. 
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Introduction:  Clouds in planetary atmospheres 

can either cool or warm the surface.  When they reside 
over relatively dark surfaces, clouds raise the albedo 
and provide negative forcing to the system.  Clouds 
also absorb infrared radiation from the surface and 
emit a fraction of it back to the surface, thus providing 
a positive forcing to the system.  The balance of these 
two opposing effects determines the net effect of 
clouds on the climate system.  Cloud optical depths, 
altitudes, and particle sizes influence this balance.  In 
Earth’s atmosphere, low clouds tend to cool the sur-
face, and high clouds tend to warm the surface.  The 
same trends are true on Mars.  Under current condi-
tions, water ice clouds in Mars’ atmosphere provide 
weak annual warming of less than 1 Kelvin.  However, 
recent climate modeling studies suggest that water ice 
clouds could have provide significant greenhouse 
warming during Mars’ recent past [1,2].   

 
Methods:  We use the NASA Ames Legacy Mars 

Global Climate Model, which is supported by the 
Agency’s Mars Climate Modeling Center, to investi-
gate how water ice clouds could have affected the Mar-
tian climate throughout the Amazonian.  We initially 
present two simulations at 35° obliquity: one with ra-
diatively active clouds and one with radiatively inert 
clouds.  With the exception of modifying the obliquity, 
the version of the model used here is identical to that 
presented in [3].  We note that the dust forcing in both 
of these simulations is based on observations from MY 
24 [4]. 

 
Results:  As summarized in Table 1, clouds signif-

icantly impact the climate at 35° obliquity.  While ra-
diatively active clouds increase the planetary albedo 
over the case with inert clouds, they also increase the 
annual mean surface temperature by more than 20 K.  

 
 Ap Te (K) Tse (K) Te-Tse (K) Tg (K) 
Active 0.35 201 233 32 226 
Inert 0.26 208 216 8 203 
A-1 .09 -7 17 24 23 

Table 1: Planetary Albedo (Ap), effective temperature at the top of 
the atmosphere (Te), effective surface temperature, greenhouse pow-
er (Te-Tse), and surface temperature (Tg) for the case with radiatively 
active clouds and the case with radiatively inert clouds. 
 

The conditions required for a water ice 
cloud greenhouse depend both on microphysical pro-
cesses and on the characteristics of the global atmos-
pheric circulation and transport processes.  Significant 
greenhouse warming from water ice clouds results 
when the clouds are optically thick, the cloud particles 
are large enough to efficiently interact with infrared 
radiation, and the clouds form at (or are transported to) 
high altitudes where the atmosphere is cold.  As shown 
and discussed in Figures 1-3, all three of these condi-
tions are met. 

 

 
Figure 1: Annual and zonal mean water ice cloud infrared optical 
depth for the case with radiatively active clouds (solid line) and the 
case with radiatively inert clouds (dashed line).  Clouds are optically 
thick at all latitudes in the radiatively active simulation.  
 
 

 
Figure 2: Annual and zonal mean water ice cloud effective particle 
radius (μm) for the case with radiatively active clouds.  Cloud parti-
cles are significantly larger than those in the present day aphelion 
cloud belt. 
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Figure 3: Annual and zonal mean temperature (color) and water ice 
cloud mixing ratio (red contours) for the case with radiatively active 
clouds.  The τ = 1 location is shown in the red dashed line.  Clouds 
form aloft at low to middle latitudes and nearer the surface at the 
poles, but radiate to space at temperatures colder than the surface at 
all latitudes. 

 
It is notable that the radiatively active cloud case is 

wetter and cloudier than the radiatively inert cloud 
case (Figure 4).  This is due to strong radiative-
dynamic feedbacks that occur in the presence 
of radiatively active clouds. Clouds that form over 
the north residual cap during summer warm the surface 
and increase the water sublimation rates, which en-
hances the cloudiness over the cap.  Atmospheric 
warming by clouds aloft at lower latitudes drives an 
enhanced Hadley (i.e., mean meridional, zonally sym-
metric) circulation, which in turn produces more 
clouds in the tropics and subtropics and transports 
those clouds up higher where it is cold (Figure 5).  

 
 

 
Figure 4:  Global mean water vapor (solid lines) and water ice 
(dashed lines) for the case with radiatively active clouds (orange 
lines) and the case with radiatively inert clouds (black lines). 
 

Conclusions and Future Work:  We have shown 
that water ice clouds can generate more than 25 K of 
warming at 35° obliquity.  Warming from clouds oc-
curs because they are thick, composed of large parti-
cles, and reside up high where they radiate to space at 
temperatures colder than the surface.  In these simula-
tions, permanent ice reservoirs do not form outside of 
the north polar region, indicating that the North Polar 

Residual Cap (NPRC) is stable and the water cycle is 
closed.  These results suggest that it is likely that a 
cloud greenhouse persisted throughout much of 
the Amazonian.  If that is true, there are im-
portant implications of these results for the distribution 
of ice on the surface and in the subsurface over time.   
 

 
Figure 5:  Zonal mean cloud mixing ratio (color fill; ppm) 
and mass stream function (white contours; 108 kg s-1) at Ls 
90° for the case with radiatively active clouds (top) and the 
case with radiatively inert clouds (bottom). 
 

Radiative-dynamic feedbacks play a critical role 
in producing the conditions needed for a strong cloud 
greenhouse.  These feedbacks will critically depend on 
the details of cloud microphysical processes, such as 
the availability of ice nuclei and possibly the inclusion 
of coagulation.  Understanding how the dust cycle op-
erates at moderate obliquities will be particularly im-
portant because dust provides the ice nuclei for cloud 
formation and will also affect the circulation and how 
much water is sublimated from the surface.  We plan to 
focus on understanding the sensitivity of our results to 
the details of the cloud microphysics and the couplings 
to the dust cycle in order to fully assess the feasibility 
of a substantial water ice cloud greenhouse on Mars. 

   
References: [1] Haberle R. M. et al. (2012) LPSC.  [2] 
Kahre M. A. et al. (2015) CCTP2.  [3] Haberle R. M. 
et al. (2019) Icarus, in press.  [4] Montabone L. et 
al. (2015) Icarus, 251, pp.65-95 
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FINDING OF OXIDIZED SULFUR SPECIES IN CARBONATES FROM A MARTIAN METEORITE 
ALLAN HILLS 84001 USING μ-XANES 
  I. Kajitani1 and G. Tanabe2 and R. Nakada3 and T. Usui1 and M. Koike1 and F. Matsuura2 and T. Yokoyama2, 
1Institute of Space and Astronautical Science, JAXA (kajitani@planeta.sci.isas.jaxa.jp), 2 Tokyo Institute of Tech-
nology, 3Japan Agency for Marine-Earth Science and Technology. 

 
Introduction:  Previous research shows that Mars 

experienced warm and humid periods in the past when 
liquid water could exist on the surface [1]. The loss of 
water due to the selective dissipation of hydrogen to 
the space induced the surface oxidation by oxygen left 
behind. The 4-billion-year old meteorite Allan Hills 
(ALH) 84001 has trace amounts of carbonates that 
have interpreted to have formed from fluids in the early 
stage of Mars history (~4 Ga) [2]. The carbonates have 
a characteristic structure called “rosette” with a strong 
Mg-Fe-Mn-Ca chemical zoning that reflects the fluid 
composition on the surface water of Mars. To examine 
a possible Eh-pH condition of the fluids that crystal-
lized the ALH 84001 carbonate, we conducted X-ray 
absorption near edge structure (μ-XANES) analysis at 
SPring-8 to investigate the sulfur species in carbonates 
of ALH 84001. The redox sensitive element of sulfur 
(valence state of -2 to +6) is a promising tracer for con-
straining the oxidation process.  

Method:  This study analyzed a thin section of 
ALH 8400, 81 allocated from NASA Johnson Space 
Center. The meteorite sample was carbon-coated for 
petrographic analyses by SEM-EDS and EPMA at To-
kyo Tech. Back scattered electron (BSE) and X-ray 
images of the carbon-coated section were obtained 
using a SEM-EDS. Major element analyses were con-
ducted using an EPMA. Mineral and glass composi-
tions were determined using a 15 kV accelerating volt-
age and a 20 nA beam current and the electron beam 
was focused to a diameter of 1 μm. The peak and 
background measurement times were 20 s and 10 s, 
respectively. We observed 4 areas (~500 μm square) 
containing characteristic carbonates from the same 
section. 

Prior to the μ-XANES analysis, X-ray fluorescence 
(XRF) maps (scanned in 8 μm step) were obtained to 
determine analytical spots with referring to the BSE 
and X-ray images. Sulfur K-edge (2472 eV) XANES 
spectra were measured at BL27SU of SPring-8 syn-
chrotron radiation facility. X-ray beam was focused 
using a K-B mirror to a final spot size of 15 (H) × 15 
(V) μm2. The energy of the X-ray was calibrated so 
that the peak top of the sulfate (gypsum) was 2480 eV. 
Analytical spots of μ-XANES measurement were de-
termined by referring the BSE image (Fig.1) and the 
XRF map. 

A thermodynamic calculation of S was performed 
using a Geochemist’s Workbench (GWB) to estimate 

Eh-pH condition. In the calculation, concentrations of 
S, Fe, C, Al, Si, Ca, Mg, Mn and K followed the results 
of numerical simulation [7].  

Results:  We classified the ALH 84001 carbonates 
in our thin section into the 4 types following the defini-
tion of [3]: rosette, slab carbonate, post-slab magnesite, 
and interstitial carbonate. The grain size of slab car-
bonate varies from approximately 50 μm to more than 
200 μm, whereas that of rosette is 50 μm to 100 μm  
(Fig. 1). 

The μ-XANES analyses showed that a diagnostic 
signature of oxidized sulfur [S(VI)] was observed in all 
the analytical points (N = 25), whereas X-ray absorp-
tion peaks corresponding to S(-II) and S(IV) were ob-
served in 1 and 21 analytical spots (e.g. Fig.2), respec-
tively.  

Fig. 1: A BSE image showing locations of μ-XANES 
analysis measurement points (data are in Fig. 2). Ab-
breviation: Cb, carbonate; Chr, chromite; Opx, ortho-
pyroxene. 
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Fig. 2: XANES spectrum of measurement point P1_1-
13 of P1 region and reference sample. The dotted lines 
at 2480 eV and 2476 eV and 2468 eV represent the 
peaks of S (VI) and S (IV) and S (-II), respectively. 

Discussion:  The XANES analysis indicated a sig-
nature of S(VI) at all the analytical points. We propose 
two possible processes for the incorporation of S(VI) 
species in the carbonate grains of ALH 84001 on the 
Martian surface: i) coprecipitation of sulfate minerals 
(e.g., gypsum) with the carbonate, or ii) substitution of 
sulfate ion for carbonate ion (i.e., carbonate associated 
sulfate: CAS [4]). The incorporation of trace amount of 
sulfate minerals is consistent with the widespread dis-
tribution of sulfate-bearing deposits in Noachian ter-
ranes [5]. However, any type of sulfate minerals was 
not reported in the carbonate grains of ALH 84001 
even using the transmission electron microscope ob-
servations [6]. On the other hand, the CAS-bearing 
carbonates are common on Earth, though the concen-
tration of CAS in carbonate is typically low (~a few 
hundred ppm) [4]. We conducted thermodynamic cal-
culations under conditions proposed for the formation 
of ALH 84001 carbonates (Fig. 3a). The thermody-
namic calculations indicated that sulfur mainly oc-
curred as sulfate ion in water at Eh-pH conditions 
where the ALH 84001 carbonate precipitated [7,8] (Fig. 
3). This result suggests a possibility that the observed 
S(VI) species could have occurred as CAS in the ALH 
84001 carbonates under the fluid conditions ranging 
from 6 to 9 for pH and -0.25 to 0 for Eh (V).  

Fig. 3: (a) Eh-pH diagram of the fluid S-O-H system. 
The thermodynamic calculation was performed under 
the conditions of CO2 partial pressure of 0.1 bar and 
temperature of 293 K [7]. The blue shaded area shows 
Eh-pH spaces where sulfate occurs as ions in water. 
(b)Eh-pH diagram of the fluid Fe-O-H system [8]. Si-
derite is stable in the red shaded area. 

 
We also discussed the origins of S(IV) and S(-II). 

Halevy et al. (2007) [9] indicated that sulfite might 
have existed on the surface of early Mars. SO2 feed-
back in the early Mars climate is believed to have pre-

cipitated sulfite minerals from weakly acidic surface 
waters. Sulfites that once existed on the surface of 
Mars have turned into sulfates under the current oxida-
tive atmosphere. Hence, the sulfite observed in the 
ALH 84001 carbonates could represent a sulfite phase 
that formed in early and were incorporated into the 
carbonates when they formed.. 

On the other hand, Thomas-Keprta et al. (2009) [5] 
shows that S(-II) is present in the carbonate of ALH 
84001 as microcrystals of iron sulfide. Detailed petro-
graphic observation suggests that the iron sulfide is not 
a secondary product of carbonate but has an allochtho-
nous origin.  

Conclusion: In this study, we examined sulfur spe-
cies in the ALH 84001 carbonates by using XAFS 
analysis at BL27SU of SPring-8. e detected S(VI) at 
all the analysis points. XAFS spectra also showed the 
possibility of the presence of S(IV) and S(-II) at some 
points. The origins of S(VI), S(IV), and S(-II) in the 
ALH 84001 carbonates could represent CAS, sulfite, 
and microcrystals of iron sulfide, respectively. The 
thermodynamic calculation indicates that the CAS and 
its associated carbonates were formed from fluids of 
pH = 6-9 and Eh (V) = -0.25 to 0. 

References: [1] Klingelhöfer et al. (2004) Science 
306(5702), 1740-1745. [2] Lapen et al. (2010) Science, 
328(5976), 347-351. [3] Corrigan and Harvey (2004) 
Meteoritics & Planet. Sci., 39(1), 17-30. [4] Matsu’ura 
(2018) PhD Thesis, Tokyo Institute of Technology. [5] 
Okubo et al. (2008) Planets, 113(E12). [6] Thomas-
Keprta et al. (2009) Geochimica et Cosmochimica Acta, 
73(21), 6631-6677. [7] Melwani Daswani et al. (2016) 
Meteoritics & Planetary Sci., 51(11), 2154-2174. [8] 
Fairén et al. (2004) Nature, 431(7007), 423. [9] Halevy 
et al. (2007) Science, 318(5858), 1903-1907. 
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G. Heavens , J. H. Shirley , Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California, 
USA, Retired, Pasadena, California, USA, Synoptic Science, Pasadena, California, USA, Department of At-
mospheric and Planetary Sciences, Hampton University, Hampton, Virginia, USA. (David.M.Kass@jpl.nasa.gov) 

 
 
Introduction:  The largest of dust storms on Mars 

are the Global Dust Events (GDE) that affect essen-
tially every aspect of the atmosphere [1].  A GDE 
occurred in 2018, five Mars Years after the previous 
one in 2007.  The Mars Climate Sounder (MCS) ob-
served the 2018 GDE throughout its lifecycle, from 
the first signature on June 2, 2018 through to the end 
around October 15, 2018.  This provides an outstand-
ing record of a GDE to help understand and describe 
them. Previous GDE with good global observations 
occurred in 2007 and 2001 (observed by TES). 

Over its lifetime, a GDE evolves through three 
phases: Growth, Mature and Decay.  During the 
growth phase, the atmosphere actively lifts dust off 
the surface and then lofts it high into the atmosphere.  
The mature phase of the event is when the atmosphere 
is the most perturbed from its background state. Dur-
ing the decay phase, the dust sediments out of the 
atmosphere as conditions slowly return to seasonally 
normal state [1].  Division into simple phases is help-
ful for studying the storm; however each phase is in-
herently complex with multiple “sub-phases” or types 
of activity.  Various regions of Mars are also often 
undergoing quite different activities at any one time.   

 

 
Figure 1: Daytime zonal mean dust column opacity 
(top) and 50 Pa (~25 km) temperatures (bottom) dur-
ing the 2018 GDE from MCS observations. 

MCS and the GDE Observations: MCS is a pas-
sive 9 channel limb radiometer observing the limb (or 

horizon) of Mars [2]. MCS provides an altitude reso-
lution of ~5 km (half a scale height) at the Mars limb.  
MCS observations normally cover from the surface to 
~80 km.  Some were extended to ~100 km during the 
GDE due to dust and water ice aerosols being found 
at very high altitudes.   

The radiance profiles, combined with on-planet 
views, are inverted to retrieve geophysical quantities 
[3-5]. These include temperature, dust, and water ice 
profiles.  The MCS dataset used in this work was op-
timized for the 2018 GDE by maximizing the ability 
to retrieve temperature and dust profiles under dusty 
conditions [6]. The dust profiles are extrapolated to 
the surface to yield dust opacity column amounts. 

Overview of the 2018 Global Dust Event:  The 
first unambiguous signature in the MCS observations 
is on June 2, 2018 (Ls 186.2°).  It showed a strong 
signature in the dust and in the atmospheric tempera-
tures within five days on June 7, 2018 (Ls 188.7°) 
(Fig. 1) when zonal mean daytime temperatures at 50 
Pa exceeded the 200 K threshold defining a large-
scale regional dust event [7]. Within another 2° of Ls, 
the entire latitude region from 45° S to 45° N had 
temperatures above 200 K.   

The complexity of the initial growth, and the acti-
vation of multiple major dust raising centers, is cap-
tured in the zonal mean dust column opacity evolu-
tion. Both the dust and temperatures increase during 
the early growth phase.  However, there are noticea-
ble differences between the location of the dust and 
the temperature response during this time period due 
to the variations in insolation, dynamical heat-
ing/cooling, and the very non-uniform dust distribu-
tion (especially the vertical distribution). 

The 2018 event did not become planet encircling 
for about another week and a half (on June 17, 2018, 
Ls 194.9°) and it reached its mature phase on June 23 
(Ls 197.9°). There is a significant evolution of the 
temperature structure as the event transitions from 
strong growth to the mature phase and then to decay 
(Fig 1).  The event transitioned to the decaying phase 
around July 18 (Ls 213.3°).   

Similarities of GDE: The 2018 GDE is an equi-
noctial global event and the starting season is in fami-
ly with three other GDE that started early in the dusty 
season. The 2018 GDE is best compared to the 2001 

6307.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



GDE since they started at very similar seasons and 
both were observed globally by IR temperature profil-
ing remote sounding instruments (TES and MCS).   

 

 
Figure 2: Daytime tropical zonal mean dust column 
opacity (top) and 50 Pa (~25 km) temperatures (bot-
tom) during MCS and TES years. 

The 2018 and 2001 GDE initiated in very different 
regions and had different dust opacities during the 
growth phase.  However, in their overall and globally 
averaged behavior, the two storms are very similar 
(Fig. 2). They share a very fast initial temperature rise 
over a broad latitudinal band [8].  During a second 
phase of growth, both storms reach the warmest tem-
peratures in the southern tropics and extra-tropics.  
These regions evolve southward through the southern 
mid-latitudes into the southern polar region. During 
the decay phases, both initially start cooling in the 
tropics and extra-tropics.  Likewise, these latitudes 
exhibit the most rapid overall cooling.   

It is more difficult to compare the 2018 GDE to 
the 2007 GDE due to observational limitations during 
the latter [3]. The two events occurred in very differ-
ent atmospheric conditions, as the 2007 GDE was a 
solsticial one. It initiated in a dusty atmosphere in the 
middle of an ongoing south polar regional event.  The 
2007 GDE shares the very rapid rise in temperature 
during the initial growth phase with the 2018 GDE.  
While the tropics were significantly affected, the 
warmest regions were in the southern mid-latitudes 
and polar regions throughout.  The 2007 GDE had a 
longer mature phase, but was much shorter overall. 

Differences from Regional Dust Storms: Based 
on the available observations, GDE are clearly dis-
tinct from large-scale regional dust events, even the 
largest of these, in a number of aspects.  GDE appear 
to be a fundamentally different type of event implying 

they are not part of a continuum of event sizes.  How-
ever, there is a limited sample of three globally char-
acterized GDE and ~20 large scale regional events. 

The first distinction, used to define the two types, 
is that a GDE has planet encircling opaque dust.  In 
addition, the dust extends much higher in the atmos-
phere.  The significantly increased amount of airborne 
dust leads to a number of expected differences. 

The clearest distinctions between the large region-
al events and the GDE are in the temperature observa-
tions [7].  The simple distinction is that the absolute 
peak daytime 50 Pa zonal mean temperature in GDE 
are > 235 K while those for large-scale regional 
events are <= 225 K.  Differences between the two 
families of events are obvious when focusing on the 
impact to the tropics (Fig. 2).  GDE have a strong 
signature in this region while large-scale regional 
events only ever modestly influence it. 

Since all GDE share the behavior of rapid zonal 
mean temperature rise over a broad latitudinal band, it 
is a potential early discriminator of the ultimate fate 
of a large event initiating during the seasonal window 
for the start of GDE (i.e. Ls 185° to 310°). The one 
non-GDE to cause noticeable tropical warming was 
the MY 29 A event and it took 7° of Ls [7].  (The 
rapid rise times of late C events can result in a rapid 
broad warming, if the equator is affected, however all 
cases have initiated well after the latest GDE [7]). 

Conclusions: Observations of the 2018 GDE pro-
vide an excellent view of how such events evolve and 
interact with the atmosphere.  The combination with 
observations of observations of other dust events, both 
GDE and regional ones, indicate that GDE share a 
number of characteristics that appear to distinguish 
them from even the largest regional dust storms.  The 
recent observations will also enable significant further 
modeling and analysis to develop a better understand-
ing of global dust events. 
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Laboratory, California Institute of Technology, is 
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fornia Institute of Technology. Government sponsor-
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Goddard Space Flight Center, Greenbelt, MD 20771, United States (alain.khayat@nasa.gov). 2Center for Research 
and Exploration in Space Science & Technology (CRESST II), Department of Astronomy, University of Maryland, 
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Introduction:  The north polar cap (NPC) on Mars 

is the major reservoir of atmospheric water (H2O) cur-
rently on Mars. The importance of monitoring water 
vapor abundances and their spatial and temporal varia-
tion is to understand the non-uniformity of water sub-
limation across the north polar cap, and to look for 
interannual dependences. This helps to enable the iden-
tification of sources and sinks of water vapor in the 
cap. In addition, it opens a window into the evolution 
of the cap in terms of its shrinkage or growth over long 
timescales. 

 
Previous retrievals of water vapor from orbiters 

around Mars included using the Mars Atmospheric 
Water Detector (MAWD) onboard the Viking Orbiter. 
The north polar region (latitudes 60˚N to 90˚N) was 
observed [1] during northern spring and summer in 
1977 and 1978, corresponding to Mars Year (MY) 13. 
Water vapor results from the MAWD observations 
show amounts in excess of 100 precipitable microns 
(pr-μm) at regions surrounding the permanent cap, at 
Ls=110˚, presenting a great deal of structure in the wa-
ter vapor distribution. A structure in the water vapor 
distribution in the longitudinal direction around the 
NPC was found [1], with a factor of 2 difference at the 
same latitude. 

 
Using the Mars Global Surveyor (MGS) Thermal 

Emission Spectrometer (TES), water vapor abundance 
maps in Mars’ north polar regions during spring and 
summer seasons were produced [2,3]. Comparative 
results between the TES and MAWD results suggest 
the presence of a discontinuity in the release of water 
vapor from localized source (“outbursts”) in areas near 
the permanent cap (~ 75˚N). TES and MAWD retriev-
als share broad similarities, including the timing of the 
maximum water vapor abundances during the summer 
time, and the low abundances in the winter hemi-
sphere. However, for the same location and season (Ls 
~ 90˚ - 135˚), the water abundance levels retrieved 
using MAWD are twice as great as those retrieved 
using TES data. It is suggested [2] that the source of 
water is likely the permanent cap, because of the dif-
ference in nature between MAWD’s observations that 
were able to cover the permanent cap, and the TES 
retrievals that were not able to so.  

 

Updated retrievals of water vapor over the polar 
regions including the seasonal frost and the permanent 
ice cap were later reported [3] and show peak abun-
dances over the permanent cap reaching 80 ± 15 pr-
μm.  

 
Observations and Method:  The Compact Recon-

naissance Imaging Spectrometer for Mars (CRISM) 
aboard the Mars Reconnaissance Orbiter (MRO) pro-
vided a wealth of data that extend over 5+ Martian 
years, covering the time period between 2006 and 
2016. CRISM is ideally suited for spring and summer 
observations of the north polar region (latitudes pole-
ward of 60˚N). These 34,500+ targeted observations 
include ~5,300 observations at latitudes higher than 
60˚N. 

 
The retrieval process is iterative, and it shares simi-

lar assumptions as described in previous works [4,5].  
At first, we define the continuum around the water 
vapor band at 1368 nm in the observed CRISM spec-
trum in order to establish the contrast between the con-
tinuum and the center of the water vapor band, there-
fore extracting the water abundance (Fig. 1). Aerosol 
extinction (scattering and absorption) is included in the 
retrieval process, and the fundamental idea is to vary 
the water vapor abundances until a best fit is achieved 
between the modeled and the observed spectrum as 
returned by CRISM. As shown in Figure 1, the wide 
spectral absorption around 1500 nm belonging to water 
ice on the surface of Mars affects the channels to the 
right in the water vapor band at ~ 1360 nm.   

 

 
Figure 1: The portion of the CRISM spectrum of 
FRT0000ABD0 as observed over surface ice [6]. The H2O 
surface ice band is indicated between 1400 nm and 1800 nm. 
The best fit spectrum (red) of the atmospheric water and CO2 
is compared against the CRISM observation (black) taken 
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during northern spring at Ls = 69°, and the retrieved value for 
the atmospheric water abundance is 9 pr-µm. The channels 
used in computing the fit of the water vapor band around 
1360 nm are shown in blue. 

 
We corrected for the presence of surface ice in two 

stages. During the first one, the continuum at 1421 nm 
is calculated by applying the correlation between the 
continuum levels (I/F) at 1329 nm and 1421 nm from 
using ~ 1100 CRISM spectra with no surface ice. Dur-
ing the second stage, the channels that are affected by 
the presence of surface ice are excluded from the fit.  

 
Results and conclusion:  For most of the observed 

years, the onset of the water sublimation occurs around 
Ls=30°, whereas the peak of the summertime maxi-
mum occurs between Ls=110° and 120° for all the ob-
served years, except for MY30 where it occurred earli-
er between Ls=100° and 110°. The maximum column 
abundance values around the summertime maximum 
vary between the observed Mars years, with the differ-
ence reaching a factor of 1.5 between MY 32 (70 ± 17 
pr-µm) and MY 29 (45 ± 10 pr-µm) (Fig. 2, panel c). 
Later in the season, the water vapor is transported 
equatorward, and by Ls = 180° at the end of the water 
deposition period, the water abundance decreases to 
levels below 10 pr-µm. 

 

a)  

b)  

Figure 2: Latitudinally averaged (60°N - 87°N) atmospheric 
water vapor column abundance (pr-µm) over the north polar 
region during northern spring and summer for the 5+ Martian 
years as observed by CRISM [6]. Panel a represents the re-
trievals over ice-free surfaces. Panel b represents the retriev-
als over surfaces that are covered with water ice, and panel c
represents the combined retrievals over the north polar re-
gion, for both surfaces. 

c)  
 
The general behavior of water vapor is similar over 

ice-free (Fig. 2, panel a) and ice-covered surfaces (Fig. 
2, panel b), but lower values of water vapor over ice-
covered regions are observed during early spring, fol-
lowed by a sharp increase during early summer, when 
the ice-covered regions exhibit rapid sublimation [6]. 
The retrieved values of water vapor abundance reach 
90 ± 22 pr-µm over the newly exposed water ice from 
the permanent cap, as compared to 60 ± 15 pr-µm over 
the ice-free surfaces that do not extend to the perma-
nent cap. Away from the period around summer time 
maximum, modest interannual variability in the water 
vapor abundance is observed within the 25% uncer-
tainty.  

 
Zonal averages of water vapor show a developing 

water vapor front that occurs at Ls=30° around 60°N, 
and then shifts northward with time. The front reaches 
its maximum intensity around 83°N, and then it starts 
to dissipate above the permanent cap, before it shifts to 
lower latitudes, indicating an equatorward transport of 
water vapor. A prominent feature during spring be-
tween Ls=60° and 70° shows relatively large levels of 
water vapor abundance (23 pr-µm). This feature, also 
previously reported [3], indicates a water vapor annu-
lus encircling the retreating edge of the seasonal polar 
cap during spring at latitudes below 75°N.  
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MARS’ NEAR FUTURE – COULD THE SURFACE BE MADE HABITABLE? 
E. S. Kite1 (kite@uchicago.edu), R.M. Ramirez2, M. Turbet3. 1. University of Chicago. 2. Earth-Life Science Insti-
tute, Tokyo Institute of Technology. 3. Geneva Astronomical Observatory.
 

Summary: To establish an Earth-derived biosphere on 
the surface of the cold desert planet Mars in future, it is 
necessary to raise Mars’ surface temperature, Ts. We re-
view published warming schemes, synthesize recent rele-
vant discoveries, and propose a new warming scheme. 
 

Synthesis: The idea of extending life beyond Earth is as 
old as science [1-2]. Analyzing Mars warming schemes is 
intellectually interesting: it forces us to think in a broader 
sense about effective geo-engineering strategies that can 
change the atmosphere and climate of an entire planet. 
This has implications beyond Mars: for example, it can 
also allow us to speculate on the best strategies - for an 
intelligent extraterrestrial life form - to make a planet 
habitable, and thus identify possible detectable markers 
of such influence on a planetary environment. 
 Although Mariner 4 confirmed that Mars is cold and dry 
today, Mars remained a tempting site for establishing a 
photosynthetic biosphere in the future [3]. During the 
1970s and 1980s, Sagan, Murray, Bradbury – and many 
others – envisaged a possible future where humans ena-
ble Mars to support photosynthetic life. Some scientists 
suggested methods for turning these thought experiments 
into reality [4]. However, as of the mid-1990s, data 
didn’t match the ideas: then-current understanding sug-
gested an environment that was extremely harsh through-
out Mars history [5], and we knew little about the distri-
bution of Mars’ volatile resources. Now, thanks to 
NASA+ESA missions, we have a much better under-
standing of the present-day distribution of buried vola-
tiles that are relevant to environmental change [e.g., 6,7]. 
Moreover, the idea of a warm and more-habitable Mars 
has gained succor from rover data showing that Mars 
once had lakes that (at least for microbes) were habitable 
[e.g., 8]. Thus, Mars and Earth both had surface water 
bodies that were habitable ~3.5 Gya. However, neither 
3.5 Gya Mars nor 3.5 Gya Earth had O2 levels that were 
breathable. Similarly, if the objective is to use 21st-
century technology to allow people to walk on Mars’ 
surface unaided, then no scheme has been identified that 
could achieve that objective [9]1. An easier task is re-
establishing a warm climate. This is in part because to-
day’s Mars, which is uninhabitably cold, nevertheless 
receives 40% more energy from the Sun than did Mars 
3.5 Gya (when the planet was naturally warm enough to 
be habitable). Given today’s knowledge, it is timely to 
again ask: Could we get Mars’ rivers running again? 
                 

The challenge: Photosynthesis on Mars is currently pre-
vented by high surface UV, soil chemistry, and low Ts. 

                                                                    1 This is in part because orbital reconnaissance has not 
identified a reservoir of Mars volatiles that is both big 
enough to thicken the air above the Armstrong limit, and 
also relatively easy to release [9]. 

Ts can be raised using gases (e.g. chlorofluorocarbons), 
but this would require large amounts of F [10,11]. We 
introduce an alternative warming agent: metal dipoles 
(nanoantennae). This agent is more efficient (on a warm-
ing-per-mass-in-the-atmosphere basis) than previously 
published schemes. Moreover, the method relies only on 
Mars resources that have been proven to exist by in-situ 
analysis [12]. The method draws inspiration from im-
provements in models of mechanisms to explain 3.5 Gya 
Mars rivers [e.g., 13-15]. We consider a basic nanoan-
tenna – a ~5-10 μm-long, <100 nm-diameter nanorod. 
(Real applications would use multiple rod lengths). Rod 
extinction efficiency peaks at upwelling thermal-IR 
wavelengths [16]. Nanorods settle 102-103 times more 
slowly than Mars dust [17], are taken up by dry deposi-
tion and by seasonal ice, and are re-released to the at-
mosphere by sublimation and dust lifting [17-18].  

 

Scaling a warming method: Radiative forcing: Simplis-
tic calculations (ch. 5 & 12 of [16]) suggest {Fe, Al} 
nanorod extinction efficiency Qa  O(10) for λ = 10 μm; 
results using meep simulations [19] will be reported at 
the conference. A figure of merit is the nanorod volumet-
ric injection-to-the-atmosphere rate: 

 
where τ is the optical depth needed for strong warming 
(~5, [13-15]), a is Mars surface area, Vr is rod volume, 
Ar is rod cross-sectional area, and Δt  is nanorod lifetime 
in the atmosphere. Then, 

 
i.e., a volume of nanorods equal to a cube with 10m sides 
must be injected into the atmosphere every day to keep 
Mars at a habitable Ts. The spin-up time for steady injec-
tion is ~Δt. Δt is the biggest unknown: Δt  = 10 yr is 
slightly optimistic if  nanorods do not individually self-
loft, but very pessimistic for more sophisticated nanoan-
tennae that might individually self-loft (and also act as 
sunscreen) [20-21]. If Δt is very long, then the one-shot 
volumetric injection for τ = 5 corresponds to a volume 
0.004 km3. Winds: To warm Mars, nanorods must get to 
high altitude [14,22]. Natural dust distribution caps out at 
25 km [18]; by analogy to [13-15], we expect this to be 
sufficient, although more detailed calculations are need-
ed. Natural dust injection from the surface is by dust dev-
ils, gusts, daytime upslope winds, and self-lofting. Nano-
rods might be injected above the surface layer (e.g., pipe 
connected to balloon). Nanorods are small enough that 
(neglecting magnetic effects, e.t.c.) they will collide with 
the ground before they have a chance to clump together. 
A key unknown is nanorod reentrainment rate from real-
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istic (dusty, sandy, rocky) surfaces. Zero reentrainment is 
unlikely; Mars’ sky is always dusty. Nanorod production 
and injection: Along the MSL traverse post-sol-700, 
XRD shows (10±5) wt% Fe2O3/Fe3O4 [e.g., 12]. For a 
prismatic mine of half-width 225 m bracketing MSL’s 
path, with a side-wall slope of 20°, it is necessary to mine 
a length of 800 m/yr (for Δt = 10 yr) to obtain Fe-oxide 
minerals and sustain τ = 5. (A similar mass balance can 
be done for Al from Al-rich materials at Mawrth; Fe3O4 
rods are another alternative.) Following metal extraction, 
thin coatings might be added to slow oxidation. Mineral 
processing is energy intensive. Falcon Heavy launches 
(conservatively) 5 t to Mars’ surface. Earth seafloor min-
ing robots mass >200 t; mining hardware could be 
launched in segments. If 3D metal printing technology 
can be proven in space (relativityspace.com), then boot-
strapping may be a workable alternative. Feedbacks: For 
Δt  = 10 yr, each kg of nanorods redirects the sunlight-
energy equivalent of a nuclear explosion, albeit for 
peaceful purposes.  As Mars warms, ice caps release H2O 
vapor. This has two effects: (1) H2O greenhouse warming 
(vapor+cloud) [23-24]; (2) increased water-ice scaveng-
ing of nanorods. The relative importance of these effects 
depends on the coupling of the dust and water cycles, 
which is not well understood. We do not know what ef-
fect adding nanorods would have on dust storms. (A 
worst-case is that global dust storms occur every year and 
the dust storm season lengthens. If so, little sunlight 
would reach the surface during the growing season). ~6 
mbar of CO2 can be released from South Polar ice caps, 
and a poorly quantified (but <40 mbar) CO2 from regolith 
de-adsorption. So, under warming, atmospheric thickness 
would increase by a factor of 2-10 (timescale centuries 
without human intervention). CO2 release would provide 
a modest boost in Ts, favor liquid water, and possibly 
cause H2O snowfall at low latitudes [25]. Our predictive 
power is limited for 2-5K of human-induced warming on 
Earth [26]; although Mars is a simpler system, Ts must 
rise by 5K for a habitable surface. So, it is hard to an-
ticipate how feedbacks will pan out (and therefore, how 
many nanorods will be needed) on the real Mars. Alter-
natives: An alternative to atmospheric injection is Pho-
bos-derived Mars-orbiting particles. This option would 
require a Poynting-Robertson-nulling rod design, radiator 
fins, and a plane-change mechanism. Asbestosis: Nano-
rods will accumulate on the surface until oxidized. Even 
if humans are restricted to sealed habitats, nanorods will 
be brought into human-occupied spaces through airlocks. 
One way to deal with asbestosis hazard would be to make 
nanorods that dissolve or fragment in liquid water [27]. 
 

Bridging between missions and disciplines: Warming, 
by itself, is not enough: Small engineered aerosols can fix 
the surface UV problem. We have not characterized Mars 
soil sufficiently to solve the soil chemistry problem, but 
we do know that the problem is severe. For example, 
perchlorate is toxic, and perchlorate is everywhere. Per-
chlorate-reducing bacteria (PRB) convert perchlorate to 

O2 gas [28]; however, even if PRB can partly detoxify 
Mars soil, not enough O2 is produced to affect UV (be-
cause HOx increases as climate warms, and HOx destroys 
O3). Human-robot synergies: Intentional warming of 
Mars does not require humans on Mars’ surface, but 
might go faster with human help. A hybrid strategy 
would use polymer sheets to minimize evaporitic cooling 
and water loss and provide physical greenhouse warming 
for shallow ground ice adjacent to human habitats. Work-
ing alongside global atmospheric warming, this local 
boost could bring forward the date of (re-?)establishment 
of a surface biosphere.  
 

Outstanding science questions, bridging disciplines: 
Examples include:- (1) 3D atmospheric modeling of the 
warm-up. (2) 600 Pa wind-tunnel data for rod reentrain-
ment rate on realistic rough surfaces. (3) Mesoscale mod-
eling of nanorod lofting (passive tracer and self-lofting). 
(4) End-to-end engineering system modeling. (5) Trial 
self-lofting experiments starting from surface injection. 
(6) Tracking of plumes from orbit (cubesats) to constrain 
Δt. (7) Proving of CO2 ice reserves. 
 

Take-home: Raising Mars' temperature, by itself, is not 
sufficient to make the planet's surface habitable again. 
Nevertheless, nanoantenna warming is near to fundamen-
tal physical limits on the efficiency of intentional plane-
tary warming, and merits attention (alongside previously 
proposed schemes, e.g., [10]) from engineers. 
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Introduction:  Global, or planet encircling, dust 

events are the probably the most distinctive feature of 
the martian atmosphere. They can lift dust well into the 
middle atmosphere, enshroud the planet with dust for 
months, and have a profound effect on atmospheric 
temperatures and the overall circulation. The recent 
global dust event (GDE) on Mars provides a unique 
opportunity to gain insight into the behavior of these 
large-scale dust events as it was observed from the 
surface by the Curiosity rover [1] as well as from Mars 
orbit by several orbiters. Initial signatures of the MY34 
GDE were observed on June 2, 2018 (Ls=186°). It 
peaked around July 7, 2018 (Ls=207°) and then de-
cayed over several months, with background dust con-
ditions reached in the second half of October 2018 
(Ls=270°-280°). 

Previous orbital observations of GDEs on Mars 
typically yield dust column optical depth measurements 
that are usually only available on the dayside of the 
planet [2,3]. The Mars Climate Sounder (MCS) [4] 
onboard Mars Reconnaissance Orbiter (MRO) was 
observing the martian atmosphere nearly continuously 
over the duration of the GDE. MCS dust profiles are 
available on both the dayside and nightside part of the 
orbit, allowing the study of diurnal variations of dust. 
In addition, the MCS observations included frequent 
sideways scans [5] to extend the range of local times 
observed during the event. Here we show dust profiles 

measured during the GDE and evaluate variations in 
the observed dust distribution with local time. We 
compare the measured dust distributions with results 
from the LMD General Circulation Model (GCM) in 
order to isolate mechanisms for the observed variabil-
ity. 

MCS Instrument and Retrievals:  The Mars Cli-
mate Sounder [4] is a mid- and far infrared thermal 
emission radiometer on board the Mars Reconnais-
sance Orbiter. It measures radiances in limb and on-
planet viewing geometries. From these radiance meas-
urements, profiles of atmospheric temperature, dust, 
and water ice are retrieved from the surface to ~80 km 
altitude with a vertical resolution of ~5 km [6-8]. Tem-
perature measurements exploit the atmospheric emis-
sion of the 15 μm CO2 band. Dust and water ice extinc-
tion retrievals are centered on major absorption bands 
at 22 μm and 12 μm, respectively. Dust retrievals dur-
ing the GDE use the MCS far IR channel B1 at 32 μm 
in addition to the 22 μm band. Because the extinction 
efficiency at 32 μm is only about half of the value at 22 
μm, the use of B1 detectors extends the retrievable 
altitude range in dusty conditions typically by 1-1.5 
scale heights [9]. 

Results:  For this analysis we consider zonal aver-
ages of temperature and dust profiles that were binned 
separately for day and night in seasonal steps of 5° Ls. 
Figure 1 shows the results of this analysis for the Ls-

Figure 1: Temperature and 
dust extinction as observed by 
MCS during the peak of the 
MY34 global dust event. Data 
has been zonally averaged in 
bins of five degrees latitude. 
Gray shades show the tem-
perature structure from the 
nighttime part of the orbit.  
Colored contours show iso-
lines of dust extinction at 463 
cm-1 for daytime (red) and 
nighttime (blue) measure-
ments. Contour levels corre-
spond to 10-3 km-1 (solid), 
3x10-4 km-1 (dashed), 10-4 km-1 
(dash-dotted), 3x10-5 km-1 
(dash-multidotted), and 10-5 
km-1(dotted). 

6146.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



range of 205°-210°, corresponding to the peak phase of 
the GDE. Grey shades show nighttime atmospheric 
temperatures that reach maximum values of 220-230 K 
in the lower atmosphere of the equatorial region and in 
the downwelling branch of the overturning atmospheric 
circulation in the northern middle atmosphere. The 
polar vortex is well established in the northern high 
latitudes, with temperatures close to the CO2 frost point 
and very low dust amounts. 

At virtually all other latitudes significant amounts 
of dust are found. Dust extinction profiles at mid- and 
low latitudes often tend to approximately follow the 
decrease of atmospheric density with altitude up to a 
certain altitude, above which the decrease steepens 
significantly. This level is found at much lower pres-
sures during the day than at night. The level of 10-5  
km-1 dust extinction is found around 2 Pa or higher at 
night, while during the day this level moves to about 1 
Pa. This corresponds to an altitude difference of rough-
ly 10 km. The fact that levels of constant extinction do 
not only change altitude but also pressure levels sug-
gests that this change is not simply related to the ex-
pansion of the atmosphere due to heating on the day-
side. Rather, tidal effects and processes of active loft-
ing during the day and sedimentation during the night 
are likely to be involved in the formation of this 
day/night difference. 

In the southern polar regions differences between 
day and night are even more striking than at mid- and 
low latitudes. While daytime extinctions decrease only 
slowly towards the south pole, nighttime extinctions 
decrease significantly poleward of about 50°S. At polar 
latitudes, the level of 10-5 km-1 dust extinction is found 
at 50-60 km altitude during the day but only around 20-
30 km altitude at night, corresponding to a ~30 km 
altitude difference between day and night. It is unlikely 

that this large difference is caused by an active lofting 
mechanism. We suggest that the area of low dust in the 
southern polar region is a remnant of the southern polar 
vortex that is still dynamically confined and separated 
from the rest of the atmosphere. This interpretation is 
supported by a cold pole in the nighttime temperature 
structure that is roughly co-located with the minimum 
in dust extinction. We propose that dynamical effects 
on the dusty dayside push this vortex remnant toward 
the nightside. 

Dust distributions and their diurnal variations ob-
served by MCS are compared with simulations of the 
LMD GCM (Figure 2). Initial analyses suggest that 
both the behavior at mid- and low latitudes as well as 
the behavior in the south polar region are qualitatively 
represented by the model. Deeper insights into the 
mechanisms controlling the diurnal changes in the dust 
distributions will be gained from the GCM simulations 
and presented at the conference. 
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Figure 2: Zonally averaged temperatures 
and dust distributions simulated by the 
LMD GCM for the same time period as in 
Fig. 1. Gray shades show nighttime tem-
peratures. Colored lines show dust mixing 
ratios at daytime (red) and nighttime 
(blue). 
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Thermal Inertia: 

in situ 

 
Figure 1. Perspective view of Kaporo Crater floor 
deposits. CTX projected on a CTX-derived Digital 
Terrain Model (5x exaggeration) with: TI (top) derived 
from THEMIS image I02615005 and CRISM image 
hrs00003ec8 (bottom) with R = SINDEX2 and B = 
BD1900_2 browse products  such that polyhydrat-
ed sulfates appear as magenta. CRISM stamp is ~10 
km across. 

Mineralogy: 
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Figure 2. Top: TI over HiRISE (PSP_002218_1800) 
and CTX in Kaporo Crater. Boxes a and b show frac-
tured-blocky rock textures. CRISM spectral ratio (bot-
tom) taken from pink circle to a spectrally bland area 
nearby. Spectra reveal a polyhydrated sulfate signa-
ture with characteristic absorption wavelengths 
(dashed).
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Introduction:  ACS (the Atmospheric Chemistry 

Suite) [1] instrument onboard the ESA-Roscosmos 
ExoMars Trace Gas Orbiter (TGO) is dedicated to 
measurements of the Martian atmosphere, in particular 
implementing the solar occultation technique for 
sensitive measurement of trace atmospheric gases. TGO 
has started science observations from April 2018 
(Ls=162°; MY34), and has observed two major 
perihelion dust events, the global dust storm 2018A in 
June till August 2018, and the regional storm in the 
beginning of 2019. First findings of TGO occultation 
observations up to October 2018 are recently published, 
a stringent upper limit of 0.05 ppbv on methane [2], and 
the effect of dust storm on the vertical profiles of water 
and HDO [3]. Here we will give a status update of the 
ACS results, including the first year of occultation 
observations on the orbit of Mars, and nadir 
observations. 

The instrument:  ACS consists of three infrared 
spectrometers featuring a high accuracy, a high 
resolving power, and a broad spectral coverage (0.7 to 
17 μm). The mid-infrared (MIR) channel is a high 
dispersion echelle spectrometer dedicated to solar 
occultation measurements in the 2.3-4.5 μm range. MIR 
has been conceived to accomplish the most sensitive 
measurements of Martian trace gases, while 
simultaneously profiling more abundant compounds 
such as CO2, H2O and their isotopologues. ACS MIR is 
a crossed dispersion spectrometer which measures 
spectra dispersed onto a cryogenic 512×640 CdHgTe 
infrared array. For each acquired frame, MIR measures 
≥20 adjacent diffraction orders, covering an 
instantaneous spectral range of 0.15 to 0.3 μm wide. To 
achieve the full spectral coverage, a secondary 
dispersion grating can be rotated to one out of 12 
distinct positions. The near-infrared -NIR- (0.7-1.6 μm) 
spectrometer, echelle-spectrometer with order-sorting 
by an acousto-optic tunable filter (AOTF) with InGaAs  
infrared array. It is used to observe, both in solar 
occultation and in nadir, water vapor H2O, CO2, and 
other gases including molecular oxygen O2 in a 
fundamental state. The third channel, thermal infrared 
Fourier transform -TIRVIM- spectrometer with a 
cryogenic CdHgTe detector covers the range from 1.7 

to ~10 μm when observing the full solar disk in 
occultation and from ~6 to 17 μm, measuring the 
thermal radiation from below in nadir. It enables the 
characterization of the key meteorological parameters, 
including the temperature profile of the atmosphere, 
retrieved from the 15-μm CO2 band dust, and water ice 
cloud column opacities. In solar occultation TIRVIM 
provides multi-wavelength profiling of the optical 
depth, and gives access to such species as H2O and CO.  

Observations:  The TGO orbit (2 hours, 400-km 
circular, 73° inclination) is designed to favorize 
atmospheric observations, via solar occultations, 
occurring at various latitudes most of the time (short 
gaps occurred at Ls~175°, 207°270°, 330°, and 360°), 
and providing measurements at a variety of locals times 
in nadir over a 55 Martian day cycle. In solar 
occultation, ACS MIR pointing has to be alternated with 
another instrument onboard, NOMAD. Furthermore, we 
have to share MIR occultations between, for instance, 
the methane secondary dispersion grating position, on 
the one dedicated to HDO, or others. Thanks to larger 
fields of view, NIR and TIRVIM channels can observe 
together with NOMAD. Also, these channels measure 
the full useful spectral range at once. In occultations, 
TIRVIM is operated mostly in “climatology” mode, 
measuring a spectrum every 0.4 s with spectral 
resolution ≤1 cm−1. In nadir TIRVIM operating pattern 
allows for optimal both the local time coverage, and for 
Martian climate model assimilation. 

The calibrations and data pipeline close to the 
completion for TIRVIM (both occultations and nadir), 
and NIR (occultations), and are in the advanced state for 
MIR.   

Major research topics:  
Search for minor species. An update on more recent 

methane measurements will be given. An improved 
processing of MIR data more allows for more accurate 
assessment, that reported in [2]. Improved upper limits 
on other potential minor gases, such as ethane, sulfur-
bearing, and chlorine-bearing species are also 
established.  

Aerosol profiling. Solar occultations by all three 
channels provide information on the aerosol vertical 
structure at terminator. Broad wavelengths coverage 
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allows to distinguish between dust and water ice 
aerosols and to obtain their radius and number density 
profiles.  

Water vapor profiles. We have completed one year 
of observations of the vertical water distribution by NIR 
channel spanning altitudes from 0 to 100 km. Water 
vapour mixing ratio is retrieved self-consistently, using 
atmospheric density and temperature from CO2 bands. 
Supported by vertical distribution of dust and water ice 
clouds this dataset constraits very complex dynamic 
behaviour of water profiles during the dusty seasons.  

Atmospheric temperature. In contrast to MGS and 
MRO missions, which have provided up to now the 
reference atmospheric state, TGO for the first time 
allows for characterizing the diurnal cycle of Mars’ 
atmosphere. TIRVIM measures radiance spectra from 
which can be retrieved vertical profiles of atmospheric 
temperature, as well as surface temperatures and 
vertically-integrated amounts of dust, and water ice, at 
various local times, latitudes and seasons. Assimilation 
into LMD GCM [4] shows a significant effect of the 
dust events on the atmospheric thermal state, and 
meridional circulation. The diurnal and semi-diurnal 
tide are also strengthened. 

Another aspect of our dataset is the systematic 
terminator temperature profiling in solar occultations, 
using the different sensitivity of the CO2 absorption 
lines to temperature (rotational temperature), and the 
hydrostatic temperature, validated against our nadir and 
MRO/MCS limb measurements 

Other topics. Retrievals of molecular oxygen 
profiles in the lower atmosphere, carbon monoxide 
profiles, isotopes of oxygen in CO2 and water, isotopes 
of hydrogen in water, are demonstrated, and are subject 
of more systematic studies.  
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Introduction:  Earth-based analog studies provide 

insights into Martian rocks and Martian geological 
processes.  On Earth, extensive field work can provide 
multiple samples to be analyzed by different tech-
niques, whether it be electron microprobe analysis, 
stable isotope measurements or other procedures.  
Field work also gives us insight into the regional (not 
just sample – level) geological picture, and insight into 
geological processes that have affected the rocks. 

Compare this situation with the case of a meteorite 
from Mars.  They are samples of the upper crust of 
Mars, but they come to Earth without a geological con-
text. 

Allan Hills 84001: Of interest is Allan Hills 84001, 
an orthopyroxenite.  It contains carbonate minerals that 
date from early in Mars’ history [1, 2].  This meteorite 
has been examined using many different techniques but 
some ambiguity remains in interpreting some features 
[3]. The carbonates in this meteorite potentially hold a 
record of near-surface conditions in their major ele-
ment chemistry and their oxygen and carbon isotopes.  
Fig. 1 shows a typical occurrence of partial carbonate 
globules (also called discs or rosettes) amongst ortho-
pyroxene and chromite grains. 

 
 

 
 
Figure 1. Back-scatter electron (BSE) image of 

ALH 84001.  Medium gray: orthopyroxene. Bright 
area: chromite.  In center of image are zoned carbonate 
globules. Darker areas are more Mg-rich. 

 
Suggested Terrestrial Analogs to Martian Car-

bonates:  A number of different geological situations 
are possible terrestrial analogs.  [4] described zoned 

carbonates in hydrothermally altered young basalts of 
the Galapagos Rift. These appear much like the Sval-
bard occurrences described below.  [5] found zoned 
carbonates in tufa towers and in cracks in volcanic rock 
where Ca-rich groundwater entered an alkaline lake.  
[6] discovered rounded carbonates in Columbia River 
basalts. The work of [7] suggested lamprophyres with 
high CO2 fluids could be an analog. An oxygen and 
carbon isotopic study of caliche carbonate by [8] sug-
gested that a similar process might have happened on 
Mars. 

Spitsbergen, Svalbard, Norway locality:   This is-
land in the high Arctic off the coast of Norway is one 
of the most compelling terrestrial analog cases for the 
ALH 84001 carbonates.  The Sverrefjell and Sigurd-
fjell volcanoes are basaltic or basanitic volcanic con-
structs with many included mantle xenoliths and some 
crustal xenoliths [9].  There is evidence of hydrother-
mal activity (A. Treiman, pers. comm.).  The mantle 
xenoliths are mostly spinel lherzolites, a mafic mineral 
assemblage somewhat similar to that of ALH 84001. 
Carbonate globules occur in both the  mantle xenoliths 
(fig. 2) and in vesicles in the basalt (fig. 3). 
 

 

 
 
Figure 2.  Back-scatter electron (BSE) image of an 

area in thin section 04 SV-8b, a sample from a mantle 
xenolith from Sverrefjell volcano.  Surrounding mate-
rial is olivine and clinopyroxene.  Zoned carbonate 
globules are imbedded in silicate glass.  Brightest rims 
are an unidentified non-carbonate Fe-rich phase. 
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Figure 3.  Back-scatter electron (BSE) image of an 

area in thin section SVF-10, from Sverrefjell volcano, 
showing zoned carbonates in a vesicle next to a mantle 
xenolith. Xenolith phases are olivine and clinopyrox-
ene.  Basaltic material seen at the top.  Black area is 
the empty vesicle.  

 
Initially the carbonates were interpreted as precipi-

tates of immiscible liquids [10], or products of mantle 
metasomatism [11,12].  More recent work concludes 
they are the product of hydrothermal alteration 
[13,14,15,16,17]. 

Results from this study: Carbonate composition 
data were collected on the Cameca SX-100 electron 
microprobe at Johnson Space Center, Houston.  
ALH84001 disks (globules) were cored by Ca, Fe, Mg 
compositions in between dolomite-ankerite and magne-
site-siderite. No Ca-rich compositions were seen.  Rims 
were Mg-rich magnesite-siderite solid solutions.  Inter-
stitial carbonates proved to be too small and too dis-
seminated to analyze. 

 Spitsbergen globule carbonates were described by 
[13] as cored by ankerite-siderite-magnesite solid solu-
tions, with distinct dolomite (dolomite, magnesite, 
and/or calcite) rims.  In this study, chemical zoning 
seen in backscatter electron images corresponds with 
zoning in color seen optically, reported by [16].  How-
ever, optically dark orange-brown rims could be a 
magnesite-siderite composition or an iron-bearing do-
lomite composition. Dark rims were magnesite-siderite 
compositions with variable Fe content.  Clear cores or 
clear rims were nearly pure magnesite.  

The carbonates in the vesicles and those in the man-
tle xenoliths have almost the same compositions and 
range of compositions from core to rim.  A mantle 
origin for xenolith occurrences seems unwarranted. In 
addition O and C isotope measurements by [17] 
showed that the carbonates could not be of mantle 
origin. 

For both Spitsbergen and ALH 84001 carbonates, 
trends to more magnesian-rich rim compositions were 
seen.  However, Spitsbergen carbonate compositions 
and Fe contents were inhomogeneous within and be-
tween thin sections.  For example, in vesicles of sample 
01-SVF-10, some globules were cored by a dolomite 
composition, and nearby vesicles contained carbonate 
globules with magnesite-siderite solid solutions.   

If Spitsbergen is a good analog for Mars, as it 
seems to be, a hydrothermal origin is likely for the 
ALH 84001 carbonates. Low temperature formation 
has been measured using the clumped isotope tech-
nique [18].  A hydrothermal origin implies water 
warmer than ambient temperatures interacting with 
rock, then depositing dissolved components. 

In addition, the heterogeneity seen in the Spitsber-
gen carbonates implies similar inhomogeneity in car-
bonate chemistry for the source region on Mars of 
ALH 84001, and indeed for other carbonate occurrenc-
es on Mars.  Further discoveries of carbonates exactly 
like ALH 84001 should not be expected. 
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Introduction:  Extensive in situ and orbital studies 

of martian sedimentary rocks have revealed that early 
Mars hosted diverse, potentially habitable surface envi-
ronments [1,2]. Detailed studies that focus primarily on  
basinal sinks dominated by aqueous or aeolian activity 
leave much unknown about local- to global-scale rout-
ing of detritus from crustal sources to sedimentary 
sinks, relationships of globally distributed rock units 
with similar inferred mineralogy, and products of 
many potentially dominant sedimentary processes, 
including impact cratering and explosive volcanism.  

The Nili Fossae region of Mars (Fig. 1), which has 
been extensively studied for its exceptionally diverse 
hydrous mineralogy and its potential ancient habitabil-
ity [3–8], has been previously recognized for its rich 
sedimentary record. Jezero crater (Fig. 1B), the landing 
site for the Mars 2020 rover [9], hosts well-preserved, 
ancient lacustrine deltas [10,11] whose watersheds 
extended over 30,700 km2 of the Nili Fossae region 
[5]. Recent studies have suggested that texturally and 
mineralogically diverse clastic rock deposits comprise 
much of the Nili Fossae stratigraphy (Figs. 2-3) [12–
14], whose ages span the critical Noachian-Hesperian 
environmental transition in early Mars history [3].  

The absence of a common interpretive framework 
for the Nili Fossae stratigraphy limits attempts to place 
regional processes of crustal reworking into a global 
context. We propose a new synthesis that the Nili Fos-
sae region hosts an ancient, integrated sedimentary 
system (Fig. 1A-B) that may serve as a mineralogical 
and lithologic reference stratigraphy for Mars in future 
orbital, in situ, and return sample science.  

Geological Context: Orbital visible and near-
infrared spectra reveal extensive alteration in the phyl-
losilicate-bearing regional basement (Figs. 2-3) [15]. 
An overlying stratigraphy locally up to hundreds of 
meters thick (Figs. 2-3) [3,6] includes an olivine-rich 
rock unit [13] that has been variably altered to Mg-
carbonate, serpentine, and talc/saponite [3]; an olivine-
poor mafic unit; a sulfate-bearing sedimentary for-
mation [12]; and local layered basinal deposits [12]. 
Subsequent to deposition and alteration of these units, 
lavas locally resurfaced the region in the Hesperian 
(3.0–3.7 Ga) [16]. The most complete exposures of the 
Nili Fossae stratigraphy occur in the NE Syrtis Major 
region adjacent to Jezero crater (Figs. 1B, 2A).  

Synthesis: Clastic Basement.  Large impacts on 
early Mars, such as Borealis and Hellas, produced 
global equivalent layers of hundreds of meters of de-

bris [17]. In the Nili Fosase region the Isidis basing-
forming impact fractured, melted, and redistributed 
pre-existing crust in Nili Fossae, including ejecta from 
other basin-forming impacts. 

 
Figure 1. (A) Multi-generational crustal recycling (numerals) 
in the Nili Fossae region. (B Detail) Integrated sedimentary 
system at Jezero-NE Syrtis. (C) Geomorphic map of exposed 
sedimentary lithologies in Nili Fossae after [5,6,13], with 
cross-section line in Fig. 3. 

While the origin of the >3.98 Ga, generally mas-
sive basement unit at Nili Fossae (Fig. 3B) remains an 
active area of investigation [14], its many exposures of 
megabreccia of varied tonal, spectral, and textural 
properties are suggestive of diverse provenance [18]. 
These blocks, which are up to hundreds of meters in 
diameter, likely incorporate materials that record den-
udation, transport, and re-deposition related to the 
widely- and deeply-sourcing large impacts on early 
Mars. Meter-scale internal layering within some brec-
cia blocks indicate that prior sedimentary units have 
been recycled by impacts and other processes [18]. 

Airfall Facies.  A basement-superposing olivine-
rich unit has been recently interpreted as deposits of 
air-fall pyroclasts [13,19]. A pitted mafic cap unit 
overlies this olivine-rich unit preserved in hundreds of 
small mesas (Fig. 3C) and has been recognized as a 
probable ash-fall deposit based on its topographic 
draping [6] and spectrally inferred grain size and glass 
content [20,21]. The Jezero watershed region is thus a 
key region for studying explosive volcanism, a poten-
tially dominant volcanic process on early Mars [22]. 

Water-lain sediments.  The youngest major sedi-
mentary unit in this stratigraphy is a 100s of meters 
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thick layered sulfate unit observed in NE Syrtis (Fig. 
2A) [12]. Younger water-lain sediments with variable 
textures, also in NE Syrtis, have recently been identi-
fied [12] and await further study.  

Terminal Sink at Jezero.  The Jezero delta deposits 
are the terminal sinks of watersheds [5] that dissected 
previously recycled clastic material in the Nili Fossae 
stratigraphy. Impact models imply that the Jezero-
forming impact ejected a substantial amount of debris 
into the NE Syrtis area, although it is unclear whether 
any ejecta remains there [23]. The watershed region 
within ~20 km of Jezero would have acted as a sink for 
material that was excavated by Jezero from several 
kilometers depth and subsequently remobilized into the 
Jezero deltas, implying a locally integrated, two-
generation history of recycling (Fig. 1B). We hypothe-
size that sediments in the Jezero delta may therefore be 
among the most physically and geochemically mature 
sediments on Mars with discernible sedimentary 
source terranes. 

Implications:  With its diversity of lithology and 
process, areally extensive integration, and preserved 
source-to-sink relationships, the Nili Fossae stratigra-
phy contrasts with sedimentary sinks highlighted in 
previous work [2]. Many of the diverse textures, min-
eralogies, and depositional processes of the Nili Fossae 

stratigraphy have potential analogs or correlative units 
elsewhere on the planet, making it a valuable reference 
stratigraphic section for constraining relationships be-
tween inferred physical sedimentary and mineralogi-
cal-geochemical environments on early Mars. Nili Fos-
sae’s multi-generational record of clastic recycling also 
makes it a key region for understanding the prolonged 
maturation of sediments during a critical period of 
global environmental transition. 

Integrated in situ investigation of Jezero crater and 
the neighboring crater rim and watershed will allow for 
detailed source-to-sink geological analysis of a martian 
sedimentological system, providing vital geological 
context for measurements at Jezero.  
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Figure 2. Stratigraphic columns for the 
Nili Fossae region, including NE Syrtis 
and Jezero crater after [3–6]. (Not to 
scale.) 

Figure. 3. (A) Stratigraphy in Fig. 2A (HiRISE ESP_042671_1970 stereopair). (B) Layered (arrow) basement megabreccia 
(ESP_033572_1995). (C) Mesa of interpreted air-fall deposits (ESP_015942_1980 stereopair). (D) Jezero delta. (E) Inter-
preted cross section of the NE Syrtis-Jezero area after [3,5,12] with units from Fig. 2 and location in Fig. 1C.
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Introduction:  Slope streaks [1] are enigmatic, ac-

tively-forming albedo features occurring on slopes in 
high-albedo, low-thermal-inertia, dust-rich equatorial 
regions on Mars. They are a specifically martian phe-
nomenon with no direct analogs on the Earth. The 
dusty surface layer is considered as a landing and oper-
ation hazard, therefore, this type of surface layer on 
Mars will not be studied in-situ in the foreseeable fu-
ture, and remote sensing observations of its properties 
and processes, including slope streak formation, is the 
only approach to understanding the nature of these 
huge and important regions. We review the nature of 
slope streaks and assess models of formation. 

Slope streak morphology suggests that the streaks 
are initiated at their upslope tips and propagate down 
to their termini; however, the physical mechanism of 
their formation is uncertain. Their planforms suggest 
some kind of flow. Groundwater discharge and conse-
quent overland flow of water or brines have been pro-
posed as a formation mechanism in several works [e.g., 
2], however, such a mechanism is not consistent with 
geological settings and pressure/temperature conditions 
of slope streak occurrences.  

We have considered [3] two types of possible for-
mation mechanisms: "dry", some kind of run-away 
avalanche-like dry granular flow, for example, dust 
avalanches [1], and "wet", some kind of run-away 
propagation of a front of percolating brines in the shal-
low subsurface [3,4]. Later it became clear that there 
are observations that contradict either “dry” or “wet” 
mechanism [6]. Here we summarize observations and 
propose a new, hybrid mechanism that fits observation-
al constraints better. 

Key properties of slope streaks: A complete up-
to-date bibliography on slope streaks can be found in 
[5]. Below we summarize the primary inferences about 
slope streaks that immediately follow from observa-
tions and are reliably established. 

1) The apparent darkness of slope streaks is a pho-
tometric effect, it reflects change of structure and to-
pography of the surface material at scales from 10s of 
microns to decimeters. Such change in structure can be 
easily produced by both “wet” and “dry” mechanisms. 

2) Slope streaks are forming in a specific kind of 
surface layer. This is consistent with both mechanisms.  

3) Slope streaks are triggered by different kinds of 
mechanical disturbances of the surface at their tips; it is 
not known if some streaks start spontaneously, without 
any trigger, or not. After initiating at the tip, the streak 

propagates downhill as a run-away process independ-
ent of the nature of the trigger. Streaks closely follow 
topographic gradient, which suggest very low or absent 
inertia. All these are consistent with both mechanisms. 

4) Slope streaks propagate for long distances (100s 
m) and change direction following the gradient at gen-
tle (~10°) slopes [6], which is very difficult to recon-
cile with “dry” mechanism. 

5) Slope streaks can propagate over small ~2 m tall 
obstacles and for ~10 m on horizontal surfaces, which 
suggests minor inertia and is very difficult to reconcile 
with a “wet” mechanism.  

6) Formation of new slope streaks does not cause 
any distinguishable (>~ 0.5 m) topography changes in 
their upper parts, but sometimes it is accompanied by 
formation of low (<1m) linear subparallel ridges be-
tween streak lobes close to the streak termini [7]. This 
suggests a kind of mechanical avalanche and is difficult 
to reconcile with the “wet” mechanism. 

7) Slope streaks are formed throughout the whole 
year [8]; however, their formation rate peaks during the 
warm season [9]. This is very natural for the “wet” 
mechanism, and not for the “dry” mechanism.  

8) Some streaks propagate down to the slope end, 
while others stop at the steep parts of the same slopes. 
This is much easier to explain in the framework of 
“wet” mechanism (through seasonality). 

Formation mechanisms: The summary above in-
dicates that some observations are inconsistent with the 
“dry” mechanism, while other are inconsistent with 
“wet” one. Some modifications of the mechanisms 
might account for the contradicting observations. For 
example, ephemeral dust particles aggregates [10] 
might roll on slopes that are too gentle for conventional 
granular flows. In [3] we speculated that wicking might 
mimic the observed effects of minor inertia. These ex-
planations, however, are speculative and do not seem 
satisfactory. New ideas seem to be needed.  

Night-time deliquescence of salts on Mars [11] 
might in principle provide a physical basis for a totally 
different mechanism. Deliquescence has been argued to 
be a source of liquid flow [5], however, the amount of 
water vapor in the atmosphere available for diurnal 
deliquescence cycle is so low, that deliquescence-
induced flows do not seem plausible. Below we sug-
gest a different mechanism that combines some fea-
tures of “wet” percolation and “dry” avalanches.  

Wet pellet avalanche mechanism:  In recent la-
boratory experiments [12,13] carried under martian 
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pressure, cold water was poured onto a warm tilted bed 
of fine sand; at the contact, centimeter-size pellets of 
wet sand quickly formed and immediately rolled and 
slid down. This movement was apparently enabled by 
formation of a vapor cushion due to quick evaporation 
of water in a way seemingly analogous to the Lei-
denfrost effect. It has been suggested [13] that the ex-
periment results “could have some implications for” 
slope streaks. We believe that the observed vapor cush-
ioning of wet pellets can be a basis of a slope streak 
formation mechanism that fits the observations much 
better than either dust avalanches [1] or percolation 
fronts [3]. 

According to this new mechanism, formation of 
slope streaks occurs during daytime, when the surface 
is warm, as in the lab experiments. Analogously to the 
“wet” percolation front [3], this scenario assumes that 
the surface layer contains some brine beneath the dry 
diurnal thermal skin (which is a few cm thick in these 
low-thermal-inertia regions). As we have argued [3], 
such brines are likely to be thermodynamically stable 
as soon as the surface dust layer produces some barrier 
for water vapor diffusion.  

A triggering event at the tip of the future slope 
streak overturns the surface layer and causes contact of 
cold material wetted with brines with warm dry dust at 
the very surface. This causes formation of detached 
pellets that slide and roll downslope over a warm sur-
face due to the vapor cushion. After sliding/rolling for 
a certain distance the pellets gain sufficient momentum 
to disturb and overturn the upper centimeters of the 
surface layer, thus causing contact of wet sub-skin ma-
terial with the warm surface and formation of new pel-
lets. If a single pellet initiates on average more than 
one new pellet, a run-away growth of pellet number 
occurs, and a pellet avalanche propagates downhill. 
Old pellets lose water near their surfaces, lose vapor 
cushion and stop; such halted pellets have been ob-
served in the lab [12,13]. Numerous halted pellets 
make the surface rough at a centimeter scale, which 
would cause photometric darkening of the surface be-
hind the avalanche front and the appearance of the ob-
servable dark streak. With time, the halted pellets 
would disintegrate and streaks would fade away. 

This mechanism nicely explains many observable 
features of the slope streaks. During the warm season 
both day-time surface temperature and sub-skin day-
average temperature are higher, which favors pellet 
avalanche formation by enhancing cushion-forming 
evaporation and increasing the sub-skin brine amount. 
This naturally explains the observed seasonality, as 
well as the wide range of slopes at the termini. Vapor 
cushion explains avalanche propagation on gentle 
slopes. Thinness of the diurnal thermal skin explains 
the absence of visible topography in upper parts of the 

streaks, while accumulation of halted pellets collected 
from meters-size areas in the lower parts sometimes 
form observable ridges. Inertia of the pellets can ex-
plain avalanche propagation over low obstacles and for 
short distances on horizontal surfaces. The height of 
the overflown obstacles and the length run on the hori-
zontal surfaces are consistent with each other and cor-
respond to a characteristic pellet velocity of ~4 m/s 
(order of magnitude estimate), which means that the 
longest slope streaks take tens of minutes to form. 

One difficulty of the “wet” percolation front mech-
anism is that the necessary amount of brine requires 
concentration of brine-forming salts in the upper deci-
meter of the subsurface, and a mechanism for such 
concentration is not obvious. Wet pellet avalanche 
mechanism may work with less brine and is not de-
pendent on such a requirement. The percolation front 
requires a shallow impermeable substrate, whose pres-
ence is not easy to explain; the wet pellet mechanism 
does not have such a problem. The remaining problem 
is stability of the brine with respect to vapor exchange 
with the atmosphere. Ground ice is known to be unsta-
ble in the slope streak regions [14]. In [3] we suggested 
that brines can form from expendable ice, which could 
be stable very recently [15] and has yet not been used 
up. On the other hand, some brines have equilibrium 
saturated vapor pressure lower than that of pure ice; 
therefore. brines might be stable against vapor ex-
change with the atmosphere even if ice itself is not 
stable.  

Conclusion: We outline a wet pellet avalanche 
mechanism of slope streak formation. It naturally ex-
plains a set of properties of slope streaks that previous-
ly seemed contradictory. Validation of this mechanism 
requires additional work: (1) calculation of the amount 
of brines beneath the diurnal thermal skin in thermody-
namic equilibrium for the whole range of day-average 
temperatures and atmospheric pressures, where slope 
streaks are observed; (2) assessment of brine stability 
against diffusive vapor exchange with the atmosphere; 
(3) targeted laboratory experiments. 
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Introduction: Oxia Planum, a wide phyllosilicate-

bearing plain located between Mawrth and Ares Valles, 
has been selected as the final landing site for ESA’s 
ExoMars 2020 rover mission. Geomorphological fea-
tures of this unit and mineral exposures testify on old 
and complex history of aqueous alteration, therefore 
studies of this site have potential to provide answers to 
the ExoMars scientific questions regarding environ-
mental conditions and potential ancient martian habita-
bility. 

The basement deposits in Oxia formed no later than 
in middle-late Noachian (>3.9 Ga) and they consists of 
Fe,Mg-rich phyllosilicates [1, 2]. The basement phyllo-
silicates are in places covered by several fluvial mor-
phologies and deltaic sediment deposits. These depos-
its formed no later than 3.5 Ga [1], and are certainly 
related to an alteration event distinct from formation of 
basement phyllosilicates. Delta fan deposits consist of 
Fe2+ smectites as well as localized Al-bearing phyllosil-
icates, silica stratum [2]. Several fluvial morphologies 
such as former valleys or inverted channels are ob-
served. Furthermore, on top of the stratigraphy, lava 
flows related to effusive, Amazonian-aged (~2.6 Ga) 
volcanism are present [1, 2]. 

Basement phyllosilicates in Oxia: Most important 
in respect to the potential past martian habitability is 
the unit of Noachian basement phyllosilicates. The unit 
is one of the largest phyllosilicate exposures on Mars, 
with a thickness of more than 10 m. The regional com-
positional mapping of Oxia Planum conducted by 
OMEGA and CRISM reveals that the vast deposits of 
phyllosilicates cover large portion of this site and that 
they exhibit large uniformity in terms of spectral fea-
tures, seldom observed elsewhere [2,3]. This suggests a 
single, uniform process of formation or transformation 
of the phyllosilicate unit. 

The diagnostic absorptions at ~1.4, ~1.9 and ~2.3 
μm indicate that the basement unit consists predomi-
nantly of Fe,Mg-rich phyllosilicates [1, 2, 4]. Band 
positions and spectral features (Fig. 1) such as:  the 
positive slope in the 1.1–1.8 μm region, slope of the 
1.9 μm band, position and shoulder slope of band ~2.3 
μm suggest mainly trioctahedral nature of clay and 
presence of dioctahedral Al-rich clays locally. The 
spectral features are consistent with smectite clays 
(Fe,Mg-rich saponite) or smectite/mica (e.g. vermicu-

lite) [2, 4]. Vermiculite clays are suggested to be the 
best spectral match (Fig. 1; [2]).  

The mechanism by which vast deposits of triocta-
hedral (Fe,Mg-vermiculite) phyllosilicates may have 
formed on Mars is, however, not entirely clear. Based 
on preliminary geomorphological investigation at Oxia, 
five major environments of basement phyllosilicate 
formation are plausible: pedogenic, hydrothermal in 
shallow sub-surface, related to metamorphism or to 
diagenesis as well as connected to glacial alteration [2]. 
However, our understanding is limited in terms of rele-
vance that these early Noachian environments may 
have had to warrant conditions capable to form ver-
miculite-like phyllosilicates. 

 
Fig. 1.  Spectrum of Fe,Mg-phyllosilicates detected in Oxia 
Planum by CRISM and comparison with library spectrum of 
vermiculite (Vermiculite LAVE01 RELAB) 
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To address this issue, we have been performing set 
of laboratory alteration experiments in controlled, mar-
tian conditions, that by analogy with terrestrial envi-
ronments may be capable to produce vermiculite. The 
aim of the experiments is to produce best spectral 
match of vermiculite-like clays detected in Oxia and, 
by this, to constrain conditions that may have led to the 
formation of basement phyllosilicates. 

Terrestrial environments of vermiculite for-
mation and potential analogy to Oxia: On the Earth, 
vermiculite predominantly forms in surface weathering 
environments by alteration of mica, mainly biotite [5,  
6]. Assuming presence of biotite-bearing crystalline 
rocks in the Oxia Planum basement (e.g. trachytes or 
trachyandesites such as reported in Gale Crater by [7]), 
vermiculitization of biotite could be a potential mecha-
nism to form the observed phyllosilicates. However, in 
order to assess the relevance of such mechanism to 
operate on Noachian Mars, influence of atmospheric 
CO2 on vermiculitization of biotite has to be tested.  

Alternative mechanism to form vermiculite on the 
Earth is alteration of chlorite by weathering and disso-
lution-precipitation [5, 8] or by chemical oxidation [9]. 
The presence of  chlorite deposits in places on Mars 
[3] and the highly oxidative nature of martian soil since 
Hesperian, suggest that alteration of chlorite could 
have been a potential mechanism for vermiculite for-
mation at Oxia. However, from terrestrial analogues, 
not much can be assessed regarding inhibiting/enabling 
influence of atmospheric CO2 on such reaction.  

In final, occurrences of vermiculite are reported in 
terrestrial rocks that underwent hydrothermal alteration 
[6, 10]. Vermiculite in these rocks formed from altera-
tion of biotite or phlogopite and it is suggested that 
alteration may have occurred during late hydrothermal 
stages [10], although temporal association of alteration 
process is not entirely clear [6]. Therefore, no con-
straints can be put regarding feasibility of vermiculite 
formation in martian hydrothermal conditions as for 
now. 

Experimental setup: To constrain whether the 
above scenarios may have led to formation of basement 
phyllosilicates at Oxia Planum, we have been perform-
ing laboratory alteration experiments under various, 
controlled physico-chemical conditions mimicking 
martian environments. Experiments are run in 600 ml 
Parr reactors at relevant temperatures, under various 
partial pressures of CO2 and water to rock ratios.  

The starting materials and laboratory products are 
characterized by SEM-EDX and XRD to understand 
the mineralogy, composition, chemistry and structure 
of alteration products formed, as well as by IR spec-
troscopy to assess spectral consistency of alteration 
products with remotely-detected phyllosilicates at Ox-

ia. Additionally, the experimental products will be 
characterized by Raman laser spectroscopy, what is of 
importance especially when the NIR measurements 
resemble the remotely-sensed data. Raman spectrosco-
py will be conducted in order to create spectral refer-
ences for Raman spectrometer onboard of ExoMars 
2020 rover. This work is part of the PTAL (Planetary 
Terrestrial Analogue Library) project. 

Preliminary results: First set of experiments 
tracks the relevance of hydrothermal and surface 
weathering alteration of biotite to form vermiculite at 
Oxia. Fe-rich biotite, grinded and sieved to size of 50-
100 μm has been used in the experiment. Minor chlo-
rite was present in the starting material, as seen in XRD 
spectra and EDX analysis, however its amount is esti-
mated to be below 1 vol% and therefore not expected 
to affect the reaction pathways. 

1 g of biotite was altered in close system reactor at 
water to rock ratio of 20, in temperature of 120°C and 
under CO2 dominated atmosphere (1 bar of CO2). After 
3 weeks of alteration experiment, no biotite transfor-
mation can be observed. Following experiments are 
currently conducted under different temperatures, wa-
ter to rock ratio, atmospheric composition and extend-
ed alteration time in order to investigate influence of 
martian environmental factors on potential vermiculiti-
zation process.  
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Abstract:  At the end of 2016 traces of vital activity of 

the most ancient bacteria on Earth were found in Canada. 
They indicate that life on our planet was present in rocky 
rocks which are about 4.3 billion years old. Based on the age 
of our planet, we can conclude that the primary life could be 
present on Earth in the first 200 million years of its existence 
[7, 10]. Also now there are numerous proofs that water on 
Mars existed in the first Phyllocian Era [8, 9]. In that period 
Mars was similar to the ancient Earth, had a dense atmos-
phere with a pressure of up to 0.4 bar, a liquid water ocean of 
surface, and there was much warmer than it is now [3]. 
Therefore, the climatic conditions of Mars and Earth at their 
young age could be very similar. Based on these facts, we 
can conclude that if the simplest life on Earth at that time 
was already, then it is quite possible to assume that a similar 
simplest form of life on Mars could originate in its water 
basin, or be brought from outside. Therefore, considerable 
attention while exploring Mars should be paid to those plac-
es where such simplest forms of life could survive or at least 
be conserved [2, 4]. 

At present, it is clear that among the bodies in the Solar 
System only on Mars there are physical conditions [6, 12] 
that are at least minimally suitable for the possible existence 
of some terrestrial life forms. Therefore, we can reasonably 
make an assumption about the nature of Martian life, consid-
ering rather strange biological environments on planet Earth. 
Water is necessary for its occurrence and maintenance of life 
there. Sole known form of protein life cannot exist without 
its presence [5]. But life on Earth has repeatedly demonstrat-
ed the ability to adapt to a very toxic environment. For ex-
ample, there are microbes that develop in acid mines and in 
lakes with arsenic. Also registered are Arctic microbes which 
have been able to adapt to high levels of mercury contamina-
tion, and even some bacterial enzymes that can destroy per-
chlorates, which cover almost the entire surface of Mars. But 
perchlorates are highly corrosive compounds [1] and toxic to 
most terrestrial organisms. A wide spectrum of salt-loving 
(halophilic) and cold-loving (psychrophilic) microbes has 
also been discovered on Earth. And at the beginning of the 
XXI century, hybrids of the above mentioned species were 
found. They survive and develop in saline Antarctic lakes at 
temperatures below -10º C and at a salt concentration of 
about 20%. Most of the water on Mars now also exists in the 
form of ice [11]. Such a similarity between Antarctica and 
Mars fully suggests that water ice can be a satisfactory place 
to hide the microbial life that exists now or once existed on 
Mars. After all, on our planet we managed to find such mi-
croorganisms that live in an environment very similar to the 
environment in some regions of Mars. Such an adaptation of 
microorganisms that exist on Earth indicates a possible life 
strategy for the development of Martian life forms.  

Another place on Earth comparable to Mars by some 
conditions is Lake Vostok discovered in the second half of 
the XX century. It is located in Antarctica under an ice shield 

about 4000 m thick. Its approximate dimensions are 250 × 50 
km and depth is more than 1200 m. Lake Vostok is unique 
because it may have been isolated from the earth’s surface 
for several million years. Because it is such time is necessary 
to form a four-kilometer layer of ice above it. Presumably, 
living organisms can live in the waters of the lake because 
there are all the necessary conditions for the existence of life: 
fresh water with a high oxygen content; water temperature is 
up to +10 ° C in depth and −3 ° C at the water-ice border; the 
estimated water pressure under the ice is more than 300 at-
mospheres. Microorganisms adapted to life in such condi-
tions may have unique properties since they were isolated for 
a very long time from the terrestrial biosphere and it means 
that their evolution proceeded independently. 

If in the depth of Mars under a kilometer thick ice there 
may be similar lakes and the conditions in them will mostly 
resemble those in Lake Vostok, then it is theoretically possi-
ble to assume the existence of some life forms there, espe-
cially if some microorganisms will be definitely found in 
Lake Vostok. 

References:  
[1] Hecht M. H. et al. (2009) Science, 325(5936), 64-

67.  [2] Morozhenko A. V. and Vidmachenko A. P. (2017) 
XIX International scientific conference Astronomical School 
of Young Scientists, 67-69. [3] Vidmachenko A. P.  (2017) 
XIX International scientific conference Astronomical School 
of Young Scientists, 16-17. [4] Vidmachenko A. P. (2009) 
Astronomical School’s Report, 6(1-2), 131-137. [5] Vid-
machenko A. P. (2009) AstAlm, 56, 225-249. [6] Vid-
machenko A. P. (2012) Astronomical School’s Report, 
8(2),136-148. [7] Vidmachenko A. P. (2016) XVIII Interna-
tional scientific conference Astronomical School of Young 
Scientists, 16-17. [8] Vidmachenko A. P. (2016) XVIII In-
ternational scientific conference Astronomical School of 
Young Scientists, 14-16. [9] Vidmachenko A. P. (2016) 
BPDMAECo, Abstract #2002. [10] Vidmachenko A. P. 
(2017) 4ICo Early Mars: GHCEIL, LPICo 2014, id.3005. 
[11] Vidmachenko A. P. and Morozhenko O. V. (2014) 
MAO NASU, NUKESU, PH Profi. 388. [12] Vidmachenko 
A. P. and Morozhenko O. V. (2014) Astronomical School’s 
Report, 10(1), 6-19. 

6105.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



6230.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



6230.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



MARTIAN IMPACT CRATER DATABASE : TOWARDS A COMPLETION FOR D>100M. A. Lagain1, 
G.K. Benedix1,*, K. Chai2, S. Meka2, J. Paxman3, C. Norman3, 1S. Anderson, M.C. Towner1, and P.A. Bland1. 
1School of Earth and Planetary Sciences, Curtin University, GPO Box U1987, Perth, Western Australia, 6845, Aus-
tralia (anthony.lagain@curtin.edu.au), 2Curtin Institution of Computation, Curtin University, GPO Box U1987, 
Perth, Western Australia, 6845, Australia, 3School of Civil and Mechanical Engineering, Curtin University, GPO 
Box U1987, Perth, Western Australia, 6845, Australia. *Dept of Earth and Planetary Sciences, Western Australia 
Museum, Perth, Western Australia. 

 
Introduction:  Impact craters on rocky and icy 

bodies of the solar system are widely used to determine 
the ages of planetary surfaces. Absolute dating of me-
teorites or in-situ geochronology provide a few essen-
tial reference points, but these techniques rare not yet 
applicable at the planetary scale. Therefore, the impact 
crater counting techniques will remain, for several dec-
ades, the major tool of “celestial geologists” to deci-
pher the history of planetary surfaces. This approach 
requires a tedious mapping and morphological inspec-
tion of a large number of circular features to distin-
guish true and primary impact craters from other sur-
face features and secondary impact craters ; in particu-
lar on Mars whose the surface exhibits a large variety 
of pseudo-circular features (e.g mounds, collapse pits 
of lava tubes, circular grabens, glacial cirques, calde-
ras…). Currently, the most complete catalog of Martian 
craters has been compiled by S. Robbins and B. Hynek 
(2012) [1]. It includes more than 384,000 impact struc-
tures larger than 1 km in diameter, and is considered to 
be complete for this diameter range. Nevertheless, 
young and/or small surface age dating on Mars are 
performed by taking into account smaller impact cra-
ters, typically a hundred meters in diameter, super-
posed on the area of interest [2]. Because crater num-
ber scales as a power law, the number of impact craters 
larger than this size range over the entire surface of 
Mars could reach the millions. This makes the precise 
analysis of local variations of the surface age, over the 
entire surface, impossible to perform by manual count-
ing. 

Automated crater detection technique:  To ac-
cess to the crater population of this size range at a 
planetary scale, the automation of this process is there-
fore essential. Some of studies have addressed auto-
mated crater detection [3] but none have achieved the 
ultimate goal of counting and measuring craters in a 
reliable and timely fashion. In previous works, we de-
scribed our technique to develop a crater detection 
algorithm (CDA) [4, 5, 6] with subsequent improve-
ments with ongoing advances in machine learning. Our 
CDA has been trained by selecting 889 tiled THEMIS 
Day IR images where 1,762 impact craters from the 
Robbins database have been identified and manually 
cleaned to select the most accurate impact craters. This 
dataset was further augmented by horizontally and ver-

tically flipping the images to generate a training dataset 
of 3,556 tiled images. 

The total processing time taken by our CDA meth-
od for processing a single THEMIS mosaic (26,674 x 
17,783 pixels) and running the detection on a Telsa 
P100 16GB GPU is ~2 minutes. The results of the de-
tection are in the form of a csv file compiling the coor-
dinates in number of pixels of the image of each corner 
of the squares framing each detected craters. The di-
ameter and lat/long coordinates of detected craters can 
thus be derived by knowing the coordinates of the im-
age extent and its resolution (here 100m/pixel for 
THEMIS imagery). Our CDA method automatically 
crops of the entire image into tiles of 960 x 960 pixels 
before detection is performed. 

Detection completeness:  The CDA has been ap-
plied on all Mars quadrangles by using THEMIS Day 
IR imagery dataset at 100m/px except on Mare Boreum 
and Mare Australe, thus corresponding to a latitude 
band of ±65deg. The ratio between the number of cra-
ters detected by the CDA and impact craters contained 
in the manual database [1] is close to 0.95 [6]. Moreo-
ver, both CSFDs are similar, thus indicating an ac-
ceptable estimation of diameter for all size range [6]. 

 
Fig.1 | Difference between the number of impact craters 

found in each 10km² cell, belonging to the Robbins database and 
our automatic database. Purple areas correspond to an underestima-
tion of the CDA whereas yellow areas to an overestimation com-
pared to the Robbins database. Black areas corresponds to the pri-
mary craters identified by [7] having generated a lot of secondaries 
larger than 1 km in diameter, strongly correlated with blue areas. 

Small differences can nevertheless be highlighted such 
as the non-detection of a large part of secondary craters 
by our algorithm compared to the Robbins database [7] 
(blue regions on Fig.1, at proximity of primary impact 
craters having generated a lot of secondaries identified 
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by [7], in black on Fig.1). This lack of secondaries 
detection make the crater population detected by the 
CDA more accurate to use for dating purpose. Con-
versely, the CDA detect several collapse pits within 
tectonic and volcanic areas (yellow areas on Fig.1), 
these detections should therefore be removed before 
any using of our automatic database. 

Detect them all:  While the crater population de-
tected by the CDA by using THEMIS imagery at 
100m/px could be considered as complete, we tested 
the efficiency of our algorithm trained on THEMIS 
imagery on higher resolution datasets such as CTX 
images (5m/px). For this purpose, we used the beta01 
version of the Murray Lab global CTX mosaic 
(NASA/JPL/MSSS/The Murray Lab). Results obtained 
for this dataset without retraining are encouraging. Not 
only the rate of good detections is high but in addition, 
the diameters of detected craters are, in most cases, 
more relevant than large craters detected with THEMIS 
dataset. 

 
Fig.2 | Gusev impact crater (D 

with their IDs from Parker, M.P. et al. (2010) [7]. The CTX image at 
the top left corner of the figure show the CDA detections, the largest 
crater visible on this image measure 10 km of diameter. More than 
900 craters larger than 40m have been detected on this area. 

Further, we have focused on the Gusev impact 
crater region to compare crater population and associ-
ated ages, previously manually measured by [8], with 
results of our CDA. More than 60,000 impact craters 
larger than 40m in diameter have been detected on 4 
tiles of the CTX global mosaic, thus covering an area 
of 8° x 8°. Among this crater population, we selected 
impact craters intersecting four distinct counting areas 
(outlined in Fig. 2) defined and dated by [8] between 
2.89 and 4.04 Ga, thus offering a large panel of ages 
from the Early Amazonian to the Early Noachian [8]. 
CSFDs for on the craters counted in areas 3 and 5 
(Fig.3.a-b) show similar ages to those found by manual 

counting. Areas 7 and 10 show a difference of 0.1 Ga, 
corresponding only to 3% difference (Fig.3.c-d). 

 
Fig.3 | CSFDs and associated ages obtained by taking into ac-

count our crater detection on several areas on the Gusev crater floor 
and around: a: area 3, b: area 5, c: area 7, d: area 10 (see Fig.2 for 
their location). The age displayed in red is that found by [8]. 

Ongoing works:  We are applying our CDA to the 
entire CTX mosaic dataset, currently covering more 
than 97% of the surface of Mars. In this way, most of 
impact craters larger than 100m in diameter should be 
detected and local variations of the emplacement and 
resurfacing ages of geological units should be identi-
fied and measured. By retraining our detection model 
to detect other circular geological features, we will be 
able to clean our crater database of misidentification. A 
retraining on other imagery dataset covering the sur-
face of other terrestrial bodies could also allow to de-
tect smaller impact craters on their surface. 
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Introduction: Vera Rubin ridge (VRR) of Gale crater 

is one of the most prominent spectral and geomorphic fea-
tures explored by the Mars Science Laboratory (MSL) Cu-
riosity rover to date. The strong spectral signature consistent 
with hematite detected from orbit by the Compact Recon-
naissance Imaging Spectrometer for Mars (CRISM) instru-
ment suggests an aqueous origin for this material [1,2], alt-
hough the nature and geologic context of these mineralogic 
signatures remained largely unconstrained. VRR was ex-
plored in situ by Curiosity from September of 2017 through 
January of 2019, which provided detailed compositional, 
spectral, and morphological information regarding its for-
mation and evolution. In this study, we compare these find-
ings of VRR to the Jurassic Navajo Sandstone and related 
sedimentary units of southern Utah to help decipher ac-
quired VRR data and provide geologic perspective. 

Vera Rubin Ridge: Initial data acquired by Curiosity 
suggested that VRR was an extension of the lacustrine mud-
stones of the upper Murray formation [3,4]. VRR consists 
of two members: the lowermost Pettegrove Point member 
defined by thinly laminated mudstones with fewer veins 
than the underlying Murray formation and the uppermost 
Jura member, which can be separated into the gray and red 
sub-members based on their appearance. The Jura member 
exhibits more color, spectral, and dip orientation variability 
than the underlying Pettegrove Point member [5].  

Mastcam [6] and ChemCam passive spectra [7] con-
firmed an increased hematite signature, although ChemCam 
laser-induced breakdown spectroscopy (LIBS) analyses 
found no significant systematic increase in Fe abundance 
relative to the underlying Murray formation, with the excep-
tion of localized pseudomorphosis of earlier mineral phases 
[8,9]. Based on the evidence gathered by Curiosity, the 
leading hypothesis is that reducing fluids remobilized Fe 
from the gray Jura member of VRR and recrystallized hem-
atite within the red Jura member [6,9,10], potentially facili-
tated by differences in grain size and porosity [11]. 

Analog Site - Navajo Sandstone: The Jurassic-aged 
Navajo Sandstone and associated sedimentary units in 
southern Utah are primarily aeolian in nature and make up 
the largest sand sea deposit in North America [12,13]. 
These well-sorted aeolian sandstones contain high-angle 
cross-stratification and high porosities (10% - 30% porosi-
ty) [14-16], promoting fluid migration and making the Nav-
ajo Sandstone one of the largest fluid reservoirs in the Unit-
ed States [14]. These sandstones have been extensively 
investigated for decades, and there has been clear insight 
into diagenetic processes and the role of fluid flow in the 
mobilization and redeposition of iron [13-20]. These studies 
showed how reducing fluids interacted with the oxidized 

Navajo Sandstone and resulted in widespread bleaching 
through the dissolution and removal of pervasive hematite 
coatings on individual quartz grains. Reducing fluids might 
have also dissolved previous cements [15]. 

Comparing VRR & Navajo Sandstone: Much like 
the Navajo Sandstone, VRR exhibits ample evidence for 
secondary alteration resulting from the migration of fluids 
and their influence on the nature, abundance, and state of 
iron (Fig. 1). In this section, we highlight a few of the intri-
guing similarities between VRR and the Navajo Sandstone, 
identify key differences, and detail how additional work 
may be able to support the hypothesis that these two units 
are geologically similar. 

Spectral Signatures. Hematite-rich and bleached sec-
tions of the Navajo Sandstone show clear spectral differ-
ences, primarily at wavelengths shorter than ~1.0 μm [21]. 
Hematite-rich sandstones show rapid and concave-up in-
creases in reflectance with increasing wavelength through 
visible wavelengths, along with strong Fe3+ crystal field 
absorptions at 0.86 μm indicative of crystalline hematite 
[21]. Alternatively, bleached sandstones exhibit a nearly 
linear increase in reflectance through visible wavelengths 
that flatten at ~0.6 μm and lack a 0.86 μm absorption fea-
ture [21]. CRISM and Mastcam data from VRR are largely 
consistent with these observations from the Navajo Sand-
stone [1,6]. The red Jura exhibits strong concave-up in-
creases in reflectance through the visible wavelength range, 
while the gray Jura’s reflectance increases more linearly 
with increasing wavelength [6]. In the infrared, the red Jura 
shows a broad absorption feature near 0.9 μm that could be 
consistent with either hematite, akaganeite, or a combina-
tion of the two [6]. Therefore, the oxidized and bleached 
portions of the Navajo Sandstone are good spectral analogs 
to the Jura member of VRR. 

Porosity & Permeability. The variable porosity, primary 
depositional textures, fracturing, and faulting in the Navajo 
Sandstone are the primary reasoning behind the diversity in 
the distribution, width, and magnitude of bleached units 
throughout this sedimentary unit [13-15,22]. In VRR, the 
gray and red Jura sub-members exhibit different grain sizes 
that are likely related to the relative porosity of these units. 
The red Jura shows a mean grain size consistent with mud 
(GMEAN of 0.05 ± 0.03) whereas the gray Jura shows a mean 
grain size consistent with silt to fine sand (GMEAN of 0.09 ± 
0.03) [11]. These larger grain sizes (and potentially greater 
permeability) is consistent with the hypothesis that the infil-
tration of altering fluids resulted in the observed differences 
between the red and gray Jura sub-members of VRR [6]. 

Nature & Prevalence of Fe-Oxides. The classic red col-
oration of the Navajo Sandstone results from thin (2 - 4 μm 
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thick) hematite-rich coatings that rim larger quartz grains 
[13,15], which likely formed during early diagenesis that 
occurred during the initial deposition and burial of dune 
sands [23]. The measured abundance of hematite in these 
units is surprisingly low at less than 1.5 wt.%, showing the 
powerful optical influences of small quantities of Fe-oxides 
[13,15]. These Fe-oxide-rich coatings are partially and pref-
erentially removed where reducing fluids were able to mi-
grate through the sandstones. Preliminary assessments of 
VRR mineralogy suggest a significantly greater abundance 
of hematite (> 10 wt.%) in the Pettegrove Point and gray 
Jura members, and the red Jura contains less hematite yet 
greater amounts of akaganeite [24], suggesting formation in 
acidic aqueous environments [25]. Akaganeite has been 
shown to be a metastable precipitate of oxidized iron at 
oxic-anoxic boundaries [18,19,26] and provides important 
information about the fluid chemistry during Fe-
precipitation [25]. 

Bleaching & Staining. The bleached Navajo Sandstone 
likely had hematite grain coatings that were dissolved and 
removed by reducing groundwater [15], resulting in its 
bright “bleached” color. Bleached rocks are generally more 
altered than the red sandstones, with K-feldspar altering to 
kaolinite, illite, and other clay species [15]. The initial hy-
pothesis that the gray Jura was once a member of the red 
Jura and subsequently bleached by reducing fluids is chal-
lenged with the recent mineralogical results from these Jura 
sub-members [24]. Unlike the bleached components of the 
Navajo Sandstone, the gray Jura exhibits increased hematite 
and feldspar abundances relative to the red Jura. These pre-
liminary results suggest that the relationship between the 
gray and red Jura sub-members is likely more complex than 
a single episode of reducing fluid flow. This relationship 
will become clearer when the nature of the X-ray amor-
phous materials are better constrained, as they compose 
roughly 40% and 50% of the red and gray Jura sub-
members, respectively [24]. Once constrained, it will be 

possible to compare these results to local alteration envi-
ronments within the Navajo Sandstone. 

Future Work & Conclusions:  As the final results 
from VRR continue to be interpreted, the utility of the Nav-
ajo Sandstone as a useful terrestrial analog for this geologic 
feature on Mars will become clearer. The mineralogical 
differences between the red and gray Jura provide critical 
insights into the nature of the altering fluids that may have 
passed through VRR. The Navajo Sandstone has experi-
enced multiple episodes of fluid intrusion over a variety of 
Eh/pH conditions [14,18] that have resulted in the remobili-
zation of Fe-oxides and corresponding spectral signatures 
[14]. Additional work to understand the role of fluid chem-
istry and the behavior of authigenic minerals during aque-
ous alteration in the Navajo Sandstone and related sedimen-
tary units is ongoing and will help us to constrain the poten-
tial formation environments for the different geologic units 
found in Vera Rubin ridge. 
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Figure 1. Differences in oxidation state within sedimentary rocks of Vera Rubin ridge (left) and the Navajo Sandstone 
(right). Left image is a Mastcam mosaic (enhanced color) from sol 1930. Right image is courtesy of Google StreetView. 
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CRATERS.  M.E. Landis1,  A.S. McEwen2, I.J. Daubar3, P.O. Hayne4, S. Byrne2, C.M. Dundas5, S.S. Sutton2, A. 
Britton6, K.E. Herkenhoff5. 1Planetary Science Institute, Tucson, AZ, USA (mlandis@psi.edu), 2Lunar and Planetary 
Laboratory, University of Arizona, Tucson, AZ, 3Jet Propulsion Laboratory, California Institute of Technology, Pas-
adena, CA, 4Laboratory for Atmospheric and Space Physics, University of Colorado, Boulder, CO, 5Astrogeology 
Science Center, USGS, Flagstaff, AZ, 6Malin Space Science Systems, San Diego, CA.  

Introduction:  Mars’ Polar Layered Deposits (PLDs) 
represent a tantalizing clue in deciphering Mars’ cli-
mate history. Previous studies have detected recurring 
patterns in the alternating layers of ice and dust [e.g.,
1-2] and made estimates of the accumulation rates re-
quired to replicate them [e.g., 3-4]. Data from several
Mars years of orbital observations have made signifi-
cant progress describing the inter-annual variations in 
the seasonal CO2 ice and other key controls on the 
mass balance of the PLDs [e.g., 5]. From thermal and 
martian obliquity models, it appears unlikely that the 
current NPLD could have survived beyond 5 Myr be-
fore the present [6-8].  Radar layering suggests the 
NPLD records geologically recent climate shifts [9], in 
addition to the processes that are generating individual 
layers visible in the troughs.  

However, if and how the PLDs are recording the 
most recent climate is not yet well understood. In the 
case of the North PLD (NPLD) there are lines of re-
mote sensing evidence that suggest that they are gain-
ing and losing mass [10-13]. Additionally, from previ-
ous crater studies [14-18], the surface age of the SPLD 
is orders of magnitude older than that of the NPLD. 
This has major implications for interpreting how cli-
mate signals contained within the NPLD and SPLD 
may overlap, and what era the record within the SPLD 
represents.  

This abstract summarizes previous work on deriv-
ing the surface ages of the PLDs from impact crater 
statistics, highlights where remote sensing data can be 
used to make progress in the near future, and  finally 
reports on a newly detected, dated small impact crater 
on the SPLD and implications for near-surface PLD 
geology at a previously un-studied scale.  

PLD surface ages from crater statistics:  Impact 
crater statistics have been frequently used in the  litera-
ture to determine exposure ages of the near-surface 
regions of continuous geologic units [19]. Previous 
impact crater studies of the PLD have used a variety of 
resolution image data, from Viking to HiRISE [14-18].  

Where similar data sets were used to determine the 
surface age of both the NPLD and SPLD, a several 
orders of magnitude age difference was found [14]. 
While key developments to our understanding of the 
SPLD have changed since the first impact crater stud-
ies (including improved resolution image data, the dis-
covery of low radar reflectivity zones [20-21],  and the 

description of two surface geologic units  [22]), the 
resulting large surface age difference between NPLD 
and SPLD remains [23].  

The detection of impacts on Mars in before and af-
ter Context camera (CTX) images has allowed for the 
estimation of the present day impact crater production 
function (PF) [24] at small sizes, in contrast to previ-
ous crater PFs that were scaled to Mars from the lunar 
record [e.g., 25]. When re-interpreting the surface age 
of the NPLD using this PF and HiRISE data, a maxi-
mum age of ~1.5 kyr for the surface is found [18] vs. a 
previous maximum age of ~20 kyr [17]. This means 
that the survival  time of a 200 m crater on the surface 
could be as short as ~1.3 kyr [18, 26].  

To calculate infill rate for a 200 m crater, we as-
sume an initial depth-to-diameter ratio of 0.2 and that
the inner slope of the impact crater wall is ~20°. If 
water ice infill is the primary removal mechanism of 
these craters and the impact flux of [24] is assumed, in 
~3.6 years there would be one 25-cm pixel horizontal
difference in the extent of intra-crater water ice as ob-
served by HiRISE bin1 [26]. However, if lunar-scaled 
chronologies [e.g., 23] are used, it would be decades to 
centuries before 1 pixel differences could be detected
[26]. With HiRISE’s data collection lifetime extending 
into its second decade, it may be possible to measure 
these small but multiple pixel changes in crater fill,
and determine which model most closely matches ob-

servations. 
 

Figure 1. The 
geologic units of 
the SPLD 
mapped by [8] 
are shown with 
the two initial 
count areas (in 
green and red).  
 
The craters on 
the SPLD are 
more numer-
ous and gener-
ally larger than 

those on the 
NPLD [e.g., 14] and are subject to viscous relaxation 
[27]. Applying the PF based on observed Mars small 
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craters [24] rather than a lunar PF extrapolated to Mars 
[e.g., 25], results in a ~200 kyr surface age vs. ~10 
Myr surface age for test counting regions in Promethei 
Lingula (Figure 1).  

SPLD crater diameters can range from a few 10s of 
m to several km in diameter. This broad size range 
suggests that the impactor population that generated 
them is most likely some mixture of older, more lunar-
chronology-relevant impactors (km scale) and the cur-
rent, small-impact-generating martian impactor popu-
lation (~10s m). However, if the crater retention age 
derived from lunar-like crater production [e.g., 25] best 
reflects the true age, the SPLD surface is closer to 10s 
of Myr old. The climate record of the SPLD therefore 
may not significantly overlap in time with that of the 
NPLD. Applying models that combine impactor popu-
lations may narrow this broad surface age in the future.  

 
Figure 2. The ~18m diameter new impact crater in two 
HiRISE images (ESP_057152_0985 & ESP_057970_0985), 
one with and without seasonal frost coverage. Images: 
NASA/JPL/University of Arizona. 

New results from a dated SPLD impact:  The de-
tection of a ~18m diameter impact crater on the SPLD 
by CTX (formed between July and September 2018, at 
~81.5°S, 41°E) provides an opportunity to test assump-
tions about the strength of the dusty-ice that makes up 
the SPLD and about the structure of the near-surface 
SPLD region (Figure 2). The crater ejecta includes 
very small patches that resemble bare ice in HiRISE 
color data, but mostly resembles ice-free impacts [28].  

From the available HiRISE images of this crater, 
we can find the relative dust content and particle size 
of the ejecta. We found the I/F values for a piece of 
flat terrain outside the impact crater ejecta and the 
crater ejecta. The I/F is smaller in the proximal ejecta 
than on the surrounding terrain, implying that the dust 
layer excavated to generate it is different in grain size, 
roughness, or dust content than the air-fall dust on the 
surface. We will apply a spectral model described in 
[29] to constrain the dust mixing ratio and grain size, 
and will report these findings at the conference.  

This result will characterize the  dust in the upper 
~1.8m of the SPLD, assuming an excavation depth of 
0.1D [30]. This crater excavation depth within the 

length scale to which neutron spectroscopy is sensitive 
(up to ~1 m, depending on composition [e.g., 31]) and 
can serve in the future as a point of comparison for 
neutron response models. Studying the near-surface 
composition, in addition to understanding the recent 
climate record contained within the SPLD,  will also 
help drive future mission requirements especially for 
missions studying the shallow subsurface.  

In addition to inferring dust properties of the near 
surface, the depth-to-diameter ratio (d/D) and overall 
geometry of the dated SPLD crater provides a much 
needed data point to determine the effect of material 
strength differences of Mars-temperature ice and rocky 
targets on overall crater shape. The widely used pi-
group scaling of [32] does not contain parameters for 
water ice, and studying the geometry of this crater vs. 
other dated impacts on Mars is a key next step.  

The new crater d/D can be compared among the 
dated SPLD impact and other small impacts on Mars. 
Three NPLD craters (D ~90-120 m) have d/D between 
0.17 and 0.21. The mean d/D of dated impacts into 
lithic targets is ~0.23 [33]. Currently, the HiRISE 
DTM lab is generating a model for this small impact.  
We will present results from analysis of this new 
SPLD crater topography compared to other small, new 
craters.   
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Introduction:  A variety of aqueous alteration ma-

terials as well as unaltered mafic rocks have been iden-
tified by investigations across the region between Isidis 
and Hellas [e.g., 1, 2, 3, 4, 5, 6]. Exposed views of 
ancient crustal rocks, lava flows from Syrtis Major, 
alteration from the large Isidis and Hellas impacts, and 
multiple stream beds and deltas make this region 
unique on Mars [e.g., 7, 8, 9, 10]. Previous studies of 
morphologic and spectroscopic features using coordi-
nated CRISM-HRSC and CRISM-HiRISE-CTX im-
agery observed distinct stratigraphic units containing 
phyllosilicates, carbonate, olivine and pyroxene in iso-
lated regions [e.g., 11, 12]. Tirsch et al. [13] extended 
that work across a broader area of Libya Montes and 
south across Tyrrhena Terra in order to 1) characterize 
the types and occurrences of phyllosilicates, opal, zeo-
lites, and carbonates; 2) assess relationships between 
these aqueous outcrops and surface features such as 
craters, aqueous channels, and deltas; 3) investigate 
whether the surface rocks were altered by the Syrtis 
flows or Isidis impact; 4) determine relationships be-
tween smaller craters (e.g., Dulovo, Hashir, Bradbury, 
Lipany, Auki, and Lopez) and the surface rocks; 5) 
evaluate the surface mineralogy across the study region 
in relation to thermal inertia and elemental abundanc-
es; and 6) determine the effects of impact alteration in 
formation or transformation of the mineralogy.  

In order to build on previous investigations by 
Tirsch et al. [13], this work begins to address the oli-
vine present in the region of study using thermal (mid-) 
infrared data from the Mars Global Surveyor Thermal 
Emission Spectrometer (hereafter TES) and Mars Od-
yssey Thermal Emission Imaging System (hereafter 
THEMIS).  Our team is investigating the mineralogy in 
the region using a broad array of spectral data sets 
from the visible (VIS) through the mid-infrared (MIR). 

Olivine Spectral Index:  Olivine spectral indices 
were developed for spectra of 13 synthetic olivine 
pressed powders that ranged in composition from the 
Mg end member forsterite (Fo100) to the Fe end mem-
ber fayalite (Fo0).  Presentation of the entire range of 
Mg-Fe solid solution spectra can be found in [14].  By 
developing a spectral index that maps a feature that 
shifts with composition, Lane and Christensen [15] 
have previously applied the olivine indices to TES data 

using Java Mission-planning and Analysis for Remote 
Sensing (JMARS) software [16].  In [15], application 
of the olivine index to orbital data the Gale Crater 
dunes, allowed the olivine composition in the Bagnold 
Dunes to be identified as Fo55 (+/-5).  This composi-
tion was verified on the ground by the Curiosity  rover 
using CheMin data that identified the olivine as Fo56 
(+/-3) [17]. 

Knowing the methodology for determining olivine 
composition works, the olivine indices were applied to 
TES data of our study site.  In order to apply the de-
veloped spectral indices to interpreting the TES data 
from Mars, the laboratory spectra (at 2 cm-1) spectral 
resolution) were degraded to the ~10 cm-1 spectral res-
olution to identify correct TES bands for the index 
formulae.  Because of the coarseness of the TES spec-
tral resolution, some Fo#s are represented by an equa-
tion identical to a neighboring Fo#.  This was the case 
for Fo50 and Fo55, as well as Fo70 and Fo75, indicat-
ing a minimum error in compositional determination of 
+/-5 Fo#.   

Figure 1 shows the TES olivine index mapping of 
Fo50/55 in the top panel and Fo65 in the middle panel.  
Where more olivine of that composition is mapped, the 
pixels appear as warmer colors (toward red).  Lesser 
(or no) olivine maps as cooler colors (toward blue).  In 
this region, the index is showing mid-range amounts of 
olivine as more-or-less intense green. 

Compositional Results:  The TES data (from the 
index maps alone in Fig. 1) suggest the Martian basal-
tic Tyrrhena Terra region is dominated by mid-range 
composition olivine (~Fo50/55 to Fo65). Although the 
Fo65 map shows olivine in more isolated sites, this 
map jibes more closely to the bottom map in Fig. 1 that 
is from [13].  The bottom map shows the visible-range 
Compact Reconnaissance Imaging Spectrometer 
(CRISM) data [18] where olivine is mapped in green 
(Fe/Mg-bearing phyllosilicates are mapped in red; low-
Ca pyroxene is mapped in blue). 

The TES olivine index maps are not designed to 
identify locations of phyllosilicates or pyroxenes; 
however, future work will be focused on mapping 
those minerals as well as the olivine.  
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Figure 1.  Spectral index maps of olivine for Fo50/55 
and Fo65 (top and middle, respectively) as determined 
using TES data. Red-Green-Blue (RGB) composite of 
CRISM data showing olivine mapped to green. (See 
text for further discussion of colors.) 
 

Future Work:  This region will be studied in a lot 
more detail using multiple data sets acquired at Mars, 
especially from the Mars Reconnaissance Orbiter, Mars 
Express, Mars Global Surveyor and Mars Odyssey space-
craft. We will be coordinating our multi-instrument and 
multi-wavelength spectral analyses to maximize the un-
derstanding of the geology of this region. 
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Introduction:  Prior to the Mars Global Surveyor 

(MGS) mission (1996-2006) little was known about the 
nature of the Martian magnetic field. Our knowledge 
about it comes from MGS as well as from Mars At-
mosphere and Volatile EvolutioN – MAVEN, in orbit 
around Mars since 2014. Over the past 20 years the 
description of the magnetic field of Mars has evolved. 
A recent global model can now reliably describe the 
field at the Martian surface up to spherical harmonics 
degree 134, corresponding to a surface length scale of 
160 km. In this study we report on this model and show 
how this improvement was made possible, thanks to 
additional measurements, better data selection and an 
improved modeling scheme. 

MGS and MAVEN: The MGS mission led to ma-
jor findings, including the discovery of the surprisingly 
intense and localized magnetic field anomalies of crus-
tal origin [1-3]. Up to 1500 nT magnetic field were 
measured at 90-km altitude. During almost 8 years 
MGS measured the field at a nearly constant altitude 
and on a 2am-2pm local time plane. This orbit was 
especially suited to provide a very complete and re-
peated coverage of the Martian magnetic field, allow-
ing multiple night time measurements over the same 
locations and therefore easier identification of time-
varying external fields [4-5]. MGS also returned indi-
rect estimates of the magnetic field intensity at 185-km 
altitude, using the Electron Reflectometry method [6]. 

MGS however returned only a few measurements at 
low altitude, but they were certainly crucial to better 
understand the magnetic figure of Mars. Between 400 
and 150 km, the field intensity is multiplied by ~6. This 
is one of the reasons why MAVEN magnetic field 
measurement are extremely valuable [7]. Its orbit is 
more eccentric than that of MGS, with a periapsis close 
to 150 km, and occasional lower ones at specific times. 
Local time varies relatively fast. As a consequence 
MAVEN returns more low night-side measurements 
than MGS.  

 A New Model: MGS measurements have been ex-
tensively used to build models of the Martian magnetic 
field [e.g., 3-4, 8-11]. Here we combined the vector 
magnetic field measurements of these two missions and 
the ER data from MGS into a unique model. The mod-

eling is based on a discrete Equivalent Source Dipoles 
approach [3, 9]. It is then converted to a continuous 
spherical harmonics model. Several improvements are 
made, which are detailed below. 

Dedicated selection scheme: measurements are 
screened and selected to remove time variable magnet-
ic fields of external origin, using a magnetic field proxy  
[4] or an a priori model to identify outliers. A total of 
600,000 vector triplets are used together with 200,000 
intensity estimates [12]. 

Combination of vector and scalar measurements: 
the use of ER intensity estimates require the inversion 
scheme to be linearized. This is done in a two-step ap-
proach, where vector measurements are first used to 
derive an coarse solution, which is then iteratively re-
fined with intensity measurements. 

Model spatial resolution: ESD are placed on an 
equal area grid, each dipole representing on average 
10,000 km2. The magnetization of the 14386 dipoles is 
then used to predict the magnetic field at a constant 
altitude of 150 km. This latter map is then converted 
into a spherical harmonics model with maximum de-
gree n = 134. 

Results: The misfit is as low as 4 nT rms at 400-km 
altitude. It increases to 10 nT for MAVEN measure-
ments between 125 and 600 km. A map of the radial 
component and of the field intensity at the surface is 
shown in Fig. 1. The mean magnetic field is close to 
450 nT, but only 30% of the Martian surface is associ-
ated with a larger field. The proportion decreases to 
7.5% for fields larger than 1350 nT. The magnetic field 
is predicted to reach a maximum of 11280 nT above 
Terra Cimmeria and Terra Sirenum, which are thought 
to be oldest geological units on Mars [13]. 

The Future: After 20 years of magnetic field 
measurements in orbit around Mars, the InSight mis-
sion [14] landed on Mars. InSight is devoted to geo-
physical measurements [15], with SEIS and HP3 exper-
iments [16, 17]. It carries also a fluxgate magnetome-
ter. Magnetic field predictions by the global model [12] 
can be compared to those of a local model [18] and to 
surface measurement. The comparison further confirms  
the complexity and wealth of the Martian magnetic 
field. Its description and temporal evolution will cer-
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tainly continue to evolve in the future, when more sur-
face measurements are made, or well collected samples 
are also chosen for their magnetic field properties 
[19,20]. 
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Figure 1 : Magnetic field intensity (a) and radial component 
(b) predicted at the mean Martian spherical surface (radi-
us=3393.5 km) from [12], up to spherical harmonics degree 
and order134.  
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Introduction: The recently discovered high concen-

trations of manganese (as high as 40 wt% MnOT) in 
Gale crater on Mars point to past episodes of strongly 
oxidizing conditions within an aqueous environment [1-
2]. On Earth, such simultaneous conditions are almost 
always both habitable and inhabited by microbes [3]. 
Present day oxidation of terrestrial Mn(II) is catalyzed 
primarily by Mn-oxidizing microbes [e.g., 4-5]. In addi-
tion, manganese is closely associated with the influx of 
O2 into the terrestrial atmosphere and subsequent global 
shift in redox conditions to the oxidizing environments 
observed today. Given its close association with life and 
habitable environments on Earth, manganese has long 
been considered a principal biosignature for Mars [e.g., 
6]. Here we provide an overview of manganese as a re-
dox indicator and describe how specific characteristics 
of Mn-bearing materials may be used to identify poten-
tial biosignatures.  

Manganese as redox indicator: Manganese miner-
als provide unique indicators of water-rich environments 
and their redox states. Significant oxygen fugacities and 
readily available water are required to drive Mn2+ oxida-
tion and cycling. No igneous phases in which Mn is the 
dominant cation have been observed in any terrestrial 
system; thus high Mn minerals are always secondary in 
nature. Once Mn(II) is released from rocks and dissolved 
in fluids, high-potential oxidants are required to oxidize 
and precipitate Mn. Whereas Fe and S are readily oxi-
dized by a wide range of oxidants to high valence states 
under mildly oxidizing conditions (-100-100 mV), man-
ganese is uniquely sensitive to high potential oxidants 
(>> 500 mV) [7]. Iron oxides can precipitate at a range 
of pE values (redox potential) at circumneutral pH, but 

Mn-oxides are only stable in strongly oxidizing, high pH 
(>8) aqueous environments. As a result, an environment 
may be “oxidizing” for Fe but not when viewed in the 
context of Mn. Without microbial mediation, Mn is less 
likely to oxidize than Fe in many natural environments.  

Because of the unique sensitivity of Mn to redox con-
ditions, Mn-rich rocks on Earth closely track the rise of 
atmospheric oxygen [8-11]. Prior to the Great Oxygena-
tion Event ~2.35 Ga, the early anaerobic Earth was char-
acterized by redox cycles of Fe and S, but not Mn [12-
15]. Concentrated Mn deposits do not occur until after 
the flux of O2 reached a critical threshold in Earth’s at-
mosphere (~1% present terrestrial atmospheric levels of 
O2). This transition marks a major change in Earth’s en-
vironment in which the diversity of minerals produced 
by redox processes was greatly increased [8, 16-17]. 

Manganese as biosignature: In addition to its indi-
rect association with photosynthesis in the past, Mn is 
also directly associated with microbial action in the pre-
sent day. On present-day Earth, oxidation of Mn(II) is 
catalyzed primarily by Mn-oxidizing microbes [e.g., 4-
5], which are ubiquitous in the terrestrial environment 
[4]. Microbial catalysis greatly increases the rate of Mn 
oxidation at circumneutral and low pH compared to abi-
otic processes [18], allowing Mn-oxides to precipitate in 
thermodynamically unstable conditions [19-20]. Mi-
crobes can catalyze Mn(II) oxidation by modifying pE-
pH conditions in the local aqueous environment, or by 
releasing metabolites that chemically oxidize Mn(II) 
[21-22]. When Mn-oxides precipitate in disequilibrium 
conditions, they are a strong indicator for the presence of 
catalyzing microbial communities. 

Characteristics of biogenic Mn: Both layer and 

 
Fig. 1. A) Sandstone in Gale crater with 5.46 wt% MnOT (average) as observed by ChemCam 
(AEGIS_post_1685a). B) Opportunity target Pinnacle Island with 2.38 wt% MnOT (average) as observed by the 
APXS (from Arvidson et al., 2016). C) Hydrous MnO phases observed in NWA 7533 C2b (from Liu et al., 2017). 
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tunnel mineral structures have been observed in t e r -
r e s t r i a l  biogenic Mn-oxides [e.g., 23], but typical 
products of microbial oxidation of Mn(II) are layer-
type Mn-oxides whose mineral structures are poorly 
crystalline and contain mostly Mn(IV) and little 
Mn(III) [4]. Preliminary work suggests that the pres-
ence and abundance of specific trace elements also pro-
vides evidence for a biogenic origin in Mn-bearing 
materials [24]. Manganese oxides are well known to 
scavenge trace metals from water [25-26] because of 
their surface charge properties, which exhibit a strong 
dependence on the pH of the waters with which they 
are in contact [27]. Such scavenging has been observed 
even in acidic stream environments where biogenic Mn-
oxides uptake Co, Ni, Zn, and other metals and thus 
metals are found in higher abundance in these Mn-ox-
ides [e.g., 28]. In these environments, Mn-oxide precip-
itation must be biogenic in nature. Recent experimental 
results suggest that the scavenging pattern observed 
in Mn-rich fracture fills in Gale are consistent with 
deposits of MnO2 [29].  

Observations of manganese on Mars and in 
martian meteorites: High concentrations of manga-
nese have been observed in a wide range of martian ma-
terials, including in situ and within martian meteorites. 

Gale crater:  High manganese has been observed in 
a variety of geologic settings in Gale including as a sur-
face coating [1], fracture fills [2], and embedded in fine 
to coarse grained sediments [30-31]. Some instances are 
clearly diagenetic [e.g., 2] while others may be either 
authigenic or diagenetic [30-31] (Fig 1A). In terrestrial 
lakes, Mn is typically deposited in shallow water envi-
ronments due to the increased abundance of dissolved 
oxygen [e.g., 32-33]. The water column within the Gale 
lake may have been redox stratified, leading to more ox-
idizing conditions in shallow water and less oxidizing 
conditions in deeper waters, as evidenced by the depo-
sition of different redox sensitive mineral species [34].  

Endeavor crater: Manganese oxides were ob-
served by the Opportunity rover at the rim of Endeavor 
crater in Meridiani Planum [35] (Fig 1B). High-Mn 
materials were observed in a low-Mn host rock, point-
ing to the presence of strongly oxidizing groundwaters.  

Martian meteorites: Primary manganese minerals 
have been observed in multiple pairings of the “Black 
Beauty” meteorite group (Fig 1C), which represents a 
martian regolith breccia. Hydrous Mn(IV)-oxides were 
observed in NWA 7034 and NWA 7533 within unal-
tered mineral grains, suggesting that they formed while 
on Mars and not as the result of terrestrial alteration 
[36]. Mn-oxide was also observed in NWA 8171 and 
determined not to be terrestrial alteration [37].  

Discussion: Manganese-bearing materials represent 
an important new class of analysis targets for in situ and 

orbital Mars missions. Observations of Mn-bearing ma-
terials in at least three locations on Mars (Gale, En-
deavor, and the Black Beauty source location) suggests 
that manganese minerals are likely more widespread 
than was previously recognized, and that the conditions 
required to concentrate and deposit Mn minerals were 
present on Mars at a broad scale. The presence of high 
abundances of Mn (>1 wt% MnOT) point to the exist-
ence of strongly oxidizing conditions well beyond those 
required to oxidize Fe, which opens up the range of po-
tentially habitable environments that may have existed 
on Mars. In addition, the close relationship between Mn 
minerals and microbial communities on Earth makes 
Mn-bearing materials a key target for biosignatures. In 
some environments (e.g., acidic waters), the mere pres-
ence of Mn minerals may itself be a biosignature. Given 
the broad distribution of Mn-bearing materials within 
the Gale lake sediments [38], it is highly plausible that 
Mn will be similarly abundant in the apparently lacus-
trine environment in Jezero crater, the landing site of the 
upcoming Mars 2020 rover. A main goal of the Mars 
2020 mission is to identify materials with high biosig-
nature potential for sample caching and future return. 
Should a high Mn sample be identified, it would provide 
key information about redox conditions and could give 
critical insight into the formation mechanism of Mn 
minerals on Mars.  
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Introduction & Relevance to the Mars Program:  Eolian 
science focuses on the set of wind-driven processes that modify 
planetary surfaces, including the production and transport of 
windblown sediments, their deposition, and their effects on the 
landscape and local environment. Eolian processes are wide-
spread in the Solar System [1], and the landforms they create 
contain direct clues about the atmospheric conditions under 
which they form, and as such, offer a powerful record to deci-
pher both paleo- and modern environments.  

Along with periglacial processes, eolian processes largely 
dominate the surface of Mars today, and likely have for more 
than 3 Ga [2]. Thus, the transport of windblown sand on Mars 
has exerted a major control on landscape evolution, and under-
standing the rates of wind-driven landscape modification di-
rectly feeds into, for example, quantifying the rates of exhuma-
tion of putative buried organics, and thus, evaluating the pro-
spect of candidate astrobiological targets. Even under an active 
hydrologic cycle, eolian processes would have acted in concert 
with fluvial systems on Mars to route sediments across the 
landscape, from sources to sinks [3]. Learning to decipher clues 
from sedimentological data can provide critical insights into 
Mars’ geologic and climate history, as well as its habitability 
through time. Finally, active eolian processes, including the 
production and suspension of fine airborne dust during planet-
encircling events, may constitute severe challenges for surface 
operations by humans, and understanding the modern eolian 
environment in a predictive way is critical for the eventual hu-
man exploration of Mars. 

Brief Summary of the Pre-2014 State of Knowledge: 
Since Mariner 9 first detected dunes on the martian surface 
almost five decades ago [4], the eolian environment of Mars has 
been largely characterized using orbiter-based assets. Three 
main types of eolian bedforms were detected from orbit – large 
dunes, meter-scale ripples forming in dark sand, and meter-to-
decameter high-albedo ripple-like bedforms called transverse 
aeolian ridges (TARs). The latter two bedform types were not 
widely recognized on Earth. Dune fields were mapped across 
the entire martian surface [5], and display dynamic and complex 
behaviors, much like terrestrial dune fields. Time series of 
HiRISE images revealed that martian dune fields are globally 
active, with some modern martian dunes migrating at rates that 
are on par with some terrestrial dunes [6]. The Mars Explora-
tion Rovers made ground-based observations of windblown 

bedforms [7-8], including decimeter- to meter-scale ripples [8-9], 
as well as ventifacted float rocks [10] (complementing orbiter 
observations of yardangs across the planet [11]), and ancient 
windblown sandstones [12]. Physical models for the thresholds 
of saltation under the thin modern martian atmosphere were 
developed [13]. In addition, the composition of windblown sed-
iments was investigated with orbiter-based spectrometers, and 
were shown to be largely made of basaltic grains, with a few 
dune fields containing variable amounts of other minerals in-
cluding gypsum [14]. Prior to 2014, planet-encircling dust 
storms had been observed, by multiple spacecrafts and Earth-
based telescopes, when the planet was near perihelion [15]. The 
composition of martian dust was constrained by both orbiting 
spectrometers and ground assets [16]. 

Advances in Martian Eolian Science Since 2014:  Since 
the 8th International Conference on Mars, additional orbiter-
based analyses have enabled a refined characterization of sand 
fluxes, composition, and mineral sorting. In addition, Curiosity 
performed the first in situ investigation of an extraterrestrial 
dune field – the Bagnold Dunes of Gale crater – and witnessed 
a global dust storm in 2018. Selected advances in martian eoli-
an science will be summarized. Results related to martian dust 
will only be presented here as they pertain to eolian processes 
at the surface; dust storms will not be covered. 

Physical Properties of Eolian Sands: Observations of var-
ied bedforms along Curiosity’s traverse revealed that bedforms 
within the Bagnold Dune Field are made of fine sand and are 
dust-free, whereas coarse-grained ripples (either isolated or in 
ripple fields) display coarser crests (medium to very coarse 
sand) and variable amounts of dust [17]. Based on the distribu-
tion of clast sizes at various landing sites on Mars, fragmenta-
tion theory was shown to readily explain the formation of sand-
sized particles that can then be entrained by martian winds [18]. 
Ground-based measurements of the thermophysical properties 
of active sand revealed that previous grain-size overestimates 
from orbiter data resulted from subpixel sand-bedrock mixing, 
not grain-size variability, armoring, or induration [19]. Dunes 
were shown to affect the microclimate within the Bagnold 
Dune Field by inducing brief temperature fluctuations in the 
interdune [20]. 

Morphodynamics: Three scales of bedforms were docu-
mented in the Bagnold Dune Field – decimeter-scale impact 
ripples, meter-scale ripples, and larger dunes [21-24]. The origin 
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of the large meter-scale ripples forming in fine sand is debated 
[21,25-26]. Large martian ripples display a rich morphologic 
diversity, and can form transversely to longitudinally to the net 
wind direction [23,27-28]. A new mechanistic model for coarse-
grained ripples was formulated [29]. Analog field studies of 
coarse-grained ripples in Iran and Libya [30-31] further helped 
improve our understanding of TARs. Relationships between 
dune orientation and sediment cover were used to infer the 
wind regime based on a dune-growth model that incorporates 
both the bed-instability and fingering modes [32]. 

Fluxes & Winds: Orbiter-based observations of the seasonal 
nature of sand motion on Mars confirmed an overall low impact 
threshold [33]. The REMS wind sensor onboard Curiosity char-
acterized the diurnal to seasonal wind environment at Gale 
crater [34]. Consistent with orbiter-based observations, Curiosi-
ty did not detect significant sand motion in southern au-
tumn/winter (aphelion) in the Bagnold Dune Field [35], but the 
motion of coarse grains on bedrock [36] as well as the migration 
of small ripples were observed in southern summer near perihe-
lion [37]. Sand fluxes associated with small ripples, large rip-
ples, and dunes were estimated for the Bagnold Dune Field 
[35,37]. The motion of TARs was detected for the first time in 
polar and mid-latitude areas [38]. A new physical model was 
developed to explain the initiation of sand motion below the 
fluid threshold [39]. An update on orbiter-based analyses of 
sand-motion will also be presented in [40] at this conference. 

Chemical & Mineral Composition: A global dataset of 
dune-sand composition was compiled [41]. Eolian sands are 
basaltic, and in the Bagnold Dunes, coarser grains are typically 
enriched in mafic phases [42-49]. Subtle spatial variations in 
mineralogy and chemistry reflect eolian sorting by grain size 
and the contribution of local bedrock sources to eolian sands 
[42-50]. Active sands show a general depletion in S, Cl, and H 
relative to inactive dusty bedforms [42,47-49,51-52]. Conversely, 
dust shows an enrichment in those elements [53-54]. Evolved 
gas analysis of dust-free and dusty eolian materials showed 
distinct carbon contents, with a large fraction of evolved CO2 
attributed to carbonates and organics [52]. Finally, active sands 
of the Bagnold Dunes contain high abundances of oxychlorine 
and nitrates relative to all other soil samples from Gale crater, 
which are thought to reflect a long exposure to the atmosphere 
and the lack of aqueous alteration to dissolve and transport 
these compounds [52]. 

Wind Erosion: Cosmogenic-nuclide exposure dating of a 
mudstone in Gale crater revealed that the rock was only recent-
ly exposed to the surface, suggesting high modern rates of 
wind-driven exhumation [55]. Wind-driven exhumation rates 
were also calculated from estimated sand fluxes at candidate 
landing sites for NASA’s next rover mission [56]. Analog field 
studies focusing on yardangs provided insights into, e.g., wind-
flow patterns around them [57].  

The Ancient Eolian Record: Detailed sedimentological data 
from the Curiosity rover revealed that the Stimson Formation 
sandstone was deposited in a dry eolian environment dominated 
by sinuous to crescentic dunes [58], though compositional dif-
ferences, including enrichment in S and Cl relative to the Bag-

nold Dunes, suggest a role for water-formed cements in lithifi-
cation [42]. Decimeter-scale trough cross-stratification was 
identified in several ancient windblown sandstones, including 
the 3.7 Ga Burns Formation. These strata were recognized as 
the signature of meter-scale ripples, suggesting Mars had a 
modern-like atmospheric density at the time [21]. Orbiter-based 
imagery enabled the discovery of two ghost dune fields – where 
ancient dunes were once engulfed by a flow of unknown na-
ture, leaving dune casts behind as loose sediment was removed 
through time [59] – and more examples of largely preserved 
paleo-dune fields [60].  

Remaining Questions: Despite the large number of ad-
vances made since 2014 in martian eolian science, a series of 
critical questions remains to be addressed and answered to (1) 
further the usefulness of the eolian record as a quantitative 
paleoenvironmental archive, (2) understand the erosional histo-
ry of the martian surface as it pertains to astrobiological en-
deavors, and (3) develop predictive capabilities with respect to 
the modern eolian environment and pave the road for the hu-
man exploration of Mars. At the conference, we will review a 
selection of these important questions, such as: How do large 
martian ripples form, and how can they be used as a robust 
proxy for paleoenvironment? What wind speeds mobilize mar-
tian sediments? What is the relative importance of various 
transport modes in forming small and large ripples? How do 
TARs form, and what can they tell us about the past atmos-
phere? What does the composition of windblown materials tell 
us about sources, sorting, and exchanges with the atmosphere? 
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Introduction:  ChemCam is a Laser-Induced 

Breakdown Spectroscopy (LIBS) instrument on-board 
the NASA Mars Science Laboratory rover, which is 
currently exploring Gale Crater, Mars. A pulsed infra-
red laser ablates the target of interest generating a 
plasma, the light from which is collected and ana-
lyzed by spectrometry [1, 2]. Each shot on target re-
moves just a few nanograms of material.  

The composition of the first few shots is charac-
teristic of the global martian fine dust, which covers 
the entire planet [3] and contributes to the local geol-
ogy analyzed by MSL [4, 5]. This work compiles the 
ChemCam first shots taken on calibration targets and 
martian targets over four years to refine the composi-
tion of the Aeolian fine dust detected by ChemCam.  

 
Figure 1: Sol 323 MAHLI image of the REMS UVS, taken after the 

passage of the regional dust storm. Dust grains sticking  to the mag-
netic rings with different albedos and colours are seen.  

Martian fine dust deposition: A global compo-
nent of fine dust aerosol can be mobilized by aeolian 
processes on the surface of Mars and deposits con-
stantly on the Mars rovers, while being sometimes 
removed by the action of wind. As shown in Figure 1, 
very small dust particles deposit on the rover and af-
fect the detection of REMS UV sensors. In analyzing 
the first ChemCam shot, we analyze dust mostly from
airborne origin and recent deposition which should 
consist of a typical grain size distribution around 1-
2 μm [e.g. 6]. 

ChemCam passive spectroscopy [7] has also been 
used to assess the variations in dust cover from the 
rover paint target located amongst the ChemCam cal-
ibration targets (CCCT). The passive spectroscopy 
presents reddening of the rover paint CCCT with time 
that indicates deposition or removal of the dust parti-
cles on its surface. 

Martian fine dust composition: Since the be-
ginning of the mission, every first shot analyzed by 
ChemCam has presented a significant compositional 
contribution, always identical, that is representative of 
a global martian component. This contribution, ap-
pearing in the first five shots, is routinely removed 
from the analysis of the targets of ChemCam to get 
the composition of the underlying rock [8]. The con-
sistency of this first spectrum gave the opportunity for 
the ChemCam team to improve the distance correc-
tion for the ChemCam data [9, 10]. For compositional 
quantification, the dust deposited on martian targets 
typically presents little variation. We can therefore 
make use of about 8500 spectra available over 1500 
sols to determine the composition of this material.

 
Figure 2: Comparison in SiO2 (left) and FeO (right) content of the 
first shot versus the content of the underlying rock. This shows that 
the majority of the data points do not present correlation with the 

underlying target composition after cleaning out the outliers (usual-
ly fresh targets with no dust coverage).  

Figure 2 compares the first shot composition with 
the composition of the underlying rock target, indicat-
ing that the two values are not correlated. In this way, 
all the major and some minor elements of the eolian 
dust are detected. The line ratios are consistent with a 
basaltic composition similar to the one detected glob-
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ally on the planet [3-6]. Every ChemCam first shot 
presents a strong H line, indicating that this fine dust 
is a contributor to the H content of the martian sam-
ples also detected by the SAM instrument at the level 
of 1.5-3 wt.% [4, 12, 13]. This in turns means that this 
fine dust also contains part of the hydrated amorphous 
phase of the soil. This is illustrated in Figure 3 which 
shows the distribution of the hydration index in 
ChemCam data as compared to soils and dunes.  

 

Figure 3: Comparison of the hydrogen signal distribution for eolian 
dust (red), the Aeolis Palus soils (yellow), and the Bagnold dunes 

(green) at Gale. ICA = independent component analysis. [14] 

As shown in Figure 4, comparison between the 
fine dust component and typical fine soils, indicates a 
similar content in major elements with soils analyses 
from ChemCam and dust deposits from APXS (nor-
malized with H2O=2wt.%) [17]. Alkalis are variable 
while the minor elements Ba, Sr, Rb, Li are detected 
in quantities similar to previous soil analyses. Mn and 
Cr appear to have larger peak areas than typical 
ChemCam soils. S and Cl peaks are detected in 
agreement with APXS enrichment of S and Cl in dust 
[17]. 

Conclusion: The chemical composition of the 
martian fine dust component can be analyzed with the 
ChemCam instrument and compared to other meas-
urements. The compositional homogeneity of the dust 
at the 350-micron scale of the ChemCam LIBS spot 
probably indicates an efficient mixing of the dust
grains at this scale and/or the widespread presence of 
their lithic source. 

The dust composition shows similar trends to the 
APXS dust measurements on the observation tray of 
MSL. There are significant differences with the Aeo-
lis Palus soils and Bagnold dunes, as the dust is lower 
in CaO, and higher in SiO2. The dust content in FeO 
and TiO2 is larger than the soils and probably associ-
ated with nanophase oxides components, such as ti-
tanomagnetite. The dust spectra show the presence of 

volatile elements (S and Cl), and the hydrogen con-
tent is similar to Bagnold sands, but lower than Aeolis 
Palus soils. The dust may be a contributor to the 
amorphous component of soils, but differences in 
composition indicate that the two materials are not 
equivalent. 

This may be linked to the presence in the eolian 
dust of a mixture of altered and unaltered materials in 
the eolian dust mixed over the planet in a global cy-
cle. Therefore, dust may not constitute the most 
chemically altered soil component, and the physical 
weathering of unaltered phases of rocks and pebbles 
during their transport may have played an important 
role in its formation. 

Figure 4: Mean 1st shot with standard deviation ratio to average 
Mars soil [15] and comparison with ChemCam fine soils [5, 16] and 
APXS dust measurements [17]. 
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Introduction:  Chloride minerals such as halite 

(NaCl) are extremely soluble. On Earth, they are found 
almost exclusively in dry regions, where strong evapo-
ration drives saturation, and there is often a sequence 
of increasingly soluble minerals that are deposited se-
quentially, tracing the evolution of the parent brine. 
Chloride deposits that are not protected from fresh wa-
ters are quickly dissolved, and so are not generally 
preserved at the Earth’s surface. On Mars, hundreds of 
small chloride deposits have been inferred across the 
southern highlands [1]. Since chlorides typically re-
quire water to form and are easily dissolved by subse-
quent wet events, these deposits likely preserve the last 
vestiges of liquid water at the surface of Mars. Chlo-
rides are also of particular interest astrobiologically, as 
they can provide a habitat for endolithic microbial 
communities, shielded from exposure but with access 
to light through the translucent mineral [e.g. 2]. Here, 
we conduct a global survey of chloride deposits, using 
a combination of geologic context, accessory mineral 
identification, and morphology to investigate potential 
brine sources as well as the likely age of the deposits.  

Methods:   Starting  with polygons for 642 chlo-
ride deposits  [1], supplemented with THEMIS DCS 
875 stretches to better see the extent of the deposit, we 
use a global CTX mosaic (6m/pixel) [3] and MOLA 

topographic information for geologic context and mor-
phology. The overall distribution of chloride detections 
is compared to the updated global geologic map of 
Mars [4]. Building on previous work [5], we look at all 
CRISM L data overlapping deposits, using an algo-
rithm designed to identify rare phases [6, 7] to better 
understand the mineralogical context of the chloride 
deposits. We use high resolution HiRISE imagery 
where available, and built DEMs for all  22 chloride 
deposits with  stereo data,  looking for textural clues to 
indicate whether a deposit drapes underlying topogra-
phy, or is exposed through an erosional window.  

 Results & Interpretations:  
Mineral Associations. Preliminary results focused 

in the mineralogically-diverse Terra Sirenum region 
identify only Fe/Mg phyllosilicates in association with 
chloride deposits, consistent with previous work [5, 9]. 
Nearby detections of sulphates (Fig. 1) (including few-
pixel detections of alunite [10]) indicate that other salt 
minerals that might co-occur with the chloride deposits 
should be identified with this technique, so other salts 
are either: (a) not present; (b) not exposed at the sur-
face, if present; or (c) exist only at low concentrations 
(<1-5% if mixed with chloride [11]), not identifiable at 
this spatial scale. Fe/Mg phyllosilicate minerals detect-
ed with chlorides are predominantly  Fe/Mg smectite, 

but also chlorite and 
serpentine.  

The frequent cor-
relation of chloride 
and Fe/Mg phyllosili-
cates suggests that 
they could be relat-
ed—perhaps the al-
teration of an original 
basalt into clay re-
leased ions for salt 
formation  (e.g. [12]). 
Alternatively, chlo-
ride deposits might 
preferentially form 
atop Fe/Mg clay sub-
strates, if the clays 
are less permeable 
than the surroundings 
and allow the brine to 
pond and evaporate 
on top of them.  

 

 
Fig. 1. (A) Global distribution of chloride deposits. (B) Inset showing the mineralogically-diverse Terra 
Sirenum region (identified by box in A), overlayed on MOLA (-500m (purple) to 3500m (red)). Cross section 
A-A’ shown in (C) demonstrates the wide range of elevations of chloride deposits (yellow squares), often 
perched above deep craters, and existing with Fe/Mg clays (green squares).  
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Topography. While chlorides are found at a wide 
range of elevations throughout the southern high-
lands—frequently appearing in flat, circular deposits 
appearing to fill old, small impact craters—they are 
conspicuously missing in deep, resurfaced craters, even 
when they are found perched directly above a deep 
crater with a clear channel from one to the other (Fig. 
1; Fig. 2a). We interpret this to mean either (1) deep, 
resurfaced crater floors do not preserve chloride depos-
its, or (2) crater resurfacing occurred at a later stage, 
and buried/dissolved chloride deposits at these lowest 
elevations.  

Morphology. At CTX and/or HiRISE resolution, 
many chloride deposits that are not sinuous at THEMIS 
scale exhibit channels leading into or out of the main 
deposit (Fig. 2b). This morphology indicates a surface 
water runoff component. As noted in previous studies 
[1, 5],  the vast majority of chloride deposits are found 
in local topographic lows, and exhibit polygonal frac-
tures. These fracture patterns are often indistinguisha-
ble from those found in adjacent Fe/Mg clays. Some 
fractured chloride deposits also have co-linear ridges 
(~5 m high), where the fracturing appears to pre-date 
ridge formation (else the fractures would follow ridge 
topography; Fig. 2c). We propose that these ridges 
could be formed through extensive aeolian erosion in a 
soft material; similar morphologies are seen in ash de-
posits on Earth.  

Discussion:  Three potential brine sources are pro-
posed in [1]: impact melting, groundwater upwelling, 
or surface runoff. If impact melting were the major 
source of brine, we would expect chloride deposits to 
be found clustered around and in larger craters, which 

is not observed. If deep, regional groundwater 
upwelling were responsible for the chloride deposits, 
we would expect them to be found preferentially in 
regional lows, up to a regional threshold elevation, and 
not at all at high elevations. Instead, we find an anti-
correlation with the deepest basins, no evidence of a 
regional maximum elevation (“high  water table”), and 
chlorides found even at high elevations.  

The final option—surface water runoff, probably 
with a near-surface groundwater component—best fits 
the observations. In high-resolution imagery, we see 
sinuous, channel-like features leading into or as part of 
most chloride deposits. Perched deposits in small, local 
topographic depressions above deeper craters is con-
sistent with small volumes of runoff from high eleva-
tions. The presence of chloride deposits on the edges of 
volcanic Hesperian terrain, immediately downhill from 
Noachian highlands, also suggests a surface water run-
off source. Chloride ions leached from clay-rich, Noa-
chian terrain through surface and near-surface process-
es provide a plausible anion source, which is consistent 
with our own order-of-magnitude estimations in Terra 
Sirenum [10], as well as more detailed local flow mod-
elling [13]. 

Conclusions: Frequent channels associated with 
chlorides, a wide elevation distribution, perched nature, 
and draped appearance are all consistent with a surface 
runoff water source, probably leaching Cl- from the 
near surface. Proximity of chloride deposits to Fe/Mg 
phyllosilicate-bearing terrain suggests a possible link 
between the two—perhaps through weathering releas-
ing Cl-, or clay deposits creating conditions for chlo-
ride deposits to form. Chloride deposition occurred at 

least into the early Hesperian, and may pre-date 
resurfacing of deep craters. As part of ongoing 
work, we have identified chloride deposits on 
potentially dateable units (>104 km2), and are in 
the process of estimating age bounds through 
crater counting.  
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Fig. 2. Morphology and context of chloride deposits. (a) Perched chloride 
deposit, 50 m above wide channel leading into a large, resurfaced crater to the 
SW (31.2S, 180.0W); (b) Chloride-filled channel leading into main deposit 
(31.5S, 179.3W); (c) Linear ridges appear to be sculpted into polygonally-
fractured chloride (38.8S, 139.0 W).  
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Introduction:  Over the last fifteen years, orbital 

and landed missions have revealed a diverse and ex-
tensive sedimentary rock record on Mars. In the ab-
sence of plate tectonics, and because of a decline of 
the geological activity over time, the martian sedimen-
tary record is well-preserved and much older than ter-
restrial records. No biogenic sediments have been ob-
served at the surface so far but the study of this ancient 
record can provide insights on the conditions prevail-
ing on Mars when life appeared on Earth. 

Herein, we focus in particular on summarizing the 
current state of knowledge about the sedimentary rec-
ord of the martian surface, integrating key results from 
the last orbiting missions. We begin with an overview 
of orbital instruments capabilities and a review of the 
major types of sedimentary deposits. Then, we present 
our current vision of the evolution of paleo-
environmental and climatic conditions of Mars. Final-
ly, we discuss some key questions that still have to be 
understood and will serve as a groundwork for future 
studies. 

Orbital instruments capabilities:  The under-
standing of sedimentary deposits on Mars is strongly 
tied to the exploration of Mars, and more specifically 
to the improvements in spatial resolution and coverage 
of imagers. Regional scale images reaching up to 
6 m/pixel coupled to Digital Elevation Models (DEMs) 
enable to study the geometry of sedimentary deposits 
as well as estimating their age by crater size-frequency 
distribution analyses [1, 2]. High resolution images (up 
to 25 cm/pixel) allow to locally analyze the sedimen-
tary layers, including determination of local dips from 
DEMs [3]. At this scale, the resolution is sufficiently 
high to determine important sedimentary features such 
as inverted channels, clinoforms and truncations [4]. A 
big step forward in the martian exploration has been 
the arrival of imaging spectrometers. Hundreds of lay-
ered deposits have been characterized with a high pre-
cision (up to 18 m/pixel) showing a huge variety of 
hydrous minerals (various phyllosilicates and sulfates, 
opaline silica, etc.) [5, 6]. Thermal infrared instru-
ments have provided information on the thermophysi-
cal properties of the surfaces and hence, on their li-
thology [7]. Finally, subsurface radar sounding instru-
ments have given us new insights into the nature of 
sedimentary deposits, demonstrating for instance the 
low density of a quite enigmatic large-scale deposit on 
Mars, the Medusae Fossae Formation [8].  

Major types of sedimentary deposits:  In addi-
tion to the expected impact- and volcanically-
generated deposits, various clastic and chemical sedi-
mentary rocks as well as alterites are observed on 
Mars.  

Clastic sedimentary rocks. Some sedimentary rocks 
formed and deposited in local aqueous environments, 
i.e., alluvial, fluvial, deltaic, and lacustrine environ-
ments. Alluvial fans have been observed especially in 
impact craters of the southern highlands where they 
stand at the foot of impact rims [9]. Paleolakes are 
identified mainly from the presence of preserved or 
partly preserved deltaic deposits in open and closed 
basins [10]. Most of alluvial fans and deltas were 
formed relatively late in the early Mars (>3 Ga) histo-
ry, from the Hesperian to the early Amazonian, based 
on crater counts and on the relatively well-preserved 
morphology of their host craters [11]. The scarcity of 
Noachian alluvial fans and deltas is likely simply tied 
to a lack of preservation but it shows that the aqueous 
activity did not stall in the late Noachian, as frequently 
reported, but extended far into the Hesperian and even 
Amazonian [11]. It is noteworthy that fine-grained 
deltaic deposits are among the most promising astrobi-
ologically interesting targets in terms of preservation 
potential for biosignatures. 

One of the major type of sedimentary deposits in 
terms of volume corresponds to regionally extensive 
layered and light-toned sedimentary deposits. With 
thicknesses of up to several kilometers, these deposits 
cover plateaus (e.g, Meridiani Planum) and fill can-
yons like Valles Marineris and other closed basins in 
the equatorial regions of Mars [12]. Containing a vari-
ety of sulfates, iron oxides, hydrated silica, sometimes 
interbedded with clays [13], their origin is still under 
debate but likely results from multiple formation pro-
cesses including lacustrine evaporation (chemical sed-
iments), groundwater alteration, hydrothermal activity, 
and eolian reworking [14]. Most of them were formed 
during the late Noachian/early Hesperian and the early 
Amazonian [14]. 

Aeolian bedforms including dm-wide ripples to 
km-long dunes, cemented dunes, and sand sheets are 
scattered throughout the globe. Km-thick deposits, 
locally showing highly rhythmic stratification such as 
in Arabia Terra are inferred to be formed by dust and 
are thus named duststones [15]. Note that the Oppor-
tunity and Curiosity rovers enabled the clear identifica-
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tion of aeolian sandstones at Meridiani Planum and 
Gale crater [16].  

Chemical sedimentary rocks. Only scarce outcrops 
of carbonate-bearing deposits have been observed at 
the surface. While some of them correspond to Mg-
carbonates interpreted to result from dissolution of 
olivine by hydrothermal alteration under neutral to 
alkaline conditions, others are carbonate-bearing lay-
ered rocks exposed from depth [17]. Some chloride-
bearing deposits located in hundreds of local depres-
sions are situated in plains across the southern high-
lands. They have been interpreted to be former dry 
lakes formed by precipitation from ponding evaporat-
ing brine derived from surface runoff and/or ground-
water upwelling [18]. 

Alterites. Many weathering profiles abound on No-
achian-aged terrains. These several meter-thick series 
typically consist of Fe/Mg clay layers (smectites, ver-
miculites and mixed-layered clays) located topograph-
ically and stratigraphically below Al clay layers (Al-
rich smectites and kaolinite-group clays) [19]. These 
weathering profiles attests that climatic conditions 
allowed liquid water activity at the surface during the 
Noachian [19]. 

Evolution of paleoenvironmental and climatic 
conditions:  Over the last fifteen years, interpretations 
of geomorphologic and mineralogical observations, 
laboratory experiments, as well as climatic modelling 
lead the scientific community to argue either for a 
“warm and wet” early Mars [5], or rather a “cold and 
icy” early Mars [20]. At the dawn of 2020, early Mars 
climate is thus still highly debated but it is generally 
agreed that early Mars climate was warmer and wetter 
than today even after the Noachian. Alluvial fans and 
deltas were formed during the Hesperian and Amazo-
nian, attesting that fluvial activity occurred through 
these latest epochs. Whether the climatic conditions 
favoring widespread liquid water were sustained over 
prolonged periods of time or if they were transient 
remains unconstrained. 

Some key questions:  Despite the significant pro-
gress made over the past years, many key questions 
remain to be investigated.  

Volcanic deposits vs. aeolian deposits. Volcanic 
ash grains may have been transported hundreds to 
thousands of kilometers away from their volcanic 
sources and are likely mixed with non-volcanic grains 
in sedimentary formations all across the planet. Thus, 
volcanic ash may be a significant constituent of dust-
stones. In situ analyses of the grain sizes and sedimen-
tary structures of key sedimentary formations are fun-
damental to better constrain the origin of a significant 
part of the martian sedimentary record. 

Phyllosilicates: Detrital or in situ? Phyllosilicates 
are the most common and widespread alteration min-

erals on Mars. Whether phyllosilicates were formed in 
situ (i.e., authigenic or diagenetic), or were deposited 
by fluvial flows that have eroded an altered bedrock 
(i.e., detrital) is often difficult to determine from orbit. 
In this way, only the mineralogical context can help 
identifying possible sources for phyllosilicates up-
stream and hence, a detrital origin. The formation of 
phyllosilicates in situ has strong implications in terms 
of duration of water activity since it requires a long-
term presence of water. 

Carbonates and the missing atmosphere. A wetter 
and warmer climate during early Mars implies a denser 
CO2 atmosphere (between >100 mbar and <2 bar) than 
today [21]. A widespread reservoir of carbonates on 
the surface or in the subsurface would have been a 
natural sink for this past atmospheric CO2 but they are 
only rarely observed at the surface. Several explana-
tions have been proposed for the apparent lack of car-
bonates but the debate is still ongoing. Recently, some 
authors proposed that carbonate-bearing rocks are 
maybe abundant but poorly exposed [17]. Based on 
MAVEN results, others indicate that as much as 
0.8 bar of CO2 might have been lost to space, rather 
than sequestered in the form of carbonates on the sur-
face [22]. 

Ocean or not ocean? The question is pending since 
the observation of possible shorelines in the northern 
plains [23]. Studies based on radar data show that the 
northern plains have low values of dielectric constant 
which is consistent with the presence of low-density 
sedimentary deposits, massive deposits of ground-ice, 
or a combination of the two which would support the 
hypothesis of a putative late Hesperian ocean [24]. 
Possible tsunami deposits would also be consistent 
with an Hesperian ocean [25]. 

Exploration of Mars from orbit and with the future 
Mars 2020 and ExoMars rovers definitely will keep 
improving our knowledge of this fascinating geologic 
history of Mars. 

References:  [1] Jaumann et al. (2015) PSS, 112. [2] 
Malin et al. (2007) JGR, 112. [3] Lewis et al. (2008) Science, 
322. [4] Pondrelli et al. (2008) Icarus, 197. [5] Bibring et al. 
(2006) Science, 312. [6] Ehlmann and Edwards (2014) Annu. 
Rev. Earth Planet. Sci., 42. [7] Fergason et al. (2006) JGR, 
111. [8] Ojha and Lewis (2018) JGR, 123. [9] Moore and 
Howard (2005) JGR, 110. [10] Goudge et al. (2015) Icarus, 
260. [11] Hauber et al. (2013) JGR, 118. [12] Pondrelli et al. 
(2019) JGR, 124. [13] Carter et al. (2013) JGR, 118. [14] 
Lucchitta (2010) Lakes on Mars. [15] Bridges and Muhs 
(2012) SEPM Spec. Publ. [16] Banham et al. (2018) Sedi-
mentology, 65. [17] Wray et al. (2016) JGR, 121. [18] Oster-
loo et al. (2008) Science, 319.[19] Carter et al. (2014) Icarus, 
248. [20] Wordsworth et al. (2013) Icarus, 222. [21] Kite et 
al. (2014) Nat. Geosci., 7. [22] Jakosky et al. (2018) Icarus, 
315. [23] Parker et al. (1989) Icarus, 82. [24] Mouginot et al. 
(2012) GRL, 39. [25] Rodriguez et al. (2016) Nature, 
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Introduction:  Understanding the solar wind/IMF 

interaction with the Martian atmosphere/ionosphere 
has been a long standing issue for the space physics 
community. To fully understand the Martian solar wind 
interaction, the currents systems around the planet and 
the crustal magnetic fields must be determined. 
Current systems map the path of the escaping ions as 
well as the sources of induced fields within the 
ionosphere. The term current system means not just the 
total current, Jt = c/4π (Ñ x B), but also the ion 
currents individually Js (per ion species) and 
collectively Ji (total ion current) as well as the electron 
currents Je. Because of diamagnetic effects, the paths 
of these currents need not and probably will not be the 
same. The current systems and diamagnetic effects 
around Mars are examined using the output from a 
hybrid simulation of the Martian solar wind 
interaction. The similarities and differences of each 
current system is examined and their implications 
towards understanding the Martian solar wind 
interaction will be discussed.  

 References:  
[1]  Brecht, S. H., S. A. Ledvina and S. W. 

Bougher, (2016) Ionospheric loss from Mars as 
predicted by hybrid particle simulations, JGR, 121, pp. 
10,190-10,208  
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GLOBETROTTER: AN AIRBAG HOPPER FOR MARS SURFACE AND PIT/CAVE EXPLORATION.  
Pascal Lee1,2,3, J. Ed Riedel4, Laura L. Jones-Wilson4, Erich J. Brandeau4, Clara O’Farrell4, John C. Gallon4, and 
Ryan S. Park4. 1SETI Institute, 2Mars Institute, 3NASA Ames Research Center, 4NASA Jet Propulsion Laboratory. 

 
Summary: GlobeTrotter is a concept for a univer-

sal airbag-based robotic hopper for rapid, robust, and 
low-cost exploration of the surface and subsurface 
(pits, caves) of the Moon, Mars, Phobos, Deimos, and 
other small bodies. This paper presents an application 
of GlobeTrotter to Mars exploration, in particular as a 
versatile scouting capability in support of planning 
future human Mars exploration. 

Introduction: To date, less than 0.0001% of the 
144.8 million km2 of Mars’ area has been explored 
from the surface. Vast tracks of Martian highlands and 
lowlands, including discrete regions and features such 
as impact basins and craters, canyons, giant volcanoes, 
pits and caves, and circumpolar terrain, remain unex-
plored from ground level. In efforts to minimize mis-
sion risk, surface landing sites accessed to date have 
been restricted to areas that are low in altitude, topog-
raphically benign at large scales (hm to km), and also 
relatively smooth at small scales (m to dm). While 
such mission constraints are appropriate for the earliest 
stages of robotic planetary reconnaissance, their limit-
ing effects may be increasingly felt as access to sites 
presenting greater scientific interest but also greater 
challenges to wheeled roving, is desired. 

The limits of conventional rover approaches to sur-
face exploration are particularly clear when consider-
ing the growing need to explore steep-walled and 
rough-terrained features such as canyons, valleys, gra-
ben, fresh craters, and pits, all of which are among 
high-priority and still unexplored targets on Mars. 
Chaotic terrain, deflated terrain, dunes fields, hum-
mocky terrain, and other uneven surfaces are generally 
considered hazardous and are usually avoided; yet they 
are considered to be of great scientific interest to ex-
plore in-situ as well. 

While aircraft such as fixed wing airplanes, rotor-
craft, and thrustered drones [1] are anticipated to have 
an important role to play in Mars exploration in future, 
a more robust, rapid, low-risk, low-cost, and “all-
terrain” approach to robotic ground and underground 
exploration is needed. 

Programmatically, the current pace (in terms of av-
erage linear mileage per year) at which the surface of 
Mars is being explored also appears slow in contrast to 
NASA’s driving goal of achieving human missions to 
the surface of Mars by the 2040s. It is anticipated that 
there will soon be a need to efficiently scout out and 
validate, with limited mission development time and at 
reasonable cost, a relatively large number of landing 
site (LS) and exploration zone (EZ) options, well in 
advance of the first human landed mission. 

 

 
 

Figure 1. GlobeTrotter on Mars. 
 

New Approach: GlobeTrotter is an airbag-based 
robotic vehicle that could robustly and quickly explore 
vast areas of Mars via thrustered “leaps and bounds”, 
tolerant to high terrain roughness, and using slopes for 
controlled tumbles downhill (Fig.1). The approach 
emphasizes areal coverage (range) and access to ex-
treme terrain (trafficability) while offering diverse 
science focus options (mission versatility). GlobeTrot-
ter could also drop into pits/caves, hop around inside, 
and fly out of them again (Fig. 2). 

Payload: GlobeTrotter’s payload, while limited in 
mass, volume and power, will enable missions of 
compelling scientific merit. Core instruments include: 
- Color Imaging System (CIS), a multidirectional array 
of small RGB color cameras for science (geology, at-
mosphere), H2O-ice prospecting, navigation, and haz-
ard avoidance, with LEDs to image shadowed areas - 
including caves - and optionally at night. 
- Neutron Detector (ND) to measure regolith bulk 
composition and hydrogen abundances at spatial reso-
lutions of 1-10 m for science (geology) and resource 
prospecting (OH / H2O ice). 
- Accelerometery to reconstruct attitude, position, and 
speed vs time, and map slope profiles in-situ. 

Depending on mission goals, other low 
mass/volume/power payloads may be considered. 

Pit and Cave Exploration. Pits and caves on Mars 
present unique opportunities for science and possibly 
for resources and logistics as well. To date, over two 
dozen pits and candidate pits have been identified on 
the flanks of Mars’ giant volcanoes, and are interpreted 
as likely skylights giving access to lava tubes [e.g., 2]. 
Subsurface cavities on Mars are of interest to science 
as they represent near-surface environments that are 
sheltered from the full brunt of rigors in Mars’ surface 
environment, in particular from intense UV and higher 
energy ionizing radiation, micrometeoritic bombard-
ment, wide diurnal temperature variations, dessicating 
and eroding winds, and to some extent, chemical al-
teration as well. Caves on Mars might also shelter 
volatiles accreted over time from exogenous sources 
(e.g. atmosphere directly, or indirectly via windblown 
snow), and in the case of caves in volcanic and other 
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thermally active regions, possibly from endogenous 
sources as well (e.g. volcanic or geothermal venting). 
Thus, caves on Mars represent high-value targets for 
both geology and astrobiology. 

Beyond science, the potential that caves on Mars 
might accrete and harbor H2O ice also makes them 
attractive targets as potential resource repositories. 
Caves are also commonly viewed as natural shelters 
that future Mars explorers might use, occupy, or settle, 
but their geotechnical properties and safety remains, at 
this point, unknown and must first be assessed. 

Conventional concepts proposed for exploring pits 
and caves on the Moon or Mars (e.g. robotic rovers, 
walkers, danglers, direct landers) all face the major 
risk of having to interact with poorly known, likely 
rough terrain, as well as limited dwell times in cold, 
dark, and comms-denied environments. Globetrotter 
offers a robust, rapid, low-risk and low-cost approach 
to systematically exploring pits and caves with high 
efficiency and reliability (Fig. 2). 
 

 
 

 
Figure 2: Globetrotter Subsurface Exploration. 
Top: Pit crater “Jeanne” near Arsia Mons on Mars. 
Bottom: Globetrotter can target a pit, survey it via 
initial exterior over-bounces, drop into it, survey the 
underlying cave, and fly back out through cave aper-
tures mapped during its entry and surveys. 

Airbags: GlobeTrotter’s airbag system may take 
one of several forms: a single expandable shell, a set of 
adjoining airbags, or an open airbag lattice. GlobeTrot-
ter builds on NASA’s Mars Pathfinder and Mars Ex-
ploration Rover landing system heritage, but with a 
larger volume to mass ratio and lighter airbag materi-
als robust against rapid leakage, punctures, and rips. 

Power: GlobeTrotter is electrically solar powered. 
Propulsion: GlobeTrotter uses gas thrusters for 

long-range leaps, and selective airbag “cinch & re-
lease” cycles for short-range displacements and atti-
tude adjustments. It may also be allowed to tumble 
freely down gravity gradients. On Mars, thruster gas 
may be compressed CO2 extracted from the Martian 
atmosphere. 

Communications: Indirect to Earth via Mars or-
bital relay. 

References: [1] Lee, P. et al. (2019) 50th LPSC, 
#3118. [2] Léveillé, R. & S. Datta (2014). Planet. 
Space Sci. 58, 592–598. 

6448.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



6287.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



6287.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



Getting Ready for Mars: WISDOM/ExoMars 2020 Data Processing Pipeline and Field Tests.  A. Le Gall1, V. 
Ciarletti1, Y. Hervé1, N. Oudart1, C. Corbel1, D. Plettemeier2, V. Tranier1, W-S. Benedix2, S. Hegler2, A-J. Vieau1,  
(1) LATMOS/IPSL, UVSQ (Université Paris-Saclay), UPMC (Sorbonne Univ.), Guyancourt, France, 
(alice.legall@latmos.ipsl.fr),  (2) Technische Universität Dresden, Dresden, Germany. 

 
 
 
Within one year the second ExoMars mission 

will be launched to land on Oxia Planum, an ancient 
terrain on Mars, and search for evidence of past 
and/or present life. If such evidence is to be found, it 
will most likely be in the subsurface, where organic 
molecules are shielded from the destructive effects 
of radiation and oxidation. That is the reason why 
the ExoMars Rover will be equipped with a drill 
able to sample material at depth down to 2 m. In 
order to reveal the subsurface stratigraphy and to 
help planning drilling operations, the ExoMars 
Rover’s payload also includes a Ground Penetrating 
Radar (GPR): WISDOM.  In this paper we describe 
the data processing pipeline we have developed in 
order to analyze WISDOM electromagnetic 
soundings and the results and lessons learnt from a 
recent simulation operation field campaign in Chile 
(ExoFit 2019, Feb-March 2019). 

 
WISDOM:  WISDOM (Water Ice and Subsurface 

Deposit Observations on Mars) is a polarimetric step-
frequency GPR operating between 500 MHz and 3 
GHz. Its main objective is to characterize the subsurface 
below the ExoMars Rover by non-destructive 
electromagnetic soundings [1] [2]. WISDOM will 
provide high-resolution (a few cm) observations of the 
subsurface structure and stratigraphy down to a few 
meters’ depth. It will also help selecting optimal sites 
for drilling and ensuring the drilling operations safety 
by identifying potential buried hazards.  
On Mars, WISDOM will perform subsurface soundings 
at various locations along the Rover track, typically 
every 50 cm along a several meter-long transverse. A 
sounding consists in  transmitting electromagnetic 
waves into the subsurface and measuring the signal that 
returns to the radar. WISDOM main products will be 
radargrams (see Fig. 1B) i.e., images showing the 
amplitude of the signals reflected by permittivity 
contrasts in the sounded volume as a function of the 
propagation delay (ultimately converted into depth from 
the measured delay and the knowledge of the mean 
subsurface permittivity value) on the vertical axis and 
the sounding location on the horizontal axis. WISDOM 
radargrams will open the third dimension of Mars 
shedding light on the geological structures buried in its 
shallow subsurface. 
 

WISDOM data processing pipeline: One of the 
objectives of WISDOM is to detect potential buried 
hazards that might jeopardize drilling activities. The 
greatest concern is the presence of buried rocks that 
could damage the drill. After each sounding sequence 
on Mars, the WISDOM team will have a limited time 
(less than one hour) to analyze the subsurface 
configuration, and detect and localize potential buried 
scatterers which signature on radargrams are 
hyperboles. The data processing pipeline has to be fast 
and reliable to meet the strict time constraints imposed 
by ESA. We have therefore focused our effort on the 
development of algorithms as automatic as possible. In 
particular, we have developed automatic tools for the 
detection of hyperbolic signatures in the radargram and 
the derivation of the ground permittivity from the 
amplitude of the surface echo. This later must indeed be 
known in order to convert times of arrival of echoes into 
distances and thus to estimate the depth of the detected 
buried structures. The data processing pipeline also 
includes corrections aiming at removing the parasitic 
signals of various origins (temperature variations, 
electronic coupling, antenna crosstalk, multiple surface 
echoes, ect.) that affect the interpretation of WISDOM 
radargrams. These corrections rely on a careful and 
accurate characterization of the different versions of the 
instrument (prototype, spare model, flight model) that 
will be described in [3].  

The ExoFit 2019 field campaign in Chile: Once 
validated on synthetic data, WISDOM signal 
processing pipeline is tested on experimental data 
acquired either in a semi-controlled environment (e.g., a 
“Mars yard” built at LATMOS, Guyancourt) or during 
field surveys on potential Martian analogs. In 
particular, WISDOM took part in 3 operation 
simulation campaigns during which several instruments 
of the ExoMars Rover were operated from a remote 
control center to test and improve the efficiency of the 
data processing pipeline, decision-making process and 
operation planning under conditions similar to those 
expected during the ExoMars mission [4] [5] [2]. 
During the latest of these simulation operation field 
trials, ExoFit 2019 [6], a flight-like version fully 
representative of the WISDOM flight model was 
mounted on a rover in the Atacama Desert in Chile 
(Fig. 1A) and controlled from the European Centre for 
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Space Applications and Telecommunications (ECSAT) 
in Harwell, UK. Several WISDOM profiles with 
various configurations were then acquired. Fig. 1B 
shows an example of radargram acquired along a 8m-
long profile with 10 cm-spaced soundings during 
ExoFit 2019. This radargram displays small structures 
having horizontal extension around 1 meter (in green) 
and reveals the presence of numerous small (~10 cm) 
rocks easily recognized by their hyperbolic signatures (a 
few are highlighted in red). However, no clear interface 
is visible. Fig. 1C shows (bottom) the permittivity 
values retrieved from the surface echo amplitude for 

each sounding location for the 2 co-polarizations (00 
and 11) and (top) the two corresponding histograms. 
The retrieved values are around 3, which is the order of 
magnitude of what is expected for dry sand. 
Considering, as a first estimate, that the permittivity is 
uniform in the subsurface, its value can be used to 
convert the measured delays into depth as done in Fig. 
1B. Other results from the ExoFit 2019 campaign will 
be shown and commented in terms of lessons learnt in 
order to optimize the scientific return of the WISDOM 
experiment on Mars.  

 

 
Figure 1: A) Charlie Rover (a replica of the ExoMars Rover) in the Atacama desert (Chile) during the ExoFit 2019 
simulation operation campaign (Feb.-March 2019). The antennas of WISDOM are yellow in the first plan. B) 
Radargram showing the data acquired during Sol 2 of the ExoFit 2019 campaign in polarization 00. C)  Permittivity 
values estimated from the surface echo amplitude along the Sol 2 traverse both in polarizations 00 and 11.
 

References: [1] Ciarletti et al. (2011), Proceedings 
of the  IEEE, vol. 99, no. 99,  1-13. [2] Ciarletti et al. 
(2017), Astrobiogy 17 (6-7), 565 - 584. [3] Hervé et al. 
(2019), this conference. [4] Joudrier et al. (2012), In 
International Symposium on Artificia Intelligence, 
Robotics and Automation in Space, I SAIRAS 2012, 
Turin, Italy, September 4–6, 2012. [5] Gunes-Lasnet et 
al. (2014), In I-SAIRAS 2014: 12th International 
Symposium on Artificial Intelligence, Robotics and 
Automation in Space, 17–19 June 2014, Montreal, 
Canada. [6] Hall et al., (2019), In ASTRA 2019: 15th 
Symposium on Advanced Space Technologies in 
Robotics and Automation, 27 - 28 May 2019, 
Noordwijk, the Netherlands. 
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Introduction:  The Mars Science Laboratory 

(MSL) Curiosity rover conducted a dedicated science 
campaign to study the 2018 Mars planet-encircling (or 
“global”) dust storm [1].  The campaign involved 
~100 martian sols of an increased cadence in mete-
orological observations lasting from early June (Ls ~ 
188°) through mid-September (Ls ~ 248°).  Due to the 
Curiosity rover’s radioisotope thermoelectric genera-
tor power source, science operations were not pre-
cluded by the reduced sunlight during the storm.  One 
of the focuses of the science campaign was to retrieve 
dust particle properties to understand dust-lifting 
properties in global dust storms and dust properties 
more generally.  General results from Curiosity’s dust 
storm science campaign are detailed in [1].     

Several previous works have discussed retrievals 
of dust particle effective radii from Curiosity observa-
tions.  [2]  shows the seasonal cycle as viewed from 
ChemCam passive sky observations and finds a sea-
sonally-varying cycle in dust particle effective radius 
from ~0.5-2 μm, with a clear link to opacity (i.e., 
higher dust optical depth is associated with large dust 
particle effective radius).  [3]  shows comparable dust 
particle effective radius (~0.5-2 μm) over the seasonal 
cycle retrieved by the upward-looking Rover Envi-
ronmental Monitoring System (REMS) ultraviolet 
(UV) photodiode sensors.   

Methodology:  We employ four independent ob-
servations with three of the rover’s instruments to 
derive dust particle effective radius during the dust 
storm.   

The first observation is the “tau” observation with 
the Mast Camera (Mastcam).  This observation has 
been used on Curiosity and previous landed missions 
to derive column-integrated aerosol opacity using 
direct solar images by the rover’s cameras [1,4].  The 
tau observation sequence includes images with the 
two solar filters on Mastcam at 440 and 880 nm.  The 
spectral slope of opacity between these two filters is 
dependent on the dust particle effective radii.  Mast-
cam tau observations were conducted nearly every sol 
of the dust storm science campaign, including multi-
ple measurements on several sols.   

The second observation also utilizes Mastcam and 
is termed a “sky survey”.  A Mastcam sky survey in-

volves multi-wavelength near-Sun imaging and a se-
ries of images at increasing azimuthal angles in the 
anti-Sun direction to complete as much of the scatter-
ing phase function as possible.  The scattering phase 
function of dust is dependent on the dust particle ef-
fective radius.  The atmospheric opacity is measured 
concurrently during the sequence.  Mastcam images 
are radiometrically calibrated before analysis [5].  
Seven Mastcam sky surveys were conducted during 
the dust storm campaign, with an eighth just before 
the campaign (when the storm was active elsewhere 
on the planet).  Data from Sol 2097 was not used due 
to the extremely high opacity (~8) and resulting poor 
retrieval fit.   

As described by [2], ChemCam passive sky obser-
vations can retrieve dust particle effective radii.  Six 
ChemCam passive sky observations were taken dur-
ing the dust storm, with a seventh taken just prior.   

Lastly, measurements performed by the REMS 
UV sensor can also be used to retrieve dust aerosol 
particle size. In particular, the dust effective radius 
can be estimated by analyzing REMS UV measure-
ments conducted when the Sun is temporarily blocked 
by the masthead or the mast of the rover [3].  Fur-
thermore, REMS UV measurements have been used 
to study the amount of dust deposited on the sensor, 
quantified by means of a Dust Correction Factor 
(DCF) [6].  During the global dust storm, the ratio of 
the DCF from different channels changed, indicating 
a change in dust particle size (Figure 1).    

Results:  All four observations provide cross-
validation to our retrieved dust particle sizes.  REMS 
UV retrievals show that dust particle effective radii 
was > 2 μm, but does not have sufficient sensitivity to 
discriminate larger particle sizes.  The two Mastcam 
observations and the ChemCam observation show that 
the largest dust particle sizes ever seen on Mars oc-
curred during the storm.  Mastcam and ChemCam 
show that dust particles were > 4 μm and may have 
exceeded 5 μm during the height of the storm (Figure 
2).  Dust particle size was closely tied to dust opacity 
during the storm, with pre-storm values near climato-
logically-typical values of 1-1.5 μm near Ls ~ 180° 
[2,3] before rapidly increasing in-step with opacity to 
4 μm or greater.  As the storm progressed, mean dust 
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particle size declined and returned to more seasonal 
values of ~2 μm near Sol 2140 (Ls ~ 230°).   

No direct dust lifting was seen by Curiosity within 
Gale Crater during the storm [1], implying that these 
extremely large particles (by martian standards) were 
advected from dust-lifting regions outside of Gale.  
[7] suggests that dust was advected into Gale from the 
west and southwest from Hesperia Planum and Tyr-
rhena Terra, both hundreds to thousands of kilometers 
away.  [8] shows that 4-5 μm radius particles sedi-
ment out of the atmosphere at velocities of 1-10 
km/sol, depending on altitude, implying rapid 
transport and strong upward motion was present to 
advect such large dust particles.   

References:  
[1] Guzewich, S.D. et al., (2019) GRL, 46, 71-79.  
[2] McConnochie T.H. et al. (2018) Icarus, 307, 294-
326 [3] Vicente-Retortillo, Á. et al. (2017) GRL, 44, 
3502-3508. [4] Lemmon, M.T. et al. (2015) Icarus, 
251, 96-111.  [5]  Bell III, J. et al. (2017) Earth and 
Space Sci., 4, 396-452. [6]  Vicente-Retortillo, Á. et 
al. (2018) Sci. Rep., 8, 17576. [7]  Malin, M.C. et al. 
(2018) MRO MARCI Weather Report for the week of 
11 June 2018-17 June 2018, 
 http://www.msss.com/msss_images/2018/06/20/. [8] 
Kahre, M.A. et al., (2008) Icarus, 195, 576-597.  [9] 
Gómez-Elvira, J. et al. (2012), REMS: The Environ-
mental Sensor Suite for the Mars Science Laboratory 
Rover. Space Sci. Rev. 170, 583–640. 
 
 

 
Figure 1. Ratio between UVE and UVB channels (UVB 
measures at shorter wavelengths [9]) DCF as a function of 
atmospheric opacity during MY 34. The change of this 
ratio with opacity suggest that there is a change in dust 
particle size.  
 

 
Figure 2.  Retrieved dust particle effective radii from 
Mastcam tau observations (black), Mastcam sky sur-
veys (red), and ChemCam passive sky observations 
(blue).  Dashed vertical line indicates the start of the 
MSL dust storm campaign.   
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IRON-RICH DIAGENETIC FEATURES ANALYSED IN THE MURRAY FORMATION AT GALE CRATER, MARS, 
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Geological context: The Curiosity rover has trav-

ersed 20 km from its landing to the layered rocks of 
Mt. Sharp (formally named Aeolis Mons), spending 
>2400 sols (Martian days) at the surface of Mars. The 
Murray formation, a >300 m-thick stack of sedimen-
tary bedrock present at the base of Mt. Sharp, is domi-
nated by mudstones and fine-grained sandstones inter-
preted predominantly as lacustrine deposits [1]. On sol 
1800, after > 17 km of traverse, the Curiosity rover 
reached a local topographic high named Vera Rubin 
ridge (VRR). VRR is characterized by a hematite sig-
nature in orbital spectra [2]. Hereafter, we describe the 
chemistry of diagenetic features of interest in the Mur-
ray formation, especially at VRR, to understand the 
post-depositional history of aqueous sedimentary 
rocks. 

Dataset: The ChemCam instrument is a laser abla-
tion spectrometer capable of measuring local chemistry 
(scale of ~0.3-0.5 mm), thus powerful for identifying 
the composition of diagenetic features such as veins 
and concretions. Chemical quantifications for major 
elements are obtained using a multivariate analysis 
technique, which compares Mars spectra to those a 
laboratory database obtained on 450 rocks and minerals 
[3-4]. As volatiles (H, S, Cl, C, P, etc.) are not quanti-
fied, a systematic inspection of spectra of diagenetic 
targets is needed to identify the presence of volatiles.  

Results: Within the Murray formation, diagenetic 
features encountered included pervasive assemblages 
of mm- to cm- wide, light-toned veins, and local pres-
ence of bleached haloes along fractures, dark veins and 
concretions. While light-toned veins are systematically 
composed of Ca-sulfates such as bassanite [5-6], more 
local features include Mg- and Fe-sulfates, silica, 
fluorite-rich veins, P-rich concretions, Fe-oxides, in-
dicative of multiple episodes of fluid circulation [5,7], 
indicating local variations in fluid chemistry.  

At VRR, the presence of hematite was confirmed 
during the approach by both Mastcam multispectral 
and ChemCam passive spectra observations [8-10]. 
Iron abundances since sol 1800 did not show any 
strong increasing FeOT trend in the host rock [9], thus 
questioning the origin of the enrichment in hematite. In 

contrast,  anomalously high Fe detections were ob-
served on local dark-toned features [11]. These obser-
vations are often associated with light-toned Ca-sulfate 
veins. Dark-toned features are also observed in the host 
rock as scattered polygonal crystal-shapes, suggesting 
pseudomorphosis of previous minerals. In a few occur-
rences, the dark-toned concretions are surrounded by 
light-toned bleached halos in the host rock (Fig. 1).  

The chemical compositions of all these dark-toned 
diagenetic features are summarized in ternary diagrams 
in Fig. 2 (in molar percentages, based on quantified 
oxide weight percent reported by ChemCam). Dark-
toned features, including dark-toned material within 
crystal-shaped features, show a composition dominated 
by an enrichment in Fe with corresponding decrease of 
other major elements (notably Si, Al, Mg, K and Na) 
compared to the host rock compositions. High-Fe ob-
servations are not associated with detection of volatile 
content (S, Cl, P or C). The H emission line is also very 
low, thus pointing toward poorly hydrated Fe-oxide 
mineralogy, such as crystalline hematite. In contrast, 
the bleached halo has a very low FeO abundance (6-10  
wt.%) compared to other VRR host rock observations 
(18-22 wt.%). Interestingly, lower Fe abundances are 
not correlated with depletion in any other major ele-
ments, which preserve the same relative abundances, 
except for MnO which is also strongly depleted. 

  
 

Fig. 1: Fe relative abundance (length of red bar) for 
each ChemCam sample location at the target Rhynie 
illustrating associations of high-Fe with dark-toned 
features and of low-Fe with bleached light-toned halos. 
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Fig. 2: Ternary diagrams showing ChemCam quanti-
fied abundances (molar percentages) for major ele-
ments: dark-toned features (in red) are associated with 
very high Fe content, trending toward a pure Fe com-
position, contrasting with low-Fe observations on 
bleached light-toned halos such as that observed 
around Rhynie (Fig. 1).  
 

Fe enrichments at VRR appear to be mainly associ-
ated with dark-toned features often encountered along 
Ca-sulfate filled fractures, pointing toward a potentially 
coeval diagenetic origin for the formation of Fe-rich 
and Ca-rich phases. In contrast, the bleached halos with 
depleted FeO abundance suggest preferential leaching 
of Fe in compared to the local host rock suggesting 
reducing fluids. Moreover, Fe-rich and Fe-poor obser-
vations in dark-toned features and bleached halos, 
respectively,  neatly plot along a mixing line between a 
Fe-oxide end-member and Fe-free host rock composi-
tion, which indicates that Fe was mobilized from the 
host rock in the same diagenetic episode.  

The formation of Fe-oxide mineral phases is espe-
cially subject to pH and Eh variations (Figure 3). In the 
presence of SO4

2-, aqueous Fe is only observed in solu-
tion for pH<6 and moderate (as Fe2+) to oxidizing (as 
Fe3+) redox conditions. Hematite formation occurs in a 
large range of pH and Eh but magnetite appears to be 
thermodynamically unstable in the presence of SO4

2. In 
this context, magnetite may form under extremely 
reducing (Eh < −0.5V) and alkaline conditions (pH > 
11 − 13 depending on temperature and pore-pressure), 
as well as pyrrhotite (FeS) in slightly less alkaline 
conditions. Increase in SO4

2- activity would expand the 
stability field of pyrite at the expense of magnetite (and 
pyrrhotite), and lead Fe3+ to complex in solution form-
ing FeSO4

+ ions. However, no Fe-sulfate or Fe-sulfur 
phase has been observed. 

 
 

Fig. 3: Pourbaix diagram of Fe species for low T, low 
P, diagenetic conditions with iron and sulfur-bearing 
fluids. 

 
Discussion: Associations of high FeOT abundances 

and Ca-sulfates were previously observed by Chem-
Cam at several locations along the rover traverse [11]. 
Here, the Fe enrichments in the VRR are also encoun-
tered alongside light-toned Ca-sulfate veins, but they 
are connected to locations depleted in FeOT and MnO 
abundances without depletions of other major ele-
ments, suggesting reducing fluids. These new observa-
tions highlight the significant role played by ground 
water circulation and diagenesis in the mobility and 
distribution of Fe in the Vera Rubin Ridge, highlighted 
here by reducing fluids observed late in the sequence of 
diagenesis. In this context, the presence of hematite in 
the “red outcrops” presumably preceded this reducing 
phase, but its formation by depositional or early diage-
netic processes remains unknown.  
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PHOTOCHEMICAL ESCAPE FROM MARS AS A CLIMATE DRIVER: HOW IMPORTANT? R. J. Lil-
lis1, D. Y. Lo2, A. Rahmati1, J. I. Deighan3, J. L. Fox4, R. Yelle2, Y. Lee5, F. Leblanc6, J.-Y. Chaufray6, T. Cravens7,
M. Gacesa8, M. Chaffin3, B. M. Jakosky3

1UC Berkeley Space Sciences Laboratory (rlillis@ssl.Berkeley.edu), 2Lunar and Planetary Laboratory, University of 
Arizona, 3Laboratory for Atmospheric and Space Physics, University of Colorado Boulder, 4Department of Physics, 
Wright State University, 5NASA Goddard Space Flight Center, 6LATMOS, Paris, 7Physics department, U. Kansas, 
8NASA Ames Research Center

Introduction: Atmospheric escape has been a primary 
driver of climate evolution over Martian history [1] and
continues to this day.  Geomorphologic evidence 
shows that the Martian climate supported significant 
fluvial activity and aqueous alteration prior to ~3.7 Ga 
[2,3], indicating that a thick atmosphere most have 
existed, at least episodically, in this epoch.  However, 
to understand a) the atmospheric pressure on early 
Mars and b) the time history of its decline, we need to 
understand the physical processes by which atmosphere 
escapes.  A primary goal of the MAVEN mission [4] is 
to elucidate these processes and understand their rela-
tionship to solar drivers such as extreme ultraviolet and 
solar wind pressure.  One such process is known as 
photochemical escape, whereby dissociative reactions 
in the Martian upper ionosphere provide sufficient en-
ergy for the atomic products of the reaction to escape 
Mars’ gravity.  O, N, C, and H have been escaping 
from Mars in this manner over Martian history, their 
escape rates depending on solar extreme ultraviolet
irradiance (which was much higher in the past) and the 
composition of the atmosphere near the exobase (the 
approximate boundary, at ~200 km altitude, between 
the collisional atmosphere in the exosphere) [5].
MAVEN measurements can be used to derive escape 
rates for these species.  Here we review the current 
state of knowledge of this process, likely cumulative 
loss of atmosphere over Mars history, as well as need-
ed work and future challenges.

Oxygen escape today: when CO2 and O are ionized by 
solar EUV radiation in Mars’ upper atmosphere, the 
resulting CO2

+ and O+ ions quickly react with neutral O 
and CO2 respectively to form CO and O2

+, which is 
long-lived and hence the dominant ion.  When O2

+ re-
combines with thermal electrons, it dissociates, and the 
now-free O atoms can escape Mars’ gravity if they do 
not lose energy through too many collisions with neu-
trals.  This is called dissociative recombination (DR).
MAVEN data can be used to calculate the volume rate 
of DR and the energy distribution of the resulting hot  
O atoms.  A Monte Carlo code that simulates hot O 
collisions and trajectories, then calculates the probabil-
ity, as a function of altitude, that these hot atoms can 
escape.  Integrating the product of production rate and  
escape probability gives escape flux, which shows a

super-linear relationship with solar EUV photoioniza-
tion frequency (figure 1) [6].

Figure 1: oxygen escape fluxes (individual orbits in pink, 
binned averages as black diamonds) from O2

+ dissociative 
recombination, derived from MAVEN data [6], as a func-
tion of CO2 photoionization frequency.

Figure 2: carbon escape fluxes from CO photodissocia-
tion, derived from MAVEN data (unpublished).

Carbon escape today. The primary source of hot and 
escaping carbon in the Martian atmosphere is the pho-
todissociation of carbon monoxide (CO) [7].  For each 
profile of in situ measurements from MAVEN, we cal-
culate rates of CO photodissociation, and hence pro-
duction of hot carbon atoms. We then use measured 
irradiance and known energy thresholds for CO photo-
dissociation, plus conservation of energy and momen-
tum, to calculate the probability distribution for the 
initial energies of the resulting hot carbon atoms. The 
same Monte Carlo model then calculates escape proba-
bilities, enabling escape fluxes to be estimated. De-
rived carbon fluxes are a factor of ~20 lower than oxy-
gen and show a linear relationship with solar EUV at 
low solar activity but appear to be independent at mod-
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erate solar activity (figure 2). This factor of ~20 is a 
major puzzle since it implies that oxygen escape has 
not primarily been from CO2 but from water, so where 
did the CO2 go?

Nitrogen escape today: Similar to carbon, photodis-
sociation of N2 leads to hot and escaping N atoms. Cui 
et al. [8] used a similar approach as for oxygen to cal-
culate escape fluxes, but interestingly, these do not 
show a clear dependence on solar activity (figure 3).

Figure 3: nitrogen escape rates from photodissociation of 
N2 from Cui et al. [2018].

Hydrogen escape today: Early work [Nagy and Cra-
vens, 1990] contended that Hot H was not a significant 
source of escape compared with thermal (i.e. Jeans) 
escape, but the recent discovery of a significant hot H 
corona at Mars [10] implies that photochemical reac-
tions may be a significant source of hydrogen escape.

Does escape even rise with EUV brightness? Yes, 
over the range of solar EUV irradiance seen by 
MAVEN.  But, solar UV does not just ionize upper 
atmospheres, it also heats them.  In particular, the scale 
height of neutral atomic oxygen is 2.75 times greater 
than the CO2 from which most hot O comes and 1.75 
times greater than the N2 and CO from which most hot 
C and N come from. As UV rises, more neutral oxygen 
floats above where these hot atoms are created, block-
ing their escape.  With the naïve assumption that rela-
tive composition doesn’t change with time, models 
have shown [11] that photochemical escape rates of O, 
C, may actually decrease if EUV rises above 10x its 
current value (figure 4), equivalent to ~4-4.1 Gyr ago. 
How bright was the early sun?  From spectral studies 
of G2-type (i.e. sun -like) stars in globular clusters, the 
EUV history of the sun can be constrained, although 
the uncertainty is almost an order of magnitude at 4 
billion years ago, leading to significant uncertainty in 
estimates of cumulative photochemical escape.
Total Loss estimates: Photochemical escape was like-
ly responsible for the loss of ~50-200 mbars of oxygen 
over the last 4 billion years (figure 5). Other total pho-
tochemical loss estimates await future work.

Next steps: this is a very active research topic with 
several MAVEN team members working on various 
aspects.  The following developments will significantly 
improve our knowledge photochemical escape:

New ab initio cross-sections for O and C collisions 
with CO2.
Lab measurements of emergent C velocities from 
CO2 photodissociation.
Updated NGIMS calibration for CO densities in 
the Mars atmosphere.
Derive past compositions from present escape 
rates and model photochemical escape with those 
past compositions.

Figure 4: simulated photochemical escape rates of oxygen 
as a function of the ratio of solar extreme ultraviolet irra-
diance to current conditions[11].

Figure 5: Cumulative oxygen loss extrapolated to 4 
Ga. Back and grey lines show the best fit to 
MAVEN data.  Dotted lines show EUV uncertainty. 
Dashed red and blue lines assume linear and no 
solar EUV dependence [6].
Conclusion: Photochemical escape was undoubtedly 
an important driver of Mars climate evolution. How-
ever, quantitative uncertainties remain large. To
achieve accuracy in escape estimates of O, C, N, H to 
even a factor of two will require significant advance-
ments in understanding the processes as well as in the 
history of solar extreme ultraviolet irradiance.
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al., JGR, 2018, [11] Zhao and Tian, 2015. 
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ANALOGUE ROCK SAMPLES OBSERVATIONS WITH MICROMEGA, WITHIN THE H2020/PTAL 
PROJECT. D. Loizeau1, F. Poulet1, G. Lequertier1, C. Pilorget1, V. Hamm1, C. Lantz1, J.-P. Bibring1, H. Dypvik2,
S. C. Werner2, 1Institut d’Astrophysique Spatiale, CNRS/Univ. Paris-Sud, France (Bât. 121, 91405 Orsay Cedex,
damien.loizeau@ias.u-psud.fr), 2Department of Geosciences, Univ. of Oslo, Norway.

Introduction: The PTAL project [1] aims to build 
and exploit an Earth analogues database [2], the Plane-
tary Terrestrial Analogues Library, to help characteriz-
ing the mineralogical evolution of terrestrial bodies, 
with a special focus on the Martian analogue altered 
products. Within this project, a set of natural Earth rock 
samples have been collected, compelling a variety of ig-
neous and sedimentary rocks with variable composi-
tions and levels of alteration. Those samples are charac-
terized with thin section observations and XRD analysis
(Oslo University, Norway), IR spectroscopy (Paris-Sud 
University, France), Raman spectroscopy (Valladolid 
University, Spain) and LIBS (Paul Sabatier University, 
France).

The sample analysis is performed with commercial 
and space instruments. This abstract  focuses on the IR 
spectroscopy analysis that is performed using 1) a spare 
model of the MicrOmega space instrument, a micro-
scope IR spectral imager [Bibring et al.], 2) a commer-
cial IR point spectrometer mainly dedicated to the rock 
powders [3]. Models of the MicrOmega instrument have 
already been flown on the Mascot module of the Haya-
busa-2 mission to the asteroid Ruygu [4], and been se-
lected to the internal laboratory of the ExoMars rover to 
be launched in 2020 to the surface of Mars [5].

We here describe the implementation of a specific 
bench dedicated to automatic measurements using Mi-
crOmega. A validation campaign of this setup confirm-
ing performances compliant with the objectives is also 
presented. 

MicrOmega: The MicrOmega instrument that is
used within the PTAL project is the sparemodel of the 
ExoMars project. It has a total field of view of 5 mm x 
5 mm, with resolution of 20 μm/pixel in the focal plane.
Its capabilities enables the identification of different 
crystals or grains of different mineralogy in the samples
[6]. Identifying grains of different mineralogy can con-
strain the alteration history of the sample, but also par-
ticipate to the selection of the Raman targets within this 
sample, onboard the ExoMars rover.

Development of a MicrOmega/PTAL laboratory 
setup: To work in optimal conditions for the observa-
tions and to ensure the protection of the MicrOmega 
flight spare, a complex set-up has been developed (Fig. 
1).

The MicrOmega instrument better works at cold 
temperatures in a clean environment. Those require-
ments drove to the conception of a dedicated controlled 

chamber, saturated with dry air (pure nitrogen) to limit
dust contamination and avoid frost on the instrument 
and samples. An actively cooled support (~ -30°C) for 
MicrOmega helps the instrument to regulate its temper-
ature.

A moving stage inside the chamber brings the sam-
ples around to the MicrOmega field of view. The plat-
form at the top of the stage, where the samples are set,
can be cooled down (~ -15°C) to lower the temperature 
of the samples themselves and this way reduce unde-
sired thermal emission. The moving stage moves with 
enough accuracy so that it is possible to map automati-
cally entire flat surfaces of samples by combining con-
tiguous spectral cubes of 5 x 5 mm².

Samples are introduced through an airlock in the 
main chamber/glovebox to avoid bringing humidity in-
side the chamber, and are manipulated through gloves 
from the outside.

Fluids, cooling, heating, commands and data are 
controlled through a common command interface.

Figure 1. A view of the PTAL/MicrOmega bench during 
use.

Sample preparation: The PTAL rock collection in-
cludes a large set of samples (94 samples) of igneous, 
metamorphic, sedimentary or impact origin. The sam-
ples suffered alteration/weathering in near surface and 
deeper positions, resembling minerals reported else-
where in the solar system and on Mars. Those rock sam-
ples were sub-sampled to be observed as “bulk” sam-
ples, to use the imaging capabilities of MicrOmega. The 
focal plane is just 7 mm below the base of MicrOmega, 
implying constraints on the geometry of the samples 
that can be presented to the instrument. As the samples
are cooled down from below, the samples should be 
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only a few mm thick so the top surface is also cooled
down. The ideal sample geometry is a sample with a flat 
base and a thickness of a few mm only: samples can be 
patches of sand or powder, or sections of bulk rock. 

PTAL/MicrOmega bench validation: We per-
formed a validation campaign of the setup using about
10 samples of various albedos, compositions, and sur-
face states. Fig. 2 shows an example of an altered impact 
breccia where millimeters and sub-millimeters grains of 
different mineralogy where identified after observation 
in the PTAL/MicrOmega set-up. Displayed spectra 
show identification of pyroxene (blue), strongly hy-
drated carbonates (red) and phyllosilicates (green). 
Those minerals were not all identified from the spec-
trum of the rock powder made from the same sample 
(black). Automatization of the setup allowed to com-
plete the spectroscopic characterization of 10 samples in 
less than 6 hours.

PTAL/MicrOmega in the context of surface mis-
sions on Mars: ESA and NASA recently recommended 
or selected landing sites for their 2020 missions Exo-
Mars and Mars2020. Both missions will land on geo-
logic units where water alteration has played a promi-
nent role, respectively in Oxia Planum and Jezero 
Crater, where different phyllosilicates and carbonates
have been identified. The mission target-rocks have 
compositional similarities with samples in the PTAL 
collection.

IR spectroscopy has already been crucial in the iden-
tification and selection of those sites from the orbit. The 
IR spectrometers on board the rovers (ISEM and Super-
Cam on the masts of the ExoMars and Mars2020 rovers, 
Ma-MISS in the drill and MicrOmega in the internal la-
boratory of the ExoMars rover) will be present at multi-
ple stages of the surface operations and will be crucial 
to understand the geologic history of each landing site, 
and in particular the context of the water alteration of 
the rocks.

The aid of this PTAL/MicrOmega laboratory set-up 
will take place with the use of the PTAL database to 
better interpret the in situ data, but also by giving the 
opportunity to study additional terrestrial analogues, or
to recreate possible mineral mixtures and martian-like 
conditions to verify interpretations of the in situ data.

In addition, having the opportunity to study in the 
lab the same characterized samples with MicrOmega 
and Raman and LIBS instruments is a great chance to 
confront results from these different techniques used in 
space to better prepare ExoMars or Mars2020 opera-
tions.

References: [1] Werner et al. (2018) Second Inter-
national Mars Sample Return, No. 2071, 6060. [2] Ven-
eranda et al. (2018) 2nd Int. Mars Sample Return, No. 
2071, 6069. [3] Lantz et al. (2019) this conference

[4] Bibring et al. (2017) Space Science Reviews 208,
401-412. [5] Bibring et al. (2017) Astrobiology 17, 621-
626. [6] Pilorget and Bibring (2014) PSS 99, 7-18.
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Figure 2. Example of sample characterization using Mi-
crOmega/PTAL facilities. Top: picture of the rock sur-
face; middle: IR composite image from MicrOmega and
maps of different hydrated mineral spectral features; 
bottom: spectra taken from the colored squares above, 
and spectrum of the rock powder from the same sample.
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Introduction: The Emirates Mars Ultraviolet       

Spectrometer (EMUS) is one of the three instruments 
to be launched by 2020 on-board Hope probe of the 
Emirates Mars Mission. EMUS is a far ultraviolet 
spectrometer designed to observe the spatial and    
temporal variability of key constituents in the Martian 
thermosphere (100-200 km altitude) and exosphere 
(>200 km altitude) on sub-seasonal timescales. EMUS 
will have a selectable spectral resolution of 1.3nm, 
1.8nm, and 5nm and a spectral range of 100 – 170 nm 
to make the required observations of ultraviolet     
emissions of Hydrogen (H), Oxygen (O), and Carbon 
Monoxide (CO).  

In aims of predicting the EMUS instrument’s ob-
servations, this work will revolve around the develop-
ment of FUV forward models for OI 135.6 nm and CO 
4PG emission lines sourced from electron impact in the 
Martian thermosphere.   

Forward Model Development Methodology: In 
this work, both the forward models of OI 135.6 nm and 
CO 4PG are of the electron impact source. The models 
output brightness based on the following inputs 1) pa-
rameters such as densities, temperatures, longitudes, 
latitudes, altitudes, solar longitudes (Ls) and solar vari-
ability from the Mars Global Ionosphere Thermosphere 
Models (MGITM) [1], 2) different observation geome-
tries such as viewed from near the subsolar point (full 
Mars geometry) and from near the terminator (quarter 
Mars geometry). and 3) stimulation frequencies calcu-
lated based on the electron impact cross sections  (the 
stimulation frequency of CO4PG is calculated for the 
(0,1) band at 160.0 nm and has been scaled to repre-
sent the entire source) [2]. Both models are sampled up 
to 80 degrees in solar zenith angle and emission angle 
at a reference airglow peak altitude of 130 km. 

 
Figure 1. sample output of O135.6 nm brightness  

distribution across the disk at Ls 270 and “full Mars” 
geometry view from a vantage over the sub-solar point. 

Model Verification: To proceed with the verifica-
tion of O1356 model, an optically thin emission line, 
the results will be compared with a simple analytical 
hydrostatic model. O1356 brightness has contributions 
from CO2 as well as atomic oxygen, both stimulated by 
photoelectron impact, with CO2 ionization being the 
primary source of photoelectrons at airglow peak.   

Brightness  
Equation 1. Plane Parallel Approximation 

Where m value is equal to 1 and n value of the impact 
of CO2 and O molar masses on atomic oxygen’s scale 

height as following:  

 
Figure 2. comparison of O135.6 nm forward model 

brightness output due to electron impact on atomic 
oxygen with simple model output. 

 
Figure 3. comparison of CO 4PG forward model 

brightness output due to electron impact on CO with 
simple model output. 

For the electron impact source of the CO4PG band 
system a similar approach has been followed. The first 
values used for n is of the relation of mass of CO to 
CO2 as the following:  and the second 
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value tested represents the impact of CO2 and O molar     

masses on CO’s scale height:   
Both approaches suggest the CO scale height near the 
airglow peak in MGITM is larger than we would ex-
pect from it being diffusively separated and taking on 
its own scale height. This means that there are strong 
vertical transport effects modifying the distribution of 
CO in the model that needs to be further investigated. 

On-going Work:   
O135.6 Forward Model.  We are currently working 

on developing a function based on plane parallel ap-
proximation to represent the developed forward model. 
Such a function will be tested out on an EMUS simula-
tor for sensitivity analyses.  

CO4PG (E-impact Source) Forward Model. The 
current results are scaled from the (0,1) at 160.0 nm 
and scaled to represent the entire band. New stimula-
tion frequencies have been developed to represent the 
entire band. The model will be updated accordingly 
and the results will be reinvestigated.   

References: [1] Bougher, S. W., and R. G. Roble 
(1991), JGR, 96, 11045-11056.[2] L. W. Beegle, J. M. 
Ajello, G. K. James, D. Dziczek and M. Alvarez 
(1999), Astronomy and Astrophysics, 347,  p.375-390. 
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RAMAN SPECTROSCOPY AND THE RLS INSTRUMENT FOR THE CHARACTERIZATION OF SOIL 
ON IN-SITU PLANETARY MISSIONS. G. Lopez-Reyes1, F. Rull1, M. Veneranda1, J. A. Manrique1, A. Sanz1,
E. Lalla2 and J. Medina1, 1Unidad Asociada UVa-CSIC-Centro de Astrobiologia. C/ Francisco Valles 8, Valladolid 
(SPAIN) guillermo.lopez@cab.inta-csic.es. 2 Center for research in Earth and Space Science, York University, Can-
ada.

In-situ exploration of Mars: The in-situ explora-
tion of Mars with rover-based missions will be contin-
ued with the launch next year of two new rover mis-
sions to the red planet: NASA Mars 2020 and ESA 
ExoMars rovers. These rovers will be the best
equipped ever for the detection of biomarkers or organ-
ic molecules on Mars.

On one hand, Mars 2020 rover includes a very wide
range of instruments, including two Raman spectrome-
ters: SuperCam, a remote Raman-LIBS instrument also 
featuring microimaging [1], and Sherloc, an ultraviolet 
Raman spectrometer placed in the rover arm, especially 
suited for the analysis of organics [2]. On the other 
hand, the ExoMars rover is equipped with a 2-meter 
long drill to extract samples of Martian soil down to 
two meters -unexposed to ionizing or UV radiation-
potentially preserving organic materials. In addition, it 
features a carrousel that will allow the instruments of 
the Analytical Laboratory Drawer (MicrOmega IR im-
ager [3], the RLS Raman Spectrometer [4] and the 
MOMA mass spectrometer [5]) to analyze the same 
sample in the same spots.

Raman spectroscopy and the Martian sample-
return missions: During the next years, following the 
needed technology development, the logical path is to 
evolve to Martian return missions. In a first step, be-
fore technology readiness for human exploration, the 
realistic approach consists on multi-phase sample re-
turn missions. Indeed, Mars 2020 features a series of 
containers to store samples that might be considered of 
high interest, for a potential future recollection mission.

Of course, the proper characterization and identifi-
cation of the samples is of paramount importance to 
ensure that the right samples are selected for collection. 
In this sense, the Raman spectroscopy technique has 
proved to be considered as an essential tool for the 
chemical and structural characterization of samples in 
planetary in-situ missions given its non-destructive
nature, as well as the possibility of being used in micro 
or macro analysis, while providing very useful and 
accurate identification of the analyzed materials in with 
a short operation time.

The RLS instrument: Developed by an interna-
tional consortium led by the University of Valladolid 
(UVa) and the National Institute of Aerospace Tech-
nology (INTA), RLS will become the first Raman 
spectrometer ever used for space exploration. This 

instrument features a 532 nm continuous wavelength 
laser with a spot size on the sample of 50 microns and 
an irradiance level around 0.3 kW/cm2, and a spectral 
resolution between 6 and 8 wavenumbers.  

The flight model of the instrument has already been 
delivered for integration in the rover, but other repli-
cates and models have been widely characterized and 
tested in multiple environments to demonstrate the ca-
pability of the technique -and the instrument- of ful-
filling the ExoMars mission objectives, but also paving 
the way for the use of this technique in the upcoming 
missions to Mars or other planetary bodies such as Eu-
ropa, or to comets. 

Having a critical role in the development of the 
RLS, the Erica research group from UVa is involved in 
numerous research fronts converging towards two pri-
mary aims: 1) optimize the scientific outcome that 
could derive from the interpretation of RLS spectra, 
and 2) evaluate to which extend RLS data can contrib-
ute in the fulfillment of the general objectives of the 
ExoMars mission. 

To achieve these aims, terrestrial analogues of Mar-
tian rocks and soils need to be studied through Raman 
systems that ensure a spectral response and an opera-
tional mode comparable to the RLS. For this, two RLS-
representative analytical models have been developed 
by the Erica team to perform in-situ and laboratory 
studies of terrestrial analogues and further Martian-
related samples. 

On one hand, the RAD1 (RAman Demonstrator) is 
a field-portable prototype that has the same geomet-
rical concept and spectral characteristics of the RLS 
instrument, mostly built with COTS elements (with the 
exception of the diffraction grating, which is identical 
to the RLS instrument one). RAD1 also make use of 
the same algorithms employed by RLS to automatically 
calculate the optimal analytical parameters to be set 
during analysis [6]. In addition of being employed for 
the in-situ mineralogical screening of terrestrial ana-
logue sites (important in the selection of the optimal 
samples to be collected for further laboratory studies), 
RAD1 has been successfully used to emulate RLS pro-
cedures during ExoMars mission simulations, as is the 
case of the ExoFiT field campaigns recently carried out 
in Almeria (Spain) and Atacama (Chile). 

On the other hand, RLS ExoMars simulator is a la-
boratory prototype that, compared to RAD1, is coupled 
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to a vertical and horizontal positioner emulating the 
Sample Preparation and Distribution System (SPDS) of
the ExoMars rover. The RLS ExoMars Simulator has 
been used to demonstrate that the analytical routine 
chosen for the RLS (between 20 and 39 spot of analy-
sis por sample) allows to obtain a full picture of the 
mineralogical heterogeneities of powdered samples [7]. 
Furthermore, it also helped corroborating that, depend-
ing on the mineralogical complexity of the sample, a 
limited number of spectra can ensure a reliable semi-
quantification of the detected mineral phases [7]. 

The intensive use of these models in the framework 
of the development of the RLS instrument for the Ex-
oMars mission has provided a huge amount of data and 
results that have helped developing a series of analyti-
cal techniques including multivariate analysis [8] 
and/or data fusion techniques [9]. The study of ana-
logues has resulted in the development of databases 
such as the Planetary Terrestrial Analogue Library
(PTAL) [10], and also with interesting results on the 
potential identification of wet-target craters based on 
Raman spectroscopy data [11]. 

The use of these techniques will help improve the 
scientific return from the Raman spectroscopy data 
from in-situ instruments on Mars.

Conclusions: Raman Laser Spectroscopy is a key 
technique for the analysis of samples in planetary in-
situ¬ missions. The use of this technique has been am-
ply demonstrated in field and laboratory tests around 
the world and will be corroborated during the upcom-
ing ExoMars and Mars2020 missions due to its non-
destructive analytical capabilities, combined with a 
powerful chemical and structural identification of the 
analyzed materials. 

For all these reasons, this technique proves to be 
essential for any in-situ exploration mission, including 
the future Martian-sample return missions.

Acknowledgements: This work is funded by the 
Spanish MINECO grants ESP2014-56138-C3-2-R and 
ESP2017-87690-C3-1-R.
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Introduction:     The solar wind in the ecliptic is 
typically made up of streams that follow a heliocentric
spiral configuration whose magnetic fields flip direc-
tion from toward the Sun to away from the Sun a few 
times each month as the Sun rotates. The magnetic 
'sector polarities' and durations are related to the global 
topology of the Sun's always evolving magnetic fields
and the resulting coronal magnetic field structure that 
determines the streams' geometry.

Because the ecliptic nearly coincides with the Sun's 
magnetic equator, the averages of the solar system in-
terplanetary field vector components are usually small. 
As a result, a purely symmetric planetary atmosphere/ 
ionosphere obstacle in the solar wind like Venus has
induced currents that also average out in long term 
measurements.

In contrast, the Martian crustal fields introduce per-
sistent asymmetries in the induced current systems that 
are different for the different interplanetary magnetic 
field 'polarities' and vary with crustal field local time. 
As a result, its induced fields do not cancel when aver-
aged. What does this mean for both the planetary mag-
netic field measurements and models based on those 
measurements? Corrections for these fields are difficult
to make. One tool for investigating them is with data-
validated models of the solar wind interaction.

Consistencies between the induced fields in the 
models and those derived from the MAVEN data can 
provide useful information. While inconsistencies can
result from the effects of orbital and temporal sam-
pling, of finite induced field decay timescales, of unde-
tected higher order crustal field moments, and of cur-
rents induced by winds in the atmosphere and on the 
planetary surface and in the interior that are not includ-
ed in the simulations, they can still help inform the 
further interpretation of measurements including those 
from Insight.

Interplanetary field statistics at MAVEN: The 
inducing external magnetic field during the MAVEN 
orbits from 2015 through 2018 obtained from averag-
ing the field upstream of the Mars bow shock is shown 
in Figure 1. Three lines are shown for the field compo-
nents in MSO coordinates. The components that de-
scribe the predominantly in-ecliptic spiral interplane-
tary field described earlier are the Bx and By compo-

nents that show the characteristic double-peaked distri-
butions for the fields toward and away from the Sun. 
The main inducing field is the component perpendicu-
lar to the solar wind flow, By. Differences in the posi-
tive and negative By peaks indicate some bias in the 
interplanetary field directions occurred over the period 
of MAVEN sampling at Mars. Differences of this 
magnitude over several years are not unusual and are 
associated with hemispheric asymmetries in the solar 
magnetic field. Such biases are potentially important to 
know for investigations and calibrations that assume 
interplanetary magnetic field components have zero 
averages

Figure 1. Interplanetary field component occur-
rence distributions observed on MAVEN (MSO coor-
dinates).

Induced fields in simulations: Because Mars is 
such a complicated obstacle to the solar wind with its 
combined ionosphere and crustal field, it is helpful to 
analyze the induced fields in numerical simulations of 
the Mars-solar wind interaction. A library of BATS-R-
US MHD models (e.g. see model description in [1])
has been created for such uses. These allow the user to 
explore questions including global behavior of the 
fields. We use these models to obtain the induced fields
by subtracting the crustal field model used in the simu-
lation. The appearance of these fields in the ionosphere 
for several steady state runs of the simulation for two 
altitudes: the nominal periapsis altitude of MAVEN 
(150 km) and the mapping altitude of MGS (400 km) 
are shown in Figure 2 as maps of the components in an 
MSO spherical coordinate system. Maps are shown for 
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the averaged model vector field results for toward and 
away sector external fields, and for the strong crustal 
fields located at midnight, dawn, noon and dusk (mid-
night MLT is at the center of these maps).

(a)

(b)

Figure 2. (a) Model maps of induced field (magni-
tude and components) at 150 km and (b) at 400 km.

Induced fields in the MAVEN observations: The
corresponding maps of the induced fields in the
MAVEN observations are shown in Figure 3. These 
were obtained by collecting the magnetic field data 
obtained within the altitude ranges 150-200 km and 
350-400 km for comparison with the model results in 
Figure 2. Note these averaged fields include all crustal 
field positions, seasons, and solar wind conditions cov-
ered by MAVEN in contrast to the purely equinox, four
crustal field positions, idealized interplanetary field
cases used for the model results. The Morschhauser
model [2] is subtracted from the individual vector
measurements before binning. 

These observational results show similar averaged 
induced field magnitudes in comparison to the model 
results, but the patterns of the field components differ. 

Of course more noise is expected in the observational 
maps from both the statistics of sampling and the 
greater diversity of external conditions. But it is puz-
zling that the simulations sometimes show remarkable 
agreement with the time series of the MAVEN in-situ 
measurements of the field [1], while these statistical
differences are found.

(a)

(b)

Figure 3 (a) Induced fields from MAVEN observa-
tions at (a) 150-200 km and (b) 350-400 km for com-
parison with Figure 2. 

A particularly notable pattern in the observed maps 
at both altitudes, not present in the model results in 
Figure 2 is in the theta (North-South) induced field 
component where a clear pre-noon and post-noon sign 
change occurs on the dayside. These differences are 
telling us that something differs in the models from 
what is occurring at Mars. As we investigate why, we 
expect to learn something more about Mars itself.

References: [1] Ma, Y-J., et al. (2015) GRL, 42, 
9113-9120. [2] Morschhauser, A., Lesur, V., Grott, M. 
(2014) JGR, 119, 1162-1188.
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LOCALIZING PUTATIVE METHANE SOURCES ON MARS FROM SPACECRAFT OBSERVATIONS 
AND BACK-TRAJECTORY MODELING TECHNIQUES.  Y. Luo1, M. A. Mischna2, Y. L. Yung1, A. Kleinböhl2 
and P. Chen2, 1California Institute of Technology, Division of Geological and Planetary Sciences, Pasadena, CA, USA, 
2Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, USA. 

 
Introduction:  A variety of measurements of me-

thane in the martian atmosphere have been made over 
the past 15 years (e.g., [1-6]), showing wildly varying 
indications of methane abundance, location and lifetime 
in the martian atmosphere.  These observations may be 
broken down into two categories, remote and in situ.  
The former consists of both Earth-based [1-2] and or-
bital [4-5] observations; these have been highly irregu-
lar in time, season and region.  In situ data, to date, con-
sists solely of observations made by the Mars Science 
Laboratory Tunable Laser Spectrometer (TLS) [6]. 

Attempts have been made to use numerical tools 
such as general circulation models (GCMs) to identify 
source locations and timing of methane releases, but 
these remain inconclusive under the current approach of 
forward-trajectory plume modeling.  Under this ap-
proach, passive ‘tracers’ are introduced into the GCM at 
specific locations and seasons, and are allowed to 
evolve with time, dispersing with the atmospheric cir-
culation.  Relationships are then sought between the 
evolved methane plume and observations.  Results us-
ing this approach have yet to provide convincing evi-
dence of localized methane surface sources. 

Here, we present results using a novel, complemen-
tary method of localizing methane surface sources by 
modeling passive tracer trajectories backwards in time 
from the locations where observations of atmospheric 
methane have been made.  Such back-trajectory model-
ing employs both GCM modeled winds and a Lagran-
gian particle dispersion model to isolate potential up-
wind sources of the observed signal(s).  This approach 
avoids many of the pitfalls inherent in forward-trajec-
tory modeling approaches such as numerical diffusion 
and subgrid-scale motion which cannot be captured in 
the Eulerian framework of a GCM, alone. 

Approach:  Of the methane observations cited 
above, we have chosen to focus on localization of the 
recent detection of methane by the Planetary Fourier 
Spectrometer [5] near Gale crater around Ls=336° in 
MY 31.  This observation is consistent with a near-co-
incident enhanced methane ‘spike’ observed by the 
Mars Science Laboratory TLS instrument [6]. 

Back-trajectory modeling has been widely used for 
terrestrial applications (e.g., [7-8]) but has not been pre-
viously applied to planetary questions like this.  In the 
present study, we have chosen to use the Stochastic 
Time-Inverted Lagrangian Transport (STILT) particle 
dispersion model in conjunction with the Mars Weather 

Research and Forecasting (MarsWRF) GCM for our 
back-trajectory modeling.  The approach consists of 
four steps: 

1. Generating 3-D meteorological fields consistent 
with the general circulation of Mars at the time 
of the respective methane observations with 
MarsWRF. 

2. Tracking the motion of individual tracers using 
MarsWRF winds in reverse, and applying turbu-
lent motion to the tracer trajectory with STILT.  
This is done individually for each observation. 
Of order 103-104 tracers may be tracked for each 
observation. 

3. Identifying the source region (or ‘footprint’) 
from which each observed methane signal may 
originate.  This is determined by observing where 
individual tracers intersect the surface at a prior 
time. 

4. Establishing models of surface flux from within 
each source region which is consistent with the 
observation(s). 

The footprint generated in Step 3 provides only a 
map of surface sources of the observed signal, but not a 
flux model.  There may be multiple flux models con-
sistent with an individual observation; selecting the cor-
rect flux model requires comparison with surface geol-
ogy and likely sources of methane emission, as in [5]. 

Results:  Our first results have shown that this ap-
proach can, indeed, provide a useful way to localize 
source locations.  The full integration of the STILT 
model remains a goal of this team; to date, we have com-
bined MarsWRF output with a more basic trajectory 
model to illustrate that, even in the absence of small-
scale motion, which is key for capturing the motion not 
measured in a GCM, we can find areas of enhanced 
tracer density at prior times.  These locations may be 
further investigated for their viability as putative me-
thane sources.  Figure 1 shows a demonstration of the 
approach, using a grid of 174 points as source locations 
for model tracers covering the footprint of the PFS in-
strument during its methane detection as in [5].  By in-
tegrating backwards, using MarsWRF winds at a 30-mi-
nute timestep for multiple sols, we can see the evolution 
of this grid earlier in time. Snapshots in time one and 
two sols prior to the observation are shown.  Figure 2 
shows the relative density of methane sources from this 
approach, where the source is defined as the location 
where the tracer last intersected the 100 m altitude level. 
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Summary: We have begun to implement back-tra-
jectory modeling to localize the source of Mars methane 
plumes.  Our first results look promising that the ap-
proach will succeed.  Back-trajectory modeling simpli-
fies the localization problem, since the observed loca-
tion of the plume is a known value.  In forward-trajec-
tory modeling, it is largely a hit-or-miss approach, since 
source locations are guessed at, and there is no assur-
ance that any simulation will match observations.  Our 
back-trajectory approach should reduce the computa-
tional effort required to localize these source locations. 

References: [1] Krasnopolsky, V.A. et al. (2004) Ic-
arus, 172, 537-547. [2] Mumma, M.J. et al. (2009) Sci-
ence, 323, 1041-1045. [3] Formisano, V. et al. (2004) 
Science, 306, 1758-1761. [4] Geminale, A. et al. (2008) 
PSS, 56, 1194-1203. [5] Giuranna, M. et al. (2019) Nat. 
Geosci., 12, 326-332.  [6] Webster, C.R. et al. (2015) 
Science, 347, 415-417. [7] Lin, J. et al. (2003), JGR, 108, 
4493. [8] Waugh, D.W. et al. (1994), JGR, 99, 1071-
1088. 

 

 

 
 
 
 

Figure 1 (above): Trajectories of passive tracer 
particles from the region corresponding to me-
thane detection footprint of Giuranna et al., 
(2019).  Left panel shows the distribution of 174 
tracers at the time of methane observation.  Mid-
dle and right panels show locations of tracers 1 
and 2 sols prior to the observation.  Simulation 
injects new tracers every hour for two sols prior 
to the observation to simulate a more extended 
release.  Right panel, therefore has 174 x 48 = 
8352 individual tracers.  Tracer colors corre-
spond to altitude above surface.  Red = near sur-
face, yellow = > 1000 m. 
 
Figure 2 (left): The relative density of tracer 
(methane) sources for this simulation.  A source 
for each tracer is defined as the location of the 
tracer the last time it rose above 100 m altitude.  
It is assumed that below this elevation, the at-
mosphere is rapidly well-mixed. 
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PROLONGED LIFETIME OF A TRANSIENT IONIZED LAYER IN THE MARTIAN ATMOSPHERE 
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Introduction:  On October 19th, 2014, comet Sid-

ing Spring (C2013/A)  flew within 40 Mars radii of the 
red planet. The comet deposited 82 (± 25) tons of dust, 
composed of Fe, Mg and other metals, into the upper 
atmosphere [1,2]. Due to the high impact velocities of 
the dust, much of this material was ionized upon entry,  
creating a transient layer of ionization below the main 
peak of the ionosphere [1,3-6]. The layer was observed 
for at least 2.5 days after closest approach [6]. 

 
We present new observations from the Mars Ad-

vanced Radar for Subsurface and Ionosphere Sounding 
(MARSIS) instrument on Mars Express that show the 
transient layer lasted several days after the flyby, much 
longer than previously reported (Figure 1). We postu-
late that a series of solar flares that erupted around Oc-
tober 25th, 2014 in sunspot region AR 12192 contribut-
ed to the longevity of the transient layer. The flares 
caused increased ionization and production of O2

+ ions 
which then charge-exchanged with cometary metals to 
produce long-lived metal ion species [1,7]. 
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(Figure 1) Top: Ionogram from Orbit 13710, showing the tran-
sient layer caused by the comet flyby. Bottom: Ionogram from 
Orbit 13731, showing the transient layer was observed five days 
after the flyby. 
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IMAGING FROM THE INSIGHT LANDER,  J. Maki1, A. Trebi-Ollennu1, B. Banerdt1, C. Sorice1, P. Bailey1, O. Khan1, 
W. Kim1, K. Ali1, G. Lim1, R. Deen1, H. Abarca1, N. Ruoff1, G. Hollins1, P. Andres1, J. Hall1, and the InSight Science and 
Operations Teams, 1Jet Propulsion Laboratory, California Institute of Technology (4800 Oak Grove Drive, Pasadena, CA 91109, 
Justin.N.Maki@jpl.nasa.gov). 
 
Introduction:  After landing in Elysium Planitia, Mars 
on November 26th, 2018, the InSight mission [1] began 
returning image data from two color cameras: the In-
strument Context Camera (ICC), mounted on the lander 
body underneath the top deck, and the Instrument De-
ployment Camera (IDC) mounted on the robotic arm 
(Figure 1, [2], and [3]).  Images from these color cam-
eras have helped the mission meet several key objec-
tives, including: 1) documentation of the state of the 
lander, robotic arm, and surrounding terrain, 2) terrain 
assessment for the selection of the SEIS [4] and HP3 [5] 
instrument deployment locations, 3) facilitation and 
documentation of deployment activities, 4) monitoring 
of the state of the instruments post-deployment, and 5) 
monitoring of atmospheric dust opacity.  The cameras 
are also providing information about the geologic his-
tory and physical properties of the terrain around the 
lander [6,7,8,9]. 
 

 
Figure 1: Locations of the IDC (right) and ICC (left) on 
the InSight lander.  The IDC is located on the robotic 
arm and the ICC is mounted directly to the lander body. 
 
Instrument Description:  Both InSight cameras are 
flight spare units from MSL [10], which flew build-to-
print copies of the Mars Exploration Rover (MER) cam-
eras [11]. The InSight project converted the MSL cam-
eras from grey-scale to color by replacing the MSL de-
tectors with a Bayer color filter array (CFA) version of 
the same type of frame transfer charge-coupled devices 
(CCDs).  The camera electronics and optical assemblies 
are otherwise unchanged from MSL. Both cameras use 
identical camera heads and readout electronics, differ-
ing only in the type of lens mounted to the camera head. 

Table 1 gives a summary of the key camera characteris-
tics.  For a more detailed description of the InSight cam-
eras, see [2]. 

 
Figure 2.  First image acquired by the ICC.  The trans-
parent dust cover was in the closed position when this 
image was acquired.
 

 
Figure 3.  First image acquired by the IDC, showing 
the SEIS (left), robotic arm (right), and Martian terrain. 
The transparent dust cover was in the closed position 
when this image was acquired. 
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Table 1.  Instrument Summary 
 

Item IDC ICC 
Angular Resolution at the 
center of the FOV
(mrad/pixel) 

0.82  2.1 

Focal Length (mm) 14.67 5.58 
f/number (f/#) 12 15 
Entrance Pupil Diameter 
(mm) 

1.25  0.37 

Field of View (h x v de-
grees) 

45 x 45  124 x 124  

Diagonal FOV (degrees) 67  180  
Depth of Field 0.5 m – 

infinity 
0.10 m – 
infinity 

Best Focus (m) 1.0 0.5 
Bandpass centers (nm, ap-
proximate) 

R (600) 
G (550) 
B (500) 

R (600) 
G (550) 
B (500) 

 
Instrument Status and Operations Summary:  Oper-
ation of the cameras has been ongoing since landing, 
with 2,013 images returned as of Sol 155.  The radio-
metric and geometric performance of the cameras have 
been nominal.  While the dust covers from both cameras 
opened successfully, the ICC dust cover did not com-
pletely protect the camera from dust during/after the 
landing event.  Thus ICC images show a noticeable 
mottled pattern caused by dust contamination on the 
lens (this impacts useability only slightly).  The IDC 
front lens has remained dust-free by comparison. 

 
Figure 4.  IDC image of the lander deck and nearby de-
ployment area. 

 
 

 
Figure 5.  IDC image of SEIS on the lander deck (top) 
and on the Martian surface (bottom, acquired after Mar-
tian sunset). 
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CHEMOSTRATIGRAPHY OF FLUVIAL AND LACUSTRINE SEDIMENTARY ROCKS AT GALE 
CRATER USING CHEMCAM ONBOARD THE CURIOSITY ROVER.  N. Mangold1, A. Cousin2, E. Dehouck3, 
O. Forni2, A. Fraeman4, J. Frydenvang5, O. Gasnault2, J. Johnson6, J. L. Le Deit1, L’Haridon1, S. Le Mouélic1, S. Maurice2,  
S.M. McLennan7,  P.-Y. Meslin2, H.E. Newsom8, W. Rapin4, F. Rivera-Hernandez10, R.C. Wiens11.  1Laboratoire de Planétolo-
gie et Géodynamique, UMR6112, CNRS, Université Nantes, France, nicolas.mangold(at)univ-nantes.fr, 2IRAP, Toulouse, France, 
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Introduction: The Curiosity rover has traversed 
>20 km from its landing to the layered rocks of Mt. 
Sharp (also named Aeolis Mons), spending >2400 sols 
(Martian days) at the surface of Mars. We provide here 
a summary of the chemical composition along the >300 
m-thick pile of sedimentary rocks, dominated by mud-
stones and sandstones, interpreted as predominantly 
due to fluvial and lacustrine processes [1](Fig. 1).  

Dataset: Chemcam is a Laser Induced Breakdown 
Spectroscopy (LIBS) instrument, with an associated 
Remote Micro-Imager (RMI) [2]. Chemical quantifica-
tions for major elements are obtained using a multivari-
ate analysis technique, which compares Mars spectra to 
those of a laboratory database [3]. Given the small size 
of each laser spot (0.3-0.5 mm), bulk chemistry is de-
rived from the average of several points (>4) of a given 
target after systematic removal of points on diagenetic 
features that are abundant throughout the outcrops 
observed [e.g., veins and concretions, 4-6]. As volatiles 
(H, S, Cl) are not quantified, the sum of major oxides is 
often <100% suggesting a contribution from these 
volatiles. Thus, we for this study we normalized the 
wt.% obtained for each element to 100% to compare 
the same volatile-free fraction of rocks.  

Fig. 1 presents the stratigraphic column and three 
chemical parameters plotted as a function of elevation 
for sedimentary targets from sol 110 to 2070 [7]. Only 
targets corresponding to clear in-place outcrops were 
plotted. Among the chemical parameters, K2O/Na2O 
usually reflects the relative proportion of alkali feldspar 
vs plagioclase, and MgO/SiO2 the abundance in mafic 
minerals. The Chemical Index of Alteration (CIA) is 
defined as CIA=100*Al2O3/(Al2O3+CaO*+Na2O+K2O) 
(molar). The CIA starts to reflect the influence of chem-
ical weathering in open system when >50 for felsic 
rocks, and >40-45 for mafic rocks [8]. The average 
crust composition [9] is indicated in green as a useful 
reference that can help to define the style of sediments 
encountered (e.g., alkali-rich, sodic, etc.) as explained 
in [10]. Hereafter, we describe the chemistry for each 
member of the two main sedimentary groups. 

Bradbury Group: The Yellowknife Bay (YKB, 
blue dots) mudstones and sandstones have a chemistry 
with a low CIA interpreted as alteration in a closed 
diagenetic system [11], and a relatively high MgO/SiO2 

ratio typical of mafic rocks. While remaining in the 
same trend for CIA and Mg/SiO2, the Cooperstown 
(gray dots) and Kimberley rocks (black dots) are char-
acterized by an increasing potassic component. The 
high K2O/Na2O ratio indicates a change in feldspar type 
from plagioclase-dominant at YKB to alkali-feldspar 
dominant at Kimberley, resulting likely from a change 
in sedimentary provenance [12], with very potassic 
rocks by comparison to the average crustal chemistry. 
This trend has also been observed by the study of con-
glomerates analyzed in Bradbury plains, which show 
potassic composition starting Cooperstown [13]. 

Mount Sharp Group: Starting at Pahrump Hills 
(yellow dots), the sedimentary rocks display a continu-
ous series of sedimentary layers named the Murray 
formation [7]. ChemCam data show a change in the 
chemistry at Murray compared to previously analyzed 
sedimentary rocks, as highlighted by a lower MgO/SiO2 
ratio and a higher CIA. At Marias Pass (elevation -
4450m, light yellow), the low MgO/SiO2 ratio is due to 
a high SiO2 abundance (>60wt.%), in relation to silica 
deposits and their remobilization by diagenesis [14].  

From Hartmann Valley (orange) to Blunts Point 
(light pink), the CIA displays an overall increase up 
section (up to 65), with very few points <50 in Ka-
rasburg and Sutton Island members (red dots). CIA 
values ranging from 50 to 65 are an evidence for sub-
stantial weathering in open system [15], especially for 
source rocks closer to basaltic material than the terres-
trial, felsic crust. The bulk chemistry of these members 
also presents a low abundance of CaO of 1-2wt.%, well 
below Mars crust average (8wt.%), consistent with a 
leaching of calcium. Some of the highest CIA values 
are observed in the Sutton Island member in the vicinity 
of the Old Soaker outcrop (elevation -4340m) which 
contains mud cracks and is interpreted as a local or 
short-term lake dry-out [16]. The only exception to this 
trend corresponds to a group of targets at the top of 
Sutton Island and bottom of Blunts Point with a high 
MgO/SiO2 ratio, that are interpreted as local Mg-
sulfate deposits, potentially indicating periods of in-
creasing salt activity in relation with periods of desicca-
tion [17]. The slight decrease in K2O/Na2O at that ele-
vation may be related to the presence of chloride salts 
as well [18].   
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The upper two members (Pettegrove Point and Ju-
ra, pink and brown dots, in Fig. 1) are part of the Vera 
Rubin ridge (VRR), a topographic feature where hema-
tite has been detected in orbital spectrometry [19]. At 
this location, although a slight drop in CIA is observed, 
ChemCam does not show a significant change in bulk 
FeOT abundance [20], nor in other major elements, 
confirming that these rocks are in continuity of the 
Murray fm.  as suggested by the lack of unconformity. 
Nevertheless, ChemCam detects high iron abundances 
(>30 wt.% FeOT) on dark-toned nodules and veins, 
related to a diagenetic origin [21], showing that VRR 
was a place with enhanced diagenetic processes.   

Conclusions: While initially taken as the reference 
for lacustrine mudstones at Gale crater, the Bradbury 
group is distinct from the Mt Sharp, and therefore not 
representative of Gale crater sedimentary rocks: (1) 
The potassic source observed at Kimberley has not 
been encountered later, at least not in the same propor-
tion; (2) The overall chemistry of the >300 m thick 
Murray formation does not follow the basaltic “average 
crust-like” chemistry observed at YKB on a <10 m 
thick outcrop; (3) The difference in CIA highlights a 
change in condition of alteration (from closed to open 
system), which is also observed by CheMin X-Ray Dif-
fraction data. Indeed, CheMin data show that the phyl-
losilicates observed change from ferrous, Mg-rich tri-
octahedral smectites at YKB to ferric, Al-rich di-
octahedral smectites in the Murray formation [22].  
 

Figure 1: Chemostratigraphy using ChemCam av-
erage composition for in-place outcrops of mudstones 
and sandstones from sol 110 to 2070.  Colors are rela-
tive to each members with clear in place outcrops. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Along the whole Murray formation, there is a con-
sistency in the chemistry with only slight variations re-
lated to specific layers (silica, Mg-sulfates) and to vary-
ing weathering intensity tracked by the CIA. The conti-
nuity in sedimentary deposition and chemical trends 
highlights an environment of deposition that requires 
aqueous alteration, deposition and burial with pro-
longed groundwater circulation over geologically long 
durations and a climate favorable to the presence of 
persistent liquid water at the surface. 
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Burial and Stability of Martian South Polar CO2 Deposits: Implications for Atmospheric Evolution.  
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Introduction:  Studies of the fractionation of non-

condensible isotopes [1,2], fluvial and lacustrine sys-
tems on Hesperian-aged terrain [3,4] and climate stud-
ies with general climate models [5], suggest that 500 
mbar or more of CO2 prevailed during the Early Hes-
perian.  How can we satisfactorily explain the transi-
tion from a thick early atmosphere to the thin atmos-
phere of today? The Mars Evolution Code (MEC) was 
written to address this question [6,7]. 

The goal of MEC is to incorporate an exhaustive 
set of sources, sinks, and reservoirs of CO2, including 
an active regolith, whose evolution is constrained by 
the interconnecting fluxes, drawn from the literature, 
making a fully coupled system in energy-balance.   
Stepping forward in time in 500 year steps, MEC is 
driven by various synthetic obliquity sequences [6,7].  
14N and 15N have been incorporated in MEC as an ad-
ditional constraint on CO2 evolution since, given a 
fixed N2 inventory, the rate of escape and fractionation 
of nitrogen is inversely proportional to PCO2. 

Given an initial inventory and the uncertainties in 
the parameterizations of control variables for fluxes, 
and temperatures, program runs can generate a “solu-
tion space” at t=0 for comparison with actual data. 
Currently, the solution space does not circumscribe the 
data, as simulations were unable to reach the present 
with an exchangeable inventory of less than about 130 
mbars [6]. 

While estimated photochemical plus sputtering es-
cape is less than 80 mbars since 4 Ga [8], volcanic 
outgassing [9] is a source comparable to the escape 
rate to space during Hesperian Mars.  Also, weathering 
loses its ability to draw down CO2 below pressures of 
PCO2~150 mbar. Given this, and the 500 mbar invento-
ry at 3.7 Ga, we suggest that an significant unanticipat-
ed sink of CO2 will be needed to resolve the “missing 
CO2” problem. 

We suggest two previously neglected sinks of CO2. 
First, the reflection-free zones (RFZ) detected within 
the South polar layered deposits (SPLD) using shallow 
radar [10] could represent many tens of millibars of 
buried CO2, although only about 7 mbar under the re-
sidual cap have been verified [11]. Second, basal melt-
ing and possible sequestration of thick CO2 caps on 
early Mars may occur [12,13]. While the former is 
relevant to the last ~100 Myr of SPLD growth [14,15], 
the latter is relevant to the Hesperian and Early Ama-

zonian periods for which there is proxy climate data 
with which to judge atmospheric thickness. In this 
connection, there are indications that fluvial activity 
declined in discrete steps [3], as would be expected of 
intervening periods of basal melting and sequestration. 
However, between the Early Amazonian and the pre-
sent, there is little to constrain collapses other than 
their effect on the isotope ratio of nitrogen or other 
non-condensible volatiles. 

Stability of CO2 deposits:  Modern deposits need 
a thick ( 20 m) water boundary layer to be stable 
against ablation from the maxima of obliquity fluctua-
tions that occur between the minima [16,13]. For this 
to occur on today’s planet requires perihelion to be in 
the northern summer [17].  In this case, more water is 
sublimed from the cap, it migrates toward the equator 
and can rise to ~25 km, allowing it to become en-
trained in the rising Hadley circulation and transported 
into the southern hemisphere. Currently, with periheli-
on in the southern summer, saturation and freezing of 
water vapor and precipitation sets in at ~10 km – out of 
the reach of the Hadley cell. Hence, with perihelion in 
the northern summer, transport is enhanced �10-fold 
relative to current rates [17]. 

Following a prolonged period with high obliquity, 
water ice would be concentrated at mid-latitudes [18], 
and when the obliquity falls, as it did ~4.5 Ma [19], 
more water would likely be transported poleward since 
much water was already in the southern hemisphere. If 
the RFZs beyond the residual cap are CO2, deposits 
formed early in the transition from a high to a low 
obliquity, the expected thicker boundary layers could 
have protected the deposits during the intervening 
high-obliquity periods. There appear to have been 
three such stages of SPLD construction [15].  

Thermal structure of CO2 deposits:  Manning et 
al. [13] studied the thermal structure of CO2 slabs bur-
ied under a surface boundary layer of about 20 m of 
water ice. In calculating CO2 thermal structure, the 
thinner H2O boundary layers can be neglected since, 
compressed under a massive CO2 deposit, their thermal 
conductivity is high, and would negligibly affect CO2 
temperatures. We calculated the minimum thickness, 
z*, of a single CO2 slab that reaches the threshold for 
melting. We find that z*=(93.4/H) ln(Tb/Tt)=25.1/H 
[13], where the base temperature, Tb=216.6 K, (the 
triple point), Tt=163 3.4 K (under 20 m of water ice), 
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is the top of the CO2 slab, and the geothermal flux, 
H=0.02 W/m2 [13]. Although the mean geothermal 
flux on Mars thought to be about 30 mW m-2, it is 
closer to 20 mW m-2 [20] on the South pole. We con-
servatively estimate the geothermal flux in Hesperian 
Mars as �3 times the current value or H=60 mW m-2. 
If at this point, the atmosphere was 250 mbars, a thick 
deposit would be formed with a depth z´>>z*, imply-
ing robust basal melting. 

Melting rates of CO2 deposits: With slabs thicker 
than z*, actual melting can occur. The melting flux, 
d2M/dA dt= (H-H´)/ΔfusH0=(ΔTkeff/ΔfusH0)(z´ z*)/z´z*, 
where M is the mass of frozen CO2, ΔfusH0= 1.897×105 
J kg-1, is the heat of fusion, H´=ΔTkeff/z´, with 
ΔT�216.6-165.5=52.1 K, and keff =0.5 is the average 
thermal conductivity [13]. Consider a 250 mbar at-
mosphere (about M=1018 kg of CO2), collapsing onto 
the South pole. The current residual cap has an area of 
approximately Acap=4×1011 m2. The cap’s thickness 
would be, z´=M/(ρAcap), where ρ=1600 kg m–3 for 
CO2; z´=1.56 km. In this case, we find 
z*=25.1/0.06=420 m. The vertical melting rate is 
d2M/dAdt=2.38×10 7 kg m 2 s 1, or 7.53 kg m-2 yr-1.  
Over the whole cap the melting rate is 3×1012 kg yr-1, 
giving a time-scale for melting of τmelt=3.3×105 yr. 
This suggests that a significant fraction of the entire 
cap could be melted over a 125 kyr obliquity cycle. 
However, melting is not sequestration. 

Sequestration Rates:  While we are able to calcu-
late the melting rate, the fraction of melt that is seques-
tered is totally unknown. Although H2O ice can be an 
effective barrier to sequestration, there are conditions 
under which the melted CO2 could gravitationally pen-
etrate to the regolith. For instance, after a long period 
of high obliquity (δ≥40º), the polar areas would be 
effectively dessicated, allowing relatively direct access 
to the regolith after a downward obliquity swing 
(δ≤20º). Also, if the base is unconsolidated, a previous-
ly emplaced water-ice cap could suffer differential 
settling from the CO2 load, producing cracks through 
which the CO2 could flow.                                                                                                                                                                        

We define a parameter, Rseq, which describes the 
ratio of sequestered to melted CO2, either as a function 
of geothermal flux, the exchangeable inventory, or 
both. The mass sequestered is Mseq=MmeltRseq t, where 
Mmelt is the melted CO2 and t is the duration of the 
cap, while the fractionation and escape of nitrogen is 
determined only by t. Thus, by varying, Rseq, the rela-
tive strengths of sequestration and nitrogen fractiona-
tion would be differentially affected, allowing one to 
guide PCO2 and 14N/15N toward current values.  

Since it is the obliquity that controls atmospheric 
collapses, we must create a synthetic obliquity that 

distributes atmospheric collapses, perhaps 5 to 10 of 
them, by specifying a time and duration of each col-
lapse throughout Mars history. We can define the 
obliquity, δ(t), as the sum of a mean obliquity, δav(t),  
with the quasi-periodic signal, QP, adjusted so that it 
has a net zero average value. Then, δ(t)=δav(t)+QP. Our 
quasi-periodic signal comes from the last 2.28 Myr of 
the Laskar et al [19] obliquity calculations. We can We 
define δav(t) in a way that can explain the downward 
shifts in fluvial activity and crater rim weathering pat-
terns in the Hesperian [3,4] that would come from CO2 
sequestration. For the last 100 Myr or so, we would 
place atmospheric collapses during the stages of SPLD 
building when low obliquity is required [15].  

We expect that it would be difficult to rationalize 
basal melting and sequestration with an atmosphere 
smaller than about 50-75 mbar (i.e., z´<z* is likely). 
This problem may be alleviated if the more distal RFZs 
in the SPLD are in fact composed of CO2.  

If this study works as foreseen, then we will have 
found a way to explain the transition from a thick early 
atmosphere to the current thin one. 

Conclusion:  With the modernized MEC we 
will be able to test whether basal melting and se-
questration, and the mysterious RFZ1, 2, and 4 
[10] deposits, are modes of sequestration that may 
answer the missing CO2 problem. 

The general utility of MEC is to provide a via-
ble platform for testing this and other hypotheses 
of the evolution of the atmosphere of Mars. 
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THE GRASBERG FORMATION: A ROSETTA STONE FOR UNDERSTANDING THE ORIGIN AND
DIAGENETIC HISTORY OF THE BURNS FORMATION AT MERDIANI PLANUM? T. M. McCollom1 and 
B. M. Hynek1,2, 1Laboratory for Atmospheric and Space Physics and 2Department of Geological Sciences, University 
of Colorado, Boulder, CO 80309 (mccollom@lasp.colorado.edu).

Introduction: The layered sedimentary rocks of the 
Burns formation on Meridiani Planum are underlain by 
a thin (2 m) lithologic unit referred to as the Grasberg 
formation [1,2]. The Grasberg rocks are finer grained 
than Burns rocks (siltstones vs. sandstones), and lack 
the crossbedding and other sedimentary structures that 
are ubiquitous in the Burns formation. While Grasberg 
rocks contain substantial amounts of sulfur, they are less 
enriched in SO3 than the Burns rocks (6.3-13.1 wt% vs. 
17-28.6 wt%). Grasberg rocks also have lower Mg and 
Ni contents, and higher amounts of Si, Al, K, Fe, Ti and 
Zn than Burns rocks [1,2].   In addition, Grasberg rocks 
lack the hematite spherules (“blueberries”) that are char-
acteristic of the Burns formation.  

Based on morphological and chemical differences 
with the overlying Burns formation, the Grasberg rocks 
have been interpreted as a distinct lithological unit hav-
ing a separate origin [1,2].  However, we recently un-
dertook a detailed re-evaluation of the chemical compo-
sitions of the two units, and found that both units have 
nearly identical compositions except for variable 
amounts of MgO and SO3 [3]. This result implies a
much closer connection between the Grasberg and 
Burns formations than previously recognized. Here, we 
explore some possible implications of the similar chem-
istry for the origin and diagenesis of the units.

Similar chemistry of Grasberg and Burns for-
mations: When the chemical compositions are plotted
as measured by Opportunity, Grasberg rocks are seen to 
contain substantially less Mg, Mn, and SO3 and higher 
amounts of other elements than most rocks from the 
Burns formation (Fig. 1a). However, when the data are 
normalized to account for differences in SO3 among 
samples, most elements in the Grasberg other than Mg 
and Mn overlap with the Burns rocks (Fig. 1b). The rel-
atively low Mg and SO3 abundances of the Grasberg are 
shared by a subset of Burns formation rocks encoun-
tered at Victoria and Endurance craters (green lines in 
Fig. 1), where the low levels of these components has
been attributed to partial loss of Mg-sulfate minerals 
during diagenesis [e.g., 4-6].  This apparent loss is illus-
trated in Fig. 2a, where the Mg and SO3 levels in the 
subset of Burns samples (green triangles) are seen to be 
depleted along the expected trajectory for removal of 
Mg-sulfate (blue arrow). These same samples have also 
lost Ni (Fig. 2b), which would be consistent with the in-
ferred high Ni contents of Mg-sulfates on Mars [7,8].  

Notably, the Burns samples that are closest to the con-
tact with the Grasberg (Callitris and CapeFairweather)
also show the same loss of Mg-sulfates and Ni (Fig. 2).

A logical inference to explain the low Mg & SO3 in
the Grasberg rocks is that they experienced the same di-
agenetic loss of Mg-sulfates as the subset of Burns
rocks, which is supported by the similar levels of Mg
and Ni to the Burns samples that lost Mg-sulfates in-

Fig. 1. Comparison of the compositions of Grasberg and
Burns formation rocks relative to the Burns formation aver-
age.  Compositions plotted: (a) as measured by Opportunity, 
(b) normalized to 1 wt% SO3 and no Cl, and  (c) adjusted for
the apparent loss of Mg sulfates from Grasberg and some
Burns samples. Burns rocks that have evidently lost MgSO4
during diagenesis (green) and adjacent to Grasberg contact 
(blue) plotted separately.  Grey boxes indicate <15% enrich-
ment/depletion of elements relative to the Burns average.
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cluding those closest to the contact (Fig. 2). When com-
pensation is made for the diagenetic loss of Mg-sulfates, 
all Grasberg and Burns rocks converge on very similar 
compositions (Fig. 1c), indicating the rocks from both 
formations had nearly identical chemical compositions 
prior to diagenesis. This interpretation is further sup-
ported by hierarchical cluster analysis and trends in ele-
mental abundances as a function of SO3 & TiO2 [3].

Implications for sediment origin: The highly sim-
ilar chemical compositions indicates that the Grasberg 
and Burns formation are probably derived from the 
same basaltic source, or closely related sources. Indeed, 
the chemical compositions of both formations can be ac-
counted for by addition of SO3 to the same pristine bas-
alt, followed by diagenetic redistribution of divalent cat-
ions and loss of Mg sulfates from some deposits [3,6].
The fine-grained, homogenous textures of the Grasberg 
rocks has led to the interpretation that they are airfall 
deposits from either a volcanic or impact source [7,8], 
and geologic context suggests a volcanic ashfall is more 
likely. By extension, the Burns sediments may have also 
been initially deposited as an ashfall. Induration of the 
ash followed by erosion could then have created sulfate-
cemented siliciclastic sand grains that were reworked by 
eolian and fluvial processes to form the bedding struc-
tures currently observed in the Burns rocks. This sce-
nario would be consistent with the interpretation that the 
sands grains that comprise the Burns sandstones were 
eroded from a pre-existing rock that was composed of 
fine-grained sulfate and siliciclastic components [e.g., 

9,10]. The texture and chemical composition of this in-
ferred precursor would have been indistinguishable 
from the Grasberg rocks before they experienced diage-
netic loss of Mg-sulfates.

Diagenetic processes: If the Grasberg and Burns 
rocks are derived from the same source, it provides an 
opportunity to place additional constraints on the diage-
netic history of both units.  For instance, the apparent 
loss of Mg-sulfates from the Grasberg formation and 
immediately overlying Burns rocks extends the number 
of locations where this loss has been observed beyond 
Endurance and Victoria craters. Any future model for 
diagenetic Mg-sulfate transport must therefore take into 
account the geologic setting of all three sites.

The Grasberg rocks also have lower Mn and higher 
Fe/Mn ratios than most Burns rocks, which has been at-
tributed to diagenetic loss of Mn from the Grasberg
[11].  The two Burns rocks closest to the contact, Calli-
tris and Capefairweather, have similarly low Mn and 
high Fe/Mn ratios (Fig. 1), implying that any diagenetic
loss of Mn extended into the Burns formation and there-
fore occurred after some Burns deposits were in place.

Two rocks from underlying Shoemaker formation, 
Pinnacle Island and Stuart Island, have fracture surfaces 
coated with mineral deposits enriched in Mg, Ni, SO3,
and Mn [12], the same elements that were evidently de-
pleted in the overlying Grasberg and Burns rocks.  The 
natural inference is that the same fluids that removed 
these elements from the Grasberg/Burns rocks depos-
ited them in the underlying Shoemaker rocks [3].  This 
would imply that: (1) the fluids were migrating down-
ward at the time, (2) the transport occurred after at least 
some Burns rocks were emplaced, and (3) the rocks 
were fairly close to the surface at the time (otherwise, 
the fluids would have become saturated with respect to 
Mg-sulfates before reaching the lower Burns/Grasberg 
rocks and lost their capacity to dissolve Mg-sulfates).

Further study may reveal additional insights.  For 
example, while both units were initially deposited with 
almost identical chemical compositions, hematite spher-
ules formed in the Burns rocks but not the Grasberg.  
Comparative studies may provide new insights into the 
long-standing conundrum of spherule formation.

References: [1] Crumpler L.S. et al. (2015) JGR 120,
538. [2] Mittlefehldt D.W. et al. (2018) JGR 123, 1255. [3]
McCollom T.M. and Hynek B.M., in revision at JGR. [4]
Clark B.C. et al. (2005) EPSL 240, 73-94. [5] Hurowitz J.A. 
and Fischer W.W. GCA 127, 25-38. [6] McCollom T.M. 
(2018) JGR 123, 2393. [7] Yen A.S. et al. (2017) LPSC 48,
Abstract 2553. [8] VanBommel S.J. et al. (2016) X-Ray Spect. 
45, 155-161. [9] Squyres S. W. et al. (2006) Science 313,
1403. [10] Grotzinger J. P. et al. (2005) EPSL 240, 11. [11]
Ming D.W. et al. (2015) LPSC 46, Abstract 2676. [12] Arvid-
son R.E. et al. (2016) Am. Mineral. 101, 1389-1405.

Fig. 2. Abundances of Mg and Ni in Burns/Grasberg rocks
as a function of SO3.  Burns rocks from Victoria and Endur-
ance craters that have evidently lost Mg sulfates (green) and
the two Burns rocks closest to the Grasberg contact (blue) are
plotted separately.  Dashed line indicates expected trajectory
for addition of SO3 to a basaltic endmember (red diamond). 
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RETRIEVALS ON GCM-DERIVED SIMULATED RADIANCES.  T. H. McConnochie1,2 and M. D. Smith2, 
1University of Maryland, College Park, MD (tmcconno@umd.edu) for first author, 2NASA Goddard Space Flight 
Center, Greenbelt, MD. 

 
 
Introduction: Ther-

mal infrared (TIR) tem-
perature sounding data 
sets such as that of Mars 
Global Surveyor’s (MGS) 
Thermal Emission Spec-
trometer (TES) [1] and 
Mars Reconnaissance Or-
biter’s (MRO) Mars Cli-
mate Sounder (MCS) [2] 
are of fundamental im-
portance to our under-
standing of Mars’s atmospheric dynamics. These data 
sets are generated by numerically inverting a radiative 
transfer model to obtain, i.e., “retrieve”, a temperature 
profile. Motivated by the prospect of future TIR instru-
ments in Mars orbit, especially the Emirates Mars Infra-
red Spectrometer (EMIRS) [3] on the Emirates Mars 
Mission (EMM) [4], we experiment here with using 
general circulation model (GCM) output as an artificial 
“ground-truth” to evaluate retrieval algorithms. In the 
process, we can also evaluate the extent to which exist-
ing data sets are capable of capturing expected-by-GCM 
temperature structures. 

Here we focus on the TES nadir sounding tempera-
ture profile retrieval algorithm presented by [1] and its 
corresponding Planetary Data System atmospheric pro-
file data set, due to the similarities between TES and 
EMIRS. Of course this is only one of several quite dif-
ferent retrieval approaches than can and should be con-
sidered in the future (c.f. [2], [5]).  

Methodology: Retrieval algorithm: Our baseline 
TES algorithm is identical to that used for the TES at-
mospheric temperature data set stored by the Planetary 
Data System (PDS) and reproduces (to within numerical 
precision) the PDS temperature profile data set when 
used with the original parameters and radiance inputs. 
Note that aerosol effects are incorporated only in the 
form of a modified effective surface temperature. Addi-
tions to the original code allow us to supply GCM-
derived radiances, to perturb those radiances with a 
Monte-Carlo simulation of instrument noise, and to ex-
plore adjusting the γ parameter (equation 6 in [1]), 
which adjusts the strength of the penalty applied for de-
viations from the initial guess. (The potential for im-
proving TES retrieval algorithm  performance by mod-
ifying γ was originally  proposed by [5].) We consider 

non-TES-like emission angles, geometries, 
and local times that will be encountered by EMIRS, but 
the figures shown here use TES-like low emission an-
gles, and the 2 AM local time case. 

GCM: Our artificial ground truth comes from the 
Mars Climate Database (MCD) [6,7] version 5.3. The 
figures shown here use the “climatology” scenario, but 
we have also considered dust storm scenarios. 

Forward radiative transfer model: The MCD GCM 
output is turned into radiance using a multiple-scatter-
ing discrete ordinates radiative transfer model (used pre-
viously in, e.g., [8]) that is completely independent from 
the radiative transfer code used by the baseline retrieval 
algorithm. It includes dust extinction and scattering, tak-
ing the dust profile from the MCD. 

Results:  Figure 1 shows a MCD GCM profile 
(blue) compared with a similar profile (black) from the 
TES PDS database. Retrievals from the corresponding 
radiances are shown in red for the retrieval performed 
on GCM-derived radiances and green for the retrieval 
performed on actual TES radiances that correspond to 
the PDS database profile. The right-hand panel shows 
the same profiles, but with the γ parameter used in the 
retrievals reduced by a factor of 100 to substantially re-
duce the weight of the initial guess. Figure 2 shows the 
results of applying the TES baseline retrieval (including 
the original value of γ) to the full MCD climatology data 
set. The TES retrieval agrees well with the artificial 
model ground truth, with differences generally less than 
4 K. The major exception is the vicinity of the northern 
winter polar jet, where errors exceed 15 K. The γ param-
eter experiment shown in Figure 2 suggests that this sys-
tematic mismatch in the polar jet can be improved by a 
factor of 2 with a better parameter choice, but at the ex-
pense of additional sensitivity to instrument noise. This  
is promising for  retrieval performance with future 

Figure 1: MCD  and TES PDS data base profiles compared with corresponding retrievals 
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measurements, but it remains to be seen whether a 
smaller γ would really be practical for retrievals with the 
real TES radiance data set. 

References:  [1] Conrath B. J. et al. (2000) JGR 105, 
9509–9519. [2] Kleinbohl A. et al. (2009) JGR 114, 
E10006. [3] Altunaiji, E. et al. (2017), 6th International 
Workshop on the Mars Atmosphere, # 4413. [4] Sharaf 

O. et al. (2017), 6th International Workshop on the 
Mars Atmosphere, # 4406. [5] Hoffman M. J. et al. 
(2012) Icarus 220, 1031-1039. [6] Forget F. et al. (1999) 
JGR, 104, 24155-24176. [7] Millour E. et al. (2018) Sci-
entific Workshop: “From Mars Express to ExoMars”. 
[8] Guzewich S. D. et al. (2013) JGR 118, 1177.  

Figure 2:: TES baseline retrieval algorithm applied to Mars Climate Database v5.3 climatology scenario radiance. 
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Introduction: The Alpha Particle X-ray Spectrom-

eter (APXS) [1] aboard the Mars Science Lab (MSL) 
[2] Curiosity rover has been on Mars for six and a half 
years and in that time has investigated approximately 
750 samples of  rock, soil, sand and dust. The first rock 
to be characterized after landing, Jake Matijevic (Jake 
M) was unique amoung the rocks previously character-
ized on Mars [3], including prior igneous rocks charac-
terized by the Mars Exploration Rovers (MER) APXS 
instruments [3,4,5]. Jake M is a “float” rock, sitting 
atop the surface, apparently disconnected from the un-
derlying bedrock, and has been classified as a 
mugearite/phonotephrite [5,6]. Following Jake M on 
sol 46, the APXS instrument has investigated a further 
15 float rocks that we would characterize as unal-
tered/very minimally altered/iso-chemically altered 
igneous rocks, that share remarkably consistent Jake 
M-like igneous geochemistry and appear to be relative-
ly recently deposited volcanic rocks, largely derived 
from the uppermost portions of a mugearitic flow (i.e., 
vesicular, plagioclase-phyric) which are collectively 
unaltered representatives of the elevated Na2O, SiO2, 
Al2O3 and K2O reservoir of the two magmatic source 
reservoirs for the Gale float-, bed- and sedimentary-
rocks suggested by [7]. 

Methods: The APXS is an arm-mounted, contact 
instrument which employs six 244Cm sources to irradi-
ate a spot  ~ 1.5 cm in diameter (at an ideal stand-off 
distance). The APXS aboard MSL is an evolution of 
the MER predecessors and can collect X-ray spectra of 
sufficient statistics in 10 to 20 minutes per integration, 
at modest temperatures (FWHM), to allow for robust 
quantitative determination of major, minor and several 
trace element abundances [1,8]. The wt% oxide and 
μg/g (ppm) elemental ratio plots presented herein were 
produced from APXS reduced data records (RDR) 
available via the PDS. The images presented were ac-
quired by the Mars Hand Lens Imager (MAHLI), a 2-
megapixel focusable macro lens colour camera arm-
mounted camera [9]. 

Results and Discussion: APXS data for the 16 un-
altered igneous float rocks: Jake M, Matthew, Ruker, 
Nedrow, Morehouse, Oneida, Lowerre, Larabee, Clin-
ton, Kodak, Oscar, Reedy, Monkey Yard, Nova, Tyn-
drum and Arrochar are presented in figures 1 and 2, 
and select samples are shown in images 1 thru 3. For 

the suite, all but two, Tyndrum and Arrochar, were 
encountered in the first ~ 700 sols. Those encountered 
earliest, atop the distal portions of the Peace Vallis 
alluvial fan were likely emplaced via mast wasting and 
fluvial activity late in the formation of the fan and their 
most likely source region is the Peace Vallis catchment 
(though emplacement via other means, e.g., volcanic 
processes or impact cannot be ruled out). Those found 
between Cooperstown and Dingo Gap were found in 
locales with uninvestigated breccia/conglomerates in 
the nearby surroundings and the emplacement mecha-
nism(s) for the igneous rocks investigated in this region 
and those in their surroundings are likely related. Tyn-
drum and Arrochar were found in the unique and di-
verse Bressay deposit of float rocks found atop Vera 
Rubin ridge and we would not want to speculate about 
the emplacement mechanism for the Bressay. 

These igneous floats share similar morphological 
features, they are all grey, most contain numerous vesi-
cles and several have what appear to be small pheno-
crysts, e.g., they are plagioclase-phyric, and to more or 
less a degree, the majority show the hallmarks of venti-
facts, i.e., pitting and scalloping by aeolian erosion, 
some to such an extent, that for example, Jake M is a 
nearly textbook example of a dreikanter. They share 
appearance, and they also share remarkably similar 
geochemistry (see figures 1 and 2), with elevated 
Na2O, SiO2, Al2O3 and K2O, low MgO and Cr2O3, and 
Fe/Mn ratios of ~ 50 consistent with all the likely to be  
igneous rocks of Gusev and Meridiani [4]. 

None of the 16 were brushed or drilled so we 
should expect varying amounts of surficial dust, as well 
as soil and sand, as is apparent in the MAHLI imagery, 
and said coatings do play a subtle role in APXS anal-
yses and interpretation [6], as evidenced in the varia-
tion in S, Cl and Br values shown in the ratio plots. It 
should be noted however, said coatings, while varying 
visibly from rock to rock have little to no effect on the 
sodium values (lowest Z, shallowest depth of origina-
tion for X-rays, ~ 2 μm), which are consistent amoung 
the set at ~ 2 times that of dust. 

Conclusion: The macroscopic nature of the APXS 
data collection is robustly representative of bulk geo-
chemistry and the varying dust/soil/sand cover seen in 
the imagery of these igneous rocks does not meaning-
fully hamper geochemical analyses. These 16 rocks 
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share remarkable geochemical and visual similarity 
which allows us discern the igneous origin of these 
rocks with a high degree of confidence. 

 

 
Figure 1: Logarithmic ratio plot of major, minor and 
trace elements provided by the APXS in weight-
percent oxides and μg/g (ppm) (Ni, Zn, Br) of float 
rocks Jake M, Oneida and Tyndrum (Images 1 , 2 and 
3, respectively) ratioed to Martian average soil, repre-
sented by Portage (sol 89). Error bars representative of 
2σ statistical error. 
 

 
Figure 2: Logarithmic ratios of major, minor and trace 
elements provided by the APXS in weight-percent ox-
ides and μg/g (ppm) (Ni, Zn, Br) of the 16 unaltered 
igneous float rocks ratioed to Martian average soil. 
Error bars removed for clarity. 
 

 

Image 1: 2.5 cm stand-off MAHLI close up image 
(0046MH0000110010100153) of Jake M, with a 25 
cm stand-off MAHLI image inset 
(0046MH0000090010100121). 
 

 
Image 2: 5 cm stand-off MAHLI stereo image 
(0506MH00022400102006) of Oneida. 
 

 
Image 3: 5 cm stand-off MAHLI stereo image 
(2018MH0006990010800848C00) of Tyndrum. 
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Introduction:  The Mars Orbital Camera (1.5 

m/pixel) provided many new discoveries of martian 
features not detected or understood from prior images 
at >10 m/pixel [1].  The High Resolution Imaging Sci-
ence Experiment (HiRISE [2]) on Mars Reconnais-
sance Orbiter (MRO) has returned over 60,000 large 
(~Giga-pixel) images (~0.3 m/pixel) including repeat 
coverage for stereo and change detection.  There are 
more than 1,000 peer-reviewed scientific papers based 
on HiRISE data; the science results cover all aspects of 
the martian surface, from ancient to modern.  Discov-
eries include ancient fluid-indurated fractures [3], an-
cient megabreccia [4], “periodic” layered sediments 
[5], Amazonian fluvial activity [6], columnar jointing 
[7], extreme effusive volcanism [8], ice-exposing im-
pact craters [9],  scarps exposing massive ice [10], 
active wintertime gully formation [11], recurring slope 
lineae (RSL) [12], and a suite of active eolian and po-
lar processes [many references].    

In addition, HiRISE has been key to the selection 
and characterization of landing sites for multiple 
landers and rovers, and even for diagnosing the cause 
of landing failures [13].  Digital terrain models 
(DTMs) have been of key importance to both science 
results and landing-site studies [14].    

The Colour and Stereo Surface Imaging System 
(CaSSIS) is the most recent arrival, providing 4-color 
coverage at ~4.6 m/pixel and at a range of local times 
[15].  What orbital imaging is needed in the future, 
both for science and reconnaissance?   

MEPAG’s Next Orbiter Science Analysis Group 
report describes the need for a new orbiter to support 
future Mars robotic and human exploration. Some of 
the top priorities are to understand active processes and 
to locate and characterize candidate landing sites and 
surface exploration regions with HiRISE-class (30-
cm/pixel) or better (10- to 15 cm/pixel) imaging. They 
recommend using solar-electric propulsion as well as 
advanced telecommunications (Ka-band and high-
power RF amplifiers, and a laser communication ex-
periment), which together enable a much higher data 
rate to Earth than past orbiters. Solar-electric propul-
sion also increases the potential mass of the science 
payload that can be launched to Mars by a particular 
rocket. The desire to achieve a spatial resolution better 
than HiRISE is driven by science objectives and to 
support landing site characterization, surface activity 
planning, and diagnosis of engineering anomalies.   

A factor of two or three improvement over the 
HiRISE image resolution is not easy to achieve. In-

creasing a small camera’s resolution by a factor of two 
or three is not difficult, but HiRISE -- the largest tele-
scope ever sent to another planet -- is already pushing 
against several limits. Resolution is inversely propor-
tional to the diameter of the telescope aperture.  
HiRISE has a half-meter aperture, so doubling the op-
tical resolution requires a primary mirror about a meter 
in diameter, which, in turn, enlarges the telescope 
structure, so the mass and volume must increase sub-
stantially compared to HiRISE. Alternatively, new 
technologies can reduce the mass of the telescope (like 
James Webb Space Telescope), but also increases cost 
and introduces risk.  Furthermore, if the pixel scale is 
smaller or if more time-delay integration lines are re-
quired, then the pointing stability requirement for the 
spacecraft becomes more challenging.  

High-resolution orbital imaging of Mars is chal-
lenging. The atmosphere of Mars causes two prob-
lems. First, the orbit cannot (easily or often) be lower 
than about 200 kilometers because of drag on the 
spacecraft, so flying in a lower orbit is not any easy 
way to get higher resolution.  Second, the atmosphere 
of Mars is surprisingly bright due to suspended dust. 
As a result, more than half of the signal of Mars orbital 
images is from atmospheric scattering; less than half of 
the light reaching the camera is from direct reflection 
from the surface that reveals small-scale features. This 
atmospheric signal can be subtracted from the images 
to increase contrast, but it still contributes photon noise 
proportional to the square root of the signal. The solu-
tion is to acquire images with a very high signal-to-
noise ratio (SNR). The top-of-atmosphere SNR needs 
to be about 150:1 (a typical value for HiRISE) to in-
sure that the SNR of surface features is at least 50:1 in 
the majority of images.  

Another challenge is that low circular Mars orbiters 
must travel at a velocity of about 3.2 km/s. To image at 
a scale of 0.3 meters per pixel, the line time is only 94 
microseconds. With HiRISE optics, using that line 
time as the integration time produces an image with 
SNR of only ~15, rather than 150. The HiRISE solu-
tion is use of time-delay integration, imaging each sur-
face patch 128 times and summing the signal on the 
CCD detector. What if the imaging scale is reduced to 
15 centimeters per pixel? Then the integration time is 
just 47 microseconds and ~256 time-delay integration 
lines are needed (assuming a 1-meter primary mirror) 
for adequate SNR, and the columns are half as wide, so 
the pointing stability must be four times better.  
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Super-Resolution Restoration (SRR) to the Res-
cue? A 2016 publication [16] proclaimed that by 
stacking and matching pictures of the same area taken 
from different angles, SRR allows objects as small as 5 
cm to be detected from stacks of between four and 
eight HiRISE images.  A factor of 5 resolution en-
hancement implies 25 times the information content, 
which from just 4 to 8 images seems too good to be 
true.  

The HiRISE dataset is far from ideal for SRR.  Ide-
ally, SRR would use a set of images with: (1) High 
SNR for surface features, >100:1 (>300:1 top of at-
mosphere); (2) a narrow and well-measured point-
spread function; (3) identical resolution and illumina-
tion and viewing angles; (4) evenly-spaced subpixel 
offsets (e.g., by ¼ pixel increments in both row and 
column); and (5) a scene that does not change between 
images. HiRISE sometimes satisfies #1 above, but the 
typical SNR of the surface is ~50:1. The HiRISE im-
age point-spread function is about 2 pixels wide at half 
max, which is useful but not ideal for SRR. For #3, sun 
angles vary considerably with season, the viewing an-
gles vary from about -30° to +30°, and the resolution 
varies by up to 15% with viewing angle. Given the 
changing viewing angles plus pointing jitter, the sub-
pixel offsets from image to image (#4) are random, not 
uniform, so the resolution improvement varies from 
place to place in the SRR image. For #5, the surface of 
Mars does change over time, especially in places we 
favor for multiple images, to monitor the changes. 

Pancam on Opportunity rover is able to acquire 
near-ideal super-resolution datasets because they can 
sit still on the surface and move the camera pointing by 
fine increments, so conditions #3, 4, and 5 are well 
satisfied, and the SNR is high [17]. Based on artificial-
ly degrading images by various factors, it appears that 
the improvement in resolution with Pancam SRR is 
about 2x.  We cannot expect to do better than this with 
HiRISE images.   

Comparison of appropriate single HiRISE images 
to SRR images [16] suggests that the resolution im-
provement is indeed less than 2x. The authors estimate 
super-resolution enhancement of "2–5x" based on rock 
counts on the "original" and super-resolution images, 
but the smaller rocks "not detected" in the single image 
are in fact detectable as dark spots, so the issue with 
that approach is how the automated rock-counting al-
gorithm decides whether or not to measure a feature. A 
better test would be to apply super-resolution pro-
cessing to a set of images over features of known size, 
then measure the sizes of those features in the original 
images and super-resolution product. The size meas-
urement error is the resolution in each case. 

SRR for future Mars imaging?  HiRISE has cap-
tured enough repeat images for SRR of <100 areas on 
Mars, including locations targeted repeatedly because 
of surface changes over time (but SRR defeats the pur-
pose of understanding these changes.) For large land-
ing sites such as for the ExoMars rover or InSight 
lander, it takes years to acquire even single HiRISE 
coverage over the whole "3-sigma" landing error ellip-
ses, and twice as long to acquire full stereo coverage.  
Sacrificing coverage of the full ellipse for SRR over a 
small are is not a good trade.  

However, the next Mars orbiter as envisioned by 
MEPAG would have a much larger data rate and the 
landing site ellipses are shrinking due to advances in 
entry, descent, and landing techniques, which makes 
SRR more attractive.  New detector technology makes 
it feasible to acquire multiple images in a single pass, 
so the resolution and illumination and viewing angles 
match.   Although providing only ~2x improvement in 
resolution, this option is far less expensive than 2x 
improvement via larger optics.  There will still be a 
tradeoff between SRR and coverage of additional areas 
on Mars, but SRR would be worthwhile for future 
landing sites and to address particular science issues.   

Drones (tiny helicopters) are not made obsolete by 
orbital SRR—they can acquire images with much 
higher native resolution, and can themselves acquire 
better sets of images for SRR than can a fast-moving 
orbiter. Such a drone is planned to accompany the 
2020 rover, but is very limited in range, so we still 
need orbital imaging. 

Is NIR imaging better?  Multispectral coverage 
from the visible to 2.5 microns at >10x finer scale than 
CRISM [18] may return more valuable new science 
results than 10x coverage by HiRISE-scale imaging at 
0.4-1.0 micron.  IR detector advances make this an 
attractive option, but achieving the resolution needed 
for landing site certification and engineering analyses 
remain challenging.   

References: [1] Malin, M.C. et al. (2010) Mars 5; 
[2] McEwen, A.S. et al. (2007) JGR; [3] Okubo, C. 
and McEwen, A. (2007) Science; [4] Grant, J. et al. 
(2007) Geology; [5]  Lewis, K. et al. (2008), Science; 
[6] Wilson, S. et al. (2016) JGR; [7] Milazzo, M. et al. 
(2008) Geology; [8] Jaeger, W. et al. (2007) Science; 
[9] Byrne, S. et al. (2009) Science; [10] Dundas, C. et 
al. (2018) Science; [11] Dineiga, S. et al. [2010] Geol-
ogy; [12] McEwen. A. et al. (2011) Science; [13] 
Bridges, J. et al. (2007) Royal Society Open Science; 
[14] Kirk, R.L. et al. (2009) JGR; [15] Thomas, N. et 
al. (2017) Space Sci. Rev; [16] Tao, Y. and P. Muller 
(2016) PSS; [17] Bell. J. et al. (2006) JGR; Royal Socie-
ty Open Science, [18] Murchie, S. et al. (2007), JGR.  
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Introduction: The MSR Science Planning Group 

(MSPG) has been established by NASA and ESA to 
help develop a stable foundation for international sci-
entific cooperation regarding the possibility of return-
ing samples from Mars for scientific investigation. 
MSPG is using several approaches during 2019 to 
identify issues and concerns for different potential in-
ternational partners, and to formulate and propose 
mechanisms through which the international scientific 
community can achieve the shared scientific objectives 
of MSR. 

First, a series of workshops has been scheduled in 
order to facilitate the development of a mutually ac-
ceptable set of science-driven functional recommenda-
tions for the handling and scientific analysis of samples 
returned from Mars. The objective of the MSPG work-
shop series is to establish and document positions 
amongst a diverse set of sample scientists related to 
planning assumptions and/or potential requirements 
involving the handling and analyses of returned sam-
ples.  

Workshop #1-Science in Containment: A key 
planning question related to a potential future Mars 
Sample Return (MSR) Campaign is “To what extent 
does MSR science need to be done in containment?”  
The answer to this will determine the character of the 
science-sourced requirements on the Sample Receiv-
ing Facility (SRF), including the number and defini-
tion of additional supporting science-related facilities 
(both within and outside of containment).  This ques-
tion was discussed at a 3-day workshop January 14-
16, 2019 in Columbia, MD.  

The starting point of these discussions was the list 
of scientific investigations described in the iMOST 
report (2019) [1]. From this initial list the workshop 
group attempted to determine which measurements 
would be time- or sterilization-sensitive in order to 
determine how many of these measurements would 
need to take place at the SRF.  The workshop partici-
pants worked to develop several preliminary findings 
relating to sample characterization (including basic 
characterization and preliminary examination), time 
and sterilization-sensitive measurements, the potential 
use of isolation cabinets, and recommendations for 
further research. These findings will be presented and 

we hope to collect further inputs from the science 
community. 

Workshop #1 Report: The workshop participants 
were able to identify several findings, conclusion, and 
recommendations for future work, which are summa-
rized here. The full report can be viewed on the 
MSPG website at https://mspg.jpl.nasa.gov. 

Findings: The findings from the report are as fol-
lows (major findings in bold) 

(1) There are three sets of observations that may 
be beneficial before opening sample tubes:  (a) Re-
connaissance analysis of dust on the outsides of tubes; 
(b) Basic physical observations; (c) Micro- and nano-
beam X-ray 3-D imaging (e.g., CT, Synchrotron, oth-
er);  

(2) Prior to making the samples available to the 
world’s research community, a 2-phase preliminary 
sample characterization process needs to be complet-
ed:  Basic Characterization (BC) and Preliminary Ex-
amination (PE);  

(3) The Preliminary Examination of MSR samples 
may be optimized by using different teams of scien-
tists for different samples (or groups of samples), alt-
hough this is not the only way to do it;  

(4) It appears that a large majority (> 90%) of 
the MSR-related science investigations, as identi-
fied by iMOST, can be acceptably performed on 
sterilized samples, thus potentially enabling the 
analysis of MSR samples in uncontained laborato-
ries without a dependency on the results from 
Sample Safety Assessment Protocal testing;  

 (5) It is expected that the properties of the sam-
ples would be vulnerable to degradation in at least 4 
significant areas as soon as they come out of their 
tubes, and are exposed to the Earth’s environment. 
Because of the time-sensitivity, these attributes should 
be measured quickly, or the opportunity may be irre-
trievably lost. This may require that these measure-
ments be done in containment;  

(6) The scientific community, for reasons of 
scientific quality, cost, timeliness, and other rea-
sons, strongly prefers that as many sample-related 
investigations as possible be performed in PI-led 
laboratories outside of containment;  
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(7) For reasons of optimizing the use of irreplace-
able sample mass, consortium sample utilization stud-
ies, including those that make use of facility-related 
sample-preparation procedures, are of high interest;  

(8) Space within containment must logically in-
clude functionality for BC+PE, PP tests, time-
sensitive science, and sterilization-sensitive science. 
Sterilization-tolerant science can most effectively be 
planned outside of containment and  

Needs for Future Work: Based on the workshop pro-
ceedings and the findings above, the authors of this 
report strongly suggest that funding, and coordinated 
work teams, are needed in five high-priority areas:   
1) Effects of sterilization processes on geological sam-

ples;  
2) Effects of x-ray imaging on sample properties;  
3) Effects of sample analysis and sample prep on sam-

ple properties;  
4) Degree of overlap between MSR sterilization-

sensitive science and SSAP investigations;  
5) Identity and determine the relative importance & 

degree of degradation with time of time-sensitive 
MSR science measurements. 

Other Conclusions: 
(1) The iMARS-2 (Haltigin et al., 2018) [2] report 

provides a good starting point for further discussions 
and analysis regarding the organization, management 
and staffing of a notional Sample Receiving Facility. 

(2) The workshop group was unable to identify 
any investigations that are sensitive only to radiation 
(i.e., but not also to heat). This is therefore judged to 
be a more promising sterilization method, if the metric 
is preservation of scientific value of the samples. 

(3) Assuming that isolator cabinets can be effec-
tively cleaned between samples (considered technically 
reasonable at this time), the number of needed isolators 
is judged to be less than the number of samples.  For 
planning purposes, a figure of 15 ± 5 isolators may be a 
reasonable estimate. This number could be influenced 
by several factors, including the different types of envi-
ronmental conditions desired for different samples and 
processes (e.g., vacuum, N2, He, Ar atmospheres, low 
temps, etc.), differing contamination requirements for 
different processes, how many samples might be 
worked on simultaneously, etc. 

(4) We cannot see that analysis of the headspace 
gas would be important for operational decision-
making before the regolith and rock samples are ex-
tracted from the sample tubes.  However, the chemistry 
of the headspace gas is vulnerable to change with time, 
and it should be analyzed promptly for that reason.   

 
 References: [1] iMOST (International MSR Ob-

jectives and Samples Team:  co-chairs: D. W. Beaty, 

M. M. Grady, H. Y. McSween, E. Sefton-Nash; docu-
mentarian: B. L. Carrier; team members: F. Altieri, Y. 
Amelin, E. Ammannito, M. Anand, L. G. Benning, J. 
L. Bishop, L. E. Borg, D. Boucher, J. R. Brucato, H. 
Busemann, K. A. Campbell, A. D. Czaja, V. Debaille, 
D. J. Des Marais, M. Dixon, B. L. Ehlmann, J. D. 
Farmer, D. C. Fernandez-Remolar, J. Filiberto, J. 
Fogarty, D. P. Glavin, Y. S. Goreva, L. J. Hallis, A. D. 
Harrington, E. M. Hausrath, C. D. K. Herd, B. Horgan, 
M. Humayun, T. Kleine, J. Kleinhenz, R. Mackel-
prang, N. Mangold, L. E. Mayhew, J. T. McCoy, F. M. 
McCubbin, S. M. McLennan, D. E. Moser, F. Moynier, 
J. F. Mustard, P. B. Niles, G. G. Ori, F. Raulin, P. 
Rettberg, M. A. Rucker, N. Schmitz, S. P. Schwenzer, 
M. A. Sephton, R. Shaheen, Z. D. Sharp, D. L. Shuster, 
S. Siljestrom, C. L. Smith, J. A. Spry, A. Steele, T. D. 
Swindle, I. L. ten Kate, N. J. Tosca, T. Usui, M. J. Van 
Kranendonk, M. Wadhwa, B. P. Weiss, S. C. Werner, 
F. Westall, R. M. Wheeler, J. Zipfel, and M. P. Zorza-
no) (2019), The Potential Science and Engineering 
Value of Samples Delivered to Earth by Mars Sample 
Return, Meteoritics & Planetary Science, vol. 54 (3), p. 
667-671 (executive summary only), 
https://doi.org/10.1111/maps.13232; open access web 
link to full report (Meteoritics & Planetary Science, 
vol. 54, S3-S152): https://doi.org/10.1111/maps.13242. 

 
Disclaimer: The decision to implement Mars Sam-

ple Return will not be finalized until NASA’s comple-
tion of the National Environmental Policy Act (NEPA) 
process. This document is being made available for 
information purposes only. 
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Small Atmospheric Mars Payload Landed Experiment (SAMPLE): Concept and Modelling.  Matthew 
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Introduction: To accurately model the Martian at-

mosphere and climate, it is important to have high qual-
ity measurements of the near surface behavior of the at-
mosphere. The atmosphere-surface interaction on Mars 
has been studied with meteorological stations, included 
on almost every landed mission from Viking 1 to In-
Sight [1][2]. Since the meteorological instruments   are 
part of the lander, interference from the rest of the lander 
can affect the quality of the measurements. The meas-
urements are also constrained to the landing site or the 
changing position of the rover. 

To address these issues, the Small Atmospheric 
Mars Payload Landed Experiment (SAMPLE) concept 
is proposed as shown in Figure 1. This consists of a 
small meteorological station, carried as a secondary 
payload on a future rover. By using the rover to deploy 
the station, the location and orientation of the station is 
precisely controlled. The station also includes a sonic 
anemometer to capture turbulent fluctuations [3]. 

 

 
Figure 1. SAMPLE concept design 
 

SAMPLE Concept: Once deployed, SAMPLE 
would operate independent of the rover, communicating 
directly with a Mars orbiter. 

Unlike past Martian weather instruments co-located 
on a lander or rover, the small station would have lim-
ited instrument interference, since it is designed as an 
isolated meteorological station. This allows a priority to 
be given to the placement of the meteorological instru-
ments, especially the anemometer. 

The station is designed around a six element Cu-
beSat frame with the anemometer attached to the top of 
an extended boom. Meteorological instruments for the 
station consist of a hygrometer, a dust sensor, and a 

sonic anemometer, capable of capturing both wind 
speed and temperature measurements. A camera is also 
included to capture cloud movement.  

Sonic Anemometer: The sonic anemometer fea-
tured in the design would provide a significant improve-
ment over previous anemometers. Those included with 
previous stations lack the precision and measurement 
frequency necessary to directly capture the turbulent 
fluctuations in the near surface atmosphere [3]. This 
measurement of the turbulent fluctuations is important 
for accurately modelling the interaction between the 
surface and the atmosphere. 

The sonic anemometer shown in Figure 2, uses three 
pairs of transducers that measure the change in acoustic 
travel time along the line between the transducers. The 
precise high frequency measurements in three dimen-
sions allow the anemometer to directly measure the tur-
bulent fluctuations in the near surface atmosphere [3]. 
Since the anemometer measures the speed of sound, it 
can also provide high frequency measurements of the air 
temperature. 

 

 
Figure 2. Sonic anemometer measurement lines 
 

CFD Model: Computational fluid dynamics (CFD) 
simulations of the air flow around the station are used to 
guide the accommodation of the instruments, especially 
the sonic anemometer. First the orientation and interfer-
ence of the anemometer is studied, then the convective 
flow around the station. 

The simulations are performed using ANSYS CFX 
19.1. Details of the simulation setup for the anemometer 
study are given in Table 1. Since the smallest scale of 
turbulence on Mars is significantly greater than on Earth 
[4], a laminar flow model is used. To capture the flow 

Background Credit: NASA/JPL-Caltech 
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around the station local refinement is used in the mesh. 
The mesh is also checked for grid independence. 

 
Table 1. Simulation Settings 

Setting Value 
Inlet Prescribed velocity profile 
Outlet Zero gradient 
Ground and Station No-slip wall 
Sides and Top Free-slip wall 
Turbulence Model Laminar 
Time Scheme Steady-state 
Advection Scheme Blended method 
Energy Isothermal 
Pressure 600 Pa 
Temperature 263 K 
Wind Speed* 3, 11, and 40 m/s
Wind Direction 45˚ interval

*Wind speed at the height of the anemometer 
 
Anemometer Study: In order to evaluate the per-

formance of the sonic anemometer, the expected read-
ings of the anemometer are calculated from the simula-
tions. The speed ratio of the measurements is calculated 
by dividing the measurement by the free stream velocity 
so that the anemometer ideally has a speed ratio of one. 

First the orientation of the anemometer is consid-
ered. Two designs are compared, one with the anemom-
eter directed horizontally and the other with the ane-
mometer directed vertically. Streamlines are shown in 
Figure 3 for the two cases. 

 

 
Figure 3. Streamlines for two anemometer orientations 

 
When the anemometer is on the downwind side, the 

supporting boom interferes with the horizontally ori-
ented anemometer, resulting in a speed ratio 0.45 com-
pared to 0.72 for the vertical orientation. Thus, the ver-
tical orientation is preferred.

The performance of the anemometer is simulated for 
a range of wind speeds and directions to examine poten-
tial interference. The resulting speed ratio is shown in 
Figure 4. When the wind is aligned with the anemome-
ter arms the speed ratio decreases due to interference 
from the arms. The speed ratio also tends to decrease 

with wind speed. This interference is small enough that 
it can be addressed in calibration. 

 

 
Figure 4. Speed ratio versus wind direction 
 

Hygrometer Study: For the hygrometer to give ac-
curate readings, it is important that its temperature be 
kept close to that of the surrounding air. However, the 
station must be maintained at a high enough temperature 
to operate properly. While the hygrometer is insulated 
from the rest of the station, the air, heated by the station, 
can warm the hygrometer, especially at low wind 
speeds. 

To determine the hygrometer temperature the con-
vective flow around the station is simulated. Two poten-
tial hygrometer locations are considered: one near the 
center of the station and one near the corner. A cold 
nighttime condition and a hot daytime condition are 
considered with a wind speed of 0.1 m/s. The cold night 
surface temperature is shown in Figure 5. 

 

 
Figure 5. Hygrometer temperature for a cold night 

 
For these conditions, the corner position consist-

ently provides a lower temperature than the central lo-
cation and is the preferred position for the hygrometer. 

Conclusion: The SAMPLE concept would provide 
important data to improve our understanding of the near 
surface atmosphere. It would also give much needed de-
tails of turbulence that are important when modelling 
the Martian atmosphere. The CFD simulations of the 
station help guide the accommodation assessment of the 
instruments and can aid future calibration activities. 

References: [1] Martinez G. M. et al. (2017) Space 
Sci. Rev., 212, 295-338, [2] Spiga A. et al. (2018) Space 
Sci. Rev., 214, 109, [3] Banfield D. et al. (2016) J. 
Acoust. Soc. Am., 140, 1420-1428, [4] Petrosyan A. et 
al. (2011) Rev. Geophys., 49, RG3005 
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Introduction:  The nitric oxide (NO) nightglow is 

a reaction rate which traces flux between from the 
nightside Martian thermosphere to the mesosphere. 
The process begins in the dayside thermosphere, 
where solar extreme ultraviolet radiation photo-
dissociates atmospheric CO2 and N2 molecules. Up-
per-atmosphere Hadley circulation transports N and O 
atoms toward the nightside poles, where descending 
polar winds bring the atoms down into the meso-
sphere. The atoms combine to form an excited NO 
molecule, which nearly-instantaneously relaxes, emit-
ting ultraviolet photons in the distinctive NO δ and γ 
bands. Brighter emission occurs where descending air 
brings molecules deeper into the mesosphere, so we 
use the reaction rate as a tracer of the dynamics be-
tween Mars’ thermosphere and mesosphere [1, 2, 3, 4, 
5]. 

 

Figure 1:  Derived NO nightglow observed during 
MAVEN orbit 3102 on May 4, 2016. We observe the 
expected enhanced emission near the southern (win-
ter) pole, but also unexpected features near the equa-
tor at longitudes 120° E and 150° E.

Observations: Our data come from the Imaging 
Ultraviolet Spectrograph (IUVS) [6] on the Mars At-

mosphere and Volatile Evolution (MAVEN) mission
[7] spacecraft. Figure 1 shows an example of an ob-
servation from a single orbit with brighter pixels indi-
cating enhanced NO emission. Our dataset spans a
large range of seasonal conditions and latitudes (fig-
ure 2). We also compare to LMD-MGCM simulations 
of the same data points (figure 3). The broad data 
span allows us to compare some observations between 
subsequent Mars years 33 and 34. 

 

Figure 2:  Climatology map of IUVS observations.
Our observations have some overlap of equatorial 
equinox data between 150° and 180° solar longitude. 

Figure 3:  LMD-MGCM simulations of the same data 
points. The model’s brightness range covers an addi-
tional order of magnitude. 

Results:  In our initial study using vertical limb-
scans of the nightside atmosphere, we found a wave-3
structure at equatorial latitudes [7]. We further ex-
panded this study using full-disk images taken at
MAVEN’s orbital apoapsis with enhanced geograph-
ical coverage. Because we only observe poles during
winter, we observe the expected latitude gradient
from the equator to the poles, but we also see the
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equatorial enhancement correlated with the wave-3
structure (figure 4). 

To explore the characteristics of the wave-3 fea-
ture, we analyze its local-time behavior. On average,
we see the feature peak in brightness in the late even-
ing and decrease in brightness rapidly in the hours just
after midnight (figure 5). The LMD-MGCM repro-
duces the feature, but it steadily increases in bright-
ness over night from evening to late morning (figure
6). 

 

Figure 4:  Average NO meridional nightglow bright-
ness across our entire dataset. The green curve are the
average of the IUVS observations, the red curve are
the average of LMD-MGCM simulations of the same
data points. The blue curve is the ratio of the two av-
erages, and the grey line shows where they are equal
in magnitude. 

Figure 5:  Local-time behavior of IUVS observations
averaged across the entire disk-image dataset. We see
the polar brightness enhancements and magnitude
differences between northern and southern winter, and
the equinox equatorial enhancement peaking just be-
fore midnight. 

Figure 6:  LMD-MGCM simulations of the same data
points as the IUVS observations. The model repro-
duces the polar brightness but at a lower magnitude. It
also reproduces the equinox equatorial enhancement,
but the brightness increases with local time rather
than peaking between 22 and 23 hours as in the ob-
servations. 

To determine which kind of wave-3 we ob-
serve, we analyze how the longitude of the peak
changes with local time. We find that the peak moves
eastward at an average rate of 4.67 degrees per hour,
consistent with a DE2 wave (diurnal, eastward-
propagating wave-2) as the dominant contributing
wave which produces three peaks in longitude over
the course of one day (figure 7). 

Figure 7:  Three-hour averages of IUVS observations
between latitudes –30° to 30° and how they deviate
from the mean across the entire dataset. Vertical
dashed lines show the longitude of the peaks of the
average profiles. 

 
References:  [1] Bertaux, J.-L et al. (2005) Sci-

ence 307/5709, 566-569. [2] Cox, C. et al. (2008) 
JGR, 113, E08012. [3] Gagné, M.-E. et al. (2013) 
JGR, 118, 2172-2179. [4] Stiepen, A. et al. (2015) 
Geophys. Res. Lett., 42, 720-725. [5] Stiepen, A. et al. 
(2017) JGR, 122, 5782-5797. [6] Jakosky, B. et al. 
(2015) Space Sci. Rev. 195:1-4, 3-48. [7] McClintock, 
W. et al, (2015) Space Sci. Rev. 195:1-4, 75-124. 
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Introduction: It has been posited that the large-scale 

climatic evolution of Mars is recorded in its rock record 
by a transition from clay, to sulfate, to oxide dominated 
mineral assemblages at a global scale [1]. The exploration 
of Gale crater by the Curiosity rover, and the wealth of 
data collected as it ascends Mt. Sharp in particular, pro-
vides a means to examine this concept in situ, in part be-
cause orbital data indicate Mt. Sharp may represent a mi-
crocosm of these mineral transitions [2]. For this reason, 
coupled with significant morphological variability among 
the rocks of Mt. Sharp, it was believed that Gale crater 
may have hosted a wide range of depositional settings and 
conditions. A complicated picture has emerged over the 
past ~7 years of roving in Gale crater, but it is one that 
provides novel insight into how we can better bridge the 
spatial gap between rover and orbiter-based datasets. 

In this study we present an integrated view of rover-
based chemical, mineralogical and textural attributes of 
bedrock within Mt. Sharp and compare these results with 
predictions made from orbital data (both before and after 
landing). We address questions such as, what did we get 
‘right’ and what did we get ‘wrong’?, how can we inte-
grate rover and orbital data for Gale crater to improve or-
bit-based interpretations for other regions of Mars, (e.g., 
the Jezero delta for the Mars2020 rover)?, are there major 
mineralogical components that we are not detecting from 
orbit and, if so, why? Perhaps most importantly, what 
have we learned about the processes responsible for the 
mineral/chemical signatures we see from orbit and to 
what extent might this translate to other regions on Mars?  

Integration of Datasets: In this analysis we focus on 
the chemistry and mineralogy of a >300 m section of an-
cient lacustrine mudstones collectively named the Murray 
fm. [3-4]. Elemental abundances from the ChemCam 
(CCAM) and APXS instrument teams are evaluated for 
all bedrock targets from Sols 755-2372, and data are nor-
malized to a ‘volatile-free’ basis to allow direct compari-
son between the two instruments for Si, Al, Mg, Fe, Ca, 
Na, and K. A qualitative comparison is also made be-
tween peak heights in ChemCam LIBS data and APXS 
data for select elements such as Cl, Zn, and Mn. Measure-
ments that are clearly associated with diagenetic features 
(veins, concretions, etc.) are identified and evaluated sep-
arately, allowing us to assess how bedrock chemistry var-
ies laterally and vertically. Mineralogical information for 
drilled bedrock targets is provided by the CheMin (XRD) 
instrument team [5-6]. Visible-near infrared spectral re-
flectance data from the MRO CRISM instrument are used 
to assess mineralogy from orbit [2,7]. Rover Mastcam 
and MAHLI images (scales ranging from tens of meters 
to tens of micrometers) provide detailed information for 

comparison with sub-meter scale textural information ob-
served in MRO HiRISE images. 

Pre-Landing Predictions: Theories for the origin(s) 
of the strata comprising Mt. Sharp were wide ranging 
prior to landing, including eolian, lacustrine, volcanic, 
spring mound etc. [e.g., 8], but ultimately the processes 
responsible for the construction of Mt. Sharp were un-
known. Similarly, although different mineral assem-
blages (e.g., clay, sulfate, hematite, anhydrous) were ob-
served from orbit, the depositional settings and detrital or 
authigenic nature of these minerals were not well con-
strained [2]. The clay-bearing unit  that is now being ex-
plored by Curiosity was noted to be enriched in Fe-smec-
tite (nontronite), possibly occurring as fine-grained sedi-
ment (mudstone) or as a cement in sandstones, and por-
tions of the overlying sulfate-bearing unit were inter-
preted to be sulfate-cemented basaltic sandstones [9].  

The bulk of the Murray fm. that has been observed 
thus far by Curiosity lies to the north of and is stratigraph-
ically beneath the clay-bearing unit and a topographic 
ridge named the Vera Rubin Ridge (VRR) The VRR ex-
hibits enhanced hematite signatures from orbit [10], but 
these are not restricted to the VRR and they were also 
seen in stratigraphically lower portions of the Murray fm., 
alongside H2O and metal-OH absorptions whose mineral 
host(s) were not clearly identifiable [2]. One of the major 
questions prior to Curiosity’s landing was whether or not 
any of the strata in Gale, and the clay unit in particular, 
were lacustrine in origin, which could represent a poten-
tially habitable environment. Unlike the exquisitely pre-
served morphologies of the Eberswalde and Jezero deltas, 
the strata of Mt. Sharp do not exhibit unambiguous indi-
cators of a lacustrine origin based solely on orbital im-
ages. 

Post-Landing Perspectives: It is now recognized that 
the bulk of the Murray fm. is of lacustrine origin and, 
though several facies have been recognized, it is domi-
nated by fine-grained materials (e.g., mudstones) [11]. 
The ‘background’ presence of clays in the Murray fm. is 
likely the origin of the previously unidentified hosts of  
the H2O/OH features seen in CRISM data. This suggests 
that clay minerals may be hard to uniquely identify from 
orbit in certain circumstances, thus our understanding of 
the true distribution of clay minerals in martian sedimen-
tary systems may be rather limited.  

The Murray fm. also contains appreciable amounts of 
Ca-sulfate. Though some is in the form of anhydrite (not 
detectable at CRISM wavelengths), much is also in the 
form of gypsum/bassanite. The Ca-sulfate is associated 
with late diagenetic veins throughout the Murray that may 
be too small in area to detect at the ~18 m/pixel scale of 
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CRISM, but some portions of the Murray exhibit en-
hanced Ca-sulfate that is disseminated throughout the 
bedrock (e.g., as cement; Fig. 1; [12]). Regardless, there 
is no clear indication of Ca-sulfate in the orbital data de-
spite its ubiquitous presence in the Murray fm. Given its 
low solubility, other paleolakes may contain Ca-sulfate 
even if absent in NIR data. 

Hematite is present throughout most of the Murry fm, 
though it is more abundant in certain drill samples, in-
cluding one sample in the VRR [13]. Though  CRISM 
data do indicate the presence of hematite in parts of the 
Murray fm., not all hematite-bearing strata appear as such 
from orbit, and the VRR is not uniquely enriched in hem-
atite or Fe compared with other sections of the Murray 
fm. (Fig. 1). Clay minerals are also common in the sec-
tion, though recent measurements demonstrate the clay-
bearing unit seen from orbit is indeed enriched in clays 
compared with other portions of the Murray fm. [14]. 

Discussion: The minerals detected in Gale prior to 
landing have been verified by rover data, highlighting the 
importance of orbital VIS-NIR reflectance data. How-
ever, regions that appear spectrally ‘bland’ in orbital data 
have been shown to contain appreciable amounts of hy-
drous minerals (e.g., clays, sulfates). Such ‘non-detec-
tions’ are most likely due to a combination of dust/rego-
lith cover and particle size effects (e.g., particulates vs. 
intact bedrock). As such, relative differences in CRISM 
absorption strengths must be interpreted cautiously, par-
ticularly in the context of planning rover traverse routes.  

The CCAM and APXS data demonstrate that varia-
tions in major elements in Murray fm. bedrock targets are 
relatively subtle (Fig. 1), but CheMin data indicate the 
mineral hosts are quite variable. The largest stratigraphic 
variations in chemistry and/or mineralogy – an interval 
enriched in Si, variations in hematite abundance, elevated 
Mn, etc. – appear to be primarily or at least partly associ-
ated with diagenetic processes [e.g., 15]. Therefore, the 
variations in mineral assemblages observed form orbit in 
the Murray may reflect spatial and temporal differences 
in diagenetic processes/fluids rather than inherent 

changes in sediment source regions or surface weathering 
associated with large scale climatic evolution. 

Interestingly, the Murray fm. generally exhibits evi-
dence for enhanced chemical weathering compared with 
older mudstones in the Yellowknife Bay fm. [16], but it 
has also been heavily affected by diagenetic processes 
and even the clay minerals may not be detrital [6]. As 
such, it is possible that the mud-sized sediment entering 
the lake was largely unaltered, consistent with minimal 
chemical weathering in the source region and moderate 
transport distances. A combination of early and late dia-
genetic processes in which fluids interacted with the sed-
iment in an open system, thus allowing for elemental mo-
bility, could explain the apparent enhanced weathering 
signature in CCAM and APXS data [e.g., 6,16].  

Though the presence of a thick sequence of mudstones 
does not require deep lake level,  and though thin intervals 
of subaerial exposure exist [17], there is currently no un-
ambiguous indication within the Murray fm., either tex-
tural or chemical, for sustained periods of subaerial expo-
sure or highly evaporative conditions due to very shallow 
lake level. The upcoming exploration of the overlying 
“sulfate unit” will thus provide a critical step forward in 
assessing if this orbitally-observed mineralogical transi-
tion  represents diagenetic effects or the drying out of 
Gale crater and its lake, a lake that seems to have been 
much longer lived than expected based solely on the ap-
parent orbital distribution of clay-bearing strata. 

References: [1] Bibring, J.-P. et al. (2006), Science, 
312,400-404; [2] Milliken, R. et al. (2010), GRL, 37, L04201; 
[3] Grotzinger, J. et al. (2014), Science, 343, 1242777; [4] 
Grotzinger, J. et al. (2015), Science, 350, aac7575; [5] Rampe, 
E. et al. (2017), EPSL, 471, 172-185; [6] Bristow, T. et al. 
(2018), Science Advances, 4, eaar2220; [7] Sheppard, R. et al., 
this conference; [8] Anderson, R. & J. Bell (2010), Mars, 5, 76-
128; [9] Milliken, R. et al. (2014), GRL, 41, 1149-1154; [10] 
Fraeman, A. et al. (2013), Geology, 41, 1103-1106; [11] Fedo, 
C. et al. (2018), 20th Int. Sed. Congress, 1, p.341;[12] Rapin, W. 
et al., this conference; [13] Rampe, E. et al., this conference; 
[14] Bristow, T. et al., this conference; [15] Frydenvang, J. et 
al., this conference; [16] Mangold, N. et al. (2019), Icarus, 321, 
619-631; [17] Stein, N. et al. (20118), Geology, 46, 515-518.

Fig. 1. Major elements do not vary much 
within the Murray fm. mudstones, though the 
middle portion exhibits enhanced Ca-sulfate 
(not in fractures/veins); there is currently no 
clear indication of this in orbital data. Most 
chemical changes are associated with diage-
netic features/processes. 
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Introduction: Recurring Slope Lineae (RSL) are 

seasonal streaks that occur each year at low albedo 
sites on warm steep slopes on Mars and fade or disap-
pear during cold seasons [1]. They are of particular 
interest since their characteristics questions the possi-
ble presence of liquid water on present-day at the sur-
face of Mars. Hence, several studies have interpreted 
RSL as freshwater flows [1] [2]. Alternative source 
mechanisms for RSL have been discussed requiring 
liquid water such as brines [3], subsurface aquifers [4], 
or dry mechanisms like wind-induced flows [5] or gas-
triggered flows [6]. To date, liquid water has not been 
observed and the presence of deliquescent salts (per-
chlorates [7]) is still debated on RSL sites [5]. As RSL 
occur on warm seasons, surface and subsurface tem-
peratures assessments seem to be essential to fully 
understand the RSL nature. Hence, temperature com-
putations on various locations where RSL appear will 
provide valuable information about the thermal state of 
the ground. We focus on a well-documented RSL 
region in south hemisphere, Palikir Crater [1] (figure 
1), to provide quantitative estimations of RSL length 
variations. We study the effects of seasons on the in-
coming solar energy at the surface and subsurface 
temperatures through a numerical thermal model [8] 
[9] to finally retrieve spatial variations of temperatures 
as a function of location on Mars, slope orientation or 
time at HiRISE scale. In the end, thermal models pro-
vide valuable constraints on temperature range where 
RSL occur and allow narrow possible source mechan-
isms. 

Methods: We use HiRISE imagery [10] and the 
associated Digital Elevation Models (DEM) products 
to work with the highest spatial resolution available 
(25 cm/pixel for HiRISE pictures; 1 m/pixel for Hi-
RISE DEM [11]). Such spatial resolution is required to 
solve the RSLs of which width is typically from a 
meter to few meters. HiRISE images and HiRISE 
DEM are included in GIS software to assess local 
slopes, orientations and elevations using. Regions Of 
Interest (ROIs) are mapped to contour the source re-
gion of RSL using ArcGIS toolbox (blue area in figure 
1). These ROIs are the geometrical data entered into 
our thermal model. Sites with a temporal survey over a 
full seasonal cycle are chosen preferentially. We focus 
in this paper on one particular site: Palikir Crater 
located in mid-southern latitudes (41.6°S, 202.3°E). 

 

RSL measurements: In order to survey the evolu-
tion of the length of RSLs through the seasonal cycle, 
recurrent streaks are identified and measured using 
HiRISE images using GIS tool. Then, we compute the 
mean streak value for each HiRISE picture. Mean 
length seasonal variations are then compared with 
numerically computed surface and subsurface tempera-
tures.  

 
Figure 1: RSL area in Palikir Crater during southern sum-
mer (LS = 300.03°, for HiRISE picture ESP_040280_1380). 
RSL source area has been delimited using the blue area on 
which we extract pixel by pixel the elevations, slopes and 
orientations. The green lines map the dark slope lineae.  
 

Thermal model: We use a thermal model which 
computes insolation (= incoming solar flux at the sur-
face) and surface and subsurface temperatures [9] of 
the ground to constrain the possible mechanisms at the 
origin of these seasonal processes. The model has been 
apply to each pixel of the extracted DEMs within the 
RSL source region we map. The DEM provides the 
slope, orientations and elevations which allows to 
compute the insolation for each pixel. The incidence 
angle (angle between sunrays and the normal to the 
local surface) is calculated for every time step involv-
ing SPICE/NAIF libraries [12]. Then, the incoming 
energy is calculated thanks to this angle and Mars 
orbital parameters provided by SPICE/NAIF data at 
every time step. Insolations are then used in a thermal 
model, MarsTHERM [8] which has been modified to 
take our insolation map as inputs [9]. Taking into ac-
count the effects of heat conduction in depth, CO2 
condensation-sublimation cycle or planetary surface 
reemission, MarsTHERM computes surface and sub-
surface temperatures for all DEM pixels at any time. 
We can then produce temperature maps at the surface 
or at few meters depth as well as vertical temperature 

200 m 
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profiles for a given point. Temperature computations 
are performed for a bolometric albedo Ab = 0.10 and a 
thermal inertia I = 400 tiu (thermal inertia units, [13]), 
which corresponds to a mixing of sand and more indu-
rated material, typical of RSL sites [14]. 

Results: 9 streaks are measured in Palikir Crater 
for a given RSL area using 27 HiRISE ortho-images. 
RSL morphology changes are visible for more than 
three consecutive Martian Years (MY), from MY28 to 
MY31. The mean length streaks value for each image 
is calculated to give the seasonal length profiles. The 
profile in figure 2 describes the mean length of the 
considered streaks in Palikir Crater. HiRISE imagery 
highlights a sharp increase in streaks lengths at a solar 
longitude (LS) around LS = 250° for every studied MY, 
from 0 to 180 m in average. Slight differences in 
length can be observed between different MY for the 
same epoch of the year. Indeed, MY29 and MY31 
differ from MY30 around LS = 330° which shows 
lower lengths than MY29 and MY31. RSL then start 
their fading in early fall, when LS is between 0 and 45° 
until the southern winter (after LS = 90°) where RSL 
are completely faded. 

Figure 2: Mean length temporal profile during four consecu-
tive martian years (MY). The profile shows a sharp increase 
in length at LS = 250-290°, during southern summer. RSL 
fades during early fall, between LS = 0° and LS = 45°. Notice 
that fading is progressive and the moment when RSL is con-
sidered completely faded (average length equal to 0 m) 
depends on the observer. 
 
Figure 3 represents the mean surface temperature com-
puted for the exact local hour and LS of the 27 studied 
HiRISE pictures. Surface temperatures computed for 
every pixel are spatially averaged to produce a mean 
surface temperature for the entire ROI. Hence, 27 
mean temperatures (in K) form the temperature profile 
in figure 3 (in blue). Red dots represent spatial va-
riances within the ROI. Temperature profile is consis-
tent with seasons; in other words, high temperatures 
are synchronous with perihelion (LS = 250°) and sum-
mer in south hemisphere (summer starts at LS = 270°) 

and low temperatures with winter and aphelion. Sur-
face temperatures reach 296 K and decrease to 230 K 
for the set of parameters we use here. 
 

 
Figure 3: Temperature profile (in blue) and variance (in red) 
for RSL area. 
 
RSL fading occurs around LS = 300-310°, where sur-
face temperatures are still well above 273 K. Our re-
sults highlight that temperature superior to the pure 
water melting point is not a sufficient condition for the 
sustainability of RSL. 

Conclusion: New assessments of thermal state of 
RSL surroundings have been done for Palikir Crater 
RSL site. Our study suggests the length increase during 
warm seasons, where surface temperature exceeds 290 
K, and start to decrease before the temperature drop 
below 290 K. This range of temperatures is at first 
order consistent with several proposed mechanisms, 
including freshwater or brines [4] [7], but do not fully 
explain the observed seasonality, especially during 
RSL fading. Other RSL sites are under study to further 
constrain the surface temperatures when RSL starts to 
grow and fade at various range of orientations and 
latitudes. 
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Introduction:  The Mars Climate Database 

(MCD) is a database of meteorological fields derived 
from General Circulation Model (GCM) numerical 
simulations of the Martian atmosphere and validated 
using available observational data. The MCD includes 
complementary post-processing schemes such as high 
spatial resolution interpolation of environmental data 
and means of reconstructing the variability thereof.  

The GCM that is used to create the MCD data is 
developed at Laboratoire de Météorologie Dynamique 
du CNRS (Paris, France) [1-3] in collaboration with 
LATMOS (Paris, France), the Open University (UK), 
the Oxford University (UK) and the Instituto de Astro-
fisica de Andalucia (Spain) with support from the Eu-
ropean Space Agency (ESA) and the Centre National 
d'Etudes Spatiales (CNES). 

The latest version of the MCD, version 5.3, was 
released in July 2017, and at the time of writing of 
this abstract we are working on MCDv6.0, which we 
plan to release in the fall of 2019. This new version 
will benefit from all the recent developments and im-
provements [4-5] in the GCM’s physics package. 

The MCD is freely distributed and intended to be 
useful and used in the framework of engineering ap-
plications as well as in the context of scientific studies 
which require accurate knowledge of the state of the 
Martian atmosphere. Over the years, various versions 
of the MCD have been released and handed to more 
than 400 teams around the world. 

Current applications include entry descent and 
landing (EDL) studies for future missions (e.g. Exo-
Mars 2020), investigations of some specific Martian 
issues (via coupling of the MCD with homemade 
codes), analysis of observations (Earth-based as well 
as with various instruments onboard Mars Express, 
Mars Reconnaissance Orbiter, Trace Gas Orbiter),... 

The MCD is freely available upon request (contact 
millour@lmd.jussieu.fr or forget@lmd.jussieu.fr ); a 
simplified web interface for quick browsing at MCD 
outputs is available on http://www-mars.lmd.jussieu.fr 

 

Overview of MCD contents:  The MCD provides 
mean values and statistics of the main meteorological 
variables (atmospheric temperature, density, pressure 
and winds) as well as atmospheric composition (in-
cluding dust and water vapor and ice content), as the 
GCM from which the datasets are obtained includes 
water cycle [6,7], chemistry [8], and ionosphere [9,10] 
models. The database extends up to and including the 
thermosphere [11,12] (~350km). Since the influence 
of Extreme Ultra Violet (EUV) input from the sun is 
significant in the latter, 3 EUV scenarios (solar mini-
mum, average and maximum inputs) account for the 
impact of the various states of the solar cycle.  

As the main driver of the Martian climate is the 
dust loading of the atmosphere, the MCD provides 
climatologies over a series of dust scenarios : stand-
ard year (a.k.a. climatology) , cold (i.e: low dust), 
warm (i.e: dusty atmosphere) and dust storm, These 
are derived from home-made, instrument-derived 
(TES, THEMIS, MCS, MERs), dust climatology of 
the last 1 Martian years [13]. In addition, we also pro-
vide additional “add-on” scenarios which focus on 
individual Martian Years (MY 24 to 334) for users 
more interested in specific climatologies than the 
MCD baseline scenarios. 

References: [1] Forget F., et al. (1999) JGR, 104, 
E10. [2] Lewis S., et al. (1999) JGR, 104, E10. 
[3] Forget F., et al. (2014), 5th Int. Workshop on Mars 
Atmosphere Modeling and Observations. [4] Vals M., 
et al. (2019), 9th Int. Mars Conference. [5] Vals M., et 
al. (2018) AGU Fall Meeting [6] Madeleine J.-B., et 
al. (2012) GRL, 39:23202. [7] Navarro T., et al. 
(2014) JGR (Planets). [8] Lefevre F, et al. (2011), 4th 
Int. Workshop on Mars Atmosphere Modeling and 
Observations. [9] Gonzalez-Galindo F., et al. (2013) 
JGR (Planets), 118. [10] Chaufray J.-Y., et al. (2014), 
5th Int. Workshop on Mars Atmosphere Modeling and 
Observations. [11] Gonzalez-Galindo F., et al. (2009) 
JGR, 114. [12] Gonzalez-Galindo F., et al. (2015) 
JGR, 120. [13] Montabone L., et al. (2015) Icarus 
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Introduction:  Mars has a patchwork of intense 

crustal magnetization, which gives rise to magnetic 
fields that can dominate the plasma environment up to 
~1000 km altitude in some locations (predominantly 
in the southern hemisphere).  These fields rotate with 
the planet, being compressed on the day side by the 
pressure of the solar wind and expanding on the night 
side.  In locations where the crustal field direction has 
a large radial component, the crustal field lines can 
reconnect with the interplanetary magnetic field 
(IMF) embedded in the solar wind to form an “open” 
field line that provides a conduit for planetary plasma 
to escape and solar wind plasma to precipitate onto 
the atmosphere.  Reconnection is variable and dynam-
ic, depending on the orientation of the planet and the 
direction of the IMF.  Reconnection and the subse-
quent reconfiguration of the magnetic field can accel-
erate charged particles and give rise to energized elec-
tron populations that precipitate onto the atmosphere 
and cause aurorae.  The boundary between closed 
magnetic loops and open field lines is expected to 
have a small spatial scale that has so far been unre-
solved by plasma instruments at Mars. 

  
Methodology:  The MAVEN Solar Wind Electron 

Analyzer (SWEA) is a symmetric, hemispherical 
electrostatic analyzer with deflectors that is designed 
to measure the energy and angle distributions of 3 eV 
– 5 keV electrons in the Mars ionosphere and solar 
wind environment.  One of the key abilities of SWEA 
is to infer magnetic topology from electron pitch an-
gle distributions and thus reveal the large-scale con-
figuration of the magnetic field from measurements at 
one location.  During normal operation, the instru-
ment sweeps in both energy and angle during a 2-
second measurement cycle.  With a spacecraft orbital 
velocity of ~4 km/s, this translates to a spatial scale of 
~8 km, which is too large to probe the transition re-
gion between closed and open field lines.  (Topology 
changes appear sharp and instantaneous at that scale.)  
However, it is possible to operate the instrument in a 
non-standard way by constructing a 64-element ener-
gy sweep table with all of the energies the same.  The 
instrument measurement cycle proceeds exactly as 
before and produces data products that are formatted 
in exactly the same way.  No changes in telemetry 

format are needed, and the telemetry volume remains 
nearly the same.  (Higher cadence housekeeping is 
needed to track the mode changes.)  When operating 
in this mode, the instrument measures the electron 
angular distribution at the same energy 64 times in a 
row over the 2-second measurement cycle, for a time 
resolution of 0.03 seconds and a spatial resolution of 
125 meters. 

For the first test of this new mode, two energies 
were chosen  (50 and 200 eV) for high cadence meas-
urements, and the instrument was operated by chang-
ing the sweep table every 8 seconds from high ca-
dence at 50 eV to normal operation to high cadence at 
200 eV to normal operation, and so on, from 1000 km 
altitude to periapsis (~150 km).  Specific orbits were 
chosen that passed over strong crustal magnetic 
sources at night. 

  
Results: Observations on January 27, 2019 re-

vealed a transition region from closed to open field 
lines with a spatial scale of ~900 meters, which is 
equivalent to 5 electron gyroradii under the prevailing 
conditions.  The transition region was traversed in 290 
millisec, which is equivalent to four mirror times 
(from the spacecraft to the reflection point and back).  
Before the transition region, trapped mirroring elec-
trons are observed, which is indicative of a closed 
crustal magnetic loop.  After the transition region, a 
loss cone is present, which is formed when precipitat-
ing electrons are absorbed before they can reflect 
back up to the spacecraft.  This indicates an open 
field line.  Within the transition region itself, the an-
gular distribution is more isotropic, which indicates 
that a finite time is needed for the electron population 
to transition from one to the other.  In this paper we 
will explore the physics of this transition region. 
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STOICHIOMETRIC EFFICIENCY OF Fe(II)-OXIDATION AND Fe(III)-OXIDE PRODUCTION BY 
CHLORATE ON MARS: AN EXPERIMENTAL APPROACH. K. Mitra and J. G. Catalano, Department of Earth 
& Planetary Sciences, Washington University, Saint Louis, MO 63130 USA (k.mitra@wustl.edu) 

 
Introduction: The Martian surface is replete with 

Fe(III)-bearing minerals and has a global distribution of 
fine-grained dust, which has a distinctively reddish-hue 
caused by Fe(III)-oxides and oxyhydroxides. Hematite 
(α-Fe2O3), the most stable Fe(III)-oxide, has been 
detected at various locations on Mars [1]. While 
hematite formation on Mars by the direct oxidation of 
dissolved Fe(II) is kinetically inhibited, it is favored by 
the transformation of other Fe(III)-bearing minerals like 
oxyhydroxides, hydroxysulfates, and hydroxychlorides 
[2]. Formation of Fe(III)-bearing minerals by the 
oxidation of dissolved Fe(II) has been studied by a 
variety of oxidants (e.g., O2, H2O2, UV, oxychlorine 
species) [3, 4]. We explored the potential of chlorate 
(ClO3

-), a globally distributed (~1 wt.%) and 
thermodynamically potent oxidant on Mars [5], to 
oxidize Fe(II) under Mars-relevant conditions (data not 
shown). The kinetics and oxidation products of Fe(II) 
oxidation with chlorate was investigated which can be 
represented by the following net redox reaction: 

     (Eq. 1) 
According to Eq. 1, each ClO3

- ion has the 
stoichiometric capability to oxidize six Fe(II) ions and 
produce Fe(III)-bearing minerals (represented here in as 
an FeOOH mineral). Although our prior work has 
demonstrated the kinetic potential of ClO3

- to produce 
Fe(III) minerals under Mars-relevant conditions, the 
stoichiometric efficiency of each ClO3

- ion to oxidize 
Fe(II) remains unknown. Quantifying the practical 
stoichiometric efficiency of ClO3

- is vital to determining 
the oxidative capability of ClO3

- to form Fe(III) 
minerals as compared to other plausible oxidants on 
Mars. In this study, different Fe(II):ClO3

- ratios in 
chloride- and sulfate-rich environments at initial pH 7, 
5 and 3 are investigated to estimate the efficiency of 
chlorate to oxidize Fe(II) and produce Fe(III)-minerals 
in Mars-relevant conditions, with the results then 
compared to our existing kinetic model. 

Methods: Kinetic experiments were conducted to 
explore the efficiency of chlorate in oxidizing Fe(II) in 
Mars–relevant fluids at ambient conditions (24°C, 1 
atm). In order to isolate the effects of chlorate on 
dissolved Fe(II) and to inhibit Fe(II) oxidation by O2, all 
kinetic reactions were conducted inside an anaerobic 
chamber [N2 = 97%, H2 = 3%, O2 <1 ppmv]. 
Experiments were wrapped in Al foil to also inhibit 
photooxidation. 40 ml solutions containing ~10 mM 
Fe(II) in background salt mixtures of 0.1 M Mg-chloride 
and Mg-sulfate were prepared to simulate Mars-relevant 

fluids with initial pH set to 7, 5 and 3. Different ratios 
of Fe(II):ClO3

- were investigated by adding about 10 
mM, 3.33 mM, 1.67 mM and 1 mM NaClO3 to solutions 
containing 10 mM Fe(II) to investigate Fe(II)-oxidation 
rate in Fe(II):ClO3

- ratios of 1:1, 3:1, 6:1 and 10:1 
respectively. The background salts serve as ionic 
strength buffers and provide anions with different 
ability to complex dissolved iron. Our earlier work 
shows that the rate of Fe(II) oxidation by equimolar 
chlorate in perchlorate-rich fluid environment is similar 
to the rate in chloride-rich fluid environment and hence 
Fe(II) oxidation by chlorate in perchlorate-rich fluids 
was not investigated in the present study. The pH of the 
solutions was set by small additions of 1 M HCl or 
NaOH at the start of the experiment and then allowed to 
drift with the progress of the reaction. Fe(II)-oxidation 
has been suggested as a major source of acidity on Mars, 
and pH changes serve as a secondary experimental 
indicator of Fe(II) oxidation. Chlorate-free control 
experiments were set up at pH 7, 5 and 3 for 
comparison. Reactors were continuously rotated on 
end-on rotators to avoid gravimetric settling of 
precipitates during the reaction. The exact initial Fe(II) 
concentration in the solutions were measured using a 
UV-Vis spectrophotometer [6] immediately after the 
start of the experiment. The pH and Fe(II) concentration 
in the experimental solutions were then measured 
regularly during the course of the reaction. 

Results: All experimental solutions containing 
ClO3

- displayed a drop in both the Fe(II) concentration 
and the pH during the course of the reaction (Figure 1, 
2 and 3). The solutions containing equimolar ratios of 
Fe(II) and chlorate (i.e. Fe(II): ClO3

- = 1:1) showed the 
fastest rate of Fe(II) oxidation, followed by 
experimental solutions containing Fe(II): ClO3

- in 3:1, 
6:1 and 10:1 ratios, respectively. The decrease in pH in 
the experimental solutions showed similar trends, with 
higher chlorate corresponding to greater production in 
acidity (Figure 1). The experimental data for various 
Fe:ClO3

- ratios was then compared to the existing 
geochemical rate model (Figure 1) which was designed 
using the experimental data of equimolar Fe:ClO3

- only. 
The rate model generally well-reproduced the data. This 
model assumes that ClO3

- displays its full stoichiometric 
oxidation capacity and the agreement with the data 
indicate that each ClO3

- molecule has oxidized six Fe(II) 
ions. The Fe(II) concentration in oxychlorine-free 
control experiments remained fairly constant over the 
course of the reaction (data not shown), demonstrating 
no inadvertent oxidant presence in the system. 
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The Fe(II)-oxidation rate was slightly slower in 
sulfate- than in chloride-rich fluid environment, due to 
greater amount of Fe(II) complexation by sulfate than 
chloride ions in the solution (Figure 2). Although the 
rate of oxidation varied little with the initial acidity of 
the system, it is slightly slower in solutions starting at 
pH 5 than in solutions starting at pH 3 (and pH 7) 
(Figure 3). The geochemical rate model [7, 8] explains 
this observation and predicts enhanced rates of 
oxidation for both low and high pH conditions. The drop 
in pH is a consequence of Fe(III) hydrolysis following 
Fe(II) oxidation, represented by a simplified net 
reaction (Eq. 1). The H+ generation had an autocatalytic 
effect in all experimental solutions and experienced 
faster oxidation rate with subsequent pH drop in the 
solutions. However, a slight increase in pH near the start 
of the reaction, which was most prominent in pH 3 
experiments (Figure 1), was observed in all reactions 
due to the consumption of H+ prior to Fe3+ hydrolysis 
and precipitation:  

 
(Eq. 2) 

Discussion: The study determines the stoichiometric 
efficiency of chlorate to oxidize dissolved Fe(II) to 
Fe(III)-bearing minerals in Mars-relevant conditions. 
The experimental results demonstrate that chlorate ions 
can utilize its full theoretical redox potential to oxidize 
dissolved Fe(II) in chloride- and sulfate-rich solutions 
at all pH conditions investigated. The experimental 
kinetic data for various Fe(II):ClO3

- ratios (3:1, 6:1 and 
10:1) closely match the kinetic model that was 
developed using kinetic data from equimolar Fe:ClO3

- 
(1:1). Hypothetically assuming that all of the Cl in the 
near-surface of Mars (global avg. = 0.5 wt.%) [8] is 
present as ClO3

-, Fe(II) oxidation by chlorate can 
produce about 7.5% FeOOH by mass. Fe(III) 
oxyhydroxides may subsequently undergo diagenetic 
transformation to a more stable form, i.e., hematite. 
Therefore, chlorate is capable of expressing its full 
stoichiometrically efficiency to oxidize Fe(II) and form 
Fe(III)-bearing minerals under Mars-relevant 
conditions. 

References: [1] Ehlmann B. L. and Edwards C. S. 
(2014) Ann. Rev. Earth Planet Sci., 42(1), 291-315. [2] 
Fraeman A. A. et al. (2013) Geology, 41(10), 1103-
1106. [3] Lasne J. et al. (2016) Astrobiol, 16(12), 977-
996 [4] Hurowitz J. A. et al. (2010) Nat. Geo 3(5), 323-
326. [5] Sutter B. et al. (2017) Int. J. Astrobiol, 16, 203-
217. [6] Viollier E. et al. (2000). Appl. Geochem., 15, 
785–790. [7] Madlo K. et al. (1979) Collect. Czech. 
Chem. Comm., 44, 2760-2768. [8] Mitra K. and 
Catalano J. G. (2019) LPS L, Abstract# 1296. [9] Keller 
J. M. et al. (2006) J. Geophys. Res. Planets, 111(E3), 
E03S08. 

 
Figure 1: Oxidation of 10-2 M Fe(II) by NaClO3 in 1:1, 
3:1, 6:1 and 10:1 Fe:ClO3

- ratios in 10-1 M MgCl2 at 
initial pH 3 at 24°C compared to geochemical rate 
model simulations. 

 
Figure 2: Oxidation of 10-2 M Fe(II) by NaClO3 in 1:1, 
and 6:1 Fe:ClO3

- ratios in 10-1 M MgCl2 and MgSO4 
at initial pH 3 at 24°C. 

 
Figure 3: Oxidation of 10-2 M Fe(II) by NaClO3 in 1:1, 
and 6:1 Fe:ClO3

- ratios in 10-1 M MgSO4 at initial pH 
3 and 5 at 24°C. 
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Overview:  After several Mars flybys by the Mari-

ner spacecraft in the 1960s, Mars Global Surveyor 
(MGS) was the first spacecraft to orbit Mars equipped 
with a magnetometer. It enabled the discovery of crus-
tal magnetic fields that result from rocks magnetized in 
an ancient dynamo field [1]. MGS was in orbit from 
1997-2006 providing the starting point for crustal field 
studies. The crustal magnetization was acquired at the 
time of a core dynamo, either by cooling of intruded or 
extruded igneous rocks (thermal remanence), chemical 
alteration induced by water, or possibly shock effects 
(impacts). Thus, Mars’ magnetic field provides a win-
dow into the planet’s interior and evolution, allowing 
us to address questions regarding the characteristics 
and  distribution of magnetic carriers, and the evolu-
tion and timing of the ancient dynamo field. 

Currently operating missions have provided addi-
tional magnetic field information from orbit and, for 
the first time, the surface. With the arrival of the Mars 
Atmosphere and Volatile EvolutioN spacecraft 
(MAVEN) in 2014 [2], MGS data have been supple-
mented by new orbital measurements. InSight landed 
in November 2018 and the InSight Fluxgate (IFG) 
magnetometer represents the first magnetic observato-
ry on the surface of a planet other than the Earth [3].  

Here we provide a short overview of advances 
made in mapping the martian crustal magnetic field 
since 2014. We highlight some of the new crustal field 
information from orbital data and review recent  local 
and global crustal field modeling efforts. We discuss 
the crustal field observed at the surface and compare 
those observations with orbit-based predictions.  

 
Orbit-Derived Crustal Field Information: MGS 

and MAVEN magnetometer measurements provide the 
basis for what we have learned about global mag-
netism on Mars. Because MGS spent almost 7 years at 
400 km in a 2 am / pm orbit, the multiple repeat meas-
urements allow for an excellent description of the crus-
tal field at that altitude. Lower altitude measurements 
providing smaller wavelength information were sparse 
and mostly collected during the day-time. These are 
non-ideal for crustal field modeling because external 
fields of ionospheric and interplanetary magnetic field 

origin are substantial on the dayside [4,5]. MAVEN’s 
elliptical orbit with a nominal periapsis at ~135 km and 
some even lower (~110 km) altitude measurements 
during nine ~5 day deep dip campaigns, provides 
dense night-time coverage below 400 km and therefore 
complements the  MGS data set.  

Additional signal in the data: Figure 1 highlights 
some of the additional signal as compared with the 
MGS data, especially small wavelengths that are better 
resolved at lower altitudes. Most can be found in the 
areas of strong magnetizations, Terra Cimmeria and 
Terra Sirenum, but also in other locations such as Ara-
bia Terra or the northern hemisphere.  We note that 
additional low altitude MAVEN data down to ~120 km 
from the aerobreaking campaign in spring 2019 pro-
vides excellent coverage particularly around the equa-
tor and in the southern hemisphere; this is in addition 
to what is shown in Figure 1. 
Small wavelengths and therefore higher resolution 
globally is an important contribution when comparing 
geological surface features with magnetic signatures.. 
Past studies have relied on the best possible resolution 
available at the time to analyze the magnetic field e.g., 
associated with impact craters [6,7] or volcanoes [8,9]. 
The age of magnetized features can constrain the tim-
ing and longevity of the ancient dynamo. 

  Crustal Magnetic Field Models: Crustal mag-
netic field models are a useful tool that allow data from 
different altitudes and locations to be consolidated to 
predict the field at specific altitudes including the sur-
face. MGS-based models such as the one shown in Fig. 
1a [10] and others [e.g., 11, 12] were mainly based on 
400 km altitude data. Lower altitude day-time observa-
tions were partially available, but despite careful selec-
tion or weighting of data, clear identification and 
treatment of external field signals in these low altitude 
observations remains challenging. The inclusion of low 
altitude MAVEN night-time data and the development 
of solar activity proxies to identify quiet data have 
enabled a new generation of high-fidelity local [13, 15] 
and global [14, 15] crustal field models. Local field 
models have been a useful tool to model the InSight 
Landing Site [13] and to aid in the selection of the 
Mars 2020 Landing Site [16]. A new generation of 
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global models is also underway. For example, a com-
panion paper [17] describes one such model using 
Equivalent Source Dipoles, a further model using 
spherical harmonics is being developed based on [10].  

Orbital measurements and resulting crustal field 
models provide a comprehensive picture of the global 
magnetic field, although currently limited to wave-
lengths greater than ~120 km. Magnetic fields of 
smaller spatial wavelengths superposed on such re-
gional scale fields might lead to actual surface fields of 
stronger or weaker amplitude.  
 

 
 
Fig. 1: (a) The crustal field model after [10] predicted 
at 400 km with the star indicating the InSight Landing 
Site. The Br difference of this crustal magnetic field 
model and MAVEN night-time data up to November 
2018 (data-model) for altitudes of (b) ~400 km and (c) 
~150 km. 
 

Surface Measurements:  Since December 2018, 
the IFG instrument on InSight has been returning mag-
netic field data taken on the martian surface. Because 
no dedicated magnetic cleanliness program was em-
ployed,  the measurements contain signals of both mar-
tian and spacecraft origins. However, multiple ways of 
getting an estimate of the crustal magnetic field at the 
Landing Site are suggested in a companion abstract 
[18].  

A preliminary comparison of orbital and surface 
data indicates larger amplitudes at the surface com-
pared with model predictions. If the signal is indeed of 
crustal origin, it suggests contributions from wave-
lengths <~100 km.    

 
Conclusion:  Recent advances in the understanding 

of planetary magnetism has been greatly aided by the 
science return of the magnetometers on MAVEN and 
InSight. Concurrent measurements in orbit and at the 
surface allow for refinement of our understanding of 
crustal magnetism as well as external magnetic fields 
including ionospheric signals.  Such time-varying 
fields provide foundation for magnetic sounding of the 
planetary interior [18]. The return of martian samples 
to Earth, the next major step towards understanding 
martian crustal evolution and magnetism, is envisioned 
for future missions including Mars 2020 and a follow-
on sample retrieval mission. 
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MARTIAN WORLD BETWEEN THE MOON AND EARTH:  IMCOMPLETE GLOBAL SYSTEM. 
Y. Miura and T.Kato, Yamaguchi University (Yamaguchi,Yamaguchi, 753-0074, Japan; yasmiura50@gmail.com)  

 
 
Introduction: Extraterrestrial planetes in the So-

lar System have been explained by using huge mate-
rial database of water planet Earth showing dynamic 
circulate system as global scale. Mars planet with thin 
atmosphere is not the same extraterrestrial body of 
airless Moon of only rocky world (without own circu-
lated system).  In fact, Mars has more active rocks 
with three different ages (from Martian meteorites), 
though the Moon shows mainly primordial rocks with 
main rock-age peak (from the Apollo samples and 
Moon meteorites). Therefore Mars shows more active 
planet (than the Moon), but less active planet (than 
water-planet Earth) [1-5]. Main purpose of the pre-
sent paper is to elucidate characteristic process of 
Martian world of rocky process with atmosphere, 
which might be developed to habitable environment 
with circulated volatiles from the rock surface [1-5]. 

Rocky characteristics of Mars, the Moon and 
Earth: Global density values show the most dense 
Earth and the least dense Moon as in Fig.1, where 
Mars are not the same as dense Earth and light Moon 
of rocky world (see Fig.1). 
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Fig.1. Bulk density and dismater of Mars, the 

Moon and Earth. The figure indicatres that Mars for-
mation is different from active Earth and airless 
Moon [6]. 

 
Rock activity of three age-peaks on Mars: Sta-

tistical data-analyses of Mars (Martian meteorites), 
the Moon (the Apolllo and lunar meteorites) and 
Earth (Mainly continents) published public docu-
ments [1,2,3] show significant differences of rocky 
worlds among three astronomical bodies as follows: 

1) Mars has mainly three different age-rocks  
(ca.4.5-3.1Ga, 1.4Ga and 0.2Ga), which show three 
activities on Martian rocks. 

2) The Moon has mainly one age-rock groups  
(4.5-3.1Ga), which show less activity after the pri-
mordial Moon formation. 

3) Water planet Earth has mainly two different 
age-rocks (ca.4.0-3.4Ga, 0.1Ga and 0.01Ga) with 
continous rock-series from ca.4.4Ga to 0.01Ga glob-
ally, which show water planet (Earth) produces con-
tinuous rock-series with mainly young rock series 
(ca.0.03Ga) in the present works including young 
volcanic islands samples globally. 

 
Driving force process on ocean impact: Ocean 

impact signatures on global water-planet are consid-
ered to be 1) discarded sea-bottom impact-blocks 
near oceanic islands moved ocean-floors widely, 2) 
buried impact-structure broken partly by moved crust 
plates locally, and 3) elemental enrichments of Earth 
and meteoritic metals formed by impact mixing as 
ocean-related indicators which are obtained in recent 
formed Japanese islands and old continental crust 
supplied by ocean plates [4-5]. This shock type is 
based on solid-liquid-air process during short fluid 
reaction followed quenching, which is similar with 
magmatic melting process for elemental and mineral 
assemblage largely at volcanic crusts.  

Laboratory experiment at sedimentary rocks 
in wet liquid condition: Microscopic elements-
bearing quenched grains from sea-sedimentary rock 
used by the laser beam in our laboratory. The volatile 
(carbon)-bearing quenched grains which is assumed 
to be ocean impact indicators can be obtained in pos-
sible ocean-impacts on water-Earth [4-5] 

Water produced experiment from meteorites: 
Author has produced fluid-water from dry meteorite 
in our laboratory. Dry rocks of waterless planets and 
asteroids can be applied the shocked rocks of dry 
rocks on Earth, where minor evaporated volatiles are 
remained partly to form crystalline minerals globally 
and largely. Water effects on mixed extraterrestrial 
and terrestrials rocks are clearly different with local 
formation and global ocean water, respectively. Flu-
id-contribution of extraterrestrial surfaces are clearly 
different with dry terrestrial rocks with well crystal-
lized minerals. This indicates that existence of global 
water on extraterrestrial bodies can be explained not 
by simple water elements, but by wide ocean sedi-
mentary rocks on unknown bodies in next explora-
tions [4-5].  

Indicator of Earth-like planets and exo-life ob-
servation: Ocean-water sedimentary rocks are only 
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direct formation of global ocean-water on planet, 
which are considered to be strong indicator of water 
Earth-like planet and possible exo-life on extraterres-
trial planets for future remote-sensing observation 
from our planets of the Solar System [4-5]. 

Summary: The present study is summarized as 
follows: 1) Wet shocked rocks of Earth's ocean sur-
face are discarded largely from original shocked 
rocks and structures globally, but enriched elements 
during surface melting with the continental drift with 
ocean-sedimentary rocks and carbon-bearing grains, 
which is considered to be strong indicator of global 
ocean water by asteroids. 2) Ocean-sedimentary rocks 
are only direct formation of global ocean water on 
planet as strong indicator of water Earth-like planet 
and possible exo-life on extraterrestrial planets (in-
cluding Mars). 

References: [1] French B. (1998): Traces of ca-
tastrophe (LPI), 120 pp. [2] Miura Y. et al.(1999): J. 
Materials Proc. Tech., 85, 192-193.. [3] Miura Y. et 
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2017, #8101.  [5]  Miura Y. (2017): SPS-2017 (Sen-

dai), No. 22. pp.4 (in press). [6] Paleomap Project 
(2017): Texas 76012 USA. 
http://www.scotese.com/earth.htm. 
[1] Miura Y. (1983) Lunar and Planetary Sci. XIV, Ab-

stract paper #1255.  [2] Wilson J.T. (1965) Nature, 207  
(4995), 343-347.  [3] Grove T.L. (2012) An. Rev. Earth  & 
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   Summary: 
   Martian rocky environments with atmosphere are three 

isolated rock-age peaks clearly, which might be regional 
activity of impact shocked processes developed to any 
habitable environment with carbon-volatiles related with 
air and rocks with fluids. 

 
Summary: The present study is summarized as follows 
1) Analytical evidences of the lunar rock formation (in-

cluding plagioclases) can be discussed by two types of min-
eral analysis with macro- and micro-grains (with carbon 
elements) by the EPMA and FE-EPMA methods, where 
comparative compositional data formed by impact growth 
compared with terrestrial rock-forming minerals.  

2)  Impact process which is difficult to form and kept flu-
id water from phase changes can be explained lunar interior 
caves as  probable relicts of vapor room during larger 
shocked processes locally, which can be checked clearly by 
present quenched indicator of carbon-bearing solids with the 
FE-EPMA method. 

3) Young-aged Earth planet shows macroscopic exist-
ence of global fluids water, however the Moon without any 
global fluids can be explained as waterless-formation of pri-
mordial Earth planet, because of its definition of macroscop-
ic existence generally.  

Acknowledgements: Author thanks NASA for Apollo 
samples for feldspar analysis, and all related scientists for 
discussion. 
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A CUBESAT BASED RADIO OCCULTATION MISSION CONCEPT FOR RESOLVING HORIZONTAL 
TEMPERATURE AND PRESSURE GRADIENTS IN THE LOWER MARTIAN ATMOSPHERE  G. 
Moeller1, C. O. Ao1 and A. J. Mannucci1, 1Jet Propulsion Laboratory, California Institute of Technology, Pasadena, 
California, USA (4800 Oak Grove Drive, Pasadena, CA, 91109, Mail Stop 138-310B, gregor.moeller@jpl.nasa.gov). 

 
 
Abstract:  A new processing strategy for radio oc-

cultation (RO) measurements has been developed, 
which is based on tomography principles and therefore 
allows to resolve distinct horizontal gradients in pres-
sure and temperature along the RO signal paths by re-
laxing the spherical symmetry assumption in RO signal 
processing. 

For the proof of concept, the developed processing 
strategy has been applied to Mars Reconnaissance Or-
biter (MRO) radio occultation and Mars Climate 
Sounder (MCS) measurements, see [1]. Based on the 
lessons learned in reprocessing of this dataset, a new 
observation concept is proposed for sensing the lower 
40 km of the Martian atmosphere with a vertical reso-
lution about 10 times better than obtained from radi-
ance-based retrievals. 

The proposed mission concept is based on a series 
of cubesats, carried to Mars and injected into different 
low Mars orbits as secondary payloads on a larger or-
biter. For our analysis we assume two types of orbits: 
a) The first half of cubesats is deployed at various 
higher altitudes, whereby nodal precession enables 
dispersion of the satellites over time, see [2]. b) The 
second half of cubesats is deployed into a circular orbit 
(h ~ 370 km) with an inclination of about 60 degrees.  

In order to adjust the constellation for tomography 
processing, it is assumed that the second half of cu-
besats can be placed nearly in the same orbital plane 
with a small separation in mean anomaly of about 1.5 
(3, 6) degrees, and that the constellation can be main-
tained over the lifespan of the satellites. Furthermore, it 
is expected that each cubesat provides power, attitude 
control and deployable antenna features for signals in 
X- and UHF-bands.  

Based on the proposed cubesat formation, a set of 
planetary (Satellite-Earth) occultations and cross-link 
occultations (between the cubesats but also to existing 
orbiters like MRO or Mars Express) can be obtained 
with a large geometrical overlap, see Figure 1. 

The resulting observation geometry allows for es-
timation of refractivity profiles along the RO signal 
paths and therefore, to derive high-resolution 2D tem-
perature and pressure cross-sections through the lower 
Martian atmosphere. Dependent on the selected orbit, 
the obtained products will give an insight into various 
unresolved atmospheric phenomena - especially of 
those which are characterized by distinct horizontal 
gradients in pressure and temperature, e.g. as observed 

at the day-night terminator, during dust storms, over 
complex terrain or the Northern polar vortex. 

 
Figure 1: Crossing radio occultation signals as ex-
pected during one occultation event between Earth 
and 8 cubesats in a single low Mars orbit  
 

References: [1] G. Moeller, C. O. Ao, Y.-M. Yang, 
and A. J. Mannucci (2019) Analysis of the lower Mar-
tian atmosphere by combined processing of radio oc-
cultation and Mars Climate Sounder measurements, 
EGU2019 General Assembly, 7-12 April 2019, Vienna, 
Austria, doi: 10.13140/RG.2.2. 28506.80322 

[2] W. R. Williamson, C. O. Ao, and A. J. Man-
nucci (2017) Radio occultation mission to Mars using 
cubesats, International Conference on Mars Aerono-
my, 15-19 May 2017, Boulder, Colorado, USA 

6399.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



RECONSTRUCTING THE ONSET AND EVOLUTION OF LARGE DUST STORMS ON MARS.  L. Mon-
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Introduction:  The recently ended Martian year 

(MY) 341 represents an extremely interesting one for 
studies linked to dust storms on Mars, and their im-
pacts on the entire atmospheric system. 

A global dust event (GDE) had its initial explosive 
growth in early northern fall (LS~185°-190°, i.e. late 
May/early June 2018) near the site of the Mars Explo-
ration Rover “Opportunity” in Meridiani Planum, be-
fore attaining the planetary scale at most latitudes. The 
onset and evolution of this latest GDE have been 
closely monitored by three NASA’s orbiters (including 
the Mars Reconnaissance Orbiter –MRO-), two ESA’s 
orbiters, ISRO’s orbiter, and observed from the ground 
by NASA’s rovers “Curiosity” and “Opportunity” (the 
event led to the end-of-mission of the Opportunity 
rover, with last communication received on June 10, 
2018). Furthermore, MY 34 also features the devel-
opment of a late-winter, large regional dust storm 
whose intensity has no equivalent in the past eleven 
Martian years, since global satellite monitoring re-
sumed. The occurrence of two important dust events in 
the same Martian year, however, is reminiscent of 
what happened in MY 12, when two global dust events 
were successively observed by the Viking spacecraft at 
LS~205° and 280° (February and May, 1977), see [1].  

Large dust storms have dramatic impacts, for in-
stance, on the circulation of the lower atmosphere, the 
density of the upper atmosphere, the characteristics of 
the ionosphere as well as the atmospheric escape. Fur-
thermore, they also have critical consequences for ro-
botic missions (as the “Opportunity” rover experi-
enced), and future human missions, see e.g. [2].  

Given the importance of dust storms on Mars, there 
is compelling need to produce an accurate reconstruc-
tion of their spatial and temporal evolution for scien-
tific purposes, and to generate a reliable forecast of 
their onset for purposes linked to robotic and human 
exploration. This applies particularly to GDEs, which 
have the most dramatic impact and the least predicta-
ble variability. Reconstructing the evolution of large 
(regional- and global-scale) dust storms can be cur-
rently achieved thanks to the plethora of multi-annual 
satellite observations, while forecasting their onset is 
still a task for the future. 

                                                                 
1 MY34 started on May 5, 2017, and ended on March 23, 2019. 

Reconstructing Martian dust storm evolution:  
We have reconstructed daily maps of airborne dust 
from MY 24 through 34 (April 1999 through March 
2019) using satellite atmospheric observations by the 
Thermal Emission Spectrometer (TES) aboard Mars 
Global Surveyor, the Thermal Emission Imaging Sys-
tem (THEMIS) aboard Mars Odyssey, and the Mars 
Climate Sounder (MCS) aboard Mars Reconnaissance 
Orbiter [3, 4]. Our methodology works by gridding the 
available retrievals of column dust optical depth 
(CDOD) from TES and THEMIS nadir observations, 
as well as the estimates of this quantity from MCS 
limb observations, using an “iterative weighted bin-
ning” procedure. Regular maps of CDOD are produced 
by spatially interpolating the irregularly gridded maps 
using a kriging interpolator. These regular maps are 
currently used as dust scenarios in the Mars Climate 
Database (MCD), and in many modelling applications. 

The most recent improvements to the maps already 
publicly available on the MCD website2 are: 

 The use of updated CDOD retrievals from 
TES, which correct spurious values at the po-
lar cap edge; 

 The validation of infrared CDOD maps for 
TES years using visible retrievals (from TES 
Emission Phase Function data), and Mars Or-
biter Camera (MOC) images; 

 Specific MCS retrievals and gridding proce-
dure for the MY34 GDE, which allow for the 
production of four CDOD maps per sol (at 
four different Mars Universal Times –MUT) 
and, therefore, the reconstruction of some dai-
ly variability of column dust optical depth. 

Acknowledgments: L. Montabone acknowledges 
funding received from NASA PDART and MDAP 
programs3 as well as from the French Centre National 
d'Etudes Spatiales (CNES). 
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Impact on Human Exploration (2018), Edited by Lev-
ine J. S. et al., Cambridge Scholars Publishing, UK. 
[3] Montabone L., et al. (2015) Icarus, 251, 65–95. 
[4] Montabone L., et al. (2019) JGR, Preprint (special 
issue on the 2018 Mars Global Dust Storm). 
                                                                 
2 http://www-mars.lmd.jussieu.fr/mars/dust_climatology 
3 Grants no. NNX15AN06G and NNX13AK02G 
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Introduction:  There is substantial evidence for 

widespread deposition of a terrain-conforming, post-
Noachian light-toned deposit.  We give two areas as 
examples: Majuro Crater, and along a fluvial system 
draining the NE Hellas basin slope.  

Observations and Inferences:  Our initial study is 
focused on Majuro Crater, which is a latest Noachian 
to Hesperian 44-km diameter crater with well 
expressed ejecta.  The crater features large alluvial fans 
which post-date deposition of the light-toned deposits.  
Glacial modification of the crater rim post-dates both 
the light-toned deposits and the alluvial fan deposits.  
Three locations of light-toned deposits have been 
examined: (a) a thick, partly eroded deposit on the 
central crater floor;  (b terrain-conforming, partly 
eroded light-toned deposits on inner crater rim; and (c) 
light toned deposits on Majuro ejecta north of the 
crater rim.  All exposures are bright in nocturnal 
THEMIS IR.  

The light-toned deposits in Majuro Crater weather 
into meter-scale blocks.  The deposits are commonly 
massive to coarsely layered.  A spectral signature of 
phyllosilicates has been detected by CRISM in these 
deposits [1].  Where the light-toned deposits are  
relatively massive, wind erosion locally scours the 
deposit surface into decameter-scale cuspate flutes, 
indicating the susceptibility of the deposits to erosion 
by saltating grains.  These features suggest the deposit 
contains a substantial component of silt-to-clay grain 
sizes. Thick light-toned deposits on the crater floor are 
partially mantled from the north by alluvial fan 
deposits and have been removed by deflation in the 
southeastern crater floor, leaving a steep scarp. 

Other light-toned exposures are located on the 
interior NE rim of Majuro Crater, which is covered by 
CTX stereo coverage.  This rim had been eroded into 
broad ~ 2 km wide knobs and valleys prior to 
deposition of terrain-conforming light-toned deposits. 
These deposits subsequently were partly eroded by 
aeolian deflation, creating erosional windows into the 
underlying crater rim deposits. The light-toned 
deposits are inferred to be exposed at or shallowly 
below the surface, except where they are clearly 
removed by erosion, exposing underlying dark-toned 
crater rim materials.  Alluvial fan deposits are 
superimposed on the light-toned deposit along valley 

axes. We also infer that the light-toned deposits were 
emplaced prior to later glacial modification of the 
crater rim.  Majuro’s ejecta is mantled with light-toned 
deposits, which in turn is locally covered with darker 
deposits.  We conclude for this study locality that 
light-toned deposits formed a terrain-conforming 
deposit over Majuro crater and its ejecta.  This deposit 
was likely deposited by airfall, and occurred after 
erosional sculpting of the interior rim of Majuro crater 
and prior to alluvial fan deposits and glacial 
modification.  

A second study area is on the east slopes of Hellas 
basin along one of the Navua Valles drainage lines 
leading towards Hellas (Fig. 1) [2].  The deposits in 
this area lie between the relatively modern drainage 
and mountainous slopes to the north.  The main light-
toned deposits here underlie a dissected terrace and 
drape over that terrace. To the south they dip beneath 
the younger fluvial deposits.  The light-toned deposits 
are mantled by a thinner dark-tone deposit except 
where exposed by aeolian erosion.  Where aeolian 
erosion is greatest, often on steep slopes of the terrace, 
windows expose material beneath the light-toned 
deposits.  Some scarps in the light-toned deposits 
expose well-defined layering.  A NW-SE trending 
valley has been eroded through the terrace deposits. 
Along the valley axis an inverted, meandering channel 
is floored by light-toned deposits, with a thin central 
cap of darker material (Fig. 1, red arrows).  On the SW 
side of the inverted channel aeolian erosion has 
scoured 100 m below the inverted channel (Fig. 1, blue 
line).  On the NE side of the inverted channel a  
sloping ramp of light-toned deposits  connects the 
inverted channel to light-toned deposits capping the 
higher terrace some 400 m higher (Fig. 1, green line).  
Topographic profiles from a HRSC DTM illustrate the 
terrain-conforming nature of the light-toned layers 
(Fig. 2). Light blue indicates light-toned deposits at or 
below the surface. Grey indicates where deposits are 
inferred to be eroded.  Brown indicates caps of darker-
toned deposits.  The blue line shows an inverted 
meandering channel, and green the axis of another 
valley (also shown by arrows in profiles). 

Conclusions: One or more light-toned deposits 
were deposited conformably over a partially eroded 
terrain within the eastern Hellas Basin region, probably 
during the Hesperian.  Airfall deposition from dust 
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storm or volcanic ashfall is the most likely mechanism.  
Light-toned deposits are widespread on the martian 
highlands [3].  It is uncertain how many depositional 
events and depositional mechanisms these deposits 
represent, or whether they are regional or global in 
extent.  In either case, where found they constitute an 
important stratigraphic marker [4].  

The light-toned deposits discussed here are not 
exclusive of other depositional mechanisms.  Deposits 
at Terby crater are nearly level, suggesting deposition 
at the margins of a deep Hellas lake [5, 6]. Elsewhere 
such deposits show rhythmic bedding, indicating long-
term deposition governed by quasi-periodic climate 
change [7]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

References: [1] Mangold, N. et al., (2012), PSS 72, 
18-30; [2] Hargitai, H. I. et al., (2017), Icarus 294, 
172-200; [3]. Malin, M. C., Edgett, K. S., (2000), 
Sci. 290, 1927-37; [4] Mangold, N. et al., (2010), 
Icarus 207, 265-76; [5] Wilson, S. A. et al., (2007), 
JGR Pl. 112, E08009; [6] Wilson, S. A. et al., in Lakes 
on Mars, N. A. Cabrol, Ed. (Elsevier, 2010),  Ch. 7, 
195-222; [7] Lewis, K. W. et al., (2008), Science 322, 
1532-35. 
 
 
 
 
 
 
 
Fig 1.  Study area on the east slopes of Hellas basin 
along a drainage line leading towards Hellas. A NW-
SE trending valley has been eroded through the terrace 
deposits. Along the valley axis an inverted, 
meandering channel is floored by light-toned deposits, 
with a thin central cap of darker material (red arrows).  
On the SW side of the inverted channel aeolian erosion 
has eroded about 100 m below the inverted channel 
(blue line).  On the NE side of the inverted channel a  
sloping ramp of light-toned deposits connects the 
inverted channel to light-toned deposits capping the 
higher terrace some 400 m higher (green line).   
 

Fig. 2.  Topographic profiles from a HRSC DTM illustrate the terrain-conforming nature of the light-toned layers. 
Light blue indicates light-toned deposits at or below the surface. Grey indicates where deposits are inferred to be 
eroded.  Brown indicates caps of darker-toned deposits.  Blue line shows inverted meandering channel, and green the 
axis of another valley (also shown by arrows in profiles). 
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Cumberland Ave, 602 Strong Hall, Knoxville, TN, 37916) 

 
 
Introduction:  The main objective of this project is 

to determine whether elemental sulfur (S) is a 
significant constituent to the total S present in 
terrestrial acidic hydrothermal systems. Subsequently, 
this knowledge will be applied to Mars to improve the 
interpretation of in situ geochemical measurements. 

The geologic history of Mars was likely dominated 
by complex S cycling between the mantle, lithosphere, 
hydrosphere, and atmosphere [1-4]. Meteorites suggest 
that Mars’ mantle and lithosphere may be intrinsically 
more abundant in S than the Earth [5, 6]. In situ 
analyses by rovers, as well as remote sensing data, 
support an overall enrichment in S as well as wealth of 
S-bearing minerals [7, 8]. Sulfates are common 
minerals measured on the surface, and sulfides have 
also been detected in situ at Gale Crater [9, 10]. 
Although an excess of S has  been observed in situ in 
places like Meridiani Planum and Gusev Crater, the 
nature of S, whether it be elemental, is unclear [11-13].  

Climate models suggest that the early Martian 
atmosphere was rich in SO2 and H2S sourced by 
volcanic degassing [14]. Consequently, the oxidation 
of these volcanic gases to H2SO4 in the atmosphere is 
proposed to have led to the formation of secondary 
sulfate minerals via atmospheric deposition and acid 
weathering in surface environments [1, 15]. However, 
this model does not support the presence of sulfides 
and excess of S that have been measured by the rovers. 
As on Earth, it should be expected that the interactions 
between magmatic S-rich volatiles, groundwater, and 
surface water would have led to the formation of 
surface hydrothermal settings such as hot springs and 
mudpots [16, 17]. Therefore, this project explores the 
possibility that a substantial excess of the S detected on 
Mars was elemental S deposited by ancient 
hydrothermal activity, instead of solely from 
atmospheric degassing. 

Understanding terrestrial hydrothermal S-rich sites 
can provide context for interpreting in situ 
measurements of Martian surface materials. However, 
even on Earth, there is a gap in understanding the 

chemical composition and mineralogy of S-bearing 
compounds formed in acidic hydrothermal systems 
with elevated H2S emissions. For example, it is unclear 
what quantities of elemental S, sulfates, and sulfides 
are typically formed via hydrothermal activity.  

Methods:  This study uses ~80 sediment samples 
that were collected in 2016 and 2018 from highly 
acidic hot springs, mud pots and ephemeral drainages 
in several different locations. These samples were 
collected from hydrothermal areas in Lassen Volcanic 
National Park, Valles Caldera National Preserve, 
Yellowstone National Park, and multiple sites in 
Iceland including the Námafjall, Krafla, Krýsuvík and 
Hveragerði geothermal areas. The particular hot 
springs that were sampled were chosen due to high 
concentrations of H2S and low pH, resulting from 
hydrothermal degassing.  

Primary analysis instruments of the samples 
include a Coulometer and Elemental Analyzer coupled 
to isotope ratio mass spectrometer (IRMS), which 
measure total S abundance, as well as Sulfur 
Sequential Extraction (SSE) and X-Ray Diffraction 
(XRD), which measure total S, and the quantifies of S 
present as S2-, S-, S0, and S6+.  

Results: Initial measurements of S speciation have 
been completed for several samples from the terrestrial 
analog sites in Lassen (Sulphur Works), Valles 
Caldera, and Iceland (Kysuvik, Namafjall) using the 
SSE method - see selected examples in Table 1 for 
comparison. Generally, the elemental S was in 
significantly higher concentrations (2-18 wt.% in 
Iceland, 5-72 wt.% in Valles, 2-31 wt.% in Lassen) 
compared to smaller quantities of sulfides (1-6 wt.%, 
0.5-2 wt.%, <0.5 wt.%, respectively) and sulfates (<2 
wt.%, <0.5 wt.%, <0.5 wt.%, respectively).  

 Table 2 outlines the total S wt.% that has been 
estimated for the selected samples using the four 
different analytical methods. In several cases, the SSE 
and XRD methods only accounted for a fraction of the 
total S measured using other instruments such as IRMS 
and Coulometer. In the case of LSW–2 with lower 

Sample 
Name 

S0 
wt.% 

S2- 
wt.% 

S6+(SO4) 
wt.% 

S-  
wt.% 

LSW-2 0.128 0.077 0.313 0.193 
KRYS-35 8.910 b.d. 0.340 1.244 
KRYS-37 2.029 b.d. 0.301 3.492 
NAMA-2 4.804 b.d. 1.214 3.443 
NAMA-3 18.405 b.d. 0.590 2.160 

Sample 
Name 

XRD 
wt. % 

SSE 
wt. % 

IRMS 
wt. % 

Coulmtr 
wt. % 

LSW-2 2.8 4.2 4.7 3.4 
KRYS-35 3.7 9.0 9.4 7.7 
KRYS-37  0.8 2.5 10.2 9.3 
NAMA-2  4.3 7.1 11.8 11.4 
NAMA-3  0.6 3.4 10.5 3.1 

Table 2: Estimated total sulfur wt.% in hydrothermal 
sediments using four different instruments. 

Table 1: S speciation determined via Sulfur Sequential 
Extraction. (b.d.- below detection) 
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surface temperature of the hot spring water (<56°C), 
all four instruments measured relatively similar wt.% 
of total S. However, in other samples like KRYS-37 
and NAMA–3 with higher surface temperatures (>70-
90°C), the estimates are vastly different, suggesting 
that there is some significant unaccounted S that may 
be temperature dependent.  

Discussion: Our preliminary data suggest that 
elemental S is present in significant quantities in the 
studied acidic hydrothermal settings, and that there are 
also S phases of unknown composition. The latter is 
inferred from the discrepancy of the total S (Tab. 2) 
which may be due to amorphous, non-crystalline S, or 
more complex S intermediates (e.g., polymorphs of 
elemental S) only typical of hydrothermal settings. 
Note that XRD results of total S were usually 
underestimated compared to other methods (Tab. 2), 
which supports the main conclusion that unidentified S 
phases (e.g., amorphous) are present. 

Previous experimental studies have shown that 
amorphous phases of elemental S are formed when S is 
heated to above 160°C and then rapidly cooled [18, 
19]. Given a large temperature gradient, it is likely that 
an excess of amorphous elemental S may be deposited 
in surface sediments of hot spring settings. Therefore, 
this might be of high importance for Mars with 
significantly lower ambient atmospheric temperatures 
than on Earth, thus the cooling effect would have been 
more apparent. Additionally, we suggest that elemental 
S may have been more stable on Mars than on Earth 
due to the oxygen-poor atmosphere, and thus could 
account for the observed S-enrichment on the Martian 
surface  [14]. 

Future work: In addition to SSE, IRMS, and 
Coulometer, we will characterize and quantify major S 
phases using FTIR and Raman spectroscopy. The 
purpose of using multiple instruments is that they have 
different precisions and detection limits for total S, 
elemental S and amorphous S phases. For example, 
XRD is less accurate in determining S contents below 
~0.5 wt% and SSE only allows for quantitative 
determination of main S oxidation states (OX: -2, -1, 0, 
+6). Also, XRD does not allow for characterization of 
amorphous S phases.  

By combining the results of all methods, a coherent 
analysis of S constituent abundances will be 
completed, and the significance of amorphous S in 
hydrothermal systems will be determined. 
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THE SCIENCE VALUE OF ICE RESOURCE MAPPING: MARS SUBSURFACE WATER ICE MAPPING            
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Summary:  The majority of mission architectures     

currently considered to transport humans to Mars       
involve some form of “living off the land”. Water ice,          
which is essential for life support and can be used to           
generate fuel is the most valuable of Mars’ resources.         
The Mars Subsurface Water Ice Mapping project       
(SWIM) has been tasked with providing the       
community with GIS ready maps of non-polar ice        
deposits - see Putzig et al [this conference] for more          
details and SWIM.psi.edu for the products themselves.       
Beyond landing site selection and mission planning,       
the SWIM maps contain a treasure trove of        
information for scientific analysis. At Mars 9 we will         
present the scientific projects to come out of the SWIM          
project and encourage members of the community to        
incorporate the maps within their research projects.  

The SWIM Project: is unique in that it integrates         
all appropriate orbital datasets to provide a holistic        
assessment of accessible Martian ice reserves. By       
employing a team with a diverse background of        
relevant expertise and by leveraging new data       
processing techniques, the SWIM Project has      
generated the most up-to-date maps of Martian water        
ice distribution. To search for and assess the presence         
of shallow ice across our study regions, the SWIM         
project uses the following techniques and datasets:       
neutron-detected hydrogen (MONS), thermal behavior     
(both TES and THEMIS), multi-scale geomorphology      
(HiRISE, CTX, HRSC, and MOLA), and radar surface        
and subsurface echoes (SHARAD). To extract the       
maximum amount of information from the datasets, we        
employ newly developed techniques, including:     
surface radar reflectivity [1], and refined thermal       
modeling [2] along with more traditional approaches to        
geomorphological mapping [3] and interpretation of      
discrete radar-detected subsurface interfaces [4]. 

To enable a quantitative assessment of how       
consistent (or inconsistent) the various remote sensing       
datasets are with the presence of shallow (<5 m) and          
deep (>5 m) ice across our study regions, we         
introduced the SWIM Equation: 

( C  C  C  ) / 5CI =  N +  T + CG + CRS +  RD  
FIGURE 1. SWIM Ice consistency Map of the        

Northern Hemisphere of Mars (LPSC edition of the        
map). 

Ice consistency values CX range between -1 and +1,         
where -1 means that the data are inconsistent with the          
presence of ice, 0 means that the data give no          
indications of the presence or absence of ice, and +1          
means that the data are consistent with the presence of          
ice (figure. 1). Putzig et al will present a detailed          

overview of the methodologies behind swim. 

Science Value of Resource Mapping Products: In       
regards to sending humans to Mars, where ice will be a           
commodity, mission planners primary concern will be:       
the location of ice; the amount of ice (in terms of           
concentration and volume) and the depth to the ice -          
the thickness of the overburden. These three       
considerations have defined the SWIM study and       
consequently, the project has generated an      
unprecedented view of the martian northern      
hemisphere non-polar ice reservoir (figure 1).  

Quantifying and constraining the martian non-polar      
ice reservoir is of course scientifically valuable, but is         
limited in that it only informs us about the present          
situation. Ultimately, we want to know how and when        
the ice was deposited, the processes governing the flux         
of volatiles and the relationship between polar and        
non-polar ice reserves. Indeed, for a thorough       
exploration of the pressing questions concerning      
martian ice see the upcoming ICE-SAG report. The        
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SWIM map products provide a valuable scientific       
resource with which to tackle the questions outlined by         
ICE-SAG.  

At Mars 9: we will frame the SWIM products         
within the context of the ICE-SAG findings and        
present our initial scientific analysis. We will explore        
three main scientific focuses:  

(1) the heterogeneity present within the mapped ice       
deposits. Due to broad range of data sets employed to          
create our ice consistency maps, it is possible to         
subdivide the apparent ice-rich areas into multiple       
units. For example, deposits that have radar detectable        
bases, such as lobate debris aprons, can be clearly         
delineated.  

The SWIM project has significantly increased the       
mapping of deposits within the northern plains. For        
example, the original mapping work of Bramson et al         
[5] has been significantly extended and the new map         
has found the deposits to stretch further to the south          
than previously appreciated (figure 2). Such detailed       
delineation provides more constraints with which to       
interpret the formation of a given unit. 

(2) Age/stratigraphy of the mapped ice deposits.       
Applying new crater size frequency distribution      
surveys and leveraging previous surveys we will       
present a chronological framework to accompany the       
ice consistency maps. From previous studies we know        
the glacial ice present within the LDA/LVF was        
deposited >100 Ma [e.g. 6]. In contrast ice associated         
with mantling deposits may be orders of magnitude        
younger. Based on the unit delineation discussed       
above, we will present their relative ages associated        
with our maps.  

(3) Science unrelated to ice. The generation of the         
consistency maps can produce “false positives” within       
individual datasets. False positives refer to the positive        
identification of surface/nearsurface properties that are      
consistent with ice, but are in fact related to non-ice          
conditions. For example, the radar surface power map        
uses nearsurface density measurements as a proxy for        
ice. As a result, dry. low density materials such as          
thick dust deposits become mapped out. Many of the         
false positives contain valuable scientific information      
which can be leveraged for a myriad of projects. We          
will present our most promising non-ice mapping       
products and associated interpretation.  

To Learn More: For more information on the        
SWIM project, GIS-ready map products, and news of        
the latest releases, visit https://swim.psi.edu and follow       
us on Twitter @RedPlanetSWIM.  

 
Figure 2. SWIM consistency map of Arcadia       

Planitia. The Extent and depth of icy units are         
highlighted by the depth contours (15 m intervals,        
Black = 15 - Green = 60m) 

Acknowledgements: The SWIM project is     
supported by NASA through JPL Subcontract      
1611855. PSI is grateful to SeisWare International Inc.        
for academic licensing of their Geophysics software       
that is used in our radar analysis. 
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Introduction: Monoclinic (MC) high sanidine has 

been detected in drill samples at Gale Crater on Mars by 
the CheMin X-ray diffractometer (XRD) [1] onboard 
the Mars Science Laboratory (MSL) rover Curiosity. 
MC high sanidine is a K-feldspar with extensive Al-Si 
disorder, and the name implies no specific formation 
mode. Drill sample Windjana (WJ) has the highest con-
centration of this K-feldspar to date (~26 wt.%) plus 
subordinate plagioclase; plagioclase (andesine) domi-
nates the feldspar in all other samples analyzed by Che-
Min [2, 10]. An igneous origin is inferred for WJ sani-
dine [4], but hydrothermal origins, driven by volcanism 
and/or meteoritic impacts, cannot be excluded. We pre-
viously reported [11] a terrestrial analogue where MC 
high sanidine is present in samples associated with hy-
drothermal activity at a hematite bearing ridge within an 
acid-sulfate altered cinder cone in the summit region of 
Mauna Kea volcano (Hawaii) [12].  

We report here (1) additional XRD data for sanidine 
and other crystalline phases obtained on samples spiked 
with positional standards (~20 wt.% each Si metal and 
Cr2O3 with respect to bulk sample) and (2) chemical 
data. XRD data were obtained on a PANanalytical 
X’Pert Pro instruments at JSC, and unit-cell (UC) pa-
rameters and phase abundances were calculated from 
Rietveld refinements using JADE© software. Methodol-
ogy (XRF based) for bulk chemical analyses, weight 
loss on ignition, and Fe redox are described by [13]. 
Chemical data on polished mounts was obtained with an 
electron microprobe.  

Bulk Chemistry: Representative chemical analyses 
for Mauna Kea samples are given in Table 1. Unaltered 
(or weakly altered) basalt is represented by the chemical 
composition of MK021. Samples MK001 and MK030 
are highly oxidized (Fe3+/ Fe ~1.0) and have bulk com-
positions very different from 021 that resulted from 
mass transport and chemical interactions accompanying 
hydrothermal activity. 

XRD: Consistent with bulk chemistry, Rietveld 
analysis identified hematite, MC high sanidine, plagio-
clase (andesine), and biotite as the major crystalline 

phases. Plagioclase is present as a phenocryst mineral in 
the unaltered basalt, and hematite, sanidine, and a 10-Å 
phase (interpreted as biotite) are hydrothermal products 
as is smectite, which was sometimes present, but not yet 
quantified as to abundance or structure. To our 
knowledge, the MK sanidine is the first documented oc-
currence of MC high-sanidine formed under hydrother-
mal (as opposed to igneous) conditions. 

 
Table 1. Bulk Chemical Compositions (wt.%)a 
Sample MK001 MK021 MK030 
SiO2 25.94 50.88 30.73 
TiO2 1.29 2.41 1.48 
Al2O3 8.37 17.69 10.29 
Cr2O3 0.005 0.002 0.010 
Fe2O3T 50.70 11.30 45.64 
MnO 0.39 0.22 0.66 
MgO 7.13 3.36 2.46 
CaO 1.59 6.43 1.46 
Na2O 0.94 4.64 1.36 
K2O 2.85 2.04 4.82 
P2O5 0.55 1.08 0.58 
SO3 (residue) 0.15 0.19 0.20 
Total 99.90 100.24 99.68 
       
%LOI 4.68 0.53 1.29 
FeO 0.17 6.13 0.54 
Fe2O3 50.51 4.49 45.04 
SO3 (bulk) 0.29 0.35 0.25 
Fe3+/ Fe 1.00 0.40 0.99 
aLOI residue (at 950 C) used as sample for major elements. 
Bulk sample used for LOI, Fe redox and bulk SO3. 
 

Unit cell parameters for high sanidine, andesine, 
hematite, and biotite are given in Table 2. In Figure 1, 
the unit cell parameters for the MK feldspar minerals 
are compared to corresponding values for (Na,K)-feld-
spars from the literature [after 9]. The unit cell parame-
ters of MK hydrothermal K-feldspar plot (red squares) 
at the apex for MC high sanidine having K >> Na. Note 
that other occurrences of hydrothermal K-feldspar are 
orthoclase (brown triangles) rather than sanidine. The 
difference in Al-Si order and structure may result from 
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different hydrothermal formation temperatures, with 
MK high-sanidine the high-temperature product. Tem-
peratures in the range 850 - 900 C seem indicated [14]. 
Unit cell parameters for the WJ drill sample [yellow 
square] are also consistent with potassic high-sanidine. 
Other MC K-feldspar drill samples trend toward high 
albite, possibly suggesting Na for K substitution. 

 
Table 2. Unit Cell Parameters 

Sanidine Andesine Hematite Biotite 
Number 4 5 6 4
System MC TC HEX MC 
Name C2/m C-1 R-3c C2/m 
a (Å) 8.559(16) 8.181(11) 5.0357(4) 5.313(10) 
b (Å) 13.039(4) 12.88(11) 5.0357(4) 9.177(20) 
c (Å) 7.170(3) 7.122(6) 13.746(2) 10.150(8) 
alpha ( ) 90 93.5(4) 90 90 
beta ( ) 115.98(5) 116.32(4) 90 99.80(12) 
gamma ( ) 90 90.089(24) 120 90 
UC Vol. (Å3) 719.4(13) 671.2(11) 301.88(10) 487.7(7) 

    

 
Fig. 1. Literature unit-cell dimensions c versus b for 
K-Na feldspar (blue) and plagioclase (magenta), Gale 
crater andesine (yellow circle) and sanidine (yellow 
square), and MK andesine (red circle) and sanidine 
(red square). Error bars not shown for clarity. TC = 
triclinic; MC = monoclinic.  

Mineral Chemical Composition: XRD data imply 
that the MK hydrothermal MC sanidine is potassic. San-
idine, biotite, and hematite are products of the hydro-
thermal alteration. The andesine (phenocrysts) compo-
sition in the table was obtained on an altered sample, but 
the composition is the within error for andesine in an 
unaltered sample. Compositions obtained by electron 
microprobe are given in Table 3. 

The MK sanidine is potassic with K2O/Na2O ~ 8. 
The hematite has low concentrations of TiO2, consistent 
with precipitation from aqueous solutions as opposed to 

oxidation of pre-existing magnetite (or titanomagnet-
ite). The ~10 Å phase interpreted as biotite on the basis 
of XRD is inconsistent with composition in the “Un-
known” column (e.g., biotite has K2O ~11 wt.%), im-
plying biotite was not analyzed. Possibly, the phase is 
XRD amorphous. 
 
Table 3. Mineral Chemical Compositions (wt.%) 

Sanidine Andesine Unknown Hematite 
SiO2 63.02 54.14 42.00 0.04 
TiO2 0.15 0.14 0.42 0.10 
Al2O3 19.70 28.90 13.54 0.05 
FeOT 0.67 0.82 1.56 88.44 
MnO 0.03 0.01 nd 0.15 
MgO 0.24 0.10 21.67 0.13 
CaO 0.27 10.40 2.12 0.02 
Na2O 1.65 5.18 0.05 0.01 
K2O 13.33 0.39 0.45 0.02 
BaO 0.06 0.04 0.02 0.01 
Total 99.07 100.10 81.82 88.89 

Implications for MC high sanidine at Gale crater: 
The observation of potassic high sanidine derived from 
plagioclase-bearing tephra under hydrothermal condi-
tions on Mauna Kea volcano implies a hydrothermal 
origin for potassic high sanidine at Gale Crater from pla-
gioclase-bearing progenitors is possible but not to the 
exclusion of an igneous origin. The high temperature 
pathway (850 – 900 C [14]) apparently needed to pro-
duce hydrothermal high sanidine is also sufficient to 
produce the MC tridymite detected in the Buckskin drill 
sample at Gale crater. 
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LPSC49, #2183, [12] Graff T. G. et al. (2014) LPSC45, 
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     Introduction: On Earth, barchan sand dunes are 
formed over sand-covered firm soils in arid regions, 
where the wind blows predominantly in one direction 
and causes the sand particles to propagate accordingly. 
There is an inversely proportional relationship between 
dune size and migration rate. Also, solitary Barchan 
sand dunes tend to either expand or shrink caused by 
slight disturbances of their erosion/deposition equilib-
rium [1]. As generally known, the shrinking of complex 
dune fields rather occurs because of human encroach-
ment such as construction and agriculture. Beyond that, 
dune migration processes at the Great Sand Dunes Na-
tional Monument (CO, USA) were critically examined 
in the context of touristic activity [2]. 
 
     Sand dunes on Mars are active under current condi-
tions [e.g. 3]. Measurements have indicated Martian 
sand dunes in the Nili Patera area have unexpectedly 
high rates of movement similar to the dunes in Victoria 
Valley, Antarctica [4]. As illustrated from HiRISE im-
agery in Figure 1, the dunes in the Nili Patera Caldera 
are barchan large crescent-shaped dunes formed by the 
continuous blowing action from the winds. Sequences 
of HiRISE images indicate noticeable movement of 
these sand dunes from east to west.   
 
     This student research project contributes to investi-
gating the growth and the movement of the Mars sand 
dunes in the Nili Patera area and suggests possible ex-
planations for this phenomenon. We monitor the 
movement of Nili Patera sand dunes by analyzing 
HiRISE images with GIS techniques. The following 
HiRISE images are the basis of this study: 
PSP_004339_1890, ESP_022364_1890, 
ESP_028575_1890, ESP_035603_1890, 
ESP_057071_1890. 
      

 
Figure 1: Images illustrating the evolution of sand 
dunes in Nili Patera caldera from 2007 and 2012. Im-
age credit goes to NASA/JPL/University of Arizona [5, 
6] 
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Introduction:  The Heat Flow and Physical Prop-

erties Package (HP³) [1] includes an infrared Radiome-
ter attached to the deck of the InSight lander [2]. The 
main objective of this part of the instrument is to con-
strain the surface thermal boundary condition for the 
heat flow derivation by the instrumented tether de-
ployed into the subsurface. The heat flow in the subsur-
face can be affected by seasonal and diurnal tempera-
ture variations, by radiation from the lander, its shad-
ow, and the change in surface albedo caused by dust 
removal during landing and later deposition. The radi-
ometer will observe the seasonal variation over the 
course of the mission. Fitting of diurnal temperature 
curves provides an estimate of albedo and other ther-
mophysical properties of the near surface.  
HP³ RAD: The design is based on the MAscot RAdi-
ometer (MARA) [3] and uses 6 thermopile sensors in a 
temperature stabilized sensor head. The thermopile 
sensors consist of a set of thermocouples with a hot 
junction in radiative heat exchange with the outside 
through a spectral bandpass filter. The Instrument tem-
perature is stabilized by controlled heating to a temper-
ature setpoint above the equilibrium temperature. The 
instrument observes two spots on the surface with 3 
sensors each. The three sensors have different spectral 
bandpasses: 8-14, 8-10 and 16-19 micrometers.  
RAD footprints: The two spots observed by the radi-
ometer are in approximately 1.5 and 3 m distance N-N-
W from the lander center (Fig. 1). At the beginning and 
the end of the nominal mission, the shadows of the 
solar panels pass over the closer spot in the morning 
and afternoon. The temperature effect of the shadow is 
clearly seen in the afternoon at the time expected for a 
flat surface. 
RAD operations: The HP³ radiometer typically ac-
quires data for five minutes at each full hour in local 
true solar time (LTST). Standard data sampling inter-
val is 14.6 sec, but this can be decreased to 2 sec. Ob-
servations at different times or with longer durations 
can also be made. The instrument temperature is differ-
ent for day and night observations. We adjusted the 
local time of switching to the night temperature set-
point at sol 100 and 120 to reduce uncertainty in the 
late afternoon. 

 
             
Figure 1: Top: Plan view of the location of the radi-
ometer footprints (red). Coordinates relative to lander 
deck center. Bottom: Arm camera images of the RAD 
spots. 
 
Data and performance: From opening of the dust 
cover on sol 14 to sol 150 RAD acquired hourly data 
on most sols (Fig. 2). On sol 39 data were acquired 
continuously with higher sampling rate over the after-
noon to observe the passage of the shadow through the 
near spot in more detail. On sols 79-80 and sol 119 -
120, observations of the full diurnal cycle were carried 
out to compare with wind and atmosphere temperature 
data from TWINS [4] and obtain diagnostics on how 
near-surface (in)stability drives the Planetary Boundary 
Layer dynamics [5]. On sols 96, 97 and 99 high sam-
pling rate data were acquired during three Phobos 
eclipses and significant responses were detected except 
for the last one, which was late in the afternoon.  
Calibration data were acquired in regular intervals of 
~30 sols and show so far no sensor degradation after 
landing. The calibration uncertainties are less than 4 K 
for the 8-14 micrometer filters in the worst case (+25C 
instrument temperature setpoint in the late afternoon) 
and noise is less than the equivalent temperature differ-
ence of 0.5K.  
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Figure 2:.Broad bandpass data of sols 14 – 150. 
 
The noise can mostly be attributed to fluctuations in the 
thermal state of the instrument driven by atmospheric 
turbulence. The narrower band sensors turned out to 
not provide sufficient signal compared to calibration 
uncertainties and currently show large systematic er-
rors. 
 
Initial Results: The diurnal temperature response pro-
vides an estimate of the thermal inertia, which is a di-
agnostic of soil parameters such as grain size and ce-
mentation. We use output from the LMD1D model (a 
1D version of the model described in [6]) as boundary 
conditions to solve the heat conduction in the near sur-
face and to calculate model curves of surface tempera-
ture. The model accounts for the Mars orbit and pro-
vides downwelling solar and infrared fluxes. Atmos-
pheric dust opacity is derived from camera images of 
the sky [7]. We vary the input thermal inertia to find 
the diurnal and eclipse responses that match the data 
well (Fig. 3).  
The diurnal curve on sol 97 indicates a thermal inertia 
of ~200 Jm-2K-1s-1/2 however the eclipse response indi-
cates that there might be some lower thermal inertia 
material (~120 Jm-2K-1s-1/2) at the surface. The temper-
ature after the eclipse appears to return to normal val-
ues faster than predicted, which might indicate that 
only a fraction of the footprint is covered with different 
material, however in this case with an even lower ther-

mal inertia. The bulk thermal inertia is consistent with 
orbiter observations and indicates material particle size 
in the range of sand, and little cementation [8].  
On other sols the diurnal curve is fitted less well with 
the same surface parameters. Since the surface parame-
ters can be assumed constant, it is likely that we have 
not yet accurately accounted for all atmospheric varia-
bles. One of these parameters may be the ratio of visi-
ble to infrared dust opacity, which we assumed to be 
constant at a value of 2. The MER rovers with the ca-
pability to measure opacity in both bands showed that 
this ratio varies [7]. Initial modeling shows that varying 
this ratio improves the model fits so that we might be 
able to derive this ratio as a time series. 

 

 
Figure 3: Far spot observations on sol 97 with 1-sigma er-
rors bars. Blue: model curve based on the LMD1D model 
radiative fluxe, modified to include the eclipse, and a surface 
with albedo 0.2 and thermal inertia of 200 Jm-2K-1s-1/2. Red: 
model curve based on the same boundary conditions and a 
6mm thick layer of lower thermal inertia material (120 Jm-

2K-1s-1/2) at the surface. Models are offset by +1.2 and -0.7 K 
to match temperatures at the beginning of the eclipse for 
better comparison of amplitudes. 
 
References: [1] Spohn, T. et al., Space Sci. Rev., 
214:96 (2018). [2] Banerdt, W.B., et al., Space Sci. 
Rev., 211, 1–3 (2017). [3] Grott, M. et al. Space Sci. 
Rev. 208:413 (2017). [4] Banfield, D. et al., Space Sci. 
Rev., 215:4 (2018). [5] Spiga, A. et al. Space Sci. Rev., 
Space Science Reviews, 214:109 (2018). [6] Forget, F. 
et al., JGR 104:E10, 24155-24175 (1999). [7] Lem-
mon, M. et al., Icarus 251,96 (2015). [8] Piqueux, S. & 
Christensen, P.R. JGR, 116:E07004 (2011).  
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Introduction:  NASA and ESA are jointly studying 

a potential Mars Sample Return (MSR) campaign which 
would retrieve samples planned to be collected by the 
Mars 2020 rover mission [1] and return those samples 
to Earth for subsequent scientific analysis [2]. Key ele-
ments of this campaign are a NASA-led Sample Re-
trieval Lander (SRL), which would be responsible for 
retrieving the Mars 2020-collected samples, loading 
them into an Orbiting Sample (OS) container, and 
launching the OS into a stable Mars orbit on a Mars As-
cent Vehicle (MAV), and an ESA-led Earth Return Or-
biter (ERO), which would be responsible for rendez-
vousing with and capturing the on-orbit OS, safely con-
taining it, and returning the samples to Earth. We pre-
sent here an overview of the notional SRL concept, out-
line the roles of NASA and ESA in the study to date, 
and discuss key architectural trades under study. 

SRL Mission Concept Description: The SRL mis-
sion would deploy a lander in the vicinity of Jezero 
Crater, where the Mars 2020 rover plans to land and col-
lect and cache samples during its 1.25-Mars-year pri-
mary surface mission. Key payloads on SRL would in-
clude an ESA-provided Sample Fetch Rover (SFR) and 
Sample Transfer Arm (STA), and a NASA-provided OS 
and MAV. 

Mission Design: The SRL would notionally launch 
on a Type III/IV trajectory, timed to arrive near LS~0, 
near the start of spring in the northern hemisphere.   The 
longer Earth-Mars transfer time for SRL allows the 
ERO mission, launched in the same opportunity, to ar-
rive at Mars in time to support relay telecommunication 
services for SRL. The solar-powered SRL mission 
would then carry out its surface activities during Mar-
tian spring and summer, maximizing available power, 
and would complete its surface mission and launch the 
retrieved samples into orbit before LS~180 (start of 
northern hemisphere fall), prior to significant decrease 
in available solar power and in advance of the potential 
for global dust storms. Launch opportunities as early as 
2026 are under study. 

Entry, Descent, and Landing: The Entry, Descent, 
and Landing (EDL) concept for SRL would include her-
itage concepts from the Mars 2020 mission, including 
hypersonic guided entry, supersonic parachute deploy-
ment, and use of terrain-relative navigation for im-
proved landing safety and reduced landing dispersion. 
After separating from the backshell, the SRL would uti-
lize propulsive terminal descent to deliver the legged 

lander to the surface. With Mars 2020-heritage capabil-
ities, SRL would achieve a landing ellipse with a semi-
major axis of roughly 4 km.  Assessment is underway to 
investigate the possibility of implementing an increased 
propulsive divert capability during terminal descent; in 
combination with terrain-relative navigation, this would 
have the potential to further decrease the SRL landing 
dispersion, with the important benefit of reducing the 
required surface drive distances. 

Surface Retrieval Mission: Once on the surface, the 
~120-kg SFR would egress from SRL and begin its sur-
face mission to retrieve samples previously cached by 
Mars 2020 at one or more depot locations. The currently 

 
Figure 1: Notional artist’s concept of SRL during propulsive 
descent 

 
Figure 2: Notional artist’s concept of transfer of sample 
tubes from the Sample Fetch Rover to the Sample Retrieval 
Lander, using the Sample Transfer Arm on SRL to load the 
sample tubes into the Orbiting Sample container on the 
Mars Ascent Vehicle 
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envisioned surface mission timeline would allocate 150 
sols for SFR to complete this retrieval and return to 
SRL. With a nominal 4-km SRL landing dispersion, this 
drives the need for high levels of SFR autonomy and 
mobility, with support for drive distances of up to 500 
m/sol, and with efficient operations during tube pickup 
at the depot site(s) and tube transfer to SRL. 

To increase campaign robustness, in addition to SFR 
retrieval of samples cached by Mars 2020, a subset of 
collected samples would be retained onboard Mars 2020 
itself and, assuming extended Mars 2020 health, would 
be independently delivered to SRL.  

Upon delivery to SRL, the SFR- and Mars 2020-de-
livered samples would be transferred using the STA, 
with the retrieved sample tubes loaded into the OS, atop 
the MAV. The number of sample tubes accommodated  
remains an open trade, and would balance science mo-
tivation – including prior studies of the science strategy 
associated with return of ~31 sample tubes – with engi-
neering constraints associated with the scaling of the 
OS, MAV, and payload elements on ERO as a function 
of the number of returned sample tubes [2,3]. 

Throughout the SRL surface mission, ERO would 
provide telecommunication relay services to SRL, SFR, 
and Mars 2020.  Any additional relay assets from the 
current Mars relay network still operational in the 
timeframe of SRL would augment these relay capabili-
ties.  

Mars Ascent Vehicle: Once the OS loading is com-
plete, the MAV would launch the OS into a stable, low-
altitude Mars orbit; current plans target a circular orbit 
at an altitude of 350 km. SRL MAV launch operations 
would be carefully coordinated with ERO to ensure that 
the orbiter is in view of the SRL site to provide critical 
event communication and tracking during the MAV 
launch. Accuracy of the MAV orbit delivery drives the 
complexity of ERO operations to locate, rendezvous 
with, and capture the on-orbit OS; we are currently tar-
geting delivery accuracies corresponding to better than 
10 km in semi-major axis and better than 1 deg in incli-
nation.  

Several technology options are under consideration 
for the 400-kg MAV, including a single-stage-to-orbit 
hybrid MAV design [4] as well as a two-stage solid pro-
pellant option.  The hybrid design offers some attractive 
features associated with delivery accuracy and surviva-
ble storage temperature, while the two-stage solid de-
sign offers higher technology maturity. Targeted tech-
nology development activity over the past several years 
has advanced the technology readiness level of the hy-
brid option through a series of full-scale hot-fire tests. A 
final selection of the MAV propulsion option is ex-
pected by the end of 2019. 

Summary: A NASA-led SRL mission, with several 

key payload contributions from ESA, would provide a 
major flight element of a proposed joint NASA-ESA 
MSR campaign. The SRL-deployed SFR would retrieve 
samples previously cached by Mars 2020; additional 
samples retained on Mars 2020 would independently be 
delivered to SRL.  Retrieved samples would be placed 
in an OS and launched by a MAV into a stable Mars 
orbit, for subsequent rendezvous and capture by ERO, 
for ultimate return to Earth. Key trade studies underway 
include the final number of sample tubes that can be ac-
commodated, the final landing dispersion for SRL (and 
the resulting SFR drive distance requirement), and the 
choice of propulsion technology for the MAV.   
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scribed in this paper was carried out at the Jet Propul-
sion Laboratory, California Institute of Technology, un-
der a contract with the National Aeronautics and Space 
Administration. The decision to implement Mars Sam-
ple Return will not be finalized until NASA’s comple-
tion of the National Environmental Policy Act (NEPA) 
process. This document is being made available for in-
formation purposes only.  
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Figure 3: Notional artist’s concept of Mars Ascent Vehicle  
launch, with the Sample Fetch Rover in the foreground. 
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Introduction: The EU-FP7 iMars project 

(http://www.i-mars.eu) developed a completely auto-
mated digital photogrammetric processing system, 
called CASP-GO [1] standing for Co-registration ASP-
Gotcha Optimised, based on the open source NASA 
Ames Stereo Pipeline (ASP) [2], Mutual Shape Adapted 
Scale Invariant Feature Transform (MSA-SIFT) based 
multi-resolution image co-registration [3], and the 
Gotcha [4] sub-pixel refinement method. The imple-
mented system [1] guarantees global geo-referencing 
compliance with respect to High Resolution Stereo 
Camera imaging (HRSC), and hence to the Mars Orbiter 
Laser Altimeter (MOLA), providing refined stereo 
matching completeness and high accuracy based on the 
open source ASP platform. CASP-GO has been applied  
for batch processing of thousands of serendipitous ste-
reo acquisitions from the NASA Context Camera and 
HiRISE instrument [1]. In parallel, UCL [5] developed 
a modification of the NASA-VICAR processing system 
for HRSC [6] which is called the KM processing sys-
tem. This has recently been employed to generate orbital 
strip and mosaiced products of the Martian SPRC 
(South Polar Residual Cap) [7]. We report on how all of 
these products are being quality assessed, classified and 
distributed. iMars also developed a web-GIS system for 
displaying of browse colourised (by height) hill-shaded 
products and the downloading of original DTM (Digital 
Terrain Model) and ORI (OrthoRectified Image) [8].  

Methods:  Aside from the ASP core pre-processing, 
initial matching, subpixel matching, camera triangula-
tion, and DTM generation, five additional workflows 
are introduced to further improve the DTM complete-
ness and quality. Figure 1 shows that these include (a) a 
fast Maximum likelihood sub-pixel refinement method 
to build a float initial disparity map; (b) an optimized 
outlier rejection and erosion scheme to define and elim-
inate mis-matches; (c) an Adaptive Least Squares Cor-
relation (ALSC) and region growing (Gotcha) based re-
finement and densification method to refine the dispar-
ity value and try to match un-matched and mis-matched 
area; (d) co-kriging grid-point interpolation to generate 
DTMs as well as height uncertainties for each interpo-
lated DTM point; and (e) OrthoRectified Image (ORI) 
co-registration with respect to a given base dataset (in 
our case level-4 HRSC products). 

Figure 1. CASP-GO flowchart [4] ASP (blue) & new (green) 

Products: The CASP-GO processing chain was ap-
plied to generate ~5,300 NASA Mars Reconnaissance 
Orbiter (MRO) Context Camera (CTX) stereo-derived 
3D imaging products using the MSSL-Imaging pro-
cessing cluster and the Microsoft Azure® cloud compu-
ting platform [1]. These DTMs cover ~18% of the Mar-
tian surface at 18m/pixel compared to the current HRSC 
DTM coverage of around 50% with grid-spacing from 
50m/pixel to 150m/pixel. Figure 2 shows their overall 
distribution when compared against previously pro-
cessed HRSC level-4 products [6]. 

 
Figure 2. Footprints of the processed iMars CTX blue for 
HRSC products available and (red for missing HRSC prod-
ucts) and HiRISE (green) DTMs displayed on top of the col-
ourised_by_height hill-shaded HRSC level 4 DTM products 
and greyscale hill-shaded MOLA DTM. 

The resultant multi-resolution co-registered 3D models 
will allow a much more comprehensive interpretation 
of the Martian surface, and are available to browse by 
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the international community of planetary geo-scientists 
through an interactive webGIS system (http://www.i-
mars.eu/web-gis) developed at the Free University 
Berlin [8] available at UCL-MSSL and through the 
ESA Guest Storage Facility (doi: 10.5270/esa-
0j79yk8). Some tens of HiRISE stereo products have 
also been processed and compared against products 
from other systems. An example of CTX products 
from ASP and CASP-GO is shown in Figure 2 along 
with an example of co-registered HRSC-CTX and 
HiRISE derived DTMs in Figure 3, viewed within Fle-
dermaus® 

 

Figure 3. Comparison of CTX DTM products showing the 
impact of using Gotcha to fill in the gaps as well as the slight 
reduction in fine-scale detail from smoothing. 

 
Figure 4. Perspective view of HRSC + CTX + HiRISE (2 
strips) DTM products. 

Quality assessment: The quality was assessed by 
the first author of  ≈3,800 CTX DTMs. This used crite-
ria such as no gaps or visible artefacts (Q5), small gaps, 
some jitter (Q4), larger gaps, worse jitter (Q3), large ar-
tefacts (Q4), limited coverage and poor quality (Q1) and 
failed (Q0). The results are shown in Table 1. Note that 
more than three-quarters of the DTMs have either qual-
ity 5 or quality 4. 

 
Table 1. Quality assessment of 3803 CTX DTMs based on 

a visual assessment. 
Known issues: The CASP-GO pipeline has been 

demonstrated to produce optimal results for CTX 

images when compared with several inhouse or com-
mercial DTM pipelines, such as SOCET-SET. How-
ever, there are known issues including: lack of a current 
de-jittering procedure, no options for an adaptive kernel 
size, different tiling artefacts from different matching 
stages which cannot yet be fully removed, and the com-
putation time of the Gotcha process is quite high. 

Software: The CASP-GO system has been tested on 
the latest Mac OS, RHEL and Ubuntu systems and will 
be available as opensource through the ASP and 
MSSL_Imaging’s Github page. A GPU version is cur-
rently under development to address the Gotcha bottle-
neck. A harness to allow use of cloud computing plat-
forms such as Microsoft Azure® and Amazon® Web 
Services is also available. 

Future work: Further development work is planned 
including (a) assessment of input image quality to 
screen out unsuitable input scenes (e.g. dust clouds); (b) 
optimal setting of parameters to reduce gaps; (c) further 
detection and elimination of artefacts. The iMars base 
products can be used by the ESA ExoMars Trace Gas 
Orbiter 2016 and subsequent ESA missions for naviga-
tion and orientation and can be employed to provide the 
necessary inputs for engineering operations for the ESA 
ExoMars 2020 rover and for any Mars Sample Return 
missions in the 2020s. Experiments have been per-
formed with CaSSIS DTM production and the software 
will be made available through future updates at the 
Github page. HRSC products can also be derived using 
ASP and this functionality will be integrated into 
CASP-GO to allow the unprocessed orbital strips 
(≈50% of the surface) and large area mosaics to be cre-
ated at multi-resolutions. 
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tern Recognition, 45(10), 3795-3809. [5] Kim, J.; Mul-
ler, J. (2009) Planetary and Space Science, 57, 2095–
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Introduction: The Mars 2020 rover will land in the 
Jezero crater near the outcrops of an ancient deltaic 
deposit in February 2021. The rover will investigate 
this ancient habitable site while collecting well-
characterized samples to create a returnable cache 
[1]. The well preserved and accessible delta in Jezero 
presents an exceptional opportunity to investigate a 
Noachian-aged hydrological system with excellent 
biosignature preservation potential [2]. While this 
delta, formed in an open-basin lake [23], will likely 
be the immediate terrain targeted for sampling, the 
Jezero crater sits in an exceptionally well-exposed 
region that exhibits a record of the first billion years 
of Mars evolution [28].  The geologic targets for this 
record exist outside the rim of Jezero which is well 
within the capabilities of the 2020 rover. This is an 
unprecedented opportunity to create a scientifically 
compelling cache of rock cores that record major 
events of the first billion years of Solar System evo-
lution. The surprising geologic diversity makes the 
Mars 2020 landing site a compelling target [2, 3, 28].  

The Jezero crater region sits at the intersection of 
Isidis impact basin and Syrtis Major volcanic prov-
ince (Fig. 1). The region exhibits a well-ordered 
stratigraphy of geologic units spanning Noachian to 
Early Hesperian times [3, 4]. Geologic units can be 
definitively associated with the Isidis basin-forming 
impact (≈3.9 Ga) in the form of mega breccia [26, 
27, 28].  The composition and textures of the blocks 
in the megabreccia range widely and include pristine 
igneous lithologies, aqueously altered rocks, and 
layered (sedimentary?) blocks of Noachian crust that 
pre-date the Isidis-forming impact [4, 28].  Unal-
tered mafic igneous blocks dominated by low-Ca 
pyroxene (e.g. pigeonite) are relatively common 
along with less common olivine- and high-Ca rich 
lithologies. These crystalline igneous rocks are a 
window into early magmatic processes. The blocks 
may record crustal formation processes dating back 
to the magma ocean or Noachian intrusions into the 
crust (e.g. [4]) or Noachian/Pre- Noachian volcan-
ism. 

There is a well-documented transition in igneous 
mafic composition on Mars from low-Ca pyroxene- 
enriched rocks in Noachian terrain to widespread 
high-Ca, low-Ca, olivine volcanism in Hesperian 
volcanic provinces [e.g. 5, 6]. Quantitative geo-

chemical modeling [6] hypothesize this transition 
could be explained by a slower cooling rate than the 
Earth with a much higher Urey number (ratio of heat 
production to loss) for Mars. 

Establishing an absolute chronology for Mars is 
important for placing key planetary evolution events 
in the context of Solar System evolution. A major 
outstanding solar system evolution question of a pe-
riod of heavy bombardment ≈500 Myr after accretion 
of the terrestrial planets. Except for the Moon, we 
have no definitive dates for basins formed in the So-
lar System. Radiometric systems in crystalline igne-
ous rocks exposed by Isidis and possible melts gen-
erated during the event would likely contain isotopic 
signals of the impact.  Returned samples from these 
rock would provide a key data point for understand-
ing basin forming processes on Mars and in the Solar 
System. Furthermore the Isidis basin impacted onto 
the rim of the hypothesized Borealis Basin [7]. Given 
this proximity there is a possibility that some ages 
may have been reset by the Borealis basin as well. 

The nature of Mars’ magnetic field is an im-
portant planetary evolution question that can be in-
vestigated in the context of the rocks exposed in the 
rocks exposed in the plateau outside Jezero. A rem-
nant martian magnetic field observed in Noachian-
aged crust (mostly in the southern highlands [8]) has 
also been detected in martian meteorite ALH84001 
[9]. The lack of a recorded magnetic field in and 
around the large impact basins (Hellas, Isidis, Ar-
gyre) is cited as evidence that the magnetic dynamo 
had ceased by the time of basin formation.  Crystal-
line igneous samples collected in geologic context 
by Mars 2020 will contain an invaluable record of 
the magnetic field of another solar system body to 
address significant planetary evolution questions of 
the evolution of particularly of a Mars-sized body. 
Such samples could be used to test, for example 
thermal evolution models of Mars that predict a 
convecting core and geodynamo extending from 
4.55 Ga to sometime after 4 Ga [10, 11].  

A major outstanding question for Mars is how 
and when did Noachian-aged phyllosilcate- bearing 
crust become so extensively altered? Since the pio-
neering discovery that Noachian crust is extensively 
aqueously altered, while Hersperian rocks are much 
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less likely to be altered (or not at all!) the questions 
of how this observation fits into models of water 
and climate history have prevailed [12]. While 
there is little doubt that aqueous alteration has oc-
curred in many different geologic contexts over a 
broad span of geologic time, the question of Noa-
chian crustal alteration seeks to understand the ori-
gins of the pervasive alteration so readily exposed 
in scarps, impact central peaks, walls and eject, and 
exhumed landscapes in Noachian crust.  

The leading hypotheses can be aligned along 
four themes:  

(1) Low-grade hydrothermal to diagenetic alter-
ation in the shallow crust (e.g. [13]). Geothermal 
heat flow provides a steady source of heat to keep 
the shallow crust between 100- 300°C. In the pres-
ence of abundant groundwater basaltic rocks are 
altered to assemblages containing Fe/Mg smectite 
clays (saponite) and mix layer chlorite-smectite 
[14, 15].  

(2) Surface and near- surface weathering was 
very active in the the Noachian leading to active 
leaching and aluminous clay alteration [13]. Depos-
its formed during periods of surface weathering 
would be mixed into the crust via impact gardening 
and mixing over 100s of millions of year, perhaps 
recorded in the layered megabreccia blocks ob-
served in NE Syrtis [28].  

(3) Impact generated hydrothermal alteration 
occurred frequently when impacts formed in water 
rich crust [e.g. 17]. There is the potential for these 
low-grade hydrothermal systems to have lasted 
thousands or years and locally altered the crust sim-
ilarly. Over 500 Myrs, the accumulation of these 
deposits would contribute significantly to the Noa-
chian record of alteration.  

(4) Following accretion, Mars may have been 
shrouded in a dense, super critical H2O-CO2 steam 
atmosphere [18]. This atmosphere would have 
enormous potential to alter the upper 10 km of ba-
saltic crust to the assemblages commonly seen to-
day [20]. Modeling the following 500 Myr of im-
pacts and volcanism results in a spatially and verti-
cally heterogeneous mélange of unaltered and al-
tered mafic-ultramafic crust, similar to what is ob-
served today in Noachian crust [19].  

(5) Large basin impacts could produce both hot 
spherule layers and abundant hot rainfall for dec-
ades to centuries [24]. This could provide both 
wide- spread olivine-rich layers and hot and water-
rich environments necessary for extensive altera-
tion. These five are not exclusive hypotheses, and 
simultaneous and/or sequential processes involving 
these types of alteration are entirely possible. 

Throughout the region northeast of Syrtis Major 
is an olivine-rich deposit that is variably altered to 

carbonate [20]. Four hypotheses have been advanced 
to explain its origin: (1) Impact melt [3], (2) volcan-
ism [21], (3) basin-related spherules [24] and (4) 
Volcanic tephra [22]. It temporally postdates the 
Isidis impact event and is found to drape the crater 
rim of the Jezero impact crater. The process of car-
bonation is particularly important for understanding 
climate and habitability at the time of alteration. 

One of the enduring mysteries on Mars is the 
composition of the early atmosphere and nature of 
Noachian climate [25]. The geologic record for the 
late Noachian is rich in morphologic and mineralogic 
evidence for abundant water flowing on the surface. 
The detailed isotopic signatures of the atmosphere 
and surface atmosphere interactions will be recorded 
in phyllosilicates and volcanic and impact glasses. 

Conclusion: The geologic units accessible to 
Mars 2020 in the Jezero delta, floor deposits, crater 
rim and the adjacent region of NE Syrtis contain 
rocks effected by many of the important evolution-
ary events in the evolution of Mars and the Solar 
System. The sample cache from Mars 2020 will be 
transformative for planetary science.  
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IDENTIFICATION AND QUANTIFICATION OF BOULDER DISTRIBUTIONS NEAR THE JEZERO 
CRATER FAN SYSTEM USING HIRISE IMAGERY.  T. P. Nagle-McNaughton1,  J. M. Williams1, Z.E. 
Gallegos1, H.A. Wilkie1, D.C. Martinez1, L.A. Scuderi1  1The University of New Mexico, Department of Earth and 
Planetary Science (timnaglemcnaughton@unm.edu). 

 
Introduction:  An automated methodology for 

identifying boulders in High Resolution Imaging Science 
Experiment (HiRISE) [1] images via ArcGIS was developed 
for this study. The workflow enables the measurement of 
important boulder characteristics (area, length, width, 
elevation, transport distance), and geospatial statistical 
metrics (density, autocorrelation, and clustering).  

Understanding these properties is important for broadly 
two reasons: 1) boulders and large clasts pose a challenge to 
the traversability of terrain for both rovers and future human 
missions [2]–[5], and 2) boulders are important for 
understanding the sedimentologic, aeolian, and erosional 
processes at work on a surface [6]–[12]. 

Methods: This study had four objectives: 1) Accessibility 
for varied levels of experience with geographic information 
systems (GIS) software and programming,  2) application to 
almost any HiRISE image with boulder features,  3) effective 
discrimination between boulders and other features,  4) easy 
alteration and evaluation of  parameters and estimates. 

The workflow is prototyped in ArcGIS but was ultimately 
developed via the ArcPy python module [13]–[15]. The full 
process has 10 steps (Summarized in Figure 1): 1) the user 
supplies necessary input variables, 2) a 20-pixel radius mean 
filter is applied to the input HiRISE image to ‘smooth’ the 
image, 3) the averaged HiRISE image is split into three 
brightness interval images (‘dark’, ‘medium’, and ‘light’) 
based on user-determined pixel values, 4) a 2x2 range kernel 
filter is applied to each of the three brightness interval images, 
5) ‘boulder’ pixels are iteratively extracted from each of the 
range-filtered images based on a user-determined range and 
step (i.e. all pixels above value n, for n in range x to y with 
step z), 6) for each brightness interval, the user then visually 
compares the original HiRISE image to each of the boulder-
pixel rasters to determine the pixel threshold at which no false-
positive boulder pixels are present (the ‘conservative’ 
threshold), and the threshold at which no false-negative pixels 
are present (the ‘liberal’ threshold), 7) the boulder rasters 
corresponding to the conservative and liberal values are 
converted to simplified polygons (polygons containing a 
minimum number of segments while remaining as close as 
possible the original raster cells), 8) the minimum-bounding 
geometry of each polygon is calculated, 9) based on digitized 
scarps, the nearest scarp to each boulder is identified, and the 
distance and angle to the nearest scarp are saved, 10) the 
resulting database tables are exported for further analysis.  

 
 

A.  B.  

C.  D.  

E.  

 
Figure 1: Summarized 
boulder detection.  
A) Raw HiRISE imagery 
B) 2x2 kernel range filter 
C) Extracted ‘boulder’ pix-
els (liberal threshold)  
D) Simplified polygons  
E) Minimum bounding ge-
ometries  

 
Using this procedure, the workflow: requires minimal 

understanding of programming, identifies boulders >60cm in 
diameter, can be customized to various degrees of boulder 
rounding, works on images with different overall brightness 
levels, works on images with any illumination angle, works 
across high-contrast images, and enables the user to easily 
constrain false positives and negatives 

Application: The workflow is applied to a HiRISE image 
of the Jezero Fan (PSP_002387_1985 NASA/JPL/University 
of Arizona). This image covers ~64km2. Manually digitized 
scarps [16] covering the southern portion of the Jezero Fan 
were used to examine the boulder distributions in detail. 

The Jezero crater distributary fan (Figure 2) is an 
intriguing target for this boulder study due to its distinct 
geomorphic features and potential future boulder and in-situ 
exploration. Analysis and sampling of boulder deposits 
around the fan could help inform the origins of the material 
supporting the inverted topography. The Mars 2020 rover 
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mission has identified the Jezero distributary system as the 
prime target for exploration. The rover will land within the 
crater and traverse to the fan where it will perform analyses on 
outcrops and float material from the erosion of the fan scarps. 
Characterization of boulder distribution prior to landing can 
both elucidate the sedimentologic and erosional properties of 
the fan, and aid in rover mission planning.      

 

 
Figure 2: The Jezero Fan distributory system 

 
Results: With our methodology, we identified ~440,000 

boulder-like features in the image using the most conservative 
estimate, and with the more liberal parameters we identified 
~3,800,000 features (Figure 3). Using several criteria (feature 
data completeness, distance from scarps, and lengths and 
widths) this study reports between ~150,000 and ~1,200,000 
boulders on or near the Jezero fan. The distribution of boulders 
around the fan is heterogeneous. 

 

A.  B.  

Figure 3: Boulder detection. A) Raw image B) Boulder 
pixels highlighted in red (liberal parameters). 

 
The distribution of boulder size by area is strongly right-

skewed. Using the conservative parameters, the median 
boulder size was 0.27m2. With the liberal parameters, the 
median boulder size was 0.38m2. The distribution of boulder 
distance from scarps was also strongly right-skewed. Using 
the conservative parameters, the median boulder distance from 
a scarp was 38m. With the liberal parameters, the median 
boulder distance from a scarp was 46m. However, there is no 
relationship between boulder area and boulder distance from 
a scarp. 

Discussion: This methodology is a ‘proof-of-concept’ and 
requires further refinement. There are currently challenges 
with both correctly identifying boulder-like features, and 
distinguishing  true boulders from boulder-like features. For 
example, scan-line artifacts in the HiRISE imagery, dune 
crests, and bright cracked polygonal terrain can easily be 
detected incorrectly as boulder features. Further, the 
conversion of ‘boulder’ pixels to polygons can result in 
incorrect bounding geometries. Automatically extracting 
scarps would be ideal, but remains challenging. Correcting the 
issues above and filtering out false-positive features is the 
subject of ongoing work. 
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Introduction:  The redox condition, or oxygen fu-

gacity (fO2), of a magma controls the stability and 
composition of crystallizing and volatile phases in a 
magma, and provides information on the genesis, dif-
ferentiation, and a source region of the mantle. A 
knowledge on the evolution of the Martian interior has 
been acquired by the analysis of the Martian meteor-
ites. Mineralogical oxybarometers have been conven-
tionally used to estimate the fO2 of Martian magmas 
(e.g., [1–5]). Partitioning of redox sensitive elements 
has been more recently used to evaluate the fO2, com-
bined with laboratory experiments (e.g., [6–10]). 

These previous studies did not pay much attention 
to glassy compounds. Meanwhile, olivine-hosted glass 
inclusion and groundmass glasses are generally crystal-
lized out at the earliest and latest stages of the for-
mation of basaltic rocks, respectively. This fact means 
that the investigation of these contrasting glass phases 
has the potential to provide information on the transi-
tion or evolution of the fO2 condition from the initial 
basaltic magma generation to the final solidification 
stages. X-ray absorption near edge structure (XANES) 
analysis on the redox sensitive elements can be the best 
method to estimate the fO2 condition of glass in Mar-
tian meteorite because XANES is applicable to amor-
phous glass, which is impossible to analyze using X-
ray diffraction. 

This study performed micro-XANES (μ-XANES) 
analysis on V and Fe in both inclusion and groundmass 
glasses of a Martian meteorite (Yamato 980459; Y98) 
to estimate fO2 condition and evolution of Martian 
magma. The determination of the oxidation states of V 
and Fe can offer reasonable clues with which to esti-
mate fO2 condition, taking into account the facts that 
these elements are highly redox sensitive to reflect var-
ious oxidation states over a wide range of fO2 experi-
enced by planetary basalts [11]. 

Sample: Y98 is an olivine-phyric shergottite, dis-
playing a porphyritic texture with olivine megacrysts. 
Since Y98 represents a primary melt composition that 
evolved in a close-system  [12, 13], Y98 is an ideal 
meteorite sample to directly determine the oxidation 
states of redox sensitive elements in the inclusion and 
matrix glasses based on the XANES analysis. 

Analysis: A polished thin section of Y98 (#51-2) 
was used in this study. The V K-edge (5465 eV) μ-
XANES analyses were performed using the undulator 

beamline BL05XU of SPring-8 (Hyogo, Japan). The 
X-ray beam was focused using a K-B mirror to a final 
spot size of 1.0 (vertical) × 1.0 (horizontal) μm2. The 
Fe K-edge (7111 eV) μ-XANES spectra were meas-
ured using the bending magnet beamline BL-4A of 
Photon Factory (PF; Tsukuba, Japan), where the X-ray 
beam was focused using a K-B mirror to a final spot 
size of 4.5 (V) × 4.0 (H) μm2. Prior to the μ-XANES 
measurements, X-ray fluorescence (XRF) mapping 
which was scanned in 5 μm step were obtained to de-
termine the analytical spot with referring to the 
backscattered electron images [13]. The μ-XANES 
measurement were carried out at 2 analytical spots of 2 
different inclusion glass (4 spots in total), and 8 analyt-
ical spots for groundmass glass. 

The oxidation state of Fe was calculated by analyz-
ing the pre-edge features [14], and the fO2 condition of 
the analytical spot was estimated by the pre-edge fea-
ture of V [15]. Silicate glasses which have the same 
composition with that of Y98 were synthesized under 
three different fO2 conditions; relative to the iron-
wüstite (IW) buffer (IW±0), 0.7 log unit more oxic 
than IW (IW+0.7), and IW+2.2. These glass standards 
were used for calibration.  

Results & Discussion: The V K-edge XANES 
spectra of synthesized glasses shows that the pre-edge 
peak intensity at around 5467 eV becomes larger with 
increasing fO2 (Fig. 1). In contrast, the maximum ab-
sorption peak at around 5483 eV becomes smaller with 
increasing fO2. The V K-edge XANES spectra of 2 
inclusion and 2 groundmass glasses are also presented 
in Fig. 1. A comparison of XANES spectra shows that 
the pre-edge peak intensities of the inclusion glasses 
are smaller than those of groundmass glasses, suggest-
ing that the inclusion glass was formed under more 
reducing condition than groundmass. A mean fO2 value 
of inclusion glass is IW±0.0 (±0.2), whereas that of 
groundmass glass is IW±0.8 (±0.3). The oxidation state 
of Fe varied from 1.89 to 1.97 for the inclusion glasses, 
whereas 2.01 to 2.36 for the groundmass glasses, which 
is strongly correlated with fO2 condition (Fig. 2). The 
current study based on direct V and Fe μ-XANES 
analyses on inclusion and groundmass glasses shows 
consistent fO2 values with previous studies reporting 
redox conditions of Y98 [7, 8, 13, 16]. 

The μ-XANES analysis clearly shows different re-
dox condition between inclusion and groundmass glass, 
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representing the earliest and the latest stage of the 
magma crystallization. This result reasonably indicates 
that groundmass glass showed more oxidizing condi-
tion than the inclusion glass. The fO2 increase during 
magma evolution is also reported for lithology A of 
Elephant Moraine 79001, North West Africa 1068/ 
1110, and Larkman Nunatak 06319 based on different 
mineralogical oxybarometers [17–19]. Although the 
mineralogical oxybarometer is a reliable method to 
estimate the redox condition, it requires more than two 
mineral phases to determine the fO2 condition. In this 
respect, the best merit on performing the XANES anal-
ysis is that it can be applied to a single phase of glassy 
compounds. This fact means that redox condition of 
volcanic rocks is more easily determined even if they 
do not crystallize out several kinds of minerals. This is 
the prime reason why the current study showed the fO2 
increase of Y98 that represents a primary melt compo-
sition and contains only olivine, pyroxene, and chro-
mite [12, 13]. 

This fO2 difference indicates that the redox condi-
tion of the Y98 parent magma evolved during magma 
ascent and emplacement. Since Y98 is believed to have 
evolved in a closed system, our finding suggests that 
fractional crystallization and/or ascent of magma po-
tentially induced the fO2 increase. This study shows 
that the μ-XANES technique enables us to determine 
the fO2 condition by only measuring a single phase of 
glassy compounds, and thus, it is useful to discuss the 
redox condition of volcanic rocks even if they do not 
crystallize out a pair of phases utilized for conventional 
oxybarometers.  
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Figure 1. Vanadium K-edge XANES spectra of syn-
thesized glasses under three different fO2 conditions, 
inclusion glass, and groundmass glass. 
 

 
Figure 2. Relationship between fO2 condition estimat-
ed by V pre-edge and averaged oxidation states of Fe. 
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      Introduction: Recurring Slope Lineae (RSL) are 
dark, narrow features that appear and lengthen on steep 
(~30°) slopes in warm seasons and fade in cold seasons 
of Mars [1,2,3]. Several processes have been proposed 
for the formation mechanism of RSL, including liquid 
brine flows triggered by melting of subsurface briny ice 
(the wet flow hypothesis) [4], and granular flows on 
slopes (the dry flow hypothesis) [5]. However, the for-
mation mechanism of RSL is still in debate because of 
a difficulty of geological survey for Martian RSL. 
     Here, we report terrestrial Recurring Slope Lineae 
(terrestrial RSL) in cold, arid areas of central Mongolia. 
In our previous study [6], we found the narrow dark 
streak features in Mongolia. In the present study, we re-
port a time evolution of these features over years to con-
firm its recurrence (appearance and dissipation). We 
also conduct geological surveys for the terrestrial RSL 
several times in different seasons to investigate its for-
mation mechanism. Based on the geological survey, we 
discuss the required water mass flux and possible source 
of water to form Martian RSL when the formation 
mechanism of the terrestrial RSL can be applied to Mar-
tian ones. 
     Terrestrial recurring slope lineae in Mongolia: In 
the previous study, we searched RSL-like dark, narrow 
features over Earth’s surface using satellite images [6]. 
We found terrestrial RSL only in cold and arid, southern 
part of Khangai Mountains in central Mongolia (Fig. 1) 
[6]. In this area where RSL are found, discontinuous 
permafrost and underground ice melt seasonally [7]. 
The terrestrial RSL favor equator-facing downslopes 
from bedrock outcrops. 

The width and length of terrestrial RSL are 0.5–5 m 
and 100–150 m, respectively (Fig. 1), comparable to 
those of Martian RSL [1,2,3], although the slope angles 
of the terrestrial analogues (~10–12º) are shallower than 
those of typical Martian RSL (~30º). The terrestrial RSL 
also initiate from fractures of the basement rocks (Fig. 
1), which are often seen in Martian RSL. 

Based on the satellite images taken in different sea-
sons and visual images taken by an unmanned aerial ve-
hicle in our geological surveys (see below), the present 
study finds that terrestrial RSL are recurring over years 
(Fig. 1). Similar to Martian RSL, terrestrial RSL also 
appear on slopes in warm seasons (e.g., August and 
early September: Fig. 1a and 1d) and fade in cold  
 

 
and dry seasons (e.g., late September and December: 
Fig. 1c and 1e). Dissipation of the RSL would not be 
caused by snow coverage on the surface. Despite small 
snow patches are seen in the satellite image of Decem-
ber 2018, snow uncovers entirely the slope, where the 
RSL fade (Fig. 1e). The observed similarities in mor-
phology and seasonal activity strongly suggest that the 
terrestrial RSL in Mongolia are promising analogues of 
Martian RSL. 
 

 
Figure 1. (a) Terrestrial RSL at the site-BH in Mongolia 
taken on September 4, 2012 (Google Earth image). (b) 
Recurring Slope Lineae (RSL) in Newton Crater, Mars. 
Portion of image ESP_023045_1380. (c-e) the visual 
images of site-BH in Mongolia taken in different sea-
sons. RSL are not seen on the slope in (c) on September 
30, 2017 (Google Earth image). On the other hand, they 
appear in (d) on August 26, 2018 during our survey; ar-
rows point to RSL. Features fade again in (e) on Decem-
ber 16, 2018 (Google Earth image). 
 
      Geological survey & analyses: We conducted geo-
logical survey for two sites of the terrestrial RSL in 
Mongolia in August in 2018 and May in 2019. One site  
is located at 10-km north of Bayankhongor city at alti-
tude of 2060 m from the sea level (termed, the site-BH: 
Fig. 1), and the other site is located at 25-km north of 
Gurvanbulag town at altitude of 2630 m from the sea 
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level (termed, the site-GB) [6]. Owing to higher eleva-
tion of the site-GB than the site-BH, a mean surface 
temperature at the site-GB is generally lower than that 
at the site-BH.  
      In the surveys, we measured water contents of soils 
on site on and outside the RSL. The mineralogical com-
positions and grain size distributions were measured. 
During the survey in August, no water flow was ob-
served at the site-BH, whereas surface runoff occurred 
on the slopes along with the RSL at the site-GB due to 
melting of underground ice [6]. At the site-GB, velocity, 
depth, and width of the water flow were also measured 
on site. The chemical composition of the collected water 
was measured with ICP-AES. 

Terrestrial RSL at the site-BH: Although no water 
flowed during the survey at the site-BH in August, RSL 
appeared on the slope (Fig. 1). At the source regions of 
the RSL, small cannels with width of ~5–10 cm and 
depth of ~1–2 cm are found. Along with the channels, 
bright whitish sands (grain ~300–2000 μm, composed 
mainly of quartz and plagioclase) on the surface are re-
moved, and underlying dark brownish soils (grain ~10–
200 μm, composed mainly of biotite and hornblende) 
appear on the slope. Removal of bright surface sands 
occurs not only in the source regions but also along with 
whole of the RSL. As discussed in [6], these observa-
tions suggest that selective traction of surface sands by 
surface runoff with speed of ~0.1 m/sec would have oc-
curred along with the RSL. This speed of surface runoff 
is consistent with those measured at the site-GB upon 
melting of underground ice [6]. Based on these obser-
vations, we suggest that an appearance of the terrestrial 
RSL is caused by selective removal of bright surface 
sands by surface runoff [6].  
      The mechanism of disappearance of the terrestrial 
RSL is still unclear. However, one plausible mechanism 
is sand saltation by strong wind and dust events. In cen-
tral Mongolia, frequencies of strong wind and dust event 
are highest in April to May followed by September to 
October [8]. 
     Implications for Martian RSL: The formation 
mechanism of the terrestrial RSL can explain the two 
issues in the wet flow hypothesis for RSL formation on 
Mars; that is, 1) no remote-sensing detection of liquid 
water, and 2) the fact that RSL appear only on steep 
slopes. Concerning the point 1), both removal of a sur-
face dust layer by transient surface runoff and conse-
quent appearance of underlying basaltic bedrocks can 
explain the lack of liquid water on Martian RSL [6]. Re-
garding the point 2), sufficiently high velocity of surface 
runoff can be achieved on steep slopes on low-gravity 
Mars. Given the difference in gravity between Earth and 
Mars, flow speed  (i.e., ~0.1 m/s) of surface runoff 
achieved at the terrestrial RSL with angle of ~10–13º 

can be achieved on a slope with higher angles of ~25–
30° on Mars, if the depth and width of water flow are 
same between terrestrial and Martian RSL [6]. 

A key question to the proposed mechanism for Mar-
tian RSL is whether sufficient flow rate of brine can be 
achieved on Mars. A recent model suggests that 
upwelling groundwater through fault-like fractures 
within bedrocks can be a source of brine for RSL on 
Mars [9]. This model suggests deep sources of ground-
water at depths of ~750 m to explain the seasonal melt-
ing and freezing of groundwater [9]. Here, we evaluate 
the subsurface conditions to achieve the flow rate of 
brine (i.e., 0.1 m/s) required for our mechanism based 
on the groundwater upwelling scenario proposed by [9]. 
According to the Darcy’s law, upwelling flow rate of 
brine can be written as follows; 

 

 

 
where K is the hydraulic conductivity,  is the density 
of the fluid,   is the acceleration due to gravity,   is 
the applied pressure difference, and  is the thickness 
of the bed of the porous medium. To achieve 0.1 m/s of 
flow rate of brine on the surface, the hydraulic conduc-
tivity of the fractures needs to be order of 10-2 m/s. This 
hydraulic conductivity is corresponding to those of 
highly-fractured rocks [10], consistent with a view of 
upwelling groundwater within fractures within the bed-
rocks. Thus, the flow rate of brine required for our 
mechanism can be achieved in the proposed scenario of 
deep groundwater upwelling [9], with a reasonable 
range of hydrogeological parameters.  

References: [1] McEwen et al. (2011) Science, 333, 
740; [2] McEwen et al. (2014) Nat. Geosci., 7, 53; [3] 
Dundas et al. (2017) Nat. Geosci., 10, 903; [4] Stillman 
et al. (2016) Icarus, 265, 125; [5] Schmidt et al. (2017) 
Nat. Geosci., 10, 270; [6] Nakamura et al. (2019) Proc. 
LPSC, No. 2132; [7] Szumińska (2016) Sediment. Geol. 
340, 62; [8] Kurosaki and Misaki (2005) J. Meteor. Soc. 
Japan, 83A 1; [9] Abotalib and Heggy (2019) Nat. Ge-
osci., 12, 235; [10] Bear (1972) Dynamics of Fluids in 
Porous Media, Dover Publications Inc., New York 
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Fig. 2. SEM image of coating on 
interior of silica glass tube after de-
gassing and cooling, and EDS spec-
trum suggesting FeOCl.

Fig. 1. Octahedra of 
maghemite adhered 
to the wall of the 
silica glass tube by 
Na-K-Fe chlorides 
(dark crystals in a. 
and b.) 

MARTIAN DUST: WHAT ROLE COULD MAGMATIC GAS HAVE PLAYED IN ITS CHEMICAL 
SIGNATURE?  H. Nekvasil1,  N. J. DiFrancesco2,  A. D. Rogers1 and P. L. King3, 1Department of Geosciences, 
Stony Brook University, Stony Brook, NY 11794-2100, Hanna.Nekvasil@stonybrook.edu, 2SUNY Oswego, De-
partment of Atmospheric and Geological Sciences, Oswego, NY 13126, Nicholas. DiFrancesco@oswego.edu, 
3Research School of Earth Sciences, The Australian National University, Canberra, ACT 2601, Australia, pen-
ny.king@anu.edu.au. 

 
 
Introduction:  Dust is ubiquitous on the martian 

surface. It potentially preserves important information 
of past and present geologic and atmospheric process-
es, but unravelling its origin and evolution presents an 
ongoing challenge. Martian dust is compositionally 
distinct from terrestrial dust by virtue of its S-, Cl-, and 
Fe-enrichment (e.g., [1-4]). Furthermore, there is poor 
compositional correlation of dust to its soil or rock 
substrate (e.g., [4]). Both of these characteristics sug-
gest that localized weathering and erosion may have 
been minor players in dictating dust composition; in-
stead, a broader, perhaps planet-wide, process may 
have played a significant role in producing the dust. 
One global process that potentially affected the mar-
tian dust composition is the addition of Cl, S, and Fe to 
the surface by magmatic gas released during volcan-
ism. Such addition could take place through (i) deposi-
tion of micron-sized chlorides, sulfides, and ferric ox-
ides grains directly by the cooling magmatic gas and 
(ii) formation of readily erodible surface sulfates 
formed during magmatic gas/mineral dust interaction. 
Such processes would be enhanced on Mars relative to 
Earth if martian magmatic gases were higher in 
Cl/(OH) and S/(OH), as has been suggested by [5] and 
[6]. This would lead to a higher amount of the less-
volatile (condensable) solutes (e.g., NaCl(g)) and low-
er abundance of the volatile (non-condensable) species 
(e.g., H2O, H2) in the gas [7] and the potential to pro-
duce a significant quantity of mineral condensates.  

In order to assess the nature of minerals added to 
the martian fines through processes (i) and (ii) we have 
developed and implemented an experimental approach 
in which a gas-charged magma with martian composi-
tion (specifically, Irvine composition magma [8] at 
NNO) exsolves a multi-component gas which sepa-
rates at 1200  C and 1 bar and is retained in a strong 
thermal gradient in a nominally closed system – a long 
evacuated silica glass tube. This gas precipitates min-
erals in the thermal gradient [9] along the walls of the 
tube, thereby providing information on the phases that 
could be added to the dust directly by gas condensa-
tion. As the tube is removed from the furnace and 
cools, reactions between the primary condensed min-
erals and the residual cooling gas occurs, providing 
insights into potential secondary minerals that might 
form and persist in the martian dust. For some experi-

ments, a capillary was drawn in the tube and a mineral 
grain (target), separated from the tube by Pt wire, was 
placed above the capillary before evacuating and seal-
ing the tube. This mineral was in the gas stream and 
could react with the exsolving gas and provide insight 
into minerals produced by dust/magmatic gas interac-
tion.   

Results. These investigations have indicated that 
primary high temperature vapor-deposited phases from 
Cl- and S-rich, OH-poor gas are halite (NaCl), sylvite 
(KCl), lawrencite (FeCl2), magnetite (Fe3O4), pyrrho-
tite (Fe1-xS), pyrite (FeS2) and native S. These are pro-
duced in such quantities by gas condensation that it 
suggests that magmatic gas from Amazonian lavas 
from Arsia Mons [10], Central Elysium Planitia [11], 
and Olympus Mons [12] alone could have greatly en-
riched the surface in Fe, Cl, and S.  

These experiments also indicated that secondary 
phases could be produced as the lava flows cooled and 
the thermal gradient profile in the gas column directly 
above the flow collapsed. Of particular note is the 
formation of maghemite (Fig. 1) and eventually hema-
tite from magnetite as cooling 
progressed and the formation of 
iron oxychloride (FeOCl) likely 
through the reaction 
FeCl3 (molysite) + Fe2O3 (hema-
tite or maghemite)  3FeOCl,  
which takes place at ~350 oC at 1 
atm [14, 15] (Fig. 2).  
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Fig. 3. Experimental 
setup showing experi-
mental setup with gas 
source and  “target min-
eral” 

Fig. 4. Minerals pre- (PRE) and post-alteration (POST). A. 
PRE olivine; B. POST olivine; C. PRE augite; D. POST au-
gite (high S source). E. and F: sulfates formed on reacted 
augite in D as determined by SEM/EDS.  

There are various routes to destruction of FeOCl 
that could inhibit its identification in martian fines. 
Iron oxychloride readily picks up atmospheric mois-
ture and can produce akaganéite (FeO(OH,Cl) [16] a 
phase seen for example, in Gale crater, e.g., [17], or 
Fe(OH)2Cl, even at temperatures below 100°C. Upon 
heating, Fe(OH)2Cl can lose some HCl and revert to 
(FeO(OH,Cl), or, if all HCl is lost, form -FeOOH 
[18]. 

Although significant Fe-, Cl-, and S- enrichment 
(and more minor enrichment of Na, K, and likely Zn) 
of martian dust seems to be readily achievable through 
direct magmatic vapor deposition of halides, sulfides, 
and oxides, no Ca- or Mg-bearing phases were precipi-
tated by direct vapor condensation in our experiments 
(as confirmed by ICP-OES analysis of the bulk com-
position of the vapor-deposited material). This sug-
gests that these cations did not partition strongly into 
the gas phase. Furthermore, sulfates did not form in 
any of the vapor-deposited material. Although the Mg 
and Ca content of the dust could be inherited from 
primary igneous minerals, we investigated whether 
magmatic gas/mineral interaction could mobilize Ca 
and Mg and produce surficial sulfates on the dust.  

Gas/mineral dust reaction. Dust/magmatic gas in-
teraction was investigated by placing a mineral grain 
in the gas stream (Fig. 3) with all other conditions held 
constant. Ca-, Mg- (and Fe-) 
sulfates along with silica and 
S° were produced in friable 
discontinuous coatings on the 
mineral surfaces. The compo-
sition of the target dictated the 
nature of the sulfate formed 
(i.e., Ca-sulfate formed on 
augite and plagioclase targets; 
magnesium sulfate formed on 
olivine, Fig. 4). As neither Ca 
nor Mg was transported by the 
magmatic gas, the source of 
these in the sulfates was the 
target itself. The sulfate was 
likely formed by a redox re-
action at the surface induced 
by interaction of SO2 in the 
gas with the mineral surfaces and migration of cations 
to the surface from the mineral interior, as suggested 
by [19]. 

Discussion. Magmatic gas released from cooling 
lava flows or shallow magma chambers could have 
been an important source of the Cl, S, and Fe in mar-
tian dust, particularly once erosional processes became 
primarily aeolian. Micron-sized grains of halides, Fe-
oxides, and sulfides, could have been directly added as 

condensates. The reactivity of the condensates sug-
gests that secondary minerals such as akaganéite may 
be the primary recorders of the condensation process. 
The deliquescent nature of the primary condensates 
and secondary phases (e.g., molysite) may result in the 
formation of brine depending upon the relative hu-
midity, and has potential for forming amorphous struc-
tures upon desiccation. Mg- and Ca-sulfates could 
have been added to the dust by aeolian abrasion of 
surface-altered mineral and glass dust. 
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et al. (2005) Nature, 436, 49–54. [5] Filiberto J. et al. 
(2016) Meteoritics & Planet. Sci., 51, 2023-2035. [6] 
Gaillard F. and Scaillet B. (2009) EPSL, 279, 34-43. 
[7] Henley R. W. and Seward T. M. (2018) Rev. Min-
eral. & Geochem, 84, 1309-350. [8] McSween H. Y. et 
al. (2006) JGR, 111. [9] DiFrancesco N. J. et al. 
(2017) LPS XLVIII, Abstract #1589. [11] Richardson 
J. A. et al. (2017) EPSL, 458, 170–178. [12] Vaucher 
J. et al. (2009) Icarus, 204, 418-442. [13] Chadwick J. 
et al. (2015) JGR Planets,120, 1585–1595. [14] Dai Y. 
D. et al. (2003) Mat. Chem. and Physics, 79, 94-97. 
[15] Yang X. J.et al. (2013) J Am. Chem. Soc., 135, 
16058-16061. [16] Argo, J. (1981) Studies in Conser-
vation, 26, 42-44. [17] Vaniman D.T. et al. (2014) 
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BORON ADSORPTION IN CLAY MINERALS: IMPLICATIONS FOR MARTIAN GROUND-
WATER CHEMISTRY AND PREBIOTIC PROCESSES.  M. A. Nellessen1, L. Crossey1, E. Peterson1, 
P. Gasda2, N. Lanza2, C. Yeager2, B. Parsons2, A. Labouriau2, R. C. Wiens2, S. Clegg2, D. Das3, 1University 
of New Mexico, 2Los Alamos National Laboratory, 3McGill University. 
 

Introduction: Boron has been detected in 
calcium sulfate veins by ChemCam on the NASA 
Curiosity rover [1;2;3]. In water, boron is a bo-
rate, and its speciation depends on pH. In alkaline 
water, borates will adsorb to 2:1 phyllosilicates 
[4]. Borate adsorption to clay minerals strongly 
depends on water pH conditions; a pH range of 8-
9 [5] providing the most adsorption, yielding 
abundances up to 300 ppm [5] with some vari-
ance depending on the exact type of clay used.  
Curiosity has traversed through Gale crater, 
which has been interpreted as a fluvial lacustrine 
system with near neutral surface water [6]; this 
study hopes to understand borate behavior in the 
martian groundwater, assuming neutral to alka-
line pH conditions [6].  

It has been hypothesized that boron may be a 
vital aspect for prebiotic processes to occur on 
Earth and possibly on Mars [2]. The formation of 
boron-ribose complexes [7] might allow the for-
mation of RNA. Borate-ribose complexes are rel-
atively stable in water; without borate, ribose 
quickly breaks down in solution [7]. The discov-
ery of boron on Mars opens the possibility for 

RNA-based life to have developed independently 
on Mars [1].  

Methods: We will generate boron-enriched 
clay minerals in the lab. The relationship between 
boron adsorption and pH will be studied in both 
Mars-like and common terrestrial clay minerals 
including martian clay mineral analogs saponite, 
nontronite, and a clay-bearing griffithite rock [8]. 
Terrestrial clays, e.g., Ca-rich montmorillonite 
(bentonite) will be used to validate our proce-
dures and results.  

Using methods described in [5], we mix a 150 
mg B/L solution made from boric acid to each 
clay sample and shake for 3 hr. Samples are cen-
trifuged at 2600 rpm for 1 hr, mixed, centrifuged 
again, and supernatant is removed. The remaining 
boron-enriched clay is rinsed with a pH-similar 
fluid. We will vary pH from to 6 to 11 in incre-
ments of 0.5 for each clay type to determine the 
relationship between pH and boron adsorption. 

 
Fig. 2 Above depicts the preliminary data run on the Ward’s 
bentonite when mixed with a low concentration and high 
concentration borate solution. In the low concentration, there 
was not detectable change between the borate solution and 
the supernatents, indicating the boron was below detection 
limits. In the higher concentration, there was a significant 
loss of boron from solution (106.1 ppm B) indicating 
sorption by the clay.  

Clay samples will be analyzed with Induc-
tively Coupled Plasma – Optical Emission Spec-
troscopy (ICP-OES), Laser Induced Breakdown 
Spectroscopy (LIBS), the method used by Chem-
Cam that detected boron, as well as with Raman 
spectroscopy, X-Ray Diffraction (XRD), Nuclear 
Magnetic Resonance (NMR) spectroscopy, and 

 
Fig. 1 Mastcam image of the Catabola target in Gale crater, 
Mars [4]. Bedrock can be seen with abundant light-toned, cal-
cium sulfate veins, within which boron has been detected. 
This vein contains one of the highest relative concentrations 
of boron detected so far in Gale crater [1]. Photo: JPL-Cal-
tech/MSSS. 

Catabola 
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Gas Chromatography-Mass Spectrometry 
(GCMS). LIBS spectra collected with the Chem-
Cam laboratory unit at LANL can be directly 
compared with ChemCam on Curiosity. These 
spectra can also be added to the set of standard 
boron calibration spectra to improve the quantifi-
cation of boron in ChemCam Mars data. XRD 
and Raman will provide mineralogical analysis, 
NMR will provide organic structural analysis, 
and GCMS will provide the organic concentra-
tion and identification analysis. The organic 
chemical fraction of these clays will also be ana-
lyzed with GCMS [9]. In addition to comparing 
to Curiosity data, the results will be compared to 
the future Mars 2020 rover datasets.  

Preliminary Results:  Preliminary tests have 
been run on a Ward’s Bentonite (46 E 0435) to 
get an initial idea of recreating the results seen in 
[5]. At the lower concentration of ~70 ppm B at a 
pH of ~9, we used ICP-OES to determine if there 
was a loss in boron concentration between the 
original borate solution and the subsequent 
supernatent after it had been mixed with the clay 
sample. There was not a significant decrease in 
boron detected at this level (see Figure 2). This 
indicates that this low concentration is below the 
limits of detection for B on ICP-OES. We then 
increased the borate solution concentration to 
around ~750 ppm B and ran the same ICP-OES 
test and were able to detect a decrease in the 
boron concentration from ~750 ppm B in the 
original solution down to ~650 ppm B in the 
supernatent. 

 
Fig. 3 Preliminary data for the solid samples when run 
through ICP-OES analysis. As can be seen the two samples 
with sorbed boron, in red, show detectable boron in the range 
of ~90 ppm B/ g clay (1:10 dilution shown in plot) or ~220 
μmol B/g clay. 

 

ICP-OES analysis of the solid samples 
involved runnning the solid samples through acid 
digestion to separate the sorbed boron into 
solution to be detected by ICP-OES. Two 
samples of the high B concentration clay were run 
alongside a sample fo the clay without B and a 
clay standard containing ~72 ppm B. The ICP-
OES analysis (see Figure 3) indicated that the 
original clay and the standard contained no boron 
or were below the detection limits for B. The two 
samples with sorbed B were seen to have ~90 
ppm B detected, indicating that these samples did 
sorb B from solution efficiently.  

Further experimental analysis will include 
repeating the procedure on the previously 
mentioned Mars-analog clays at varying pH to 
determine how well Mars-like clays sorb boron 
given varying groundwater conditions. 

Implications:  Our project represents the 
first boron-clay adsorption experiments for Mars-
like clays, which will provide new insight on the 
geochemical behavior of borate in Martian 
groundwater, and allow us to infer the amount of 
boron that could be present in Martian bedrock. 
Understanding boron-clay relationships will al-
low us to make some clear comparisons between 
terrestrial and Martian boron-enriched clays and 
improve our techniques for boron detection on 
Mars. Boron-clay relationships will form the ba-
sis for later work on the impact of boron-enriched 
clays on prebiotic processes that could have oc-
curred on Mars [10]. 
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References: [1] Gasda et al. 2017, Geophys. Rev. Lett., 
44, 8739-8748 [2] Scorei et al. 2012, Origins of Life and 
Evolution of Biospheres. [3] Das et al. 2019 LPSC. [4] Ke-
ren and Mezuman 1981 Clays Clay Min, 29, 198-204 [5] S. 
Karahan et al. 2006, Journal of Colloid and Interface Sci-
ence, 293, 36-42. [6] J. Grotzinger et al. 2014 Science 
343(6169). [7] T. Georgelin et al. 2014, Carbohydrate Re-
search. [8] D. T. Vaniman et al. 2014, Science 343(6169). 
[9] Gasda et al. 2019, this meeting. [10] Ricardo et al. 2004 
Science 303(5655).  

6353.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



RECONSTRUCTUNG THE CLIMATE-DRIVEN EVOLUTION OF PLANUM BOREUM WITH 
SOUNDING RADAR, VISIBLE IMAGERY AND GENERAL CIRCULATION MODELS.  S. Nerozzi1, J. W. 
Holt2, F. Forget3, A. Spiga3, E. Millour3, 1Institute for Geophysics, Jackson School of Geosciences, The University of 
Texas at Austin, TX 78757 (stefano.nerozzi@utexas.edu), 2Lunar and Planetary Laboratory, University of Arizona, 
Tucson, AZ, 3Laboratoire de Météorologie Dynamique, Université Pierre et Marie Curie, Sorbonne Université, Paris, 
France. 

Introduction:  The Planum Boreum of Mars is com-
posed of two main units: the North Polar Layered De-
posits (NPLD), and the underlying basal unit (BU). The 
NPLD are the second largest water ice reservoir on 
Mars. Their rich stratigraphic record is regarded as the 
key for understanding climate evolution of Mars in the 
last 4 My [1] and its dependency on periodical varia-
tions of Mars’ orbital parameters (i.e., orbital forcing) 
[2-4]. Their initial emplacement represent one of the 
most significant global-scale migrations of water in the 
recent history of Mars, likely driven by climate change, 
yet its dynamics and time scale are still poorly under-
stood. Recent studies revealed the composition, stratig-
raphy and morphology of the underlying BU (Fig. 1, 
[5]). These findings depict a history of intertwined polar 
ice and sediment accumulation in the Middle to Late 
Amazonian, thus opening a new window into Mars’ past 
global climate. 

Here we present a summary of the latest findings on 
the climate-driven evolution of Planum Boreum, their 
significance in advancing the exploration of Mars, and 
new outstanding questions on Mars polar science. Our 
studies are based on the integration of radar profiles and 
images acquired by the Shallow Radar (SHARAD, [6]) 
and the High Resolution Imaging Science Experiment 
(HiRISE, [7]) on the Mars Reconnaissance Orbiter, and 
the General Circulation Model (GCM [8]) developed by 
the Laboratoire de Météorologie Dynamique (LMD). 

Former ice caps preserved with the cavi unit: The 
cavi unit is an aeolian deposit of basalt sand and water 
ice making up large portions of the BU. SHARAD sig-
nals penetrate through the cavi unit revealing internal 
and basal reflectors. We use these detections to recon-
struct the general stratigraphic structure of the unit, and 
obtain its bulk composition with an inversion technique. 
Our exercise reveals substantial spatial variability in 
composition, with average water ice volume fractions 
comprised between 62% in Olympia Planum and 88% 
in its northern reaches beneath the NPLD. Similarly, in-
ternal reflectors occur more frequently closer to the pole 
and gradually disappear moving south. We hypothesize 
that the cavi unit is made of alternating ice and sand 
sheets, with water ice becoming prevalent towards the 
north pole (Fig. 2). Water ice accumulation models pre-
dict substantial ice growth during periods of low spin 
axis obliquity before the onset of NPLD deposition 

[9,10], with the thickest accumulation close to the north 
pole. In the models, this is soon followed by complete 
loss through sublimation. We hypothesize that some of 
this ice has been buried and preserved by aeolian sand 
sheets that prevented complete sublimation. Similar 
sand mantles extending for 10s of km have been ob-
served on top of thick water ice [11], and within the low-
ermost NPLD [5]. Therefore, we argue that ice caps da-
ting to Middle to Late Amazonian are not necessarily 
lost during high obliquity periods, but preserved within 
sand sheets underneath the NPLD. These ice deposits 

Figure 1: Topographic map of the BU and surrounding ter-
rains with superimposed shaded relief of the present day 
Planum Boreum topography. The white line delineates the 
location of the SHARAD profile in Fig. 2.

Figure 2: (A) SHARAD profile 1294501 depth corrected as-
suming bulk water ice composition (e=3.1 [10]), and (B) in-
terpretation thereof. The putative basal surface of the cavi 
unit is represented in red.
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are detected by SHARAD and can be delineated in their 
spatial extent. Moreover, the high water ice fraction 
makes cavi an important water ice reservoir, potentially 
the third largest on Mars after the two PLDs. 

Newly mapped extent and morphology of the BU: 
Analysis of SHARAD profiles indicates that the BU ex-
tends over a larger area than previously thought. In par-
ticular, we detect the presence of cavi unit material ex-
tending underneath the NPLD from the western edge of 
Gemina Lingula to a visible exposure in the eastern end 
of Olympia Undae, covering an area of over 120,000 
km2 (Fig. 1). HiRISE images taken over the outcrop lo-
cation reveal sub-horizontal strata forming terraces and 
characterized by sinuous forms and cross strata. We in-
terpret this as a cavi unit outcrop, that we can now place 
into the broader stratigraphic context of Planum Boreum 
based on SHARAD profiles. 

Our radar-based topographic mapping also reveals a 
series of elongated depressions tens to hundreds of me-
ters deep along the edge of the cavi unit. In some cases, 
the base of these depressions are flat and appear to con-
tinue as internal reflectors for hundreds of kilometers. 
We interpret these findings as further confirmation of 
the presence of alternating ice and sand layers within the 
cavi unit, delineating sequences that exhibit different re-
sistance to erosion. The location of the elongated de-
pressions coincides with the presence and shape of the 
buried chasma observed by [12], suggesting that the 
cavi unit was eroded in the same event that shaped the 
chasma. We detect similar features at other locations of 
the BU, suggesting that many other erosional events are 
recorded by the unit’s surface morphology. 

Reconstructing the initial NPLD accumulation:
SHARAD-based analysis of the lowermost NPLD stra-
tigraphy reveals that initial water ice accumulation was 
not uniform, but limited in extent and confined into two 
areas centered around the north pole and in the proto-
Gemina Lingula region. Likewise, subsequent ice accu-
mulation was variable in extent. We use the newly ac-
quired information on BU composition, topography and 
lateral extent to accurately constrain the initial condi-
tions and parameter space for sensitivity experiments 
with the LMD GCM aimed at understanding the driving 
forces responsible of the initial accumulation of the 
NPLD, and its temporal evolution. In particular, we de-
fined parameter sets of spin axis obliquity (15-40°, 5° 
steps), orbital eccentricity (0-0.12, 0.03 steps), perihe-
lion precession (0-270°, 90° steps), and atmospheric 
pressure (current, +106% based on ref. [13]). 

The GCM output reveals that both obliquity and ec-
centricity play key roles in driving the amount of water 
ice accumulation in Planum Boreum, with low obliquity 
and high eccentricity scenarios resulting in the largest 
ice growth. Obliquity also appears to control the latitude 

of ice accumulation, with low obliquity driving thick ice 
growth at ~60°N. Local topography appears to control 
longitudinal patterns of ice growth in all our simula-
tions. We find a strong similarity of the latest GCM out-
puts with the isolated proto-Gemina Lingula deposit 
(Fig. 3) and present-day icy outliers of Olympia Men-
sae. This suggests that Olympia Mensae may be rem-
nant of the migration of water ice from low to polar lat-
itudes that resulted in the initial accumulation of the 
NPLD. Moreover, the formation of proto-Gemina Lin-
gula may predate the accumulation of other NPLD units 
closer to the north pole. 

Outstanding questions: Based on our latest find-
ings in Planum Boreum, we delineate the following out-
standing questions. How many episodes of past ice ac-
cumulation are recorded within the cavi unit? What is 
their precise age? What is the nature of western half of 
the BU, which is dominated by the Rupes Tenuis unit? 
Does this unit also record past polar ice accumulation 
events? 
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Figure 3: Earliest NPLD water ice accumulation in Planum 
Boreum as mapped by SHARAD [6].
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USA, 11Institut de Physique du Globe de Paris, Université Paris Diderot, Paris, France. 
 
 

Introduction:  Regional and global dust storms on 
Mars cause major changes to the atmospheric state due 
to the impact of changes to the spatio-temporal distri-
bution of dust abundance and particle size on heating 
rates and hence circulation [1]. Quantifying the near-
surface meteorological impact of storms is important 
because: (i) it impacts future dust lifting via wind 
stress and dust devils, hence provides insight into the 
feedbacks important to the growth of dust storms; (ii) 
the modified circulation during storms may be im-
portant for understanding aeolian observations; (iii) the 
success of present and future robotic and manned mis-
sions may rely on accounting for the near-surface 
weather that occurs during such extreme events; and 
(iv) unusual conditions test the performance of numer-
ical models designed to simulate Martian weather, in 
particular their physical parameterization schemes. 

Two major dust events occurred in MY34: a global 
dust storm (GDS) that was observed on the surface 
from Ls~182° by the Mars Science Laboratory (MSL) 
Curiosity Rover, and a regional dust storm that was 
observed on the surface from Ls~320° by both MSL 
and the InSight Lander. Both storms were also ob-
served from orbit by the Mars Climate Sounder (MCS) 
on Mars Reconnaissance Orbiter and Thermal Emis-
sion Imaging System (THEMIS) on Mars Odyssey.  

Using column dust opacities retrieved from MCS 
and THEMIS data [2,3], we prescribe the dust distribu-
tion inside the MarsWRF atmospheric model [4] and 
use this to simulate both storms. We compare the ob-
served and modeled atmospheric response and use the 
model to investigate causes of the observed changes in 
pressure, temperature, and winds during both storms.   

Methodology: The MarsWRF multi-scale atmos-
pheric model is run with higher-resolution domains 
‘nested’ inside its global domain, with a three-fold 
increase in resolution from nest to nest. The nests used 
for modeling the circulation at InSight’s landing site 
are shown in Figure 1; for modeling the circulation 
seen by MSL, domain 4 is moved to sit over Gale 
Crater and an additional nest is added inside it, in order 
to resolve the internal crater topography.  

 
Figure 1: Topography in each domain of a nested MarsWRF 
simulation of InSight’s landing site circulation; contour in-
tervals change in each domain to cover only the range of 
values present. InSight and MSL’s locations are also marked. 

Surface meteorological datasets: MSL carries the 
Rover Environmental Monitoring Station (REMS) [5] 
which returned surface pressure, air and ground tem-
perature, UV flux, and water vapor relative humidity 
for the period covering both dust storms. Wind data 
were not returned due to MSL’s already-damaged wind 
sensor failing completely in MY33. InSight carries the 
Auxiliary Payload Sensor Suite (APSS), consisting of 
a surface pressure sensor plus two booms with an air 
temperature and wind sensor on each, and also carries 
the Heat Flow and Physical Properties Package (HP3) 
infrared radiometer to provide ground temperature [6]. 
InSight landed after the global storm ended but re-
turned data for the regional dust storm period. 

Observed and modeled impact of a global dust 
storm in Gale Crater.  Figure 2 shows (in color) the 
observed diurnal cycles of pressure, ground tempera-
ture and air temperature, both prior to and during onset 
of the MY34 global dust storm which began at 
Ls~182°. Also shown is the modeled atmospheric re-
sponse to the evolving dust distribution using the 
MarsWRF model (in black). The key signature of the 
global storm is an additional maximum in pressure 
peaking at about midnight local time, signaling a 
strengthening of the semi-diurnal tide, which is largely 
captured by the model. There is also an increase in the 
diurnal pressure range, which is over-predicted by the 
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model. MarsWRF also captures the observed decrease 
in the ground temperature diurnal range, with peak 
temperatures slightly decreasing and overnight temper-
ature greatly increasing due to the amount of atmos-
pheric dust present, as well as the subtler increase in 
overnight air temperatures during the storm. The im-
pact on temperatures is greater, in both the model and 
data, as the storm develops further (not shown).  

 
Figure 2: Diurnal cycle of (top) surface pressure relative to daily 
mean, (middle) ground temperature, and (bottom) air temperature at 
MSL’s location inside Gale Crater, (left) prior to the MY34 global 
dust storm (Ls~175-178°) and (right) during the global storm 
(Ls~188-191°). Colors show different sols observed by MSL-REMS. 
Black shows 7 sols of MarsWRF results at the same location and Ls. 

Observed and modeled impact of a regional dust 
storm in Elysium Planitia.  Figure 3 shows the diur-
nal cycle of surface pressure, wind speed, and wind 
direction as observed by InSight (in color) and simu-
lated by MarsWRF (in black), before and during the 
regional storm. The surface pressure curve changes 
considerably both in amplitude and shape during the 
storm. The diurnal amplitude is increased by roughly 
80%, and this increase is very well captured by 
MarsWRF. The relative strength of the semi-diurnal 
tide is also strongly increased, causing a stronger sec-
ondary peak at ~midnight local time, also as largely 
captured by MarsWRF.  

MarsWRF captures most time of day variations in 
wind speed and direction, but misses the strongest day-
time turbulent wind gusts, which cannot be simulated 
at the resolution of the innermost nest (~4.4km). Both 
gustiness and the minimum wind speed appear to de-

cline during the storm, also as predicted by MarsWRF. 
The wind direction prior to the regional storm is cap-
tured very well by MarsWRF, although predicted 
winds are slightly too northerly between ~15:00 and 
03:00. However, the model nicely captures the very 
repeatable daily change to a ~westerly wind direction, 
which develops in the pre-dawn hours due to strength-
ening downslope winds on the dichotomy boundary. 
By contrast, during the storm the wind direction turns 
through 360° over the course of most sols, which is 
captured very well by MarsWRF. Investigation shows 
that this is due to the stronger influence of tidal circu-
lation components than slope winds during the storm.  

 
Figure 3: Diurnal cycle of (top) surface pressure, (middle) wind 
speed, and (bottom) wind direction, (left) prior to the late MY34 
regional dust storm, Ls~311-314°, and (right) during the storm, 
Ls~320-324°. Colors show different sols observed by InSight-APSS. 
Black lines show 7 sols of MarsWRF at the same location and Ls. 

Conclusions: The MarsWRF multi-scale model, 
driven by observed dust distributions, reproduces much 
of the observed atmospheric response to global or re-
gional dust storms. This model output may then be 
investigated to indicate the likeliest processes and 
feedbacks that are present in the real atmosphere.     

References: [1] Gierasch P. J. and Goody R. M. 
(1972) J. Atmos. Sci., 29 (2), 400-402. [2] Montabone 
L. et al. (2015) Icarus. [3] Kleinböhl, A. et al. (2017), 
Granada workshop. [4] Newman, C. E. et al. (2017) 
Icarus, 291, 203–231. [5] Gómez-Elvira, J. et al. 
(2012) Space Sci. Rev., 170, 583–640. [6] Spiga et al. 
(2018) Space Sci. Rev., 214:109. 
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SOUTHERN WATERSHED AND FLUVIAL HISTORY OF THE PEACE VALLIS FAN SYSTEM, GALE 
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Lab.; 6National Air and Space Museum, Smithsonian Inst., Washington, DC; 7Dept. Earth Sci. Dartmouth College, NH. 

 
Fig. 1. Northern Gale crater wall with location of the Peace Vallis Fan and the watershed basins feeding the fan. The newly iden-
tified Southern watershed drains to the western Peace Vallis channel. Blue arrows show water flow directions away from the crater 
rim except for the Peace Vallis location. CTX DEM data used for topography. 

 
Introduction: The Peace Vallis (PV) channel and 

alluvial fan has received great attention due to the prox-
imity to the MSL (Curiosity) landing site [1-3 and older 
references]. The upper PV fan (AF) unit, distinctly vis-
ible in orbital images, is younger than the lower Peace 
Vallis fan and post-dates the more significant Hesperian 
aqueous period associated with a lake in Gale crater [4].  

Observations: CTX and HiRISE images (including 
two new HiRISE), and topography suggest: 

1. An extension of the Peace Vallis watershed 
(Southern watershed, Fig. 1) with an area of ~ 400 km2, 
that expands the original watershed area identified by 
Palucis et al [1] to ~ 1500 km2.  

2. Fluvial modification occurred over time (e.g. Fig. 
3) with a hierarchy of channel cutting and inverted chan-
nel deposition, both above and below the crater rim, 
with both early and later generations of channels. Early 

channels sourced from the crater rim onto the crater 
floor were probably early ground water spring-sourced, 
as many have limited watersheds, but melting of snow 
high in the alcoves is also possible. 

3. Later Amazonian erosion in the watershed region 
resulted in deposition of light toned materials into the 
craters and floors of channels and depressions (Fig. 
4A.). This episode is consistent with deposition of the 
AF fan making up the upper northern portion of the PV 
fan, interpreted to be mostly fine-grained materials, and 
probably includes shallow late groundwater sourced flu-
vial discharge events on the PV fan [4, 5]. This late stage 
of fluvial activity also resulted in ubiquitous small sin-
uous channels less than 1 m wide (Fig. 4B). 

Discussion: The recognition of an extension of the 
PV watershed to the south, above the topographic rim 
of Gale, increases the PV watershed area by almost 
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40%, consistent with the large PV channels and fan, and 
evidence for relatively recent fluvial activity, deposi-
tion, and limited discharge events on the fan [4]. The 
record of fluvial activity in this rim area and regionally 
along the dichotomy boundary, suggests substantial 
evolution of the channel networks.. 

The earliest channels may include features like a 
scarp (Area 2, Fig. 3)[6] probably due to a waterfall 
within an early 60 m wide channel. This feature may 
have been preserved due to stream capture of the flow 
into the main PV channel. Several other locations may 
be where basin capture occurred (e.g. Fig. 2). The chan-
nel network further evolved as stream capture integrated 
the stream networks. Area 1 (Fig. 1) is the location of 
an example of channels and inverted channel deposits 
formed by flows from northeast to southwest (blue) 
across a scarp; the scarp, seen in HiRISE 
ESP_055578_1760, was misinterpreted as an early 
channel by [6]. 

Some of the inverted channel deposits on the crater 
floor (e.g. Fig. 2, east of the PV fan), appear to have only 
been active early, consistent with their much smaller 
watersheds, in contrast to the PV fan. Furthermore, the 
absence of large watersheds for many of these early fans 
suggest water from early springs from the rim wall 
played a role in their formation.  

 

 
Fig. 2. Speculative interpretation of channel history on the 

Gale Crater rim, including, early (red) and late (blue) channels 
and channel deposits, major watershed captures (red stars) and 
a portion of the crater rim watershed boundary (red dashes). 
Approximate locations of other figures are not shown to scale. 
CTX: D03_028269_1752_XI_04S222W. 

 
The later Hesperian/Amazonian episode of fluvial 

activity became progressively more spatially localized, 
deposited chlorides in a nearby watershed (Sharp 
Knobel) and Fe/Mg phyllosilicates in fans [2]. This may 
correspond to the Gale material dated at ~ 1.4 Ga., and 
the latest resurfacing of the PV fan. Of great interest is 

the evidence for mobilization in the watershed of the 
fine-grained surface material seen on the upper PV fan 
[5]. The recent HiRISE images show a mottled terrain 
where fine-grained material (Fig. 4), has filled the cra-
ters, presumably consisting of aeolian dust and altered 
regolith that would be easily mobilized by a late fluvial 
episode. Such material could include pitted terrain from 
volatile-rich impact melt deposits [7] and volcanic de-
posits from the likely North Gale Landform feature just 
north of the PV watershed [8].  

Another piece of evidence for late fluvial activity, 
due to precipitation or snow melt in the watershed, is the 
existence of small channels found in many areas of the 
PV fan watershed (e.g. Fig. 3B). To preserve these small 
channels there must have been less than ~2-3 m of de-
flation since their formation. Assuming a formation age 
of ~1.4 Ga from crater counts, 3m of erosion implies an 
erosion rate of ~ 2 x 10-3 m/Ma. This rate is in the middle 
of the compilation of rates for the Hesperian through 
Amazonian of ~0.5-15 x 10-3 m/Ma [9].  

 

Fig. 3. A. Mottled terrains in PV watershed. Note light-
toned material filling craters and channels. HiRISE: 
ESP_055644_1760. B. Example of a small channel, part of the 
most recent small scale fluvial record. HiRISE: 
PSP_010283_1755. 

 
Conclusions: The recognition of the larger size of 

the watershed for Peace Vallis confirms the importance 
of this watershed as a source for the Gale Crater lake 
and PV fan deposits, but especially for the late fine 
grained PV fan deposits of Amazonian age [4, 5]. The 
proximal crater rim provided a surprisingly effective 
barrier for flow into the crater, except at one location 
over a rim length of ~50 km. Some integration of the 
channel network in the watershed did involve down cut-
ting through topographic barriers and stream capture.  

 
References: [1] Palucis et al., (2014) J. Geophys. Res. Planets 

119:705–728. [2] Ehlmann and Buz (2015) Geophys. Res. Letters 
42(2):264-273. [3] Buzz et al., (2014) Geophys Res. Planets 
122(5):1090-1118. [4] Grant et al., (2014) Geophys. Res. Lett. 
41:1142–1148. [5] Scuderi et al. (2019), LPSC #5043 and this meet-
ing. [6] Newsom et al., (2019) LPSC, #2568. [7] Tornabene et al. 
(2012) Icarus, 220, 348-368. [8] Churchill et al. (2017) LPSC #2411. 
[9] Golombek et al. (2014) J. Geophys. Res., 111:E12S10.  
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THE MINERALOGICAL LEGACY OF A COLD WET EARLY MARS.  P. B. Niles1,1Astromaterials Research 
and Exploration Science, NASA Johnson Space Center, Houston, TX 77058; (paul.b.niles@nasa.gov);  

 
Introduction: The nature of the ancient martian en-

vironment and history of the evolution of the climate is 
perhaps the primary scientific question facing the Mars 
science community. The answers to this question have 
multiple significant implications for nearly every disci-
pline from astrobiology to geophysics. In particular the 
possiblility of warm wet conditions ~ 4 Ga is an incred-
ibly attractive aspect for the search for ancient life on 
Mars. There are several studies that highlight the evi-
dence for warm, wet conditions on ancient Mars using 
geomorphology and sedimentology.   

While ancient fluvial channels have long been con-
sidered strong evidence for early surface water on Mars, 
many aspects of the fluvial morphology and occurrence 
suggest that they formed in relatively water limited con-
ditions (compared to Earth) and that climatic excursions 
allowing for surface water might have been short-lived 
[1]. Updated results mapping valley networks at higher 
resolution have changed this paradigm, showing that 
channels are much more abundant and widespread, and 
of higher order than was previously recognized, sug-
gesting that Mars had a dense enough atmosphere and 
warm enough climate to allow channel formation up to 
3.6-3.8 Ga [2].  

More recently, results from the Curiosity rover at 
Gale crater have suggested a long lived lake existing in 
the early Hesperian [3].  This work combines morpho-
logical, sedimentological and mineralogical evidence 
recovered from the rover’s payload over the history of 
the mission.   

Cold, Wet, Early Mars: However, there are muliti-
ple lines of evidence that the warm wet conditions were 
not long lived or perhaps even necessary to explain the 
accumulated evidence [4-6]. In almost every case, the 
evidence for liquid water is broadly consistent with a 
cold, wet early Mars where average surface tempera-
tures are well below 273 K with abundant ice deposits 
across the surface.  

During the early history of the Solar System, the Sun 
was much fainter than today making it difficult to sup-
port warm conditions on an early Mars [7]. This com-
bined with the increased albedo of dense CO2  atmos-
pheres makes it very difficult to model an early warm, 
wet martian atmosphere without adding additional gases 
such as H2 or CH4.   

Atmospheric lost processes were also extremely in-
tense during the earliest evolution of the solar system 
and the strong EUV flux of the early sun likely resulted 
in the loss of much of the atmosphere prior to 4 Ga. This 
is supported by evidence from martian meteorites which 
contain carbonates, and water from the 

 
Figure 1. Adapted from Michalski et al. [14]. Schematic 
diagram showing water and chemistry of martian crust 
under cold early Mars scenario. Clays are green and flu-
ids are purple while light blue represents ice. 
 
Noachian, Hesperian and Amazonian. Equivalent heavy 
isotope enrichments in D/H and δ13C are observed in the 
oldest martian meteorite (4.0 Ga) ALH 84001 as well as 
in the younger Nakhlite meteorites (~1.3 Ga) [8]. A re-
cent study has suggested that while D/H ratios in the at-
mosphere may become enriched to as much as +5000‰, 
a moderately enriched crustal reservoir may contain 
much of the martian water and may have been estab-
lished very early in martian history [9]. Finally, while 
Noachian carbonates represent sequestered ancient 
CO2, they are not as widespread or abundant as might 
be expected if there truly was a sustained, dense atmos-
phere [10]. However, where carbonate minerals have 
been detected on Mars, they largely represent subsur-
face formation envrionments in the Noachian [11,12] 
and no substantial carbonate deposits have been de-
tected in Hesperian aged materials which should be the 
primary reservoir for any dense CO2 atmosphere present 
at the Noachian-Hesperian boundary. 
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This work explores the likely mineralogical legacy 
of a cold, wet, early Mars. We propose the question: is 
it possible that many of aspects of the observed miner-
alogy and geomorphology could be explained by a cold 
hydrologic cycle, driven by surface and near-surface 
ice? 

Legacy of Clay Minerals: Clay minerals have been 
cited as being evidence for large-scale activity of water 
on ancient Mars, however, the largest fraction of clay 
minerals detected on Mars from orbit correspond to 
“crustal clays,” which were exhumed from the subsur-
face by meteor impact [13]. This is in fact more con-
sistent with subsurface aqueous activity rather than sur-
face activity and these minerals could represent an im-
portant decoupling between the surface and subsurface 
hydrospheres [14] consistent with a cold, icy surface en-
vironment. 

There is no doubt that surface alteration also oc-
curred in the Noachian, and even into the Hesperian and 
perhaps Amazonian [15]. While most of the clay detec-
tions correspond to Fe/Mg-rich clays, those clays are of-
ten capped by a thick (10s of meter) thick deposit of ka-
olinite-rich material. Such deposits are reminiscent of 
pedogenic horizons observed on Earth [16]. However, 
the thick deposits of kaolinite are mixed with Mg-bear-
ing montmorillonite suggesting incomplete leaching – a 
departure from the terrestrial analogy [14]. One possi-
bility (Fig. 1) is that surface  clays formed from meltwa-
ter beneath ancient surface ice at low temperatures re-
sulting in incomplete leaching of the surface layer [14]. 

Legacy of Sulfate Minerals: While clay minerals 
represent the mineralogical legacy of the subsurface of 
Mars, sulfate minerals are the legacy of the cold, icy sur-
face environment.  Billions of years of volcanism has 
released substantial sulfur and chlorine rich volatiles 
into the martian atmosphere. These gases form aerosols 
and become mixed with the abundant fine grained mar-
tian dust on the surface and inside of ice deposits.   

It is demonstrated that on Earth, deep ice cores from 
Antarctica contain concentrated acidic brines that col-
lect at triple junctions within the ice and along ice grain 
boundaries [17-18] . In the martian environment, these 
acidic fluids would undoubtedly be in contact with fine 
grained dust that had also been incorporated into the ice.   

Laboratory experiments have shown that at temper-
atures as low as -60º C, these fluids react with olivine 
minerals to form sulfates [19].  Thus, sublimation resi-
due of ancient ice deposits should resemble fine grained, 
layered,  sedimentary deposits with substantial sulfate 
mineral content.  Furthermore, any melting of the ice 
should result in the transport of sulfate rich water into 
the subsurface along cracks and fractures.  This should 
create Ca-sulfate veins across the planet.    

Larger melting events would produce fresh water 
floods that would not result in any mineralogical record.  
Large amounts of fresh water would dilute the acidic 
volatiles and would either evaporate or freeze   

Obliquity Cycles: The orbital mechanics of Mars 
play an extremely important role in the cycle of water 
across the planet in a cold, wet climate scenario.  Obliq-
uity cycles would produce layered deposits across the 
planet from the addition and removal of ice deposits as 
solar insolation changes [20].  This provides a critical 
driver in the martian sedimentological cycle.   

Conclusions:  The mineralogical legacy of a cold, 
wet, early Mars should result in substantial aqueous ac-
tivity in the subsurface driven by geothermal heating 
with an active ice-rich surface layer enriched in volcanic 
aerosols. Cold temperatures would enhance the for-
mation of acidic environments and result in the for-
mation of sulfate-rich sediments across the planet.   
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Introduction:  Dust and water ice clouds are im-

portant factors which control the radiative balance of 
the Martian atmosphere. Mars Climate Sounder (MCS) 
[1] on board Mars Reconnaissance Orbiter (MRO) [2] 
observes the opacities of dust and water ice clouds 
together with air temperature in the Martian atmos-
phere more than five Mars Years (MYs). Aiming at 
revealing the effect of dust and water ice clouds on the 
temperature field in the Martian atmosphere, we stud-
ied the zonal correlation among dust opacity, water ice 
cloud opacity and air temperature observed by MRO-
MCS.  

Data:  We utilized a NASA Planetary Data System 
(PDS) Version 3 Derived Data Records (DDR) archive, 
which improves data retrieval analyses to probe spheri-
cally asymmetric structures of the Martian atmosphere 
[3]. Since the MCS data provided from PDS includes a 
huge number (> 1,000,000) of original vertical profiles 
of atmospheric physical properties measured along the 
MRO orbit, it was not easy to use them for our analyses. 
We gridded the data by five degrees in longitude, lati-
tude and time (Ls) directions and adopted a visualiza-
tion method [4], which utilized Grid Analysis and Dis-
play System (GrADS). Using the gridded data, we cal-
culated correlation coefficients between a) temperature 
and dust opacities, b) dust opacities and water ice 
cloud opacities, and c) temperature and water ice cloud 
opacities, in longitude (“zonal correlation”).  

Results and discussion:  Positive correlation be-
tween temperature and dust was dominant in the day-
side (Figure 1(a)). The positive correlation in the day-
side can be attributed to the local heating of dust due to 
the absorption of solar radiation. In the nightside, nega-
tive correlation appears in the high altitudes (~100-10 
Pa) above the regions with positive correlation in low 
latitudes. The positive correlation in low latitudes in 
the nightside was due to the local effect of Tharsis 
Montes. The negative correlation suggests radiative 
cooling of dust and/or dynamical cooling of air-mass 
ascending.  

Figure 1(b) shows that dust and water ice clouds 
have no clear correlation in the dayside but positive 
correlation in the nightside, especially in the low lati-
tudes. The possible scenario of the positive correlation 
in the nightside is that the radiative cooling of dust 
causes the increase of clouds and/or dust acts as nuclei 
of clouds.  

Negative correlation between temperature and wa-
ter ice clouds was dominant both in the dayside and the 
nightside (Figure 1(c)). This suggests that water ice 
clouds cause radiative cooling and/or water ice clouds 
occur in local temperature minima. Positive correlation 
was localized in the high latitudes in the nightside, 
where temperature water ice clouds had clear zonal 
structures with a wavenumber of one and two.  

In the future works, we will analyze the seasonal 
dependence of the correlation among the three physical 
quantities and examine the results from numerical 
models. We will also examine the effect of the atmos-

(a) Correlation between temperature and dust 
Dayside                                Nightside 

 
(b) Correlation between dust and water ice clouds 

Dayside                               Nightside 

 
(c) Correlation between temperature and water ice clouds 

Dayside                              Nightside 

 
Figure 1: Latitude-pressure cross sections of zonal correla-
tion coefficients between (a) temperature and dust, (b) tem-
perature and water ice clouds and (c) temperature and water 
ice clouds observed by MRO-MCS in MY29. Positive and 
negative correlation coefficients with the absolute values 
larger than 0.7 are shown in red and blue, respectively.  
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pheric dynamics on the correlation shown above.  
References: [1] McCleese et al. (2007) JGR, 112, 

E05S06. [2] Zurek and Smrekar (2007) JGR, 112, 
E05S01. [3] Kleinböhl A. et al. (2017) JQSRT, 187, 
511-522. [4] Noguchi K. and Hayashi H. (2017) J. 
Space Sci. Inform. Jpn., 6, 109-116.  
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MAPPING METHANE AND WATER DURING NORTHERN MID-WINTER AND MID-SUMMER ON 
MARS  R.E. Novak1, M.J. Mumma2, G.L. Villanueva2, Sara Faggi2, 1Iona College, New Rochelle NY USA 
(rnovak@iona.edu), 2NASA-Goddard Space Flight Center, Greenbelt MD USA (Michael.j.mumma@nasa.gov, ge-
ronimo.villanueva@nasa.gov, sara.faggi@nasa.gov)  

 
 
 

       Introduction:  In recent years, we have renewed our 
search for organic molecules (such as CH4, CH3OH, H2CO, 
C2H6, C2H2, C2H4, etc.) in the atmosphere of Mars [1-3]. 
Here we report new detections of methane and water, and 
upper limits for the other molecules listed. These searches 
targeted Mars on 2 and 9 January 2017 (211oW to 136oW, Ls 
~ 293o) and 29 and 31 January 2018 (156oW to 256oW, Ls ~ 
122o) using the L3 setting on iSHELL (NASA-IRTF). The 
seasons on Mars were mid-Northern winter (Ls ~ 293o) and 
mid-Northern summer (Ls ~ 122o). 
 
     Observations: iSHELL is a cross-dispersed echelle-
grating spectrograph (1.1 - 5.3 µm) with a resolving power of 
~ 70,000. The L3 setting spans wavelengths in thirteen spec-
tral orders ranging from 3.20 – 3.48 μm (Fig. 1). This spec-
tral range includes absorption bands of the molecules listed 
above along with bands of water. On both nights in each run, 
the slit was positioned N/S on Mars along the central meridi-
an and data were taken continuously as the planet rotated 
under the slit. We recorded data in 60 sec exposures, nodding 
the telescope in an ABBA sequence. Sufficient flats and 
darks were taken at the same spectral setting to avoid de-
creasing the signal to noise level after flattening. Typically, 
28 minutes of accumulated Mars data were stacked, and 
spectral extracts were then extracted at 0.6 arc-sec interval in 
the latitudinal direction. 
 
The Mars atmospheric spectrum was then isolated from the 
solar and terrestrial atmospheric features, and atmospheric 
models were generated for Mars to match the observed spec-
trum (Figure 2). Examples of spectral extracts from the data 
are located in Figure 3 for both methane detections and non-
detections. Column densities were extracted for both CH4 
and H2O when detected. When not, and for other species, 
upper limits were detected. Results of these measurements 
will be presented and compared with results from previous 
observations [1]. 
 
When no CH4 absorptions were observed above the noise 
level, an upper limit for methane was calculated to be ~ 1.0 
ppb (3-σ). When detected, the column densities implied mix-
ing ratios up to approximately 25 ppb. These detections are 
consistent with our previous findings [3] when we found 
abundances up to 35 ppb in a regions from 260o to 330oW 
and -30o to 50oN. That region barely intersects the region we 
observed in 2017 and 2018 and reported here. Data reduc-
tions taken near 270oW do show methane absorption. Further 
analysis is ongoing.  
 
Several methane absorptions lines occur in orders 154 – 158. 
We plan to stack several of these lines. Since lines for H2CO, 
C2H6, and C2H4 fall within the L3 setting, we will also extract 
column densities and/or obtain upper limits for them. 

     Summary: The observations presented here, along 
with our previous observations [3], indicate that methane, 
along with water vapor, is released in a plume from the sub-
surface.  After the release, the methane spreads across the 
globe, providing the background methane density that has 
been detected. The release is seasonal, peaking in mid-
summer. Several questions remain, especially why is the 
lifetime of methane in Mars’ atmosphere so short. Further 
investigations, taken during different seasons of the year, are 
planned along with eventually mapping the entire planet to 
determine the location of other methane plumes.  
 
     Acknowledgement: This work was partially funded by a 
grant from NASA's Mars Fundamental Research Program 
(11-MFRP11-0066). The NASA Astrobiology Institute sup-
ported this work through funding awarded to the Goddard 
Center for Astrobiology under proposal 13-13NAI7-0032. 
We thank the administration and staff of the NASA-IRTF for 
awarding observing time and for coordinating our observa-
tions.  
 
[1] Mumma et al., DPS 2015, [2] Villanueva et al., Icarus 
2013, [3] Mumma et al., Science 2009. 
 
 
 
 
 
 
 
 

 
 

Figure 1.  Orders 155 and 157 from the L3 setting of 
iSHELL.  These orders contain absorption lines of the P- and 
R-branches of CH4 along with water. These two orders were 
isolated, cleaned of hot and dark pixels, and straightened.  
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LBLRTM: Representative molecular spectra
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Figure 2. Atmospheric models used to analyze Mars 
data. Spectra from individual gases are combined to 
form a model atmosphere that is matched with the ob-
served extracts. Models are constructed from the solar 
spectrum and the terrestrial spectrum. Once these are 
matched, then the Mars’ spectrum results and it is fur-
ther matched with a model. The values that are part of 
the model then become the measured values. 

 

Figure 3a. A three-row spectral extract taken from the 
cleaned and straightened data of Figure 1. The upper 
trace is the total observed data. From this, the solar and 
terrestrial component are subtracted resulting in the 
reduced lower trace. This trace is used to measure the 
gases in Mars’ atmosphere. H2O absorption are seen, 
but CH4 absorptions are lacking.   

 

Figure 3b. A two-row extract similar to that in Figure 
3a, but taken at a different location on Mars. Here, the 
CH4 absorption is larger than the noise level (25 ppb).  
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BASALTIC SOIL VERSUS DUNE SEDIMENTS ON MARS: A COMPOSITIONAL ANALYSIS OF 
SURFICIAL SEDIMENTS BY APXS.  C. D. O’Connell-Cooper1, L. M. Thompson1, J. G. Spray1, S. J. 
VanBommel2, J. A. Berger3, N. I. Boyd3, R. Gellert3, and B. J. Wilhem3. 1Planetary and Space Science Centre, Uni-
versity New Brunswick, Fredericton, NB E3B5A3, Canada. Email: r52bm@unb.ca  2 Washington University in Saint 
Louis, Saint Louis, MO, USA. 3Guelph-Waterloo Physics Institute, University of Guelph, Guelph, ON N1G 2W1, 
Canada.  
Introduction: In the almost seven years since the Mars 
Science Laboratory rover (MSL, Curiosity) landed in 
Gale crater, the Canadian-built Alpha Particle X-ray 
Spectrometer (APXS) has combined PIXE and XRF 
techniques [1] to determine bulk geochemical composi-
tions of both bedrock and unconsolidated materials 
across a >20 km traverse of the crater. As Curiosity 
crossed the active Bagnold dune field, it deployed all 
ten onboard instruments to conduct the first in situ in-
vestigation of an active dune field on a rocky body 
other than Earth. This has generated a wealth of chemi-
cal and mineralogical data. 
APXS analyses: Two distinct end-members composi-
tions of surficial sediments have been revealed by 
APXS within Gale Crater: (1) inactive soils, analyzed 
within the first 800 sols of the traverse [2]; and (2) 
active eolian sands within the barchan [2] and linear 
[3] dunes of the Bagnold dune field. APXS also ana-
lyzed sediments (herein referred to as “post-Bagnold 
samples”) within small sand deposits and ripple fields 
[2], on the outskirts of the Bagnold dunes, along Vera 
Rubin ridge (VRR) and, most recently, in the clay bear-
ing Glen Torridon region (GT) (Fig. 1).  

Soils:  Soils are unsorted [e.g., 2], inactive [e.g., 
8], surficial deposits. A given soil sample can include 
both fine grained particles (including dust) to coarser 
“pebbly” material (>2 mm) [2]. Soils in Gale crater 
have been compared to those analyzed by APXS in-
struments the Mars Exploration Rovers (MER) at 
Gusev crater (MER-A, Spirit) and at Meridiani Planum 
(MER-B, Opportunity) [2]. This ability to directly 
compare soils from different geographic locations al-
lows us to add to the body of data on soils, and facili-
tates the updating of an Average Basaltic Soil (ABS) 
composition for the planet, currently comprising a total 
of 90 APXS basaltic soil samples [2] (updated from the 
previous Taylor and McLennan average [4].  

Active sands:  Active eolian dune sands are de-
fined by grain size (62 μm to 2000 μm) [9], and their 
location within dune systems where saltation is actively 
occurring [e.g., 10-11]. Curiosity has investigated both 
barchan (Namib & High dunes) and linear dunes (Na-
than Bridges & Mount Desert Island dunes) (Fig. 1), 
allowing for a detailed comparison of the two morpho-
logical dune types, as well as a comparison with Mars 
soils.  
APXS sampling types:  Samples comprise unpro-
cessed samples, both undisturbed “as-is” samples, and 

disturbed “scuff” samples, where sediment has been 
churned up by the rover wheels. “Scuffs” represent 
sub-aerial material, not exposed to the atmosphere, 
and, accordingly, they exhibit lower dust levels. 
Barchan dune sand samples include both unprocessed 
and processed samples (sieved, subdivided into fine 
and coarse portions (e.g., <150μm, >1mm) [2]. Sand 
samples within the linear dunes and later, post-
Bagnold, sand bodies were unprocessed, with an em-
phasis on location within a dune or sand body [3] – i.e., 
crest, off-crest and “scuffs”. Three processed samples 
(<150 μm) were analyzed by both APXS and CheMin: 
(1) soil (Rocknest) [5], (2) barchan dunes (Gobabeb) 
[6], and (3) linear dunes (Ogunquit Beach) [7].  
Global soil, local enrichments: The Gale “soils” are 
broadly similar to those at Meridiani and Gusev, with a 
bulk basaltic composition at all three locations. This 
supports the concept that the martian soils are princi-
pally derived from a common source: the predominant-
ly basaltic martian crust [e.g., 12-15]. However, some 
systemic differences to the ABS are identified within 
the Gale soils: enrichment in Na+K (relative to the 
ABS) [2], within coarser, pebbly Gale samples; en-
richment in mafic elements (Mg, Ni, Cr, Mn, Fe) in 
finer-grained samples; slight depletion in Si in all sam-
ples. Although the majority of Gale soil targets are 
underlain by the K-rich Bradbury group (which con-
tains, in places, up to eight times the K in the martian 
crust) [16] and the Murray fm, pronounced K+Na en-
richment is only identified within the pebbly Gale soils. 
However, concentrations for a given sample do not 
reflect the composition of the immediately surrounding 
bedrock [2], suggesting a degree of ongoing transporta-
tion and/or homogenization.  

Similarly, the mafic enrichment within the fine-
grained Gale soils is identified within local Gale bed-
rock but is not specific to any one unit. As a result, 
although examples of bedrock compositions locally 
influencing soil signatures have been recognized across 
Mars, e.g., the hematitic “blueberry” spherules at 
Meridiani [14], it is not possible to tie the enrichments 
identified within the Gale soils to a specific lithology 
[2], despite the broad compositional range represented 
by bedrock at Gale Crater.  

Basaltic martian soil as an analogue for ancient 
deposits: For all elements, the eolian Stimson for-
mation (fm) (Siccar Point group) bear the greatest 
compositional resemblance of any Gale crater bedrock 
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to the ABS [2], suggesting that the basaltic soils are an 
analogue for ancient eolian deposits such as the Stim-
son fm.  
Sands of the Bagnold dunes – compositionally dis-
tinct from soil:  The sands of the active Bagnold dune 
field are compositionally distinct from the soils. Com-
positional differences, related both to position within a 
dune (i.e., crest versus off-crest sand), and between 
dune morphologies (linear versus barchan), are also 
identified. Post-Bagnold samples (typically in smaller 
sand bodies) vary in composition from Bagnold-sand 
like to more soil-like.  

Inverse relationship between grain size and felsic 
content: Within the active sands, increasing mafic con-
tent correlates with increasing grain size, particularly 
along the crests of active ripples [2-3]. This is in con-
trast to the pattern of mafic enrichment in fine-grained 
samples and felsic enrichment in coarser samples, iden-
tified on Mars (Gale soils [2]; Gusev [17]), and with 
the concentration of mafic minerals in finer fractions 
identified in many terrestrial settings [e.g., 18-20]. This 
indicates probable differences in weathering, transport 
and sorting (including but not limited to the effects of 
water) on Earth versus Mars, primarily controlled by 
the physical properties of the minerals, or the predomi-
nance of coarser mafic phenocrysts within martian ba-
saltic source rocks.  

Mg+Ni enrichment along crests: Crest sands of 
the linear dunes contain very high Mg and Ni (relative 
to the ABS), indicating enrichment in olivine and py-
roxene [3]. This enrichment is also seen within coarser 
fractions of the barchan (sieved) material [2], and on 
crests in smaller sand-bodies/mega-ripples [3].  

Presence of a Cr-Ti mineral phase:  APXS anal-
yses reveal that whilst barchan dune sands have Cr, 
Mn, Fe, Ti abundances similar to those in the Gale 
soils, Cr is significantly enriched (and, to a lesser de-
gree, Mn, Fe, Ti) in off-crest sands of the linear dunes 
and post-Bagnold sands [3]. The strong correlation 
between Cr and Ti suggests the presence of a Cr-Ti 
mineral phase. However, scuff samples within the line-
ar sands are not enriched, exhibiting levels similar to 
those seen in barchan sands. This suggests that this 
enrichment is a surficial process, and not representative 
of the overall dune composition. Preferential enrich-
ment in a Cr-Ti mineral phase within the linear dunes 
and post-Bagnold sands to the south of the dune field 
may indicate differences in transport and sorting pro-
cesses, or may be related to distance from source.  

Geochemical evidence for seasonal variations in 
activity levels:  Seasonal variations in activity levels 
are confirmed, via S, Cl and Zn concentrations (im-
plied dust content). Lowest levels of dust are confirmed 
in the linear dunes [3], whose investigation took place 

in summer, when the strongest winds in Gale Crater 
were measured [21]. 

Post-Bagnold samples:  As analyzed in ripple 
fields and smaller, isolated sand patches, post-Bagnold 
samples indicate a continuum between inactive soils 
and active sands [3]. Those with lower activity (as im-
plied by higher dust) are more geochemically similar to 
Gale soil than active sand, regardless of grain size, or 
location.  
Conclusion:  The Gale “soils” are broadly similar to 
those at Meridiani and Gusev, with a bulk basaltic 
composition at all three locations. The sands of the 
active Bagnold dune field are compositionally distinct 
from these soils.  
References: [1] Gellert, R. et al. (2015), Elements, 11. 
[2] O’Connell-Cooper, C. et al. (2017) JGR-Planets, 
122 (10). [3] O’Connell-Cooper, C. et al. (2018) GRL, 
45 (18). [4] Taylor, S. & S. McLennan (2009), Plane-
tary Crusts, Cambridge Univ. Press. [5] Bish, D. et al. 
(2013), Science, 341. [6] Achilles, C. et al. (2017), 
JGR- Planets, 122 (10). [7] Rampe, E. et al. GRL, 45 
(18). [8] Cabrol, N. et al. (2008), JGR- Planets, 113, 
E06S05. [9] Wentworth, C. (1922), J. Geology, 30 (5). 
[10] Anderson, R. & J. Bell III, (2010), Mars, 5. [11] 
Silvestro, S. et al. (2013), Geology, 41(4). [12] 
McSween H.Y., Jr. et al. (2003), JGR- Planets, 108 
(E12), 5135. [13] McSween, H.Y. et al. (2010), JGR- 
Planets, 115. [14] Yen, A. et al. (2005), Nature, 436. 
[15] McGlynn, I. et al. (2011), JGR- Planets, 116 
(E00F22). [16] Thompson, L. et al. (2016), JGR- 
Planets, (121). [17] McSween, H.Y. Jr., & K. Keil 
(2000), Geochim. et Cos. Acta, 64. [18] McGlynn, I. et 
al. (2012), JGR-Planets, 117 (E01006). [19] Mangold, 
N. et al. (2011), Earth Planet. Sci. Lett., 310. [20] 
Fedo, C. et al. (2015), Earth Planet. Sci. Lett., 423. 
[21] Baker, M. et al. (2018), JGR- Planets, 123 (6).  
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Figure 1. Location of APXS sediment samples in Gale 
crater, Mars.  
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RE-EXAMINATION OF GREELEY ET AL. (2006): TOWARD AN UNDERSTANDING OF A 
CORRELATION BETWEEN DUST DEVIL FREQUENCY AND ATMOSPHERIC WAVES AROUND THE 
SPIRIT ROVER.  K. Ogohara1, 1School of Engineering, University of Shiga Prefecture (2500, Hassaka, Hikone, 
Shiga, Japan, 5250045, ogohara.k@e.usp.ac.jp). 

 
 
Introduction:  Many dust devils have been ob-

served by the Pathfinder, the Spirit rover, and the Phoe-
nix lander. The most useful statistical summary of dust 
devils is found in the two papers by R. Greeley  and co-
authors [1,2]. They detected visually dust devils, 
counted the number of the dust devils, and measured 
their size, lifetime, and speed. The distributions of the 
diameter, speed and local time, and the seasonal varia-
tion of the dust devil frequency they reported are quality 
statistical information describing properties of Martian 
dust devils near the Spirit site because of the large num-
ber of dust devils visually detected. They showed that 
dust devils tended to occur in the early afternoon in the 
southern summer season and peaked the frequency 
around the southern summer solstice. This can be ex-
plained by the diurnal and seasonal variations in the 
thickness of the boundary layer [3]. 

On the other hand, there may be atmospheric phe-
nomena that change the thickness of the boundary layer 
and the stability. Stationary and traveling waves in low 
latitudes may modify the atmospheric conditions re-
garding dust devil occurrences although amplitudes of 
the diurnal and seasonal variations are larger than those 
of such waves. If the atmospheric waves can modify the 
conditions of dust devil occurrences significantly, we 
can find the correlation between the phase of the waves 
around the Spirit rover and dust devils frequency ob-
served by the Spirit/Navcam. However, [1,2] neither re-
ported the number of dust devils observed on each sol 
nor listed time stamps of each observed dust devil. The 
correlation between the atmospheric waves and dust 
devils frequency cannot be investigated only based on 
information they showed in their paper. Therefore, we 
again detect dust devils from images the Spirit took, es-
timate the diameter, speed and longevity of the dust dev-
ils and record the time of the occurrences. We here show 
the preliminary results of the investigation of variations 
in dust devil frequency using the Spirit/Navcam images. 

Data and preprocessing: We extract dust devils 
from ‘‘dust devil movies” taken by the left eye of the 
Navcam onboard the Spirit rover during the period from 
sol 443 through sol 543. Each image sequence consists 
of 21 images taken at intervals of about 20 sec and are 
recorded once a sol basically. Each image consists of 
1024 256 pixels. The details of the engineering cam-
eras aboard the Mars Exploration Rover (MER) are 
summarized by [4], and the calibration technique for the 

navigation camera instruments is described by [5]. The 
image data sets used were radiometrically calibrated Re-
duced Data Record (RDR) obtained from the Planetary 
Data System (PDS) (http://pds-geoscie 
nces.wustl.edu/mer/mer2-m-navcam-3-radomet ric-sci-
v1/mer2nc_1xxx/), and the integer value of each pixel 
was transformed to a double precision brightness value 
using the Integrated Software for Imagers and Spec-
trometers (ISIS3) system (https://isis. astrogeology.u 
sgs.gov/index.html).  

Most dust devils are optically thin, with the result 
that what appears most clearly on landscape images 
taken by a rover or lander is the border between the sky 
and the ground, as well as patterns of the surface. There-
fore, we emphasis dust devils by subtracting a target im-
age in which we try to detect dust devils from a back-
ground image [6]. A dust devil is typically brighter than 
the ground surface and darker than the sky. Therefore, 
the upper part of a dust devil above the horizon on the 
target image and the bottom part of a dust devil below 
the horizon on the background image show negative sig-
nals on the difference image. In contrast, the bottom part 
of a dust devil below the horizon on the target image and 
the upper part of a dust devil above the horizon on the 
background image show positive signals on the differ-
ence image. This results in the false recognition of the 
upper part of a dust devil on the background image as a 
dust devil on the target image. We thus reverse the con-
trast of the sky in the difference image in order to dis-
play both parts of a dust devil on the sky and on the sur-
face with the same sign based on [6]. Figure 1 shows a 
sample of subtracted images used for detecting dust 
devils in this study.  

Results:  The number of dust devils on each sol was 
counted visually by the author. Note that the number of 

Figure 1 A sample of subtracted images used for
counting dust devils in this study. The white area
indicates a dust devil to be counted in the target
image. The black areas are dust devils in the back-
ground image. [6] 
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the detected dust devils is just the number of those seen 
during one or two image sequences (about seven or fif-
teen minutes) on the sol. One dust devil can be seen in 
multiple frames due to the longevity longer than 20 sec. 
I did not recognize such several signals of the same dust 
devils as different dust devils but as one dust devil. Fig-
ure 2 shows variations in the number of dust devils de-
tected per image and the local time of the image se-
quences. The correlation coefficient between them is 
0.44. There seems to be no clear relation between them. 
The number of dust devils per image varies largely for 
about 15 sols from sol 483 though local time of obser-
vations is approximately constant during that period. 
Therefore, something that explains the variation in the 
number of dust devils per image has to be considered 
instead of the diurnal variation.  

In the near future, I will extract atmospheric waves 
dominant in low latitudes from the re-analysis data of 
the Mars atmosphere (e.g. the Mars Analysis Correction 
Data Assimilation, [7]) through the spatio-temporal 
spectral analysis. Wave components that can explain the 
variation in the number of dust devils per image in Fig-
ure 2 may be found. 

References: [1] Greeley et al. (2006) JGR, 111, 
E12S09, 1–16. [2] Greeley et al. (2010) JGR, 115, 
E00F02,  doi:10.1029/2010JE003608. [3] Rennó et al. 
(1998) JAS, 55, 3244–3252. [4] Maki et al. (2003) JGR, 
108, E12, doi:10.1029/2003JE002077. [5] Soderblom et 
al. (2008) JGR, 113, E06S19, 
doi:10.1029/2007JE003003. [6] Ogohara et al. (2018) 

ASR, 61, 1158-1169. [7] Montabone et al. (2014), GDJ, 
doi: 10.1002/gdj3.13. 

 

Figure 2 Time series of the number of dust devils visually detected per image from sol 0443 through 
sol 0543 (green bars). Each red dot indicates the median of local time (hour) of observed image se-
quences on each sol.  
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Introduction:  SuperCam is a multi-functional 

spectroscopy instrument on the Mars 2020 rover. It 
will remotely analyze the surface using Laser-Induced 
Breakdown Spectroscopy (LIBS), Raman spectrosco-
py, Visible-Infrared (VISIR) spectroscopy, and Time-
Resolved Luminescence Spectroscopy (TRLS). A color 
micro-imager (RMI) will provide context images and 
textural detail (Fig. 1). It will also have a microphone 
to record the LIBS plasma shock waves and the sounds 
of Mars [1]. Mars 2020 is expected to launch in July 
2020 and begin roving Jezero crater in February 2021.     

SuperCam and the Mars 2020 Mission Goals:  
The primary goals of the Mars 2020 mission are to 1) 
search for habitable environments, 2) search for signs 
of past life, 3) cache samples, and 4) prepare for hu-
man exploration. SuperCam will address these goals by 
analyzing the chemistry of the rocks and soils using 
LIBS for major and trace elements and TRLS for trace 
elements, determining the mineralogy using VISIR and 
Raman spectroscopy, and potentially identifying organ-
ic materials using Raman, VISIR, and TRL spectros-
copy. The microphone may also provide information 
on rock physical properties and on the martian winds.  

Instrument Description: SuperCam consists of a 
Mast Unit (MU) and a Body Unit (BU). The MU hous-
es the laser (Nd:YAG 1064 nm) for LIBS, the frequen-
cy doubling system for the Raman and TRLS laser 
(532 nm),  the infrared spectrometer (spectral coverage 
from 1.3-2.6 μm), the RMI (70 μrad spatial resolution 
at the center of the field of view), the microphone, and 
the telescope and associated optics. The BU consists of 
a demultiplexer to split and direct the light into two 
reflection spectrometers (spectral ranges ~241-340 nm 
and 382-469 nm) and a transmission spectrometer 
(536-853 nm). A set of 31 calibration targets will be 
positioned at 1.6 m from the MU. The LIBS instrument 
operates to 7 m from the rover with an analysis spot 
size of 200-500 μm. Raman and TRLS will operate to 
12 m with a spot size of 0.9 mrad. VISIR will operate 

to kilometers dis-
tances with a field 
of view of 1.15 
mrad. 
      Development 
and Testing: Su-
perCam was de-
veloped in stages 
and the Engineer-
ing Qualification 
Model (EQM) 
version was tested 
in 2018. The BU 
Flight Model 
(FM) was com-
pleted and tested 
in April and is 
very similar to the 
EQM BU in spec-
tral range and resolution. The FM MU is being final-
ized and therefore the data collected for the prelimi-
nary calibration of SuperCam used the FM BU with the 
EQM MU. There are some improvements of the FM 
MU compared to the EQM including 1) improved sta-
bility of the primary mirror over temperature for better 
quality LIBS and RMI data, 2) higher quality RMIs 
due to an improved objective and light path, and 3) a 
change in the mounting of the Schmidt plate for better 
alignment of the Raman/TRLS laser. SuperCam soft-
ware, firmware, alignment, focusing, and other engi-
neering capabilities have been tested and proven suc-
cessful. 

Calibration: In April 2019, SuperCam underwent a 
significant calibration effort to demonstrate the instru-
ment’s capabilities. Over 27,000 LIBS spectra were 
collected on ~300 geological materials (pressed pel-
lets) and more than 100 Raman, 15 TRLS, and 50 
VISIR spectra were collected on rocks and minerals. 

 
Fig. 1: Example SuperCam 
RMI of a rock with LIBS analy-
sis pits (~350 μm diameter) on 
the central dark gray grain. 
The distance is 2 m and the 
image is corrected for flat field, 
contrast, balance, and color. 
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Full calibration of the FM IR spectrometer will be 
completed within the next 2-3 months [2].  

Synergy between Techniques: An example of 
how the SuperCam techniques may be integrated to 
identify a mineral is shown in Fig. 2. This data was 
collected in 2018 using the EQM BU and MU. The 
distance was 2 m and samples were under ambient 
conditions. Ambient conditions have a significant ef-
fect on LIBS spectra. Room lights were turned off and 
VISIR spectra were collected with a 75 W QTH lamp. 
TRLS spectra consist of 20 spectral co-additions with a 
0.5 ms integration time at 3 time delays (730 ns, 53 μs, 
and 73 μs). Spectra were dark subtracted, wavelength 
calibrated, and instrument response corrected. The 

successful identification of rhodochrosite was made 
through the combination of all techniques: high Mn 
from LIBS, IR data consistent with Mn-rich calcite, 
Raman data consistent with rhodochrosite or calcite, 
and fast decaying Mn2+ and slower decaying Nd3+ in-
dicative of rhodochrosite. XRD results confirm rhodo-
nite, rhodochrosite, and quartz as the primary mineral-
ogy in this rock. Due to the spot size, it is possible mul-
tiple phases were sampled but the rhodochrosite was 
more prominent in IR, Raman, and TRLS spectra.      

References: [1] Wiens et al. (2017) Spectrosc. 
32:5, 50-55 [2] Royer et al. (2019) 9th Int. Conf. Mars 
[3] Lafuente, B. (2015) In: Highlights in Mineralogical 
Crystallogr., Eds: Armbruster & Danisi.  

Fig 2: Example SuperCam EQM data showing the synergy between the SuperCam techniques. Raman library data: RRUFF [3]. 
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Introduction:  Thermal infrared (TIR) spectros-

copy is a powerful remote sensing tool used to unravel 
the surface compositions of a target body. This tech-
nique has been widely used in space missions, because 
of its ability to detect and determine modal mineralogy 
of the surface geology. It has been instrumental in de-
veloping our understanding of Mars, as the majority of 
missions sent to Mars have included an infrared spec-
trometer. These spectrometers can operate either in the 
visible (VIS) to near-infrared (NIR) or in the mid-infra-
red (MIR). The results presented here primarily cover  
5-15μm, which overlaps the THEMIS spectral range. 

In the MIR, the bulk spectrum of the surface ac-
quired from a satellite can be linearly deconvolved to 
reproduce the modal mineralogy [1]. Deconvolution re-
lies on the use of spectral end-members to accurately 
deconstruct the acquired bulk spectrum. These end-
members are derived in the laboratory from particulate 
samples of either bulk rocks and/or minerals. The ma-
jority of end-members used in the deconvolution are ter-
restrial. Though Martian meteorite bulk spectra have 
also been used in deconvolutions, they don’t provide a 
good match to the Martian surface geology [2], most 
likely because the spatial resolution of the instruments 
was too low. While the use of terrestrial end-members 
has significantly advanced our understanding of the ge-
ology of Mars, the use of Martian meteorite mineral 
end-members may be able to provide additional infor-
mation and accuracy to mapping the surface geology.  

Due to the rarity of Martian meteorites, the destruc-
tive technique of acquiring mineral spectra from a par-
ticulate is not feasible or desired. However, by analyz-
ing thin-sections using non-destructive µ-FTIR (micro-
Fourier Transform Infrared) spectroscopy, we can ac-
quire spectra from specific Martian minerals using thin-
sections. This however, introduces orientation effects 
on the spectra, which is avoided when using particu-
lates, as they produce a randomly orientated spectra. 
These effects can be quantified and accounted for using 
Electron Back-Scattered Diffraction (EBSD).  

Here we investigate MIR spectral characterization 
of the shergottites Northwest Africa (NWA) 7034, a 
polymict breccia, and NWA 8159, an augite basalt. 
NWA 7034 contains ancient Martian crust as old as 4.39 
± 0.04 Ga [3], while NWA 8159 crystallized 2.37 ± 0.25 
Ga [4]. This makes them, and NWA 7635 (2.403 ± 0.14 

Ga), the oldest confirmed shergottites recovered so far 
[5]. As the only shergottites of Early Amazonian to No-
achian in age, they provide an invaluable opportunity to 
understanding Mars’ early history.  

Methods: Both samples (~0.5g chips) were ac-
quired from UNM and were made into epoxy mounts. 
NWA 8159 was analyzed with a Tescan Integrated Min-
eral Analyzer (TIMA) to determine modal mineral 
abundancies and produce high-resolution mineral maps. 
NWA 8159 was also analyzed using EBSD to charac-
terize the crystallographic orientation of the grains. Data 
were collected at a step size of 1 µm and an accelerating 
voltage of 20 keV, using a Tescan Mira3 scanning elec-
tron microscope (SEM) and the Oxford Instrument 
Symmetry CMOS detector. NWA 7034 will also be an-
alyzed using TIMA and EBSD. Both samples will be 
analyzed a Nicolet iN10MX Infrared Imaging Micro-
scope. They will be analyzed using a nitrogen-cooled 
MCT/A (Mercury Cadmium Telluride) detector with a 
wavelength range of ~5-15μm. Though a shorter wave-
length range than the MCT/B or DTGS (Deutered Trigl-
cyerine Sulfate) detector’s, the signal to noise ratio is 
significantly improved. This allows a much smaller spot 
size to be viably used. Increasing the spatial resolution 
of the analysis will allow smaller and more complicated 
grains to be accurately analyzed. A 100μm spot/step 
size will be used to create large spectral maps of the sec-
tions, followed by a 25μm spot/step size to analyze spe-
cific areas of interest at high resolution. 

Results: Initial results indicate NWA 8159 is pri-
marily composed of pyroxene and plagioclase, both 
~43% (Fig. 1). The pyroxene is zoned, with high-Ca au-
gite cores and low-Ca pigeonite rims. The plagioclase 
has not been fully shocked to form maskelynite. Mag-
netite and olivine are also present at ~6% and ~5%, re-
spectively. Accessory phases include silica and apatite. 
Pyroxene and magnetite occur on the rims of the olivine 
grains, most likely due to a replacement reaction [4]. 
NWA 8159 is very fine grained at <200μm though phe-
nocrysts can be up to ~500μm (Fig. 2). There is a vary-
ing texture across the sample, with areas of coarser 
grains (200-400μm) and areas of much finer grains 
(<100μm). A large shock melt vein (~600μm wide) cuts 
through the sample. Maskelynite is present both within 
and in close-proximity to the vein. Micro-garnets are 
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also present inside the vein. Ca-rich veins, possibly car-
bonate ate, occur through the sample, most likely due to 
terrestrial weathering [6].  

Mineral orientation and spectral observations will be 
presented at the meeting. 

Discussion: NWA 7034 and NWA 8159 represent 
unique samples of the Martian crust. NWA 7034 is a 
polymict breccia, the only sedimentary Martian meteor-
ite (and its pairs) so far confirmed. The igneous clasts in 
NWA 7034 are composed of a wide variety of igneous 
lithologies, representing a broad compositional range of 
the Martian crust [7]. In addition, there are a number of 
sedimentary clasts, lithic fragments of previously lithi-
fied Martian regolith [7]. Both sets of clasts represent 
not previously sampled parts of the Martian crust and 
surface. NWA 8159, is classed as an ‘augite basalt’ due 
to the predominant clinopyroxene phase, augite, in the 
meteorite. This makes it unique, as the other shergottites 
usually have a higher abundance of low-Ca pigeonite 
than high-Ca augite. Furthermore, plagioclase that has 
not been fully converted into maskelynite is also pre-
sent, providing a constraint on the impact shock history 
of this meteorite. 

Both these meteorites provide an opportunity to ex-
pand the Martian spectral library into compositionally 
diverse and more ancient fragments of the Martian crust. 
While previous studies have spectrally analyzed these 
meteorites [4,8,14], there has been limited MIR spectral 
analysis of targeted regions inside these meteorites. 
Spectrally analyzing targeted areas, such as sedimentary 
clasts, will enable their use in the deconvolution pro-
cess, thereby providing a new avenue in mapping the 
surface geology of Mars.  

Further petrological and MIR characterization of 
these meteorites and their constituent components will 
be presented at the meeting.  

References: [1] Ramsey M. S. and Christensen P. R. 
(1998) J. Geophys. Res. 103, 577-596. [2] Hamilton V. E. et 
al. (2003) Meteoritics & Planet. Sci., 38, 871-885. [3] 
McCubbin F. M. et al. (2016) JGR Planets, 121, 2120-2149. 
[4] Herd C. D. K. et al. (2017) GCA, 218, 1-26. [5] Lapen T. 
J. et al. (2017) Sci. Adv. 3, 1-6. [6] Crozaz G. and Wadhwa M. 
(2001) GCA, 65, 971-978. [7] Santos A. R. et al. (2015) GCA, 
157, 56-85. [8] Cannon K. M. et al. (2015) Icarus 252, 150-
153. [9] Mikouchi T. (2001) Ant. Met. Res. 14, 1-20. [10] 
McCoy T. J. et al. (1992) GCA, 56, 3571-3582. [11] Usui T. 
et al. (2010) GCA, 74, 7283-7306. [12] Mikouchi T. and Miya-
moto M. (2001) LPS XXXII, Abstract #1644. [13] Irving A. J. 
et al. (2012) LPS XLIII, Abstract #2496. [14] Hamilton V. E. 
and Santos A. R. (2017) Meteoritics & Planet. Sci. 52, A6266.  

 
 

Figure 1. Modal mineralogy of NWA 8159 compared to previously reported mineralogy [4], and typical mineralogy of 
shergottites from different sub-groups: Diabasic – Los Angeles [9], Fine-Grained – Zagami [10], Poikilitic – RBT 04262 
[11], Olivine-Phyric – Dhofar 019 [12], Gabbroic – NWA 7032 [13].  

Figure 2. Mineral map of NWA 8159 showing the varying 
texture and the large shock-melt vein cutting through the 
section.  
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The Mars Express Radio Science (MaRS) occultation exper-
iment sounds the Mars atmosphere and ionosphere since 
2004 at two coherent radio frequencies at X-band (8.4 GHz) 
and S-band (2.3 GHz) in order to derive vertical profiles of 
temperature, pressure, neutral number density and electron 
density, respectively. Occultations occur in seasons depend-
ing on the constellation Earth-Mars-MEX orbit plane. Opera-
tional constraints onboard the spacecraft and/or on ground 
usually do not allow the sounding of the atmos-
phere/ionosphere in consecutive orbits (orbit period about 
6.5 hours). There are, however, a few occasions over the past 
15 years when near-consecutive orbits occultations were 
achieved. Radio sounding has the advantage to resolve the 
profile structure  by 500m – 600m  altitude while spectrome-
ter usually resolve by an atmospheric scale height (many 
kilometers). The behavior of the neutral atmosphere that is 
the temperature profile between the surface and about 50 km 
altitude and the ionosphere, that is the peak electron densities 
and altitudes of both the M1 and M2 layers, the topside and 
their diffusion region and their plasma scale heights, the total 
electron content shall be described as a function of time. The 
repeatability of the profiles shall be  compared along a Mar-
tian rotation and over 11 orbits above the same area. 
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Scientific Rationale: Arabia Terra is a large region 

of Mars where several signs of past-water occurrence 
are recorded, both in the form of hydrological, 
compositional, as well as geomorphological landforms 
(e.g. [1,2]). Arabia is located between the southern 
highlands of Mars and the northern plains where the 
global topographic dichotomy has its minimum slope 
gradient [3], it is densely cratered and it is considered 
one of the oldest terrain on the planet [4]. 

The Vernal crater (Fig. 1) is a 55 km diameter crater 
centered at 6°N, 355°E in South-Western Arabia: 
among all craters emplaced in this region it is of 
particular interest because its southern half likely 
exhibits both spring and fluvial activity, as well as 

lacustrine deposits, associated with shoreline-like 
bedding [5]. From a stratigraphic perspective, the 
Vernal sediments lie between a minimum of 400 m to a 
maximum of 900-1200 m below those sediments 
investigated by the Opportunity rover in Meridiani 

Planum [6]. Hence, the Vernal in-situ analysis can 
provide the unique opportunity to study much older 
deposits, never observed by any other past or present 
rover located on the surface of the planet, providing 
insights into the atmospheric and geological conditions 
that characterized the ancient Mars. From a scientific 
perspective this makes such a site interesting because 
its surface dates back to an age (3.7 Ga, +0.05/-0.08, 
corresponding to the Late Noachian epoch) where past 
standing bodies of water were still present on the Red 
Planet possibly associated with habitability conditions.  

By means of high-resolution CTX images [7] we 
have prepared a detailed geological map of the landing 
site. In the western part of the identified landing area 
the terrain presents ancient dark-toned, rough surfaces 
that are interpreted as either lava flows or groundwater 
indurated material. On the north of Vernal crater the 
Rampart ejecta of a 20 km size crater are well 
preserved, only partially affected by erosional processes. 
Inside the Vernal crater a set of different layered units 
(alternated dark and bright deposits) are in good 
agreement with a sedimentary origin of such deposits. 
The spectral analysis of these deposits show that 
plagioclase, pyroxenes, carbonates, sulphates and 
minerals typical of hydrothermal environments could be 
present, according to spectral unmixing modelling 
(CRISM dataset [8]). The derived  mineral classes 
show spatial distributions consistent with the 
hypothesis of a confined environment where the 
circulation of fluids could have been responsible of the 
alteration of primary phases and precipitation of 
secondary minerals. 

Resource Analysis: A human outpost on Mars can 
only start and thrive if there are in-situ natural resources 
that are reachable and exploitable. In order to identify 
such areas we decided to exploit the Water Equivalent 
Hydrogen map (WEH map) of Mars of [9], that 
represents locations characterized by subsurface water 
ice (at maximum depths of 1-2 m), and/or hydrated 
subsurface minerals. By analyzing the WEH values of 
SW Arabia we identified that the Vernal location 

Figure 1: The location of the proposed landing site 
containing part of SW Arabia Terra and the Vernal crater. 
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Table 1: Summary of the site engineering constraints. 

present the highest WEH values in Arabia Terra as well 
as among other equatorial regions of Mars, reaching a 
maximum amount of 16%. This therefore suggests a 
high potential of in-situ natural resources. Besides the 
WEH measurements, SW Arabia Terra shows several 
Rampart craters ranging from 1 to 25 km in diameter 
[5], with one located 20 km north of Vernal rim (white 
arrow in Fig. 1). On Mars, such kind of craters 
commonly imply that in-situ ice or fluids have been in 
the subsurface for extended periods of time [10], hence 
supporting the interpretation of a resource-rich Martian 
area. 

Engineering Requirements: Human exploration 
engineering requirements have not yet been published, 
nevertheless, the first explorers are expected to be 
limited to about 100 km of travel from their landing site 
due to life support and exploration technology 
requirements (see the NASA Human Landing Sites 
Study www.nasa.gov/journeytomars/mars-exploration-zones 
for human missions on Mars). We therefore decided to 
make use of the strict NASA Mars Science Laboratory 
2012 and Mars 2020 rover requirements [11,12] as 
guidelines for our Vernal proposed site analysis, and 
quantified their fulfillment over the full proposed 
landing area, as commonly done on other Mars landing 
sites [13-15]. As it is possible to see from the resulting 
analysis presented in Table 1, 
the elevation of the site is 
well below the <-0.5 km 
MOLA datum constraint, 
hence providing sufficient 
atmosphere braking during 
the Entry Descent and 
Landing phase. This is 
particularly important if 
much heavier loads are 
expected for human 
exploration than those 
required for the 2012-2020 
rovers. Regarding surface 
rock abundances, the IRTM 
dataset [16] shows that 
21.02% of the proposed area 
exceeds the required K value 
< 10%, in particular inside 
the south-east area of the 
Vernal crater (13%). 
Nevertheless, a higher spatial 
scale study (7.4 km) made 
with the TES instrument [17] 
on the same location 
indicates that this region has 
K values below 7%, making 
it safe from a hazard 

perspective. Over the proposed landing site we have a 
partial (54.72%) coverage of a CTX 18 m scale Digital 
Elevation Model. In order to fully cover the remaining 
area of the landing site and to provide a complete 
elevation map with spatial scale 10 m, we have 
already planned and started to acquire multiple CaSSIS 
4.6 m stereo images [18] of the area. For atmospheric 
safety assessment as well as to understand the aeolian 
processes (erosion and deposition of material) that are 
currently shaping the Vernal crater area we have 
mapped the aeolian bedform orientations in the 
proposed landing ellipse (mostly bright-toned 
megaripples or TARs [19]) and we have performed a 
statistical analysis of prevailing wind directions and 
speeds through the use of the NASA AMES Mars 
General Circulation Model and the Mars Regional 
Atmospheric Modeling System [20].  
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Introduction:  Jezero Crater located at the edge of 

Isidis Basin is the landing site for the Mars 2020 mis-
sion. The fluvio-deltaic stratigraphy and phyllosilicate 
rich fan deposits in the Jezero Crater paleolake were 
proposed to have been a delta with a standing body of 
water or alluvial or debris flow processes [1]. On the 
other hand, the olivine exposed in western delta may be 
volcanic origin. The diversity of mineralogy and stra-
tigraphy may imply Jezero Crater has undergone multi-
ple geological processes. Investigation of the chemical 
composition of the surrounding area may help to un-
derstand the geology of Jezero Crater. 

The Gamma Ray Spectrometer (GRS) on the Mars 
Odyssey Spacecraft provides regional chemical data 
for lithophile (Al, Ca, Cl, K, Si, Th), siderophile (Fe), 
chalcophile (S), and atmophile (H) element composi-
tion of bedrock and surficial materials for known geo-
logical units. We determined elemental compositions 
for the area including Jezero Crater and compared with 
the surrounding areas. Our objective is to understand 
the nature of the bedrock and surficial materials with 
dichotomy boundary near Isidis Basin from the GRS 
signal, and the geological relationship Jezero Crater 
and surrounding areas. 

Study Area: The study area (Fig. 1) includes Isdis 
Basin, Syrtis Major and part of the Utopia Planitia and 
Terra Tyrrhena covering the portion of the dichotomy 
boundary. For convenience, the GRS data are ex-
pressed as sums over different size latitude and longi-
tude boxes “pixels” (5° × 5°). The Jezero area is de-
fined as a rectangle area (the black rectangle within 
Fig. 2) with Jezero Crater in the center, including 18 
GRS pixels.  

Data and Method: The GRS instrument suite with 
a footprint of several hundreds of kilometers (not col-
limated) uniquely reveals the chemistry of large regions 
of the Martian surface [2]. We used abundances pro-
cessed in 2010 (personal communication, William 
Boynton) based on 5° pixels which are less spatially 
autocorrelated, leading to less information redundancy. 
Color stretch maps of four elements (Th, K, Fe, Cl) 
were overlain on the MOLA colorized map of the study 
area.  For pixels used within geologic region, the mean 
of elemental abundance is calculated by maximizing 
the probability for the entire dataset yields for the pres-
ence of heteroscedasticity [3]. Pan et al.[4] have de-
fined ten geologic regions covering the surface of Mars 
from 90°E-210°E, 30°S-30°N based on homogeneity of 

elemental abundances for contiguous pixels. The chem-
ical concentration of Th and K of Jezero area were 
plotted along with the 10 geological regions for com-
parison.  

Results: The concentration of lithophile elements 
Th, K and Fe in the Jezero area can be compared with 
the surrounding Utopia Planitia, Sytis Major and Terra 
Tyrrhena. The Th concentration is relatively low in 
Jezero area comparing to its surrounding (Fig. 2). This 
is also consistent with the low K concentration in 
Jezero area (Fig. 3). Utopia Planitia has higher concen-
tration of K, Th. Jezero area has moderate concentra-
tion of Fe, while the nearby Syrtis Major has the lowest 
Fe (Fig. 4). And the pixels with highest concentration 
of Fe are located at Isdis Basin and part of the Utopia 
Planitia. For the mobile element Cl, Utopia Planitia has 
lower Cl concentration comparing to other areas within 
southern highland (Fig. 5). The areal pattern of Cl is 
distinct from those of lithophile elements. Jezero crater 
is located at the boundary of low and high Cl concen-
tration and it is defined as a smaller area with 12 GRS 
pixels (Fig. 6). The abundance of K has been converted 
to K2O and plotted along with Th in Fig. 6. The low 
concentrations of Th and K2O of Jezero area are con-
sistent with the volcanic terrains (red symbols in Fig. 
6). 

Discussion: Pan et al. [4] proposed that Lithophile 
elements may provide evidence for crustal heterogenei-
ties of Mars, inheriting from their original derivation 
from the mantle. The ten geological regions were 
grouped to highlands and volcanic terrains. It is sug-
gested highlands may derive from an undifferentiated 
mantle, while the volcanic terrains may be sourced 
from a mantle that had previously been depleted in 
incompatible elements (such as K and Th). Following 
the same logic, the surficial crust or materials on the 
surface of the Jezero area may also derive from K and 
Th depleted mantle. Thus, the olivine rich materials 
detected from Jezero Crater may originate from volcan-
ism. The moderate to high abundance of Fe may be 
consistent with the Fe olivine and phyllosilicate miner-
als exposed within that area. Similar to the ten geologi-
cal regions defined in Pan et al. [4], there is incon-
sistency between lithophile elements and mobile ele-
ment Cl, suggesting the inconsistency may apply to 
global surface of Mars. The nearby Utopia Planitia is 
consistent with higher Th and K comparing to Jezero 
area, indicating crustal composition similar to High-
lands. 
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Future work: Chemical concentration of other el-
ements will be plotted for Jezero area and its surround-
ings to interpret the geochemical province of Jezero 
area. Also, we will compare the concentrations of 
Jezero area with Gale and Gusev craters. 

 
Fig. 1. MOLA colorized elevation map of the study 
area. 
 

 
Fig. 2. Color stretch map of chemical concentration of 
element Th. 
 

 
Fig. 3. Color stretch map of chemical concentration of 
element K. 
 

 
Fig. 4. Color stretch map of chemical concentration of 
element Fe. 
 

 
Fig. 5. Color stretch map of chemical concentration of 
element Cl. 
 

 
Fig. 6. Plots of 5° × 5° averaged data for K versus Th 
elements of Jezero area. The elements from the centers 
of the ten geologic regions defined in Pan et al (submit-
ted) were plot for comparison.  
 

References: [1] Goudge T. A. (2007) EPSL, 458, 
357–365. [2] Boynton W. V. et al. (2007) JGR, 112. 
[3] Karunatillake S. et al. (2011) Journal of Scientific 
Computing, 3, 439-451. [4] Pan C. (2019) EPSL, sub-
mitted. 
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HYDRATED SILICA IN MARTIAN ALLUVIAL FANS AND DELTAS.  L. Pan1, J. Carter2 and C. Quantin-
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Introduction: A plethora of evidence for liquid wa-

ter on the surface of Mars has been accumulated in the 
last decade, but the timing and mechanism for the tran-
sition of the Martian climate remain unclear. Recently 
proposed climatic solutions range from a generally early 
cold and icy environment [e.g. 1-2] to short-term or cy-
clic warming events during early Mars [e.g. 3], to a con-
tinued, persistent surface runoff perhaps long after No-
achian [e.g. 4]. Enabled by the completed global miner-
alogical datasets [5-6], a combined view of morphology 
and mineralogy could potentially help narrow down the 
parameter spaces allowed for these climatic solutions. 

 The basaltic Martian crust is expected to liberate a 
large amount of silica during aqueous alteration [7]. 
Since the solubility of amorphous silica is linearly cor-
related with temperature when the pH is smaller than 
8.5-9 [8], observations of precipitated silica could pro-
vide important constraints on the water temperature and 
chemistry. In this abstract, we first review the silica de-
tections on Mars from orbit and in situ and then present 
analyses of fans and deltas with silica detections. These 
deposits hold clues to the record of liquid water in the 
last three billion years on the surface of Mars and may 
provide important prior information for Mars 2020 and 
ExoMars missions. 

Silica on Mars:  From in situ explorations, silica is 
first identified with high concentration (as much as 91 

wt%) near the Home Plate outcrop in Gusev crater by 
Spirit rover [e.g. 9-10] and more recently trydimite and 
amorphous silica have been characterized by Mars Sci-
ence Laboratory in Gale crater [e.g. 11-14].  From orbit, 
silica is first identified in deposits near the Valles Mar-
ineris canyon system [15], in Nili Fossae region [16] 
and in Nili Patera caldera [17] using data acquired from 
CRISM (Compact Reconnaissance Imaging Spectrom-
eter on Mars). Silica is subsequently found globally in 
various environmental settings, including volcanic, sed-
imentary, aeolian and periglacial [e.g. 18-19].  

Among those associated with sedimentary settings, 
at least 14 have been reported to be correlated with a 
terminal deposit of a channel (Figure 1, 18-26), includ-
ing the two future landing sites of Martian rovers to be 
launched in 2020 (Jezero crater [e.g. 24] and Oxia 
Planum [18, 26]). These terminal deposits (fans and del-
tas) generally formed later than Noachian, and some 
may have formed as late as Amazonian based on crater 
count of restricted areas [20]. The most prominent de-
tections (See Fig. 1A, Type I) found in bedrock deposits 
have a distinct spectral signature with the 1.4 µm band 
narrowed and shifted to shorter wavelengths, indicating 
a less mature phase compared to silica found in eolian 
sediments [19, 27]. This has been attributed to a com-
mon feature of dehydrated opal-A in the Mars 

Figure 1. A) CRISM ratioed spectra of silica detections reported in previous literature associated with fans or deltas on Mars [5, 
18-26], named after the closest named regions or features. The last four spectra are vertically exaggerated by 2 to show weak 
absorption features. The wide 2.21 µm bands of SiOH are marked by the pink shaded region. Dark grey shaded regions are known 
artifacts. B) Distribution of fans/deltas with silica globally. Symbols labeled with fan locations are overlain on the Mars Orbital 
Laser Altimeter (MOLA) topography.  
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environment [19] or opaline silica formed in low-tem-
perature water-rock interactions [27].  

Morphology and mineralogical features of a typ-
ical silica-bearing fan: We show the example of one of 
these fan deposits (Aeolis1), for which a Digital Eleva-
tion Model (DEM) based on HiRISE stereo images were 
used to obtain measurements of the morphometry of the 
channel and the fan. CRISM detections are co-regis-
tered to the images using hand-selected ground control 
points. The deposit is a small stepped fan with a length 
of 2 km and width of 1.6 km inside a degraded impact 
crater. A maximum volume of 1.5 108 m3 of sediments 
has been deposited, indicating as much as ~468 km3 liq-
uid water may have been involved based on assump-
tions of water-to-sediment ratio [28]. The strong silica 
signature is well-correlated with the fan, in light-toned 
deposits (Fig. 2A). A small light-toned region on the 
crater floor also bears silica detections and no hydrous 
mineral is found on the channel wall. The fan could be 
divided into three well-distinguished stages of deposi-
tions, with clear breaks in slope in the elevation profile 
(Fig. 2B). Crater density differences indicate a lapse in 
time between the bottom stage and the upper two stages. 
The strength of the 2.21 µm absorption band due to 

hydrated silica detection increases with decreasing ele-
vation, and three obvious levels of band depths are ob-
served corresponding to the three fan stages from eleva-
tion in this image.  

Formation of silica deposits and implications for 
the past environment: Silica deposits found in fluvial 
settings could be detrital, hydrothermal and diagenetic. 
In the case of Aeolis1 fan, the hydrated silica in large, 
coherent units found in the terminal deposits of a chan-
nel lacks an obvious source of equivalent size. The spec-
tral signature consistent with the presence of opal-A, a 
less pristine type of silica also suggests the hydrated sil-
ica likely formed in situ and did not experience pro-
longed alteration afterward [19, 27]. A hydrothermal 
origin is unlikely since there is no obvious volcanic 
source nearby, and the temperature of hydrothermal flu-
ids decreases exponentially with time and distance. 
Thus we favor the cases where the hydrated silica 
formed through diagenesis. One possible scenario is that 
silica was dissolved in the water right after fan for-
mation and precipitated as water drained or temperature 
decreased. Alternatively, a secondary, late diagenetic 
event may be responsible for the formation of silica 
where aqueous alteration occurred separately from the 
fan formation. In either case, spectral variations resulted 
from changes in silica content or grain size are corre-
lated to the three depositional stages of the fan. 

Hydrated silica deposits are found on Mars in many 
young sedimentary environments. Large volumes of 
water are involved in the formation of these fans and 
deltas, and the formation of hydrated silica associated 
with these deposits probably represent one or more 
common sedimentary processes in the last three billion 
years. A detailed comparative study of these silica de-
posits may help constrain the duration of liquid water 
globally distributed on Mars post-Noachian.  

Acknowledgments: This project has received fund-
ing from the European Union’s Horizon 2020 research 
and innovation program under the Marie Sklodowska 
Curie grants agreement No. 751164. 
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Figure 2. A) 3D rendering of an unnamed fan in Aeolis region 
with CRISM parameter map overlain on HiRISE image. The 
topography is exaggerated by 3 times. B) A cross-section 
along the fan direction of elevation profile (black) and ex-
tracted CRISM 2.21µm band depth (cyan) corresponding to 
Si-OH or Al-OH absorptions.  
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DUST OBSERVED BY MARS GLOBAL SURVEYOR THERMAL EMISSION SPECTROMETER OVER 
MARTIAN SOUTHERN SEASONAL POLAR CAP.  A. Pankine1 and C. E. Newman2, 1Space Science Institute 
(apankine@spacescience.org, 2Aeolis Research (claire@aeolisresearch.com). 

 
 
Introduction:  Observations of atmospheric aero-

sols (dust and water ice clouds) and water vapor by 
Thermal Emission Spectrometer (TES) aboard Mars 
Global Surveyor (MGS) in 1999-2006 [1] provided an 
important contribution to our understanding of the 
Martian dust and water cycles [2]. Retrievals of atmos-
pheric aerosols were limited to daytime observations of 
areas not covered by the Seasonal Polar Caps (SPC) of 
CO2 frost. Retrievals of atmospheric aerosol opacities 
over SPC from MGS TES observations are possible 
during the time of spring recession, but are complicat-
ed by the low thermal contrast between atmosphere and 
surface, significantly non-unit emissivity of the surface 
CO2 at the far-infrared wavelengths observed by TES 
and the presence of spectral artifacts in the TES spectra 
[3]. 

We present here results of atmospheric dust opacity 
retrievals using TES data collected during Mars Years 
(MY) 24 through 26 over the southern SPC. These 
retrievals complement and expand the existing dataset 
of the TES retrievals. The new results are compared to 
multi-year simulations of dust evolution in the Martian 
atmosphere using MarsWRF General Circulation Mod-
el (GCM) [4]. 

Results:  Figure 1 Figure 3 show examples of the 
atmospheric dust opacity retrievals for the early spring 
season of Ls=190-200  MY24-26. Seasonal evolution 
of the atmospheric dust can be traced from comparison 
of polar maps at different Ls. The interannual variabil-
ity of the dust over SPC is apparent from comparison 
of results for different years. Retrievals in MY25 cover 
the expending and decaying phases on the planet-
encircling dust storm that began on Ls~185 . Compari-
son of these results to numerical simulations of the dust 
evolution in the Martian atmosphere (Figure 4, [4]) 
enables better understanding of the surface dust lifting 
processes  and the genesis of the Martian planet-
encircling dust storms. 

References: [1] Christensen P. R. et al. (2001) 
JGR, 106(E10), 23823–23871. [2] Smith M. D. (2004) 
Icarus, 167(1), 148-165. [3] Pankine A. A. (2015) 
Planet. & Space Science, 109, 64-75. [4] Newman, C. 
E. and Richardson, M. I. (2015)  Icarus, 257, 47-87. 

 
Figure 1. Polar maps of retrieved dust optical depth 
(at 1075 cm-1) over SPC in MY24 Ls=190-200 . 
Black contours are MOLA topography. Maps outer 
edge extends to 50  latitude. 0  longitude is at the 
top. SPC occupies area south of 60  latitude. 

 
Figure 2. Same as Figure 2, but for MY25 Ls=190-
200 . 

 
Figure 3. Same as Figure 1, but for MY26 Ls=190-
200 .  
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Figure 4. Atmospheric dust optical depth in the 
Martian Southern hemisphere at Ls=197  and 221  
from WRF simulations with interactive dust lifting 
source. White contours show topography, red circle 
marks the edge of the SPC. 
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MINERAL DETECTIONS OVER JEZERO CRATER USING ADVANCED DATA PROCESSING 
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Introduction: In February 2021, the Mars 2020 
rover will land in Jezero crater to begin analyzing the 
deltaic deposits in this Noachian-aged paleolake, as well 
as a nearby altered olivine-rich unit and overlying vol-
canic unit. The rover seeks to determine the habitability 
of past ancient aqueous environments hosted within the 
units of this crater and cache samples for return to Earth, 
many of which will be selected based on their high bi-
osignature preservation potential. Constraint of the min-
eralogy in Jezero crater using CRISM data was key to 
its selection [1-4]. Deltaic clay and hydrated silica have 
been detected and highlighted for their high biosigna-
ture preservation potential [4,5]. Here we combine state-
of-the-art hyperspectral image processing and mineral 
mapping techniques from multiple groups associated 
with the CRISM team to achieve consensus on the min-
eralogy within Jezero crater. This will help constrain the 
habitability of various units in this ancient aqueous en-
vironment and will provide a roadmap for planning the 
optimal Mars 2020 rover traverse for detecting biosig-
natures and revolutionizing our understanding of Mars. 

Mapping Results :  CRISM images from the scene 
were processed for both atmospheric correction and de-
noising [6,7] and mineral (spectrum) mapping [8,9]. 
Mineral mapping was performed for both known min-
eral identifications for CRISM data (i.e. the spectra in 
the MICA library [10]) and interesting signatures iden-
tified by in-scene analysis using techniques such as 
DA/FATT [11,12]. The complete maps for the various 
minerals found in the region are shown in Fig. 1a. Bright 
coloration indicates high-confidence detections while 
subdued colors indicate intermediate confidence. The 
spectral signatures of the prevalent minerals are shown 
in Fig. 1d. Other minerals such as kaolinite, Al-smectite 
and a possible mixture of hydrated silica and Fe/Mg-
smectite  appear in very small regions of the CRISM 
images (spread over a few pixels). Zoomed in views of 
these deposits are shown in Fig. 1b&c while the associ-
ated spectra are shown in Fig. 1e. Using the technique 
described in [8,9] we were able to map these spectra 
across multiple images and the spectra from different 
images are shown in Fig. 2.1 

Mg-carbonate is primarily associated with fractured 
material on the crater rim, classified as mottled terrain 

                                                                    
1 Pixel locations are from detector image and are spatial averages. 

by Goudge et al. 2015 [1]. Mg-carbonate and Fe/Mg-
smectite are also associated with deltaic material. 
Fe/Mg-smectite is detected in the western delta’s valley 
and bottomsets, while Mg-carbonate and Fe/Mg-smec-
tite are both associated with point bars and inverted 
channels within the delta, agreeing with the analysis of 
Goudge et al. 2017 [2]. Additional Mg-carbonate is de-
tected within the olivine-rich unit, as is seen elsewhere 
in the Nili Fossae region [1,3]. Pyroxene is detected 
around the edges of the olive-rich unit, as well as prox-
imal to the western delta bottomsets and remnants to the 
east of the western delta. It is also seen in some surficial 
debris cover. Olivine is primarily associated with the ol-
ivine-rich unit [1-3]. We confirm the hydrated silica de-
tection of Tarnas et al. 2018 [5] near the western delta. 
We detect kaolinite and Al-smectite near a mound south 
of the western delta. 

Discussion and Conclusions: The mineralogy of 
Jezero crater characterized by our mapping largely 
agrees with previous analysis [1-5], but includes addi-
tional detections of kaolinite and Al-smectite. The asso-
ciation of Mg-carbonate and Fe/Mg-smectite with point 
bar deposits mapped by Goudge et al. 2018 [14] favors 
neither a detrital nor an authigenic origin, as they may 
form as either detritus or cement [2]. We detect more 
areally extensive carbonate in the northern fan deposit 
relative to the western fan deposit, consistent with ob-
servations of Goudge et al. 2015 [1], which they inter-
pret to favor a detrital origin for alteration minerals 
within both deltas. Considering solubility of carbonate 
minerals under a variety of geochemical conditions on 
Earth, we consider it unlikely that all Mg-carbonate in 
the Jezero deltas is detrital. Fe/Mg-smectites may be de-
trital, but either Fe/Mg-smectite or Mg-carbonate must 
also exist as a cementing agent in both deltas. If the 
Jezero deltaic deposits consisted of detrital sediment 
without cementation by additional alteration minerals, 
they would not have been preserved since the Noachian.  

The kaolinite and Al-smectite detections are areally 
small, making it difficult to confidently interpret their 
origin. Further co-registration and investigation with 
HiRISE imagery is required to determine if they are as-
sociated with bedrock material within the mound or 
with unconsolidated light-toned material at the base of 
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the mound. The former may imply that the Al-clay 
formed in the subsurface and was excavated by the 
Jezero crater-forming impact, while the latter may im-
ply that this Al-clay was relatively friable. Hydrated 
silica represents an excellent target for biosignature in-
vestigation, as discussed by Tarnas et al. 2018 [5]. 
Fe/Mg-smectite within the deltaic bottomsets is also an 

excellent target for biosignature investigation due to 
claystone’s excellent biosignature preservation poten-
tial [4,15]. The predominance of Fe/Mg-smectite vs 
Mg-carbonate as either detrital or cementing material 
within the Jezero deltas can be determined using PIXL 
aboard Mars 2020. Cementing Mg-carbonate may carry 
information regarding the atmospheric CO2 levels dur-
ing delta deposition [10, e.g. 16] and would imply neu-
tral-alkaline pH conditions in the Jezero lacustrine en- 
vironment. Detrital Fe/Mg-smectite and Mg-carbonate 
will contain information regarding their formation envi-
ronment(s) within the Jezero watershed, including the 
geochemical conditions of hydrothermal alteration.  

References: [1] Goudge, T.A. et al. (2015) JGR Pl. 120: 775-
808. [2] Goudge, T.A. et al. (2017) EPSL 458: 357-365. [3] Ehlmann, 
B.L. et al. (2009) JGR Pl. 114: E2. [4] Ehlmann, B.L. et al. (2008) 
Nat. Geo. 1:355-358. [5] Tarnas, J.D. et al. (2019) 50th LPSC, #2551. 
[6] Itoh, Y. and Parente, M. (2019) 50th LPSC, # 2025. [7] Itoh, Y. and 
Parente, M. (2019) In Prep.. [8] Saranathan, A.M, and Parente, M. 
(2019) 50th LPSC, #2698. [9] Saranathan, A.M. and Parente, M. 
(2019) In Prep..  [10] Viviano-Beck C. E. et al. (2014) JGR Pl. 
119:1403–1431. [11] Lin et al. (2018), JGR, in review. [12] Lin et al. 
(2018), 49th LPSC, #1835. [13] Seelos, F.P. et al., (2013) 44th LPSC, 
#2563. [14] Goudge, T.A. et al. (2018) Icar. 301: 58- 75. [15] 
McMahon, S. et al. (2018) JGR Pl. 123: 1012- 1040. [16] van Berk, 
W. et al. (2012) JGR 117: E10008. 

Fig. 1 (A) Mineral Identification Maps around the Landing Ellipse for the Jezero Crater overlaid on an optimized 
Jezero Crater MTRDR TAN composite mosaic (R:2529 nm; G:1330 nm; B:770 nm) [13] combined with FRS 
false color images. (B) A zoomed-in view of the deposit containing a possible mixture of Hydrated silica and Fe-
smectite. (C) Zoomed-in view of the pixels bearing kaolinite and Al-smectite etc.. (D) Spectra associated with the 
major phases prevalent in the region. (D) Spectra associated with the minor phases. 

Fig. 2 (A) Kaolinite spectra detected across images 
in the Jezero Crater. (B) Possible Hydrated silica 
mixtures detected in the Jezero Crater area. (C) 
Continuum removed spectra clearly illustrating the 
presence of absorptions at both 2.2 and 2.3 µm. 
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THE EFFECTS OF ICE AND DUST AEROSOLS, AND SURFACE SCATTERING ON THE INTERPRETATION OF THE 
MARTIAN NORTH POLAR ICE CAP SURFACE CHARACTERISTICS USING CRISM VNIR-SWIR DATA.  A. C. Pascuzzo1, 
T. Condus2, J. F. Mustard1

 and R. E. Arvidson2, 1Dept. of Earth, Environmental, and Planetary Science, Brown Uni-
versity, RI, USA (alyssa_pascuzzo@brown.edu), 2 Dept. of Earth and Planetary Sciences, Washington University in 
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Introduction: Martian atmospheric aerosols affect 
the spectral radiance properties of icy/dusty surfaces 
measured by remote VNIR-SWIR spectrometers and 
produce artifacts in spectral slope, albedo, and absorp-
tion strength of spectral data. Additionally, the un-
known scattering properties of these icy surfaces add 
complexity to deciphering the radiance contributions 
from surface and atmosphere. This work demonstrates 
that rigorous atmospheric-surface corrections influence 
interpretations of surface properties in analyses of 
VNIR-SWIR data from CRISM at the north polar re-
gion of Mars, specifically of the North Polar Residual 
Cap (NPRC) and North Polar Layered Deposits 
(NPLD). We have assessed the sensitivity of single-
scattering albedo (SSA) and reflectance retrievals, 
from discrete-ordinate radiative transfer modeling 
(DISORT), under different aerosol and surface scatter-
ing parameters to answer the following: 
 What is the approximate surface scattering behav-

ior of the ice cap? 
 How do untreated aerosols affect spectral charac-

teristics and interpretation of the surface through 
typical analyses such as H2O Index parameters and 
Hapke mixture modeling? 

 How does assuming Lambertian versus non-
Lambertian scattering affect spectral characteris-
tics and interpretation of the surface? 

Background: CRISM full-resolution targeted 
(FRT) observations (18 m/pixel) have the potential to 
retrieve spatial and temporal variability of ice and dust 
abundance and grain size. However, CRISM FRTs 
have been minimally utilized over the ice cap to quanti-
fy the surface ice and dust [1,2]. This is partly due to 
the complex but necessary correction for the variable 
state of ice and dust aerosols in the atmosphere and 
surface scattering properties of icy and dusty surfaces. 
Previous studies have used band depth parameters, 
such as the H2O ice index [3]. The H2O index uses the 
band depth of the 1.5 μm ice absorption and has been 
used to investigate seasonal ice changes of the NPRC 
[4,2,5]. [2] estimated the H2O index of icy spectra 
changes ~0.01-0.02 due to modest ice aerosol opacities 
for clear atmospheric conditions. However, this error 
estimate did not model the effects of dust aerosols on 
the H2O index or the effects of surface scattering (typi-
cally assumed to be Lambertian to simplify the model-
ing). [6] investigated the effects of treating or not treat-

ing dust aerosols on OMEGA data over the north polar 
region and found that changes in seasonal ice albedo 
are partially controlled by dust aerosols (second to the 
removal of surface dust). Although some previous 
spectral studies have attempted to account for aerosols, 
the sensitivity of the aerosol optical depth and surface 
scattering assumptions in atmospheric radiative transfer 
models has not been well characterized. 

Methodology: Radiative modeling of aerosols and 
surface scattering. We used CRISM observation 
FRT0000BEB8, located at trough site N0 [7,8], 87°N 
96°W (Fig. 1). This image captures a portion of the 
NPRC, the NPLD exposed along a trough wall, and the 
floor of the trough. The observation was acquired 
during optimal instrument operating temperatures (-
152°C), providing high signal-to-noise, and in martian 
northern summer (Ls=108°) to avoid the seasonal CO2 
frost and dusty atmospheric conditions.  

Attenuation and scattering of light due to aerosols 
in the atmosphere and scattering from the surface are 
accounted for using DISORT [9–11]. Atmospheric 
effects from CO2 gas are removed using the standard 
volcano-scan correction before the DISORT modeling 
[12]. Atmospheric aerosols were modeled using the full 
range of viewing geometries covered by the emission 
phase function (EPF) observations for the CRISM data 
(phase angles range from 45°-120°). We also model 
variations in incidence and emergence angles.  

Four parameters were adjusted within DISORT: 
atmospheric dust (τd) and water ice optical depths (τi), 
fraction of forward scattered light off the surface (c), 
and the width of the scattering lobe (b). We adjusted 
these parameters until the retrieved SSA at a given 
wavelength is constant for the same targeted point on 
the surface regardless of the viewing angle. We 
deemed the set of parameters closest to meeting this 
criterion as the best SSA retrieval. Within DISORT, 
surface scattering is defined by the Hapke bidirectional 
reflectance function and two-term Henyey-Greenstein 

Figure 1. A true color image of the 
CRISM scene, not map projected, 
used in this study (FRT0000BEB8). 
The rainbow inset is a 2,000 pixel 
spatial subset used in spectral 
analysis after DISORT due to the 
computational expense of applying 
Hapke non-linear unmixing to the 
entire scene. 
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function, which contains b and c, which we use to re-
trieve surface SSA at every wavelength and CRISM 
pixel. These variables were varied to test the effects of 
wide vs. narrow backscattering and forward surface 
scattering assumptions (Table 1). Additionally, 3 dif-
ferent aerosols optical depths were assessed. The dust 
optical depth (τd) for #3 parameters was estimated from 
the Mars Climate Database [13] for the date, time, and 
location that the image was acquired* (Table 1).  

The DISORT and SSA retrieval process produced 
denoised SSA image cubes [14] that were then con-
verted to reflectance using the Hapke radiance coeffi-
cient equation [15]. The reflectance data were used to 
calculate H2O index maps of each correction. The SSA 
data were used to solve for abundance and grain sizes 
using a non-linear unmixing model assuming intimate 
mixtures of water-ice [16], dust and palagonite [17,10]. 

Results: For this CRISM observation, the best SSA 
estimates are retrieved under a broad, modestly-
forward surface scattering behavior (i.e., particles with 
moderate internal structure), using the MCD τd esti-
mate, and τi of 0 (Table 1; #3). When a narrow forward 
scattering assumption is applied, the SSA retrievals are 
> 1.0 in the visible, thus an unrealistic scattering be-
havior for the polar ice cap. Additionally, when a τi of 
0.05 is used, the retrievals at ice absorptions are below 
0.0. Therefore, it's best to assume negligible ice aero-
sols in this scene. 

 Leaving dust aerosols untreated causes ice absorp-
tions to be weaker and spectral slope redder (Fig. 2), 
resulting in underestimation of the H2O index values up 
8% for the ice-rich NPRC (Fig. 3). Uncertainty in the 
true τ value at the time of data acquisition, as assessed 
through #5 and #6, results in negligible variation in 

both the H2O index and non-linear unmixing results, < 
3% and < 2% (Fig. 3). 

Changing the surface scattering parameters affects 
the spectral albedo (Fig. 2), but not the absorption 
strength (Fig. 3). This is expected since b and c are 
independent of wavelength in DISORT. The scattering 
parameters also affect the relative ice abundance from 
non-linear unmixing. The maximum ice difference is 
8% for DISORT runs #2 and #4, while the maximum 
ice difference exceeds 20% between the best DISORT-
SSA retrievals and the Lambertian/no-aerosols data. 

Conclusions: Dust aerosols cause significant 
changes in retrieved surface spectra. Left untreated 
they can lead to error in analysis and interpretation of 
reflectance and SSA data. Future studies, especially 
those investigating seasonal changes of the NPRC, 
should prioritize corrections for the variable state of 
aerosols in the atmosphere to minimize uncertainty. 
Error due to τd uncertainty is minimal as long as the 
estimated τd is within ~0.05 of the true τd.  

Although surface scattering behavior does not af-
fect interpretations of H2O index, accounting for the 
appropriate surface scattering behavior is needed to 
retrieve the most accurate SSA and reflectance values, 
decreasing errors in estimated abundances and grain 
sizes via non-linear radiative transfer modeling. 

References: [1] Calvin, W. M. et al. (2009) JGRP, 114; [2] 
Brown, A. J. et al. (2016) Icarus, 277, 401–415; [3] Langevin, 
Y. et al. (2005) Science, 307, 1581–1584; [4] Brown, A. J. et al. 
(2012) JGRP, 117; [5] Appéré, T. et al. (2011) JGRP, 116; [6] 
Vincendon, M. et al. (2007) JGRP, 112; [7] Fishbaugh, K. E. et 
al. (2010) GRL, 37; [8] Becerra, P. et al. (2016) JGRP, 121; [9] 
Stamnes, K. et al. (1988) Appl. Opt., 27, 2502–2509; [10] 
Wolff, M. J. et al. (2009) JGRP, 114; [11] Arvidson, R. E. et al. 
(2006) JGRP, 111; [12] McGuire, P. C. et al. (2009) PSI, 57, 
809–815; [13] Madeleine, J.-B. et al. (2009) Icarus, 203, 390–
405; [14] Kreisch, C. D. et al. (2017) Icarus, 282, 136–151; 
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Figure 3. Horizontal profiles of ice abundance (bottom) and 
H2O index values (top) from the spatial subset (Fig 1). Y-axis is 
the difference between the results from each parameter set and 
the #3 parameter set (most accurate SSA retrieval). For legend, 
refer to Fig 2 or Table 1. 

Figure 2. Ave. SSA spectral plots from the NPRC and NPLD Left: 
showing the spectral effects of assumed scattering behavior. Grey 
spectrum is from the simplified 'lambert-aerosols not treated' 
data. Right: effects of ice and dust aerosols versus no aerosols. 
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Introduction: RSL are narrow (.5– to 5-m) features 
which form on steep (>25 o), warm (~250 K) Martian 
slopes, extend up to hundreds of meters’ downslope, 
can be up to 40% darker than the surrounding surface 
and grow and fade on a yearly basis [1]. RSL normally 
form on slopes above the angle of repose for cohesion-
less particles (~ 25 o) with few exceptions [1]. RSL 
start their lengthening process from the base of bed-
rock outcroppings [1] and extend downhill across 
sandy surfaces [2]. Generally, RSL appear as tempera-
tures rise in the spring, lengthen through the summer 
and fade when temperatures decrease in the winter [1]. 
However, within VM on north facing slopes become 
active in southern winter when they receive more di-
rect sunlight [3]. Several formation hypotheses exist to 
date. Some suggest that RSL could be caused by briny 
flows on the surface or atmospheric deliquescence of 
water vapor onto salts [1,4]. Other hypotheses propose 
RSL are dry-granular flows on the surface [5-6]. 
Purpose: In this study, we attempt to better define the 
relationship between RSL seasonality, surface temper-
atures and brine stability at RSL along Coprates Mon-
tes (CM) within Valles Marineris (VM). While these 
aspects of RSL have been studied before, this work 
focuses on the temperature of small scale topography 
such as the face of the bedrock outcroppings RSL are 
associated with. We examine CM RSL using a thermal 
model in combination with remote sensing observa-
tions.  
Background: Valles Marineris has the highest density 
of RSL and contains 35% of all confirmed RSL sites 
[7]. RSL are found in all major canyons within VM 
with the exception of the low thermal inertia, dust-
covered Echus Chasma [8].  

We examine sites within VM with respect to 
the freezing temperatures of several brines. A brine is 
required to keep water stable on the surface for any 
appreciable amount of time [1,4,9]. While many salts 
are present on Mars [10], we only need to consider a 
few to asses the role of brines in RSL formation. We 
choose to focus on three brines composed of NaCl, 
MgCl2 and Mg(ClO4)2. These salts have been detected 
across Mars [11-12]. 
Methodology: We select study sites and collect infor-
mation on slope, slope azimuth, elevation, albedo, 
temperature and thermal inertia using Java Mission-
planning and Analysis for Remote Sensing (JMARS) 
[13]. For thermal modeling of the surface we use the 
numerical thermal model KRC [14]. 
We study sites with confirmed RSL along Coprates 
Montes in Valles Marineris in relation to sites without 
any RSL throughout Valles Marineris. Sites 1, 2, 3, 

and 6 have RSL while sites 4, 5 and 7 have no con-
firmed RSL. These RSL free sites were chosen because 
of their visually similar appearance to nearby RSL 
bearing sites. Site 5 was chosen in the low thermal 
inertia, dust-covered Echus Chasma where no RSL 
have been observed. The locations chosen for the final 
study are shown in figure 1. For a visual reference site 
2 is shown in figure 2.  

 

 
 

After these study sites were selected, the sur-
face properties such as temperature, thermal inertia, 
albedo, elevation, slope and slope azimuth were rec-
orded. using the JMARS investigate tool. In order to 
get a better estimate of thermal inertia on the surface, 
THEMIS BTR pixel values were run in the simulated 
KRC one-point mode through the Davinci interface.  

We ran KRC with the thermal inertia, albedo 
and elevation of each study site for a range of hypo-
thetical slope and azimuth values. This was done for 
comparative purposes. These plotted outputs were 
compared to the seasonality of RSL and the eutectic 
temperature of previously mentioned brines. Recorded 
seasonality of the RSL in VM was obtained from [7].  

Figure 1. Study sites in Valles Marineris. 

Figure 2. Recurring Slope Lineae at site 2. 
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Results: In figure 3, the KRC modeling output is 
shown when hypothetical slope and azimuth values are 
run on a north facing slope using the surface properties 
of site two. We focus on this specific case here and 
will refer to it as site 2. The general seasonality of RSL 
for this north facing slope orientation is plotted as a 
green vertical line for the time RSL begin lengthening 
and a red vertical time for the RSL stop lengthening. 
Horizontally across each plot, the eutectic temperatures 
of previously mentioned brines are plotted as well as 
the freezing temperature of pure water. RSL at site two 
have the normal seasonality of north facing RSL. They 
fade in southern summer and lengthen in southern win-
ter. We see that the RSL activity at site two corre-
sponds to times of the year when the very steep (> 60 o) 
slopes have rising temperatures. While site two is lo-
cated in the southern hemisphere, these steeps slopes 
are warmer through the southern winter because they 
receive more direct sunlight. 

Discussion: Our findings show an interesting relation-
ship between seasonality and the temperature of the 
steepest local topography. The ninety-degree slope is 
approximately that of the front face of the bedrock 
outcroppings observed at RSL sites. Subsurface ther-
mal modeling results show that the temperature quick-
ly falls below the freezing point of liquid water. This 
further supports past studies that conclude in order for 
RSL to be liquid flows, they must be a brine with sub-
stantial freezing point depression. Brines remain a pos-
sibility for RSL. However, dry flow RSL formation 
hypotheses linked to the bedrock outcroppings remain 
plausible as well. 

RSL may be related to thermal stresses loosening 
materials on the face of bedrock outcroppings instead 
of a form of thermal pump. Thermal pump models 
proposed by [5] suggest RSL are triggered by rarified 
gas movement caused by the thermal gradient between 
areas shadowed by bedrock and areas heated by the 

sun’s rays. However, north facing RSL are active when 
both the bedrock face (steep >60° slope) and sandy fan 
(Shallow < 30° slope) are in direct sunlight for longer 
periods of the day. Solar heating has been shown to 
induce thermal stresses sufficient to cause fractures in 
rocks along the Spirit rovers traverse [15]. However, 
this still does not explain the seasonality, fading time-
scale, or why other slopes which appear favorable to 
RSL have none.  

If RSL are wet dominated flows, they are likely a 
high salinity brine containing a salt such as magnesium 
perchlorate. Previous studies suggest that confined 
aquifers could exist and range in salinity from 15-40% 
depending on the obliquity and salt species [4]. In our 
study, in order for Magnesium Perchlorate brines to be 
liquid at the base of the annual skin depth, they would 
need to be ~40 wt% [12]  
Future studies should aim to explain the relationship 
between RSL and the temperature of bedrock outcrop-
ping. While numerous studies have been performed 
using various computer models and remote sensing 
observations, far fewer studies have been performed 
using laboratory experiments. Future work could be 
done in vacuum chambers to examine how heating and 
rarified gas might trigger a dry granular flow.  
Conclusion:  
1. RSL seasonality appears to correlate with rising 

temperatures of the outer face of associated bed-
rock outcroppings.   

2. Subsurface temperatures quickly fall below the 
freezing temperature of even strong brines. 

Thermal modeling shows that the seasonality of RSL 
in VM corresponds with rising surface temperatures on 
the steep, nearly vertical, faces of the bedrock outcrop-
pings they are associated with. RSL seasonality in cor-
relation with higher surface temperatures on steep 
slopes indicates a stronger connection between RSL 
and rocky outcroppings than previously thought.  
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Figure 3. Seasonal temperature of north facing slope. 
Freezing temperatures are shown by dashed black lines. 
These temperatures are water, 273; NaCl, 252; MgCl2, 
239; Mg(ClO4)2, 206.  
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Introduction: If Mars has been assumed to be 

mostly basaltic for a long time, a series of recent dis-
coveries have challenged this simplistic view. Orbital 
data indicated feldspar-rich rocks in Noachian terrains, 
likely supporting ancient evolved magmatism [1]. The 
first indurated regolithic martian meteorite breccia 
NWA 7034, dated at 4.43 Gyr, contain several leuco-
cratic felsic clasts identified as monzonitic and trachy-
andesitic, containing feldspars including K-spars and 
Na-rich plagioclases, pyroxenes, ilmenites and apatites 
[2-3]. These clasts have been interpreted as the result 
of crystallization of a large impact pond [2]. The Mars 
Science Laboratory rover (Curiosity), travelling within 
sedimentary bedrock on the floor of the Gale impact 
crater, discovered feldspar cumulates and a trachy-
andesite suggesting fractional crystallization of a ba-
saltic melt [4-5]. In addition, in the Bradbury group of 
fluvio-deltaic rocks (observed during the 1st 750 sols), 
sedimentary rocks are mostly comprised of secondary 
phases and detrital igneous minerals like feldspar, and 
pyroxene that are thought to come from Noachian-aged 
magmatic sources [6], although no definite origin and 
igneous processes have been inferred. 

In-situ analyses cannot provide bulk igneous com-
positions as we typically measure on Earth. In this 
abstract, we instead focus on the composition of detri-
tal igneous minerals in sedimentary rocks in order to 
constrain ancient magmatic processes around Gale 
crater that contributed to sedimentary rocks found 
within the crater. We show that, even in terrains lack-
ing igneous rocks, as may be true for Mars 2020 land-
ing site except for the crater floor [7], we can constrain 
magmatic processes with detrital mineral chemistry. 

Methods: Onboard the Curiosity rover, an X-ray 
diffraction instrument (CheMin) enables the detection 
of minerals in drilled rocks and gives their composi-
tions [8]. An alpha-particle X-ray spectrometer 
(APXS) measures the composition of rock surfaces 
within a 1.6 cm diameter circle in contact with the 
instrument [9], and a laser induced breakdown spec-
trometer (LIBS) part of the ChemCam suite analyzes 
the elemental composition of rocks at a sub-millimeter 
scale (350-550 µm) at distances up to 7 m, potentially 
giving the composition of pure minerals larger than the 
beam size (>> 600 µm) [10].  

All three of these instruments provide constraints 
on mineral chemistry in the fluvio-lacustine rocks from 

the first 750 sols of MSL’s traverse (Fig. 1). Three 
relevant samples were analyzed by CheMin, and their 
feldspar and pyroxene mineral compositions are shown 
[8]. ~120 APXS analyses provided a basis for Monte 
Carlo modeling of sedimentary compositions to broad-
ly constrain igneous mineral chemistry [6]. Stoichio-
metric filtering on ~5000 ChemCam compositions has 
allowed filtering so that only pure feldspar and pyrox-
ene compositions have been retained (Fig. 1). 

 
Figure 1. Ternary diagrams of (a) feldspars and (b) py-

roxenes from CheMin (colored dots), ChemCam and APXS 
analysis. For reference, orange and blue patches are the 
composition of feldspars and pyroxenes from NWA 7034 
felsic and mafic clasts respectively. The red and blue lines 
are MELTS models showing the mineral composition of a 
melt produced by fractional crystallization at 1 kbar and 
FMQ +1 of a low- and high- degree partial melt (10% and 
23%) from a primitive mantle composition [11], respectively. 

Composition of Detrital Minerals: Based on re-
sults from three different instruments, feldspar and 
pyroxene compositions are well-constrained. First, 
CheMin analyses revealed the occurrence of K-spars 
identified as sanidine, and Na-rich plagioclases with an 
anorthite (An) component < 45. Monte Carlo modeling 
also favors Na-plagioclase with An < 45. LIBS meas-
urements evidenced a similar compositional range, 
with plagioclases of An < 55. In contrast to CheMin, 
no pure K-feldspars have been analyzed by ChemCam, 
indicating that they are too small to be individually hit 
by LIBS. Concerning pyroxenes, all instruments de-
tected pigeonites, along with augites (Fig. 1).  
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Chemical Weathering: The detrital minerals of in-
terest were transported by streams and deposited in the 
floor of Gale, where they cemented, forming the sedi-
mentary bedrock the Curiosity rover analyzed. Thus, 
the minerals could have been chemically weathered.
APXS measurements indicate minimal open system 
cation loss;  the chemical index of alteration (CIA) 
based on Al, Ca, Na and K abundances in these rocks 
is low, and Monte Carlo modeling of bulk composi-
tions is consistent with sorting of primary igneous 
minerals without cation loss [6]. Since we focus on 
compositions of measured igneous minerals, the only 
type of chemical weathering we are concerned with is 
incongruent weathering of minerals, which would 
change cation ratios. The significant fraction of detrital 
igneous minerals, negligible open-system chemical 
weathering, and limited variability of observed mineral 
compositions is consistent with minimal incongruent 
dissolution; here we consider a shift of the maximum 
An component up to An60. 

Ancient Magmatic Processes: Using the thermo-
dynamical software package pMELTS and rhyolite-
MELTS, a series of tests were performed to match the 
compositions of the detrital igneous minerals. The best 
results are shown in Fig. 1. Partial melting of a primi-
tive mantle composition [11] during adiabatic decom-
pression from 2 GPa cannot reproduce the composi-
tional range of minerals. Fractional crystallization is 
needed to form feldspars, especially K-feldspars, and 
Ca-augites as inferred by experiments in [12]. Using 
models based on fractional crystallization at low pres-
sure of melts formed by distinct extent of partial melt-
ing (5-25%) of the primitive mantle composition as 
starting compositions (Fig. 2), we infer that the crystal-
lization of a single starting melt cannot reproduce the 
whole compositional range of the detrital minerals: a 
low degree melt would form exclusively alkali feld-
spars and Na-rich plagioclases along with Ca-
pyroxenes only, while a high degree melt would crys-
tallize plagioclases only (Fig. 1). We thus propose that 
the range of feldspars and pyroxenes we observe in the 
sedimentary bedrock from the Bradbury group, crystal-
lized from basaltic melts issued by at least two distinct 
degree of partial melting coming from a single source
(Fig. 2). Alkali feldspars likely formed from a low 
degree melt (~10%) relatively richer in Ca, Na, and K 
(red dot Fig. 2), while plagioclase, augite, and pigeon-
ite formed from a higher extent of melt (23%) relative-
ly richer in Mg and Fe (blue dot Fig. 2). This is in 
agreement with the suggested occurrence of at least 
two magmatic sources at the origin of the Windjana 
sample analyzed by CheMin [13]. This process is very 
common on Earth during the formation of MORBs. 

 
Figure 2. Sketch of partial 
melting during adiabatic 
decompression. The red dot 
illustrates a low degree melt 
and the blue one shows a 
higher degree melt. 

 
 
 

This scenario implies that alkali feldspars may have 
been formed before plagioclase and pigeonite. This is 
in agreement with the timing suggested for the early 
formation of K-spars bearing felsic igneous rocks from 
Gale in comparison with mafic mineral-bearing basalts
[14]. 

Conclusion: With the chemical composition of de-
trital igneous minerals, we are able to decipher a part 
of the ancient magmatic history of Gale. Fractional 
crystallization at low pressure of two distinct extents of 
melt coming from partial melting of the same source
can form the compositional range analyzed by three 
distinct instruments onboard the rover. Other scenarios
can be envisioned, like the fractionation and crystalli-
zation of impact melts as inferred for igneous clasts 
from NWA 7034, which we have also modeled. In any 
case, a relatively alkali-rich melt and a more Mg-rich 
melt are needed to form the whole compositional range 
of igneous minerals analyzed in Gale crater. 

This study shows that constraining magmatic pro-
cesses from sedimentary bedrock is possible, which is 
especially of importance in the case where the igneous 
sources of sediments cannot be identified in situ and 
from orbit. This provides additional inputs to igneous 
rock studies [4,5,14]. This is encouraging for under-
standing the igneous processes at the Mars 2020 land-
ing site where most rocks are expected to be sedimen-
tary likely originating from other igneous materials 
than the volcanic crater floor [7].  
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The term ionopause was first applied to describe the 
upper boundary of the planetary ionosphere of Venus. 
Multiple ionopause definitions were derived from Pio-
neer Venus Orbiter (PVO, 1978-1992) in-situ observa-
tions, ranging from the location of pressure balance 
between the incoming solar wind and the Venusian 
ionosphere [1] to the location of a substantial decrease 
in ion density [2] or electron density [3] within short 
temporal and spatial scales. PVO in-situ observations 
indicate an increase in ionopause altitude for increasing 
solar zenith angle [4]. Two extreme magnetic states of 
the dayside ionosphere have been identified for PVO 
solar maximum conditions: the ‘unmagnetized’ and the 
‘magnetized’ state. Unmagnetized ionospheres (when 
only small-scale magnetic fields are present) are ob-
served when the solar wind dynamic pressure is signif-
icantly lower than the maximum thermal pressure of 
the ionosphere. In these cases a narrow ionopause is 
found above 300 km altitudes at all solar zenith angles. 
When the dynamic solar wind pressure reaches or ex-
ceeds the maximum subsolar thermal pressure of the 
ionosphere, the ionosphere can become largely magnet-
ized and a broad ionopause region is found below 300 
km altitude [5].  
The interaction of Mars with the solar wind is that of 
an unmagnetized planet like Venus, except for the re-
gions with strong crustal magnetic fields. Strong gradi-
ents in the Martian dayside ionosphere were identified 
in few Mars Express Radio Science (MaRS) observa-
tions [6, 7, 8] and in Mars Express (MEX) MARSIS 
observations [9]. A more detailed analysis of MARSIS 
observations indicates a response of the ionopause alti-
tude to seasonal variations in solar flux and that iono-
pauses rarely form over strong crustal magnetic fields 
[10]. Simultaneous MAVEN observations of Martian 
plasma and magnetic field properties indicate that ion 
profiles with gradients in the ionospheric topsides are 
common on the ionospheric dayside. They are accom-
panied by a higher proton energy flux at high altitudes 
and also with stronger magnetic field at low altitude 
than profiles without an ionopause [11]. 
This work uses more than 15 years of radio science 
observations to study the behavior of the uppermost 
ionospheric region accessible to MaRS. MEX-
ASPERA3 [12]  and MAVEN [13] observations of the 

pristine solar wind and solar fluxes at the Mars position 
are applied to identify potential drivers of the iono-
spheric variability. The derived MaRS results are com-
pared with i.) the MARSIS ionopause statistics [9] and 
ii.) on an orbit to orbit basis to improve our under-
standing of the solar wind interaction at Mars during 
changing space weather conditions. 

 
References:  
[1] Elphic R. C. et al. (1980) JGR, 85, 7679–7696. 

[2] Knudsen W. C. et al. (1982) JGR, 87, 2246-2254. 
[3] Brace L. H. et al. (1980) JGR, 85, 7663-7678. 
[4] Phillips J. L. et al. (1988) JGR, 93, 3927-3941. 
[5] Luhmann J. G. et al. (1991) SSR, 55, 201-274. 
[6] Peter, K. (2008) Diploma thesis, University of Co-
logne [7] Withers P. (2012) GRL, 39, 18. [8] Pätzold 
M. (2016) PSS, 127, 44-90. [9] Duru F. et al. (2009) 
JGR, 114, A12. [10] F. Chu et al. (2019), submitted to 
GRL. [11] Vogt M. F. et al. (2015) GRL, 42, 8885-
8893. [12] Barabash S. et al. (2004) in Mars Express. 
The scientific payload. ESA , 121-139. [13] Jakosky B. 
M. et al. (2015) SSR, 195, 3-48. 
 

 

6077.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



 

 

INTERPRETATION OF THERMOPHYSICAL EJECTA FACIES MAPPED AT WELL-PRESERVED 
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Introduction: This work is part of an ongoing study 
using maps of both the visible and thermophysical fa-
cies of well-preserved Martian craters to identify base-
line characteristics of impact-related deposits prior to 
degradation [1,2]. Initial mapping efforts focused on 
craters near the transition diameter that exhibit typi-
cally-used criteria for “fresh” craters (sharp morphol-
ogy, large depth/diameter ratio, presence of pitted ma-
terial and/or crater rays), with subsequent mapping ex-
amining similarly sized craters still retain some of the 
characteristics of “fresh” craters but have undergone 
some degree of degradation (hence “well-preserved”). 

Method: Mapping was completed in ArcGIS v10 
using a series of aligned images. Thermal inertia (TI) 
mosaics derived from THEMIS nighttime infrared data 
served as the base images for thermophysical maps, and 
were generated via the process described in [3]. When 
unit boundaries are unclear due to gaps or low-quality 
data in the TI mosaic, contacts were identified in or-
thorectified THEMIS daytime infrared images [4] or in-
ferred. Crater-related thermophysical facies were iden-
tified using the same criteria for each crater (see Table 
1, Figure 1) so maps could be directly compared even if 
different authors were responsible. Units were mapped 
as ArcGIS polygons and modified so each TI pixel be-
longed to only one map unit. These polygons were used 
to determine unit statistics and to create images contain-
ing only the TI pixels in one unit via the “extract by 
mask” tool in ArcGIS. These extracted images allow the 
creation of display images where the TI values are 
stretched independently in each unit so the range of TI 
values in each is clearly visible. In many cases, crater 
floor units have similar TI values to ejecta deposits, but 
appear darker and with less contrast (lower TI) due to 
their proximity to bright crater wall deposits that wash 
them out [5]. The distribution of quantitative TI values 
within each thermophysical unit are compared to those 
from other mapped features. 

Initial Interpretations: Characterization of crater-
related thermophysical facies are completed using the 
quantitative statistics from map units, interpretation of 
facies informed by comparison with maps of visible 
morphology and high-resolution visible images [e.g. 2]. 
Comparisons of the least-modified craters mapped to 
more modified craters are used to identify changes to 
thermophysical facies as a result of degradation (i.e., 
later erosion and/or deposition) [e.g. 6]. 

Crater floors: Distinct thermophysical variations are 
present in most floor units, although often these are dif-
ficult to discern due to the contrast issues mentioned 
earlier. In most cases, the most significant variations can 
be correlated with talus or slump deposits, and for cra-
ters with significant wall slumping it can sometimes be 
difficult to identify where the “floor” ends and the 
“walls” begin. In some cases, however (e.g. Resen, see 
Figure 1), higher TI values occur in the middle of the 
crater floor, suggesting an incipient central uplift that is 
not expressed in visible images. Overall, the ranges of 
TI values in crater floors are consistent with those found 
in continuous ejecta deposits. 

Crater walls: Wall units are of higher TI in all 
mapped craters, with some lower TI deposits along less 
sloped surfaces of slump deposits. The overall range of 
TI values in wall units tends to be wider in more de-
graded craters, likely due to an increase in the amount 
of finer-grained talus with increasing degradation. 

Thermally continuous ejecta: This unit, which is 
found adjacent to the crater rim out to a few crater di-
ameters, is defined by a lack of a radial thermal signa-
ture and a thermally-distinct outer margin that appears 
to coincide with the margin of layered continuous ejecta 
in visible images. When topographic obstacles are pre-
sent, this unit may exhibit clear asymmetries but is typ-
ically quasi-symmetrical around the crater. These con-
tinuous units appear more resistant to degradation than 
discontinuous facies, and could be mapped for all cra-
ters in the study even when more distant discontinuous 
units were not sufficiently distinct in the thermal IR. 
Just beyond the distinct margin of this unit is a thermally 
darker facies that appears to coincide with the continu-
ous ejecta facies extending beyond the layered ejecta, as 
identified by [2] and presented at this conference by [7]. 

Thermally discontinuous units: These units are de-
fined by their radial thermophysical pattern, likely asso-
ciated with airblast and secondary craters, which can ex-
tend for several crater radii beyond the continuous 
ejecta, even in craters do not exhibit long secondary 
chains or crater rays. Thermally discontinuous ejecta 
can have a significantly different expression when topo-
graphic obstacles are present in the target, but typically 
consists of a thermally brighter “inner” facies with a 
more distant darker “outer” facies. When obstacles are 
present, the thermally discontinuous unit typically has 
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an inter-fingered (“mixed”) appearance, containing 
both thermally-bright and thermally-dark materials. 
Topographic obstacles can also lead to asymmetries and 
discontinuities in this facies: in some maps, portions of 
the discontinuous facies are found in the floors of 
nearby older craters but are not distinct where they 
might cover the walls of the pre-existing feature. The 
extent of mappable outer discontinuous deposits de-
creases with increasing degradation, and this facies can 
be difficult to map as the extent of degradation in-
creases. The more resistant inner discontinuous deposits 
appear to persist longer, as craters with some degrada-
tion will have thermally bright discontinuous ejecta but 
no mappable dark discontinuous facies. 

Conclusions: Mapping of the thermophysical prop-
erties of well-preserved Martian craters and ejecta de-
posits can serve as a baseline for interpretations of 
crater-related deposits and inform on degradational pro-
cesses. The effect of pre-existing topography is identi-
fied in both mapped ejecta facies, suggesting a compo-
nent of the ejecta is emplaced by a ground-hugging 
flow. Further comparison with visible maps will pro-
vide additional interpretations of surface morphologies, 
and degradation and impact processes. 
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#2993. [2] Tornabene, L.L.. et al., 2018. LPSC 49, 
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al., 2017. LPSC 48, #2856. [7] Tornabene et al., 2019.
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Unit  Criteria for Mapping 
Crater Floor All "low" TI material interior to crater 

walls. May include small areas of higher 
TI slump materials. 

Crater Walls All "high" TI areas corresponding to ‘cir-
cular' crater wall/rim materials. May in-
clude small areas with low TI. 

Thermally Con-
tinuous Ejecta 

Adjacent to crater walls, typically has a 
distinct thermophysical margin that is also 
identifiable in daytime IR. 

Thermally Dis-
continuous
Ejecta 

Apparent extent of thermophysically dis-
tinct radial ejecta and airblast scouring. 
May be subdivided (inner/outer) if two 
distinct thermophysical signatures are pre-
sent, or not (mixed). 

Included Cra-
ters 

Craters within ejecta units that have dis-
tinct thermophysical patterns but unlikely 
to be secondaries due to size.

 

Table 1. Criteria used to map thermophysical units. 
References to “high” and “low” TI are relative to 
nearby units and/or the target surface. 

Figure 2. HiRISE image ESP_47166_1435 over the dis-
continuous ejecta of crater Gasa (35°S, 129E). The upper 
portion has higher TI deposits(including secondary clus-
ters and possibly scour) than the lower. 

Figure 1. TI mosaic for crater Resen (27° S, 109° E), with 
overlain map units demonstrating the criteria used to map 
each unit(floor, walls, continuous ejecta, and part of the 
discontinuous ejecta). 
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Introduction:  The Mars Atmosphere and Volatile 

EvolutioN (MAVEN) orbiter will have been at Mars for 
five Earth years and over two Mars years by October 
2019.  Over this time, the solar activity has declined 
from moderate to minimum conditions, and the 
MAVEN remote and in-situ measurements have 
spanned all latitudes, longitudes and local times; visit-
ing many locations on multiple occasions.  MAVEN 
measures neutral thermospheric density and/or temper-
ature with 4 instruments, the ACCelerometer (ACC) [1], 
the Neutral Gas and Ion Mass Spectrometer (NGIMS)
[2], the Imaging UltraViolet Spectrograph (IUVS) [3]
and the Extreme Ultraviolet Monitor Solar Occultations 
(EUVM-SO) [4], which can span 3-4 different locations 
during any given orbit.  Each of these four instruments 
has individually advanced the understanding of the 
structure and variability of the Mars thermosphere, but 
leveraging the measurements of all four instruments 
simultaneously has been limited to date.  It is the aim of 
the MAVEN Neutral Data Working Group (NDWG) to 
combine measurements from the four aforementioned 
instruments to provide a more global view of the Mars 
thermosphere and thereby provide insight into the struc-
ture and variability of the Mars thermosphere beyond 
what can be achieved with any of these instruments 
alone. 

 

 
Figure 1. MAVEN neutral measurements and their 

locations. 

Data: Figure 1 shows where the four MAVEN neu-
tral instruments make their measurements for a sample 
orbit that has periapsis on the dayside.  The NGIMS and 
ACC instruments make measurements in-situ during the 
periapsis orbit segment; the actual periapsis point for 
this orbit is shown with a green square.  The IUVS in-
strument makes limb-scans in the direction orthogonal 
to the space-craft trajectory at distances from ~100 to 
1500 km from the spacecraft.  And the EUVM-SO 
measurements are inherently constrained at the termina-
tor, in this case making measurements at dawn near the 
north pole and dusk near the south pole. 

Technical Objectives:  The primary objective of the 
MAVEN NDWG is to produce a merged dataset of neu-
tral measurements.  In order to do this, the various in-
struments need to be cross-calibrated.  This is achieved 
by comparing the various measurements at similar loca-
tions, seasons and solar activity--a task that is compli-
cated by the fact that, aside from NGIMS and ACC, the 
measurements are separated in space at any given time.  
We present initial cross-calibration results and discuss 
the cross-calibration methodology in this study.  

Science Enhanced or Enabled:  The combination 
of all MAVEN data will enable or enhance a range of 
studies.  Some applications include: constraining obser-
vations of tides and waves with observations at multiple 
local times and/or locations;  studying large scale struc-
tures that result from global circulation patterns such as 
polar warming with multi-point observations;  advanc-
ing the understanding of global scale impacts of space 
weather events such as solar flares and coronal mass 
ejections on the thermosphere; and advancing atmos-
pheric models by creating a reference atmosphere in the 
near term, and source data for assimilative models in the 
long term. 

 
References:  [1] Zurek, R. et al. (2017) JGR: Space, 

122. [2] Mahaffy, P. et al. (2015) GRL, 42. [3] Jain, S
et al. (2015) GRL 42. [4] Thiemann, E. et al.  (2018) 
JGR: Space 123.  
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GULLIES, SPIDERS AND COLD JETS AS A RESULT OF SURFACE CO2 ICE ACTIVITY ON MARS: 
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Introduction: Every year in fall/winter, atmospher-

ic CO2 condenses on the surface of Mars, forming sea-
sonal polar caps that gradually sublime in spring. This 
process involves up to 30% of the atmosphere and co-
vers large areas, poleward of ~45° latitude (and even 
closer to the equator on pole facing slopes). Over the 
last decade, critical results obtained from observations 
and numerical models have revealed that cap evolution 
was governed by complex and exotic physical process-
es with no equivalent on Earth (e.g. [1-6]). In particu-
lar, it has been shown that for specific ice properties, a 
solid greenhouse effect could take place within the ice, 
leading to “cold jets” during spring and progressively 
covering the ice with a dust layer.  

In addition to the important impact such process 
can have on the radiative budget, a connection with 
some geomorphological features has now been made 
(e.g. [7-10]), highlighting the potential role of CO2 in 
the formation and evolution of surface properties on 
Mars. In particular, critical results obtained over the 
last few years, both from observations and numerical 
modeling, have shown  that gullies formation, previ-
ously thought to be due to ancient H2O driven flows, 
was both active today and likely connected to CO2 ac-
tivity (e.g. Fig 1 and [11-13]), completely changing the 
paradigm we had on the last evolution stage of Mars 
and the role of CO2. 

 

 
Fig 1. Zoom on Russell crater megadune gullies (54.5°S, 
12.7°E), as seen by HiRISE. A new channel, formed between 
spring of MY 28 and spring of MY 29, can be observed 
(white arrows). Dark spots, highlighting some activity relat-
ed to CO2 ice can also be observed during early spring MY 
29. 

Cold jets and the formation of dark spots:  Models 
have shown that when the CO2 ice has specific proper-
ties regarding the grain size and the dust (scatterers in 
general) content, a large fraction of the solar light is 
absorbed by the underlying regolith, which warms up, 
and basal sublimation then occurs ([3] and Fig. 2).  
 

 
Fig 2. (Top) Evolution of the interaction between a 60 cm 
thick CO2 ice layer and the solar flux as a function of CO2 
grain radius and dust contamination. (Bottom) Different 
behaviors of the CO2 ice depending on effective grain size 
and dust content. Simulations were run on a flat terrain at -
85°lat. 
 

Clean CO2 slab ice, leading to basal sublimation, is 
quite common on Mars (e.g. [14-15]) and leads to dra-
matic surface features. When the sublimated CO2 gas 
trapped under the ice finds a path to the surface, it is 
ejected and can carry with it regolith-type material. 
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Dark spots then form on top of the CO2 ice slab. These 
exotic features have been detected in large areas of the 
seasonal polar caps at various latitudes, both in the 
northern and in the southern hemispheres (e.g. [16-
17]). The timing of material ejection initiation depends 
mostly on the ice properties and the incident solar flux 
(through latitude and slope) [3]. These ejections appear 
to occur at multiple occasions during spring (e.g. [5]). 
During winter, CO2 ice condenses again on atop the 
regolith, repeating the cycle of basal sublimation and 
ejection during spring, eroding the surface, and possi-
bly forming “spiders” and other features [5,7,8,9,10]. 

CO2 ice related processes and their impact on 
formation of gullies: The processes described in the 
previous sections has first been thought to be only im-
pacting the polar regions. Recent discoveries have 
shown that CO2 could play a much larger role on the 
surface morphology than previously thought. This is 
the case for the gully landforms, that resemble terres-
trial debris flows formed by the action of liquid water 
(e.g.  [18,19]) and had been interpreted as such. This 
scenario has however been challenged by the recent 
observations of ongoing gully formation occurring in 
conditions much too cold for liquid water, but with 
seasonal CO2 frost present and defrosting 
[11,12,13,20]. If water is not at stake, or at least the 
major driver, how could CO2 ice create such sinuous 
geomorphological features? Both experimental and 
modeling approaches have recently brought some an-
swers [21,22]. In particular, modeling has shown that 
during the defrosting season, the pores below the ice 
layer could be filled with CO2 ice, and subject to ex-
treme pressure variations (Fig. 3). 

 
Fig 3. Evolution of the CO2 gas pressure and total amount of 
CO2 (pressurized gas and ice, converted to a volume at at-
mospheric pressure) in the porous soil below the seasonal 
CO2 ice sheet simulated on the Russell crater megadune over 
an 8 sol period in late southern winter, at the time of the first 
CO2 gas ejections and ice layer ruptures. This illustrates the 

large amount of gas in excess that must flow through the soil 
porous medium and which can destabilize and fluidize the 
subsequent debris flow (from [22]). 

The subsequent gas fluxes could destabilize the soil 
and create gas-lubricated debris flows with the ob-
served geomorphological characteristics of the Martian 
gullies (Fig. 4). Simulations performed at various lati-
tudes could also to first order reproduce the gullies 
distribution on Mars, reinforcing the CO2 scenario 
[22]. 

 
Fig 4. the possible sequence of events leading to the for-
mation of CO2-regolith viscous flow (from [22]). 
 
Conclusion and perspectives: The recent discoveries 
about CO2 processes and their connection to surface 
properties has completely modified our perception of 
the role of CO2 ice on Mars, from a pure thermody-
namic and radiative balance issue to a major player in 
the Martian recent surface activity. Experimental work 
will be key in the coming years to fully understand the 
mechanical coupling between CO2 activity and the ero-
sion processes.  
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Introduction: Orbital studies of Mars have shown 
abundant mineralogical evidences of water-rock inter-
actions using the VNIR imaging spectrometers 
OMEGA and CRISM [1,2]. However, there are only 
few constraints on the physicochemical conditions of 
the climate prevailing during early Mars. In particular, 
relative contributions of hydrothermal activity and con-
tinental weathering are still uncertain. 

Several minerals, such as hydrated silica, can form 
at low temperature by continental weathering, suggest-
ing surface-atmosphere interactions [3]. But, they can 
also form at higher temperatures by hydrothermal al-
teration [3]. In that case, subsurface hydrothermal ac-
tivity would not imply the occurrence of an open sys-
tem with surface-atmosphere interactions to form hy-
drous minerals, and no interpretation on the past cli-
mate can be deciphered from the observation of such 
geological contexts. 

Previous studies showed that the near-infrared 
spectral signature of hydrated silica could give infor-
mation about its crystallinity (hydrated glass, opal-
A/CT, chalcedony) [3,4,5,6]. Moreover, specific band 
shape measurements (Concavity-Ratio-Criterion CRC) 
can provide constraints on the formation processes of 
terrestrial opals (continental weathering versus hydro-
thermal alteration) [3]. We applied these spectral crite-
ria to reflectance spectra of terrestrial varieties of hy-
drated silica and to CRISM data in order to better un-
derstand the major geological processes that formed 
hydrated silica on Mars. 

Material and methods: We have compared terres-
trial data of several types of hydrated silica (hydrated 
glasses, opal-A/CT, chalcedony) (Fig. 1) with specific 
spectral criteria: Concavity-Ratio-Criterion [3] and 
band minimum positions (Fig. 2). NIR spectral acquisi-
tions of terrestrial hydrated silica were carried out at 
ambient and at Mars-relevant atmospheric pressure 
(~ 7.5 mbar during ~ 3 to 15 hours) [7]. We have used 
CRISM data and plot them in the framework of terres-
trial data results in order to check for spectral signa-
tures ascribable to weathering or hydrothermal altera-
tion. I/F-converted CRISM images are corrected from 
atmospheric gas absorptions by the scaled volcano-
scan method [8]. Extraction of hydrated silica CRISM 
spectra have been conducted using the processing tools 
specified in [9]. These spectral analyses have been 
correlated with HiRISE and CTX images in order to 

assess the geomorphological settings of these hydrated 
silica-bearing deposits. 

 
Fig 1. Reflectance spectra of terrestrial hydrated silica 
varieties, vertical lines indicate positions of main clas-
sical hydrated silica absorption bands. 

 
Fig. 2. Diagram illustrating the Concavity-Ratio-
Criterion (CRC) calculation of an asymmetric absorp-
tion feature (from [3]). 
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Results: Criteria applied to terrestrial data at terres-
trial atmospheric pressure show that both the 1.4 and 
1.9 μm bands allow distinguishing between opal-A/CT 
via the band minimum positions; opal-A having the 
lowest minima [3,4,5,6]. Moreover, the two absorption 
features allow to discern between weather-
ing/hydrothermal opals by the CRC calculations, 
weathering opals having lower CRC values than hydro-
thermal opals [3]. The 2.2 μm band does not permit to 
distinguish neither the type of opals nor their formation 
processes [3,6]. 

Contrary to previous studies that investigated the 
NIR spectrum of hydrated silica at low atmospheric 
pressure [5,6], we see that the dehydration of silica on 
Mars is not systematic and less intense than proposed 
before [5,6]. Indeed, only 2 samples of our dataset 
show spectral variations that indicate that they dehy-
drated. For these samples, band minima shift to lower 
wavelengths [5,6] and the CRC values dropped. To 
remain as conservative as possible, we still took into 
account these variations for the martian application of 
our spectral criteria. 

The application of these spectral criteria to CRISM 
data show two major geomorphological contexts where 
hydrated silica is detected (Fig. 3). First, hydrated sili-
ca-bearing bedrock deposits (e.g. alluvial fans, strati-
fied deposits, etc.) consist of amorphous and/or dehy-
drated silica [6]. Spectral criteria associate these detec-
tions to weathering opal-A, that are dehydrated, or to 
volcanic glasses that were altered by superficial pro-
cesses of alteration (Fig. 3). Secondly, hydrated silica-
bearing reworked deposits (e.g. aeolian dunes and 
mega-ripples) are constituted of more crystalline and/or 
hydrated silica [6] that is associated to hydrothermal 
opal-CT or chalcedony (Fig. 3). As expected, the cal-
culated criteria on the 2.2 μm band of the CRISM data 
do not allow to distinguish silica origins and/or crystal-
linity [6] as all detections have very similar values. 

Discussion: Overall, concavity criteria measured 
on our limited set of selected martian places show re-
sults that are in agreement with geological origins pro-
posed in the literature (weathering sites: Aeolis Men-
sae, Camichel crater, Valles Marineris, Nilosyrtis Men-
sae; hydrothermal sites: Antoniadi crater, Elorza crater, 
Iani Chaos). Some differences between our results and 
the literature are however raised for sites like Noctis 
Labyrinthus and Nili Patera. These differences high-
light that post-depositional processes may have modi-
fied the initial signature of these deposits or that they 
were formed by low-temperature hydrothermal activity.  

Conclusions: These two spectral criteria, band 
minima positions and CRC, show that it is possible to 
use near infrared signatures as a proxy to determine 

processes of hydrated silica formation where the geo-
logical contexts are ambiguous, especially on Mars. 

The next two space missions Mars2020 (NASA) 
[10] and ExoMars (ESA) [11] aim to send two new 
rovers on Mars. There will be new hyperspectral spec-
trometers, which have never been shipped on a martian 
rover yet. Given the interest in silica-rich deposits for 
exobiology [12,13], the use of our spectral criteria in 
any in-situ detection of hydrated silica deposits would 
help to better understand the origin of the alteration 
processes at the martian surface. 

  
Fig 3. Plots showing the band minimum positions vs. 
CRC calculations for CRISM data for the 1.4 μm (a.) 
and 1.9 μm absorption features (b.). The thresholds are 
those obtained on terrestrial data measured at Mars-
relevant atmospheric pressure. 
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Introduction:  Future crewed missions to Mars are 

scheduled by NASA approximately for the mid-2030’s, 
and would rely on In-Situ Resource Utilization (ISRU), 
especially for water. H2O in the form of ice is 
abundantly present on Mars, but not necessarily in 
exploitable quantities or easily accessible depths at 
mid-to-low latitudes. For the scientific community, 
mid/high latitudes subsurface water ice deposits hold 
the promise to constrain volatile transport models and 
climate conditions at other epochs, could be currently 
involved with various active geomorphological 
processes, and likely impacts near-surface habitability. 

When present close to the surface in multi-dm thick 
units, water ice behaves as a heat capacitor, absorbing 
and storing energy during spring and summer, resulting 
in slightly lowered surface temperatures at these 
seasons. Inversely, during the fall/winter, this heat is 
released and surface temperatures are slightly higher. 
The magnitude of this effect is modulated by the depth 
to the water ice table and can be predicted theoretically. 
The analysis of global and local-scale thermal infrared 
data can be used to derive water ice depths, and this 
approach has proven reliable to map water ice 
distribution at sub-meter vertical scales [1,2,3]. Here, 
we leverage MCS data available since 2006, derive the 
properties of the dry overlying (insulating) regolith, and 

we map the depth d [m] of its interface with the top of 
the water ice table. 

The mapping results are shown in Fig. 1. Results 
are not presented at low latitudes (35°N-35°S) where 
seasons are not well pronounced and where the 
seasonal equatorial cloud belt influences the cyclical 
temperature signal that is leveraged by the method. 
Water ice might still be present at these locations, even 
at shallow depths, but the current approach and 
numerical tools used here are not optimized for this 
task. This limitation also includes retrievals in the 
southern mid-latitudes, where spring corresponds to the 
dusty season, i.e., a period of buffered surface 
temperatures (and therefore warmer nighttime 
temperatures) damping the trend we seek to identify, as 
well as in low thermal inertia (TI) regions (TI < 120 J 
m-2 K-1 s-1/2) where small unmodeled atmospheric 
forcings result in large temperature variations. False 
positives are undoubtedly reported in Fig. 1 where 
shallow subsurface material with ice-like 
thermophysical properties is present. Such material 
could correspond to competent bedrock or large rocks 
present across 10’s of km laterally (mapping resolution 
of our work), for example from buried lava flows or 
ejecta units, but they have been shown to be relatively 
rare on Mars, and not latitude-dependent. 

Figure 1: MCS derived depth to the top of the water ice table d and MOLA shaded relief (background), mapped at 3 
ppd (~20km at the Equator). Low thermal inertia regions (TI < 120 J m-2 K-1 s-1/2) are masked out. PHX, VL1, and 
VL2 indicate the landing site locations for Phoenix, Viking Lander 1, Viking Lander 2. White dots indicate fresh ice 
exposing impact craters (red dots no ice identified). Yellow dots indicate exposed water ice along cliff scarps. 
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Figure 2: Example of surface temperatures at the 
Phoenix landing site location (68.2°N, 234.2°E). The 
best match between the model and MCS data is 
obtained with a water ice table at 12 cm below the 
surface. A subsection of the “holy cow” mosaic (upper 
right -modified from [4]) shows the water ice table 
exposed under the lander, where mobile sand-like 
material had been displaced upon landing. Trenches 
near the lander found water ice at variable depths below 
the surface. 
 

Discussion: Shallow water ice (i.e., within the top 
~1m) is most likely involved as its spatial distribution 
in Fig. 1: 1) mimics maps of high near-surface H 
concentrations at polar and most mid-latitudes, 2) 
matches the occurrence and approximate excavation 
depth of ice-exposing craters, 3) correlates with the 
observation of icy cliffs, 4) fits the depth to the water 
ice table exposed at the Phoenix lander (Fig. 2), without 
identifying shallow ice at depths attained by both 
Viking landers trenches, 5) overlaps with regions 
associated with high near-surface radar permittivity 
signatures (in Arcadia Planitia and  Deuteronilus 
Mensae), and 6) is associated with periglacial 
geomorphological features.  

In addition, the analysis of THEMIS data (not 
shown here) acquired at strategically selected seasons 
confirms the great lateral variability of depth identified 
by [1,2], even at lower latitudes than reported in [1], 
and suggests that isolated patches of shallow water ice 
may persist at latitudes lower than those reported in 
Fig. 1., especially associated with steep pole-facing 
slopes. Although the prospect of tropical water ice 
availability [4] would also open additional potential 

exploration sites, steep slopes are generally avoided for 
engineering/safety reasons. 

Such widespread shallow water ice represents an 
enabling breakthrough for future crewed missions to 
Mars. Abundant water just a few centimeters below the 
surface at latitudes as low as 35°N (as opposed to 
possibly meters deep based on radar data), at low 
elevation (-4 km), medium thermal inertia (i.e., 200-
300 J m-2 K-1 s-1/2 indicative of sandy –as opposed to 
dusty- material) and generally smooth terrains (i.e., not 
limited to steep cliffs or sublimation-driven 
depressions) is crucially important. Of course, it is 
understood that landing site certification requires vastly 
more criteria than just those.  

The water ice identified in Fig. 1 is not stable 
everywhere at the lowest latitudes reported here under 
the current conditions, but matches closely modeled ice 
stability maps generated for other epochs, especially 
when the water vapor content of the atmosphere would 
have been much higher than today’s. If this is the case, 
future mapping work should focus on confirming the 
presence of subsurface water ice predicted by model at 
even lower latitudes, because 1) landing at the lowest 
latitudes is generally most preferable for engineering 
constraints, and 2) shallow ice there may be most 
sensitive to the environmental conditions that led to its 
deposition and persistence until today. Special Regions 
of increased potential sensitivity to biological 
contamination might need to be revisited. 
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The ice-rich polar layered deposits (PLD) and the 

adjacent terrain contain records of past martian cli-
mate that remain to be deciphered. The upper surfaces 
of these deposits are active today, the shallow subsur-
face likely records late Amazonian events, and evi-
dence remains in older units of volatile transport as 
far back as the Hesperian. The composition of the 
polar materials is varied, including both H2O and CO2 
ice, as well as fine grained materials (dust to sand), 
and lithic-dominated material containing varying frac-
tions of ice. Significant insight into the internal struc-
ture and composition of the polar units has been ob-
tained with the radar sounders MARSIS (Mars Ad-
vanced Radar for Subsurface and Ionospheric Sound-
ing) on Mars Express and SHARAD (Shallow Radar) 
on Mars Reconnaissance Orbiter. These radars have 
been observing the polar regions for over a decade, 
and continue to operate at present. This paper presents 
a review of the key results obtained from these obser-
vations, and looks to the future of both MARSIS and 
SHARAD, as well as potential follow-on systems that 
can fill gaps in our understanding of the links between 
polar stratigraphy and climate. 

The difference in operating frequencies of 
MARSIS and SHARAD results in a complementary 
trade between resolution and depth of penetration. 
MARSIS provides  greater penetration and detection 
of deep interfaces, while SHARAD provides a de-
tailed picture of the layers in the upper 1-2 km of the 
PLD. The barriers to deep penetration in SHARAD 
data appear to be primarily a scattering effect, alt-
hough some frequency-dependent compositional at-
tenuation cannot be ruled out.  Regardless of the 
cause, it is clear from hundreds of MARSIS and 
SHARAD polar observations that MARSIS is capable 
of detecting the basal interface between the PLD and 
the substrate over the vast majority of the PLD, while 
SHARAD typically only detects this interface in thin-
ner PLD and/or near the margins. An exception is the 
Gemina Lingula lobe of the NPLD, where SHARAD 
has successfully mapped most of the basal interface. 
The lower, dust- and sand-rich "basal unit" of the 
NPLD is generally opaque to SHARAD but is pene-
trated by MARSIS. The topography of the basal inter-
face below the basal unit in the north is seen by 
MARSIS to be almost uniformly flat, closely match-
ing an interpolated surface of the surrounding Vastitas 

Borealis formation. The south, on the other hand, is a 
much more complex and varied terrain, both external 
to the SPLD and as mapped by MARSIS below the 
SPLD. Further complicating the picture in the south is 
the presence of the enigmatic Dorsa Argentea For-
mation (DAF), which surrounds much of the SPLD 
and clearly appears in much of the MARSIS data to 
extend beneath the SPLD. MARSIS detects interfaces 
in the DAF as deep as 1 km. Some of these interfaces 
are seen well below the "basal" interface of the SPLD, 
i.e., the generally continuous bright reflector that lies 
at or near the expected position of the pre-existing 
topography. While the origin of the DAF is generally 
thought to be related to  volatile transport in the Hes-
perian, the current presence of ice in the unit has yet 
to be confirmed. 

The polar orbiting platforms of MARSIS and 
SHARAD have allowed dense mapping coverage of 
the polar regions. This coverage has provided the op-
portunity to assemble three-dimensional image vol-
umes of both MARSIS and SHARAD radargrams.    
3-D processing provides a means of suppressing sur-
face clutter to better isolate subsurface returns, and to 
map internal layers in a straightforward way. 
SHARAD 3-D volumes have been used to detect po-
tential buried impact craters [1] and MARSIS 3-D 
volumes are being used to detect and map enigmatic 
deep reflectors beneath the familiar basal interface 
[2]. 

Compositional constraints have been obtained 
from the radar sounding observations. The combined 
reflective, transmissive and wave velocity properties 
of the PLD generally indicate a relative pure H2O 
composition, with a lithic fraction less than 10% in 
much of the PLD. However, the presence of numerous 
internal reflectors indicates concentrations of lithic 
material (likely dust) in certain PLD layers [3]. The 
north basal unit appears lithic-rich in image data, and 
its radar properties are generally consistent with this 
composition, though its opacity to SHARAD may be 
the result of scattering from internal inhomogeneities. 
Perhaps the most surprising compositional result from 
the radars was the detection of extensive thick lenses 
of buried CO2 ice within some of the near-polar SPLD 
[4]. Further mapping of this unit indicates that it se-
questers an amount of CO2 greater than the current 
uncondensed atmosphere [5]. Trapping and retaining 
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large volumes of CO2 ice in the PLD remains to be 
explained. While bright reflectors at the base of the 
SPLD were observed early in the MARSIS data, re-
cent analysis of full-resolution raw mode MARSIS 
data allowed isolation of a particularly reflective ba-
sal patch ~20 km in size, at a depth of 1.5 km [6]. The 
reflective properties of this patch are interpreted to 
indicate the presence of liquid H2O at the basal inter-
face, the presence of which likely requires an anoma-
lous recent endogenic source of heat [7]. 

The large amount of MARSIS and SHARAD data 
already acquired, and the continued operation of ra-
dars at Mars, indicates great potential for new discov-
eries and refinement of current ideas. The 3-D vol-
umes have only received initial scrutiny, and those 
constructed from MARSIS data are still undergoing 
processing. Progress has been made in pinning certain 
PLD layer sequences to climate events [e.g., 8], but 
much remains to be done at both poles. Future mis-
sion concepts to address the open questions include 
higher frequency radar imaging and sound to charac-
terize the upper 10s of m of regolith in the polar re-
gions and in icy terrains across the planet. As noted at 
recent conferences [9], the highest priority measure-
ment for polar science is compositional sampling of 
the vertical stratigraphy of the PLD. By analogy to ice 
coring climate studies on terrestrial ice sheets, there is 
no substitute for directly sampling the ice deposits 
themselves to read the climate story recorded their 
layers. 
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Introduction:  The Colour and Stereo Surface 

Imaging System (CaSSIS [1]) of ExoMars Trace Gas 
Orbiter has already collected more than 5000 images to 
date - many of high quality. The instrument uses a 
push-frame approach for color imaging. This presents 
both a challenge and an advantage for the calibration as 
the production of good quality color images requires an 
excellent photometric calibration of the data. This 
allows us to reach very high accuracy in the calibration 
by correcting efficiently for stray light and variations of 
the detector bias. Such corrections are particularly 
crucial for imaging the Martian surface at low 
illumination conditions, which is permitted by the high 
sensitivity of the instrument. Due to the non-sun-
synchronous orbit of the TGO spacecraft, we are able to 
observe the Martian surface over a range in local times, 
including early morning and late afternoon. 

Imaging principle: CaSSIS consists of a 4-mirrors 
telescope with a 880-mm focal length mounted on a 
rotation platform for stereo imaging and a 2k CMOS 
detector covered by a fused silica window onto which 4 
broad bandpass color filters have been deposited. The 
acquisition of images is synchronized with the ground-
track velocity so that an image can be assembled from 
generally 30-40 slightly overlapping “framelets” taken 
through one to four of the color filters. 

Calibration procedure: The first classical steps of 
the photometric calibration are 1) a bias subtraction, 2) 
a flatfield division, 3) a conversion from DN to I/F units 
and 4) an interpolation of dead pixels.  
1) The detector bias (offset) is obtained by averaging 
several observations acquired over the night-side of 
Mars. The dark current generated by the CaSSIS 
detector is negligible so no correction is needed.  
2) The flatfield is obtained by averaging as many valid 
observations as possible to blur the actual signal from 
Mars and reveal subtle pixel-to-pixel variations of the 
detector sensitivity. Correctly filtering the dataset to 
avoid saturation or corrupted data is the most crucial 
aspect of this process. The push-frame approach 
provides a significant advantage as many acquisitions 
of the same area of the detector are used for each image. 
3) The absolute radiometric calibration (i.e. the 
conversion of DN to I/F) is performed using a 
radiometric model of the instrument validated by pre-
flight laboratory measurements [2]. This calibration has 
yet to beconfirmed in flight but is planned for upcoming 
observations of Jupiter and/or reference stars.  
4) Ten bad pixels were identified statistically by 
looking for outliers to the images histograms across the 

entire dataset and are replaced by values interpolated 
from neighbor pixels.  

Analysis of the first set of images indicated that 
some images are affected by a low and variable amount 
of external stray light (see Fig. 1 left for an example: the 
amount of stray light here varies between 1 and 2% of 
the signal depending on the filter).  

 

 
Figure 1: Comparison of the same CaSSIS colour 
image (Blunck crater, 323°E, 27.5°S) before (left) 
and after (right) correction of the stray light and 
variable detector bias. The image was taken early in 
the morning with local solar time 07:01 and 
incidence angle: 77.5°. The color image is a RGB 
composite made out of the RED, PAN and BLU 
filters, respectively. Image: MY34_002084_210_2 

 
Although the amount of stray light is fairly low, 

CaSSIS images are constructed by mosaicking 
framelets, which also makes these effects appear quite 
prominently as periodic color bands. The source of the 
stray light is probably a reflection from the illuminated 
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Martian surface on the backside of a shield protecting 
the entrance of the telescope. The spatial pattern of this 
stray light on the detector is remarkably constant 
whereas its intensity varies from image to image. This 
property allows us to correct for this problem by 
deriving a fixed stray light pattern from the statistical 
analysis of all data. The pattern can then be fitted to the 
averaged signal in each observation to find the correct 
intensity to remove (Fig.2). 

 
Figure 2: Example of stray light pattern removal 
for NIR filter. The red curve is the averaged y-
profile (over all columns and framelets) before 
correction. The green curve is the result of the 
subtraction of the fixed  stray light pattern with 
adjusted intensity. The maximum amount of stray 
light removed here is 0.8% of the measured signal. 
 

Another prominent artefact is caused by apparent 
changes in the bias of the detector between acquisitions 
of the framelets. The method to correct for this issue is 
to compare the average reflectance within the overlap of 
successive framelets (Fig. 3). In addition, linear 
gradients left after the removal of the stray light pattern 
at the previous step are corrected here. If most of the 
artefact is removed by a purely subtractive correction 
(i.e. bias correction only), residuals appear filter-
dependent indicating that the sensitivity of the detector 
might also vary slightly together with its bias. 
Residuals are in any case much below the estimated 
signal-to-noise ratio. 
Results and discussion: Figure 1 shows the 
comparison of a CaSSIS color image before and after 
photometric correction. In this example, the correction 
has removed automatically all visible artefacts. The 
image was taken under challenging conditions, at 
07:01AM with an incidence angle of 77.5°. To permit 
observations of the surface under such challenging 
conditions is a main strength of CaSSIS, and thus the 
successful correction of the photometric artefacts is 
crucial for the full scientific exploitation of the 
instrument capabilities. 

 
Figure 3: Example of framelet-to-framelet offsets 
due to the variation of the detector bias and residual 
stray light gradient (symbols on top). The symbols at 
the bottom show the results of the correction. 
Maximum residuals are of the order of 0.2% for 
PAN and 0.5% for BLU, much below the estimated 
SNR. 
 

The latest photometric correction procedure removes 
all artefacts at or below the noise level and permits the 
scientific use of color data for all images with sufficient 
signal-to-noise ratio. Calibrated images will regularly 
be archived into the Planetary Science Archive 
(https://www.cosmos.esa.int/web/psa/) for distribution 
to the community. Examples of use of CaSSIS data 
acquired in low-illumination conditions can be found in 
[3] where the reflectance and color of dark spots and 
fans appearing on the seasonal ice cap at the end of the 
southern winter are studied. 
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Introduction:  Light-toned sulfate-bearing layered 

deposits (LTD) are widespread in many areas of Mars 
and their formation is still matter of discussion [e.g. 
1,2,3,4,5,6,7,8,9]. These deposits appear to be strati-
graphically constrained from the Noachian-Hesperian 
transition up to the lower Hesperian, so to postdate the 
clay-bearing deposits of Noachian age [e.g., 10,11]. 
Such transition would mark a major environmental 
change in Mars history from alkaline to acidic condi-
tions, which makes the understanding of the physi-
cal/chemical characteristics of the environment(s) of 
LTD deposition crucial in understanding the climate 
evolution of Mars. Moreover, many sulfate-bearing 
environments on Earth have been shown to be poten-
tially conductive to life, which makes of LTD potential 
targets for future in situ missions. 

Arabia Terra represents a crucial target to explore 
LTD geological history because it shows several well-
exposed successions in different physiographic settings 
(i.e., craters of different size/geometry and plateau). 
Moreover, the presence of groundwater potentially 
controlling LTD deposition has been proposed by 
many authors [e.g., 4,5,7] and here physiography 
shows a very gentle slope connecting the Highlands to 
the Lowlands that is ideal to observe the potential 
groundwater presence effects reflected in the sedimen-
tary record.  

Accordingly we focused on Kotido crater (centered 
9.1°W, 1°N), because of the excellent exposure of the 
deposits and of the good CTX, HiRISE an CRISM data 
coverage, including an HiRISE stereo pair almost 
crossing all the crater length that allow to constraint 
the depositional geometries. 

Results:  Kotido crater is a roughly 40 km large 
complex crater (Figure 1) with a basin infill thickness 
can be roughly estimated to be about 1 km [12]. We 
produced a detailed geological map [12], in order to 
constraint the stratigraphic framework of the basin, but 
also the heterogeneity within the LTD deposits. 

The LTD stay nonconformably on top of the ‘Mid-
dle Noachian highland unit’ [13]. They consist of light-
toned deposits, dark-toned deposits, and interspersed 
mounds (Figure 1). The light-toned deposits form me-
ter-thick layers, according to the smallest structures 
resolved by HiRISE images/DTMs and might corre-
spond to single beds or most probably bedsets. They  

 
Figure 1 - Geological map of Kotido crater. A schematic geological 
section is reported in the bottom-right box. 
 
are fragmented into polygons on average about 5 me-
ters in diameter and display very sinuous margins and 
undulated surfaces, often incised by quasi-circular de-
pressions (Figure 2a). Aeolian erosion might explain 
some of these morphologies, but bedsets do not always 
show iso-oriented boundaries and sometimes the ge-
ometries are not consistent with a formation by erosion 
from a unidirectional wind. This suggests that at least 
part of these morphologies may be depositional. The 
light-toned bedsets are interbedded with bedsets of 
darker-toned deposits (Figure 2c). Dark-toned bedsets 
display a smoother texture and fill and adjust the irreg-
ularities left by the undulated surfaces and the quasi-
circular depressions of the light-toned deposits. More-
over, they appear to be more easily preserved in topo-
graphically more protected/deeper parts of the basin, 
which suggest that they consist of relatively easily 
erodible materials. 

Both light- and dark-toned bedsets gently drape the 
older succession lying almost horizontally, although 
with undulation and folds at a smaller scale. In particu-
lar, Two gentle antiforms are present close to the crater 
margins, possibly reflecting the existence of a buried 
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terraced rim which constrained the layers geometries 
(Figure 1, inset). 
 

 
Figure 2 - Characteristics of the deposits inside Kotido crater. 
 
Mounds form in lateral continuity with the layered 
light- and dark-toned deposits [9]. They are rounded in 
plain view and sometimes display an apical pit at their 
top (Figure 2d). Most of the mounds do not show no 
asymmetry which might suggest a formation from aeo-
lian erosion. Accordingly, we interpret that at least part 
of the mounds might represent remnants of deposition-
al landforms. 

LTD are frequently associated with linear, layered, 
positive relief features that appear structurally con-
trolled and can reach kilometer scales (Figure 1a); we 
interpret these as fissure ridges. Sometimes mounds 
(both rounded and elongated) are visible on the top of 
these landforms. 

Discussions and conclusions: we interpret the Ko-
tido basin infilling as formed by a combination of 
spring mounds and playa precipitation alternating with 
clastic transport phases and/or residual materials 
formed by dissolution of the evaporitic materials (Fig-
ure 3). Salt-rich fluids would have been sourced from a 
pressurized aquifer through fissure ridges and mounds 
to precipitate evaporites immediately along the 
mounds’ flanks or more distally forming the layered 
deposits. Mounds have been interpreted as the results 
of fluid-expulsion in other places in Arabia because of 
their conical shape, the presence in certain cases of an 
apical pit and because of their texture and/or layer atti-
tude [8,9,12].  

 
Figure 3 - Conceptual model of LTD formation. 

 
Alternatively, groundwater might have provided 

fluids rich in salts to favor the diagenesis of already 
deposited clastic sediments. In this case, sediments 
might have been deposited through aeolian, 
dust/airfall, or volcaniclastic processes. Still, this for-
mational process would imply much more laterally and 
vertically relatively uniform textural and morphologi-
cal characteristics, which contrast with the observed 
variability and morphologies such as mounds and fis-
sure ridges, but also the cross-bedding bearing 
duneforms shown in the nearby plateau [9]. 

The light-toned deposits show characteristics con-
sistent with evaporite deposition, including the quasi-
circular depressions, the undulated surface, the sinuous 
margins and the polygonal pattern. The fluid expulsion 
processes, possibly depending on the varying relative 
ratio between fluid, clasts and salts, might alternatively 
led to clastic (darker-toned deposits) and evaporite 
deposition (light-toned deposits).  

These processes would be controlled by groundwa-
ter emplacement and fluctuations, in turn controlled by 
climatic changes, and interactions with the fractures 
related to the crater formation which allowed the actual 
upwelling from a pressurized aquifer.  
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Introduction:  Martian polar regions in spring are 

the most visibly active surface areas of the planet. 
HiRISE observed that the look of the top surface 
changes in a matter of several sols. These changes are 
caused by the active sublimation of the seasonal CO2 ice 
layer, daily re-condensation of the CO2 (particularly in 
cold spots), occasional snowfall, dust lifting and shifting 
by the near-surface winds, and other processes, of which 
some are endemic to Mars. 

In this work we focus on analyzing the deposits of 
the seasonal CO2 jets believed to be powered by the 
solid-state greenhouse effect. These deposits change 
over the course of spring: new fans appear, existing  fans 
fade, change size and color, or disappear completely. 
The orientations, positions, and numbers of the seasonal 
deposits possess information about the mechanism of jet 
eruptions, the atmospheric conditions during the 
eruptions, the state of the seasonal ice layer, and the 
interactions between regolith and ice. 

The model for the creation of the jets [1] builds on 
the specific properties of the CO2 ice slab layer: it is 
translucent to visible sunlight, but opaque for thermal 
radiation. When the sun rises above the horizon in early 
spring, the sunlight penetrates through the seasonal 
layer of CO2 ice to the substrate beneath it and warms it 
up. The ice layer starts subliming from its lower 
boundary, producing CO2 gas in a limited volume. Gas 
trapped below the ice builds up pressure until the 
overlying ice ruptures. The gas escapes rapidly, but only 
after flowing quickly underneath the ice towards the 
opening, eroding some regolith material and even some 
dust that was deposited in the previous fall and summer. 
The gas then carries these regolith particles out through 
the opening and they are deposited on top of the ice 
layer. Their deposition pattern might be fan-shaped – if 
there is any wind movement at the time of eruption – or 
more oval if there is no wind.  

Methods: HiRISE has observed fan-shaped deposits 
(or fans for short) and oval-shaped deposits (blotches) 
throughout the spring and summer season in Martian 
southern polar regions since Martian Year (MY) 28. To 
analyze the acquired HiRISE images in great detail we 
created a project Planet Four (P4) on the citizen science 
platform Zooniverse. In this work we use a catalog of 
seasonal fans measured by citizen scientists 
participating in this project.  

The full description of the P4 project, the pipeline 
for reduction of its data, validation of the results, and the 
first catalog of the resulting markings is described in 
great detail in [2]. 

The catalog includes P4 data in 29 regions of interest 
(ROIs) distributed around the southern polar regions for 
2 MYs. In this work we focused on a sub-selection of 
ROIs that offer the highest temporal coverage, with the 
aim to be able to follow their seasonal and inter-annual 
evolution.  

Surface evolution: The catalog allows us to 
estimate how the mean length of fans in each ROI 
changes during spring. While each ROI is unique, there 
is a trend of decreasing fan length between Ls 180  and 
220 . This trend is observed in multiple (but not all) 
ROIs.  The fan length decrease might be caused by 1) 
the re-distribution of the surface material by winds; 2) 
the local re-condensation of CO2; 3) new eruptions 

 

 
Figure 1 Fan directions derived from the P4 catalog at 
ROI  Ithaca. Fan direction is opposite to the wind 
direction at the time of jet eruption. 
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depositing new material on top of the seasonal ice layer 
but under considerably weaker winds; or 4) interactions 
of the mineral grains with the CO2 ice layer. P4 data are 
most favorable to the last option – surface processes that 
happen between CO2 ice and regolith particles – 
because the surface changes are too localized to be 
explained by the wind activity, happen to already 
existing deposits, and are visible at the time of lowest 
diurnal CO2 deposition. We argue that between Ls 180  
and 220  the top ice layer undergoes a cleaning process 
similar to the one proposed by Kieffer [1] for early 
spring CO2 slab cleaning: regolith and dust particles 
deposited on top of the ice layer during early eruptions 
sink through the ice down to its bottom.  

Winds: Fig. 1 shows an example of fan direction 
diagrams at ROI Ithaca derived from P4, and Fig.2  is a 
comparison of those the winds modeled by the Mars 
Regional Atmospheric Modeling System (MRAMS) 
[3]. Red lines in Fig. 2 correspond to the values of wind 
direction and wind magnitude derived respectively from 
most probable fan directions and lengths from P4 
catalog. At ROI Ithaca at Ls = 180 it is possible to 
simultaneously estimate wind direction and magnitude 
because we know from HiRISE image series that the fan 
deposits appeared shortly before the image at Ls = 181 
was taken (i.e., they were deposited under the recent 
wind conditions). At Ls = 210  there are new fans that 

appeared between Ls = 181  and  210 . They can serve 
as wind direction indicators and potentially – as wind 
magnitude indicators, however, deposits from previous 
eruptions complicate the statistical analysis that still 
requires additional work. Fig. 2 shows that P4 winds 
better agree to the MRAMS winds in the lower 
atmospheric layer at high insolation values (i.e. around 
local noon).  

Inter-annual variability: In addition to the 
seasonal evolution, P4 catalog allows comparisons of  
spring evolution between different Martian Years. Most 
of the locations show remarkable repeatability between 
MY29 and MY30, suggesting that wind patterns and 
seasonal sublimation patterns are very stable from year 
to year. However, [4] showed that when P4 data on 
longer time-scales that include years with severe 
regional dust storms is used, interannual variability in 
the number of fans and their sizes is observed. 

Conclusions: The analysis of the P4 catalog shows 
that the seasonal markings change considerably from 
image to image. Through these changes we can study 
surface evolution and variations of wind speeds and 
directions.  

References: [1] Kieffer, H., (2007), JGR 112: 
E08005 (2007). [2] Aye, K.-M. et al (2019) Icarus 319 
pp. 558–598 [3]. Michaels, T. I., & Rafkin, S. C. R. 
(2008) JGR, 113(E12), E00A03–11. [4] Hansen, C. J. et 
al., (2019) 50th LPSC, Abstract #3110.  

 
Figure 2 Comparison of P4 wind results (red lines) to MRAMS model output 
for ROI Ithaca. MRAMS winds are modeled for 1 sol at Ls = 180, 210 and 240 
and 2 atmospheric layers. The color code is by insolation value from dark blue 
(=min) to yellow (=max). This is an estimate of local time of day. 
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MODAL MINERALOGY OF PHYLLOSILICATE- AND CARBONATE-BEARING TERRAINS FROM 
SPECTRAL MODELING. APPLICATION TO MARS2020 AND EXOMARS LANDING SITES. F. Poulet1,
J. Carter1, L. Riu1, A. Martinez2, 1IAS, CNRS/Université Paris-Sud, 91405 Orsay Cedex, France, 2LATMOS,
CNRS/Université Pierre et Marie Curie, Paris, France.

Introduction and motivation. The first global in-
ventory of hydrated minerals on Mars performed a 
decade ago recognized several regions exhibiting spa-
tially extensive alteration and 10s scattered detections 
over the southern hemisphere. Since the last Mars con-
ference, a systematic global scale catalog (referred as 
to MOCCAS) has been constructed revealing 100000+
characterized detections of hydrous deposits found in 
addition to the extended regions [1]. These various 
altered deposits can provide constraints of past liquid 
water environments on or near the surface, and evalua-
tion of the resource assets of the planet.

In this respect, we implemented a unique approach 
to derive the modal mineralogy of the major hydrated-
rich deposits identified with OMEGA and CRISM by 
using a radiative transfer model [2,3]. While these pre-
vious investigations were limited to a few tens of spec-
tra, we have optimized this method so as to readily 
apply it to a much larger dataset (several millions of 
spectra) [4,5].

We here present the modal mineralogy of the phyl-
losilicate-bearing and carbonate-bearing deposits iden-
tified by the OMEGA instrument. We show that the 
modeling approach is able to reproduce the spectral 
diversity of the hydrated deposits at the global scale.
The first global abundance maps of hydrated minerals 
and water content are derived at a resolution of 64 px/° 
using the MOCCAS [1] classification maps. We then 
focus on the landing site regions of the forthcoming
rovers Mars2020 and ExoMars, for which the bulk 
composition of altered terrains deposits are retrieved.

Method. We use km-scale OMEGA reflectance 
spectra corrected from aerosols and atmospheric con-

tributions Signatures of hydrated minerals are detected
in each single OMEGA cube with specific and validat-
ed algorithms defined by [1]. Before performing the 
modelling, the spectra of the mineral deposits are clus-
tered into contiguous ROIs (Region Of Interest)) based
on their mineralogy. They are divided into 3 main clas-
ses based on spectral ressemblance : class 1 present 
spectral properties similar to Fe/Mg hydrated silicates 
signatures, class 2 : Al/Si-OH phases, class 3 : a mix-
ture of carbonates/serpentine/FeMg-smectites. This
enables to cover a wide variety of composition ob-
served from orbit: ~14 million OMEGA pixels with 
aqueous mineral detections were clustered into ~20000 
ROIs. 

Modal mineralogy is derived using a nonlinear un-
mixing modeling based on the Shkuratov radiative
transfer model [7]. The spectra are fitted in the 0.99–

range using a simplex minimiza-
tion algorithm. The quality of the fit is evaluated by the 
value of the residual mean squared (RMS). The Shku-
ratov model simulates the reflectance of a particulate 
surface (also referred to as an intimate mixture) from a
a priori and limited set of hydrous. The selection of 
minerals to be included (through their complex indices 
of refraction) in the modeling is critical. The prior min-
eral classification into the three classes previously
mentioned greatly facilitates the down-selection of the 
end-members for each ROI prior to the modelling. 
Primary minerals such as plagioclase and pyroxenes 
(both high- and low-calcium) are also considered as 
potential endmembers and hence are systematically 
added. Previous tests have also showed that a hydrous 
hydroxide phase (ferrihydrite) is required [3,5].

Figure 1. Sum of abundances of hydrous phases required to fit the OMEGA spectra displaying spectral features 
indicative of phyllosilicates, hydrated silica and carbonates.
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Figure 2. (top) Mineral abundance map of carbonate 
endmember of the altered terrains over Mars2020 land-
ing site. The spatial distribution is very well correlated 
with the terrain units that exhibits olivine and carbonate 
signatures. (bottom) Average abundances of the same 
terrains. Note that no hydrated deposit is identified 
inside the ellipse due to OMEGA subpixel size of these 
deposits.

Global distribution. The final compositional maps 
result in 11 maps of hydrated phases and 5 maps of 
anhydrous minerals at a resolution of 64 px/° (< 
1km/px at the equator). Most of the locations present-
ing hydrated features signatures can be modelled with 
an intimate mixture of up to 10 end-members both al-
tered and anhydrous. The resulting abundances predict 
that hydrated minerals account for less than 50% of the 
total abundance contribution for a large majority of the 
spectra (> 90%) (Fig. 1). The corresponding areas with 
abundances larger than 50% are close to extended and 
emblematic regions MarwthVallis, Nili Fossae, Merid-
iani and for a fewer smaller spots in the southern hemi-
sphere (north west of Argyre bassin). In-depth analysis 
of the resulting global abundance maps and characteri-

zation of the possible biases and uncertainties are on-
going.

Figure 3. Spatial distribution of Fe/Mg smectites abun-
dances (0 to 40 vol%) over the ExoMars ellipse.

Landing sites. The spatial distributions of abundance 
of all altered phases required to fit the OMEGA obser-
vations over the two selected landing sites of ExoMars 
and Mars2020 have been studied. These spatial distri-
butions are remarkably well correlated with previous 
studies based on spectral indexes. In Jezero crater re-
gion, the carbonate endmember is found in the mottled 
terrains [7] as expected. These terrains constitute one 
of the most altered area in the Nili region, with a total 
abundance of altered phases near 40-50 vol% (30% 
Fe/Mg clays and 15% magnesite). The overall aver-
aged modal mineralogy for Jezero altered terrains is 
nevertheless dominated by anhydrous phases (Fig. 2).
In Oxia Planum, the distribution of the altered terrains
are relatively patchy and discontinuous. The dominant 
altered phases are Fe/Mg smectites with abundance up 
to 35% (Fig. 3). The mineralogy of the altered terrains 
is pretty uniform with rare presence of other hydrated 
phases except for one possible Al-OH/phase-bearing 
spot. This is consistent with the rather uniform miner-
alogy reported in by previous studies [e.g. 8]. 

References: [1] Carter et al. (2018), LPSC 49, Abs-
tract #1166. [2] Poulet F. et al. (2008) A&A, 487, L41–
L44. [3] Poulet et al. (2014) Icarus, 231, 65-76. [4]
Riu et al. (2019) Icarus, 322, 31–53. [5] Riu et al.
(2019) LPSC 50, Abstract #2132. [6] Shkuratov  et  al.  
(1999), Icarus 137. [7] Goudge T et al. (2015) JGR, 

120, 775–808. [8] Quantin-Nataf et al. (2018) LPSC
49, Abstract #2083.
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Introduction: Sulfate species have been detected 

in late Noachian and Hesperian terrains on Mars lying 
stratigraphically above clay minerals, which has been 
interpreted as documenting a shift from wetter to more 
arid environments on the surface. Sulfate detections 
are associated with layered deposits in numerous loca-
tions including Gale Crater, Meridiani Planum, Vallis 
Marineris, and Terra Sirenum, and Aram Chaos [1]. 
These sulfates and clays been identified using their 
diagnostic absorption features in visible and near-
infrared reflectance (VNIR) data acquired from Mars 
orbit. Additionally, two rover missions have explored 
sites with massive sulfate deposits. The first, the MER 
Opportunity rover, landed in Meridiani in 2004 and 
traversed across the Burns formation sulfate-bearing 
sandstones, until it reached the rim of Endeavour 
Crater in 2011. The MSL Curiosity rover, after landing 
in Gale Crater in 2012, is gradually ascending the sed-
imentary interior mound Mt. Sharp and approaching 
the “layered sulfate” section. 

Methods: We identify sulfates using hyperspectral 
images from the CRISM instrument [2], from 0.4-2.7 
μm at 12-36 m/pixel, which have been processed using 
the WUSTL pipeline [3]. After applying the volcano 
scan correction for atmospheric gases, we modeled 
surface scattering and atmospheric aerosols using a 
Hapke model and the DISORT radiative transfer code 
to retrieve single scattering albedo (SSA). These spec-
tra were then further processed with a log-log maxi-
mum likelihood method to retrieve the best estimate of 
SSA signal in the presence of Poisson noise. 

Polyhydrated sulfates have diagnostic absorption 
features at 1.9 and 2.4 μm. In monohydrated sulfates 
the 1.9 μm absorption is shifted to 2.1 μm. Ca- and Fe- 
hydrated sulfates have additional diagnostic absorp-
tions in the VNIR, while Mg- varieties are otherwise 
relatively featureless. What is observed on Mars with 
CRISM are real assemblages of minerals as opposed to 
pure phases and therefore absorption depths are greatly 
reduced relatively to laboratory spectra. Relative pro-
portions of minerals, textures, grain sizes, and dust 
cover all affect the signal that reaches CRISM detec-
tors.  

Meridiani Planum: Meridiani is a relatively flat 
plain composed of a Noachian basaltic basement 
topped with hundreds of meters of sulfate-bearing 
sandstones. These sedimentary layers were formed by 
deposition and reworking in an episodically wet envi-

ronment, with episodes of diagenesis and weathering 
to form a crystalline hematite lag deposit [4, 5]. The 
lag deposit masks the CRISM spectral signature of 
sulfate in most locations. Sulfate minerals including 
kieserite and gypsum have been detected in impact 
crater walls and windswept regions [6]. The Oppor-
tunity rover explored southern Meridiani Planum 
through a campaign of crater-hopping, using craters as 
a natural drill to expose strata [6]. The deepest expo-
sures explored by Opportunity directly are ~10 meters 
thick at Victoria Crater. Opportunity results indicate 
that the top layers of Burns formation contain up to 
40% sulfate and included Mg, Ca, and Fe species. This 
includes a significant jarosite component, which has 
not been detected by CRISM. 

However, investigations of nearby Iazu Crater [7] 
indicate that the complete sulfate-bearing section is 
much thicker only ~20 km south of the rover’s final 
location (Figure 2b). CRISM detects polyhydrated Mg-
sulfate in the walls of Iazu. These are an pre-impact 
equivalent ~115 m section of relatively light-toned 
deposits that show regular evidence of interspersed 
dark banding, visible at the HiRISE scale but too small 
for CRISM to resolve (Figure 2a). These sulfate-
bearing layered deposits overlie dark, more resistant 
basalts with trace evidence of alteration to Fe/Mg 
smectite [7]. This site allows constraints on the thick-
ness of the Burns formation in the vicinity of the Op-
portunity traverse, and provides clues to our interpreta-
tion of CRISM signatures of polyhydrated Mg-sulfate 
in the Meridiani region. 

Gale Crater: Mt. Sharp, the ~5 km high interior 
mound in Gale Crater (Figure 2d), has been document-
ed to contain clay minerals stratigraphically below 
sulfate minerals [8, 9]. The areas containing sulfate are 
bright-toned and sculpted into tall rounded mounds and 
buttes by aeolian processes. The primary mineral iden-
tified in the vicinity of the Curiosity traverse is poly-
hydrated Mg-sulfate, although monohydrated sulfates 
have been identified in other parts of the mound [8,10]. 
The sulfate-bearing section spans >600 meters in ele-
vation with dips typically <5 deg. The exposures in the 
walls of these features have the strongest spectral sig-
natures of sulfates and also contain periodic dark bands 
at the HiRISE scale (Figure 2c). Curiosity has not yet 
reached the layered sulfate unit at the time of writing. 

Synthesis: The layered sulfate sections in Meridi-
ani and Gale have similar spectral signatures in the 
VNIR, although the Gale spectra have consistently 
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higher albedo. In both cases the signature is consistent 
with polyhydrated Mg sulfate, basaltic minerals and 
dust. These detections do not preclude the presence of 
other hydrated phases, including other species of sul-
fate. Both locations show layering at the meter to sub-
meter scale and alternating dark and bright banding, 
too fine to be resolved by CRISM. 

The Meridiani sulfates formed in a playa environ-
ment through groundwater upwelling [5]. The Gale 
deposits were formed in a closed basin, and it is yet to 
be determined if the sulfate section was deposited 
and/or altered by groundwater upwelling [11]. Under-
lying the sulfates in Gale are mudstones and sand-
stones, which have significant evidence for alteration 
and diagenesis even in areas without clear hydrated 
mineral detections from CRISM. In contrast, the Noa-
chian basalts at Meridiani have only limited evidence 
for aqueous alteration. 

Curiosity will have the opportunity to investigate 
the full mineral assemblage in the Mt. Sharp layered 
sulfate section and compare it to measurements previ-
ous made of the Burns formation. The mission has the 
advantage of a more extensive instrument payload than 
Opportunity’s, and should be able to access a larger 
stratigraphic section. It remains to be determined how 
the mineralogical makeup and geologic expression of 
the two sites will be similar or different, given the 
above orbital similarities between them. Careful con-
sideration of ground-based measurements at each site 
can inform the interpretation of sulfate-bearing terrains 
in other areas on Mars that have not been visited by 
landed spacecraft. We can then make predictions on 
what sulfate assemblages we can expect when we de-
tect polyhydrated sulfate elsewhere with CRISM. No-
tably lacking in both locations are repeated sequences 
of monohydrated and polyhydrated sulfate, reported in 
other location on Mars [1]. 

The exploration of the Mt. Sharp layered sulfate 
section with Curiosity will shed light on the local vs. 
global nature of formation, alteration, and diagenesis 
of layered sulfate units on Mars and the implications 
for environmental trends. Thus the late stages of the 
Curiosity mission will provide important perspective 
for our understanding of Martian geologic history as a 
whole. 
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al. (2016) JGR, 121, 1713-1736. [10] Hughes, M.N. et 
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Figure 1: Comparison of CRISM SSA spectra of the 
wall of Iazu Crater, Meridiani Planum (red) and Mt. 
Sharp, Gale Crater (blue). Absorptions at 1.9 and 2.4 
μm (gray lines), combined with a lack of other diag-
nostic features, identify polyhydrated Mg sulfate. 
Spectra are 3x3 pixel averages. 

 
Figure 2: Examples of layered sulfate-bearing terrains 
on Mars. a) Layering in the north wall of Iazu Crater, 
overlying darker basalts (HiRISE). b) Endeavour and 
Iazu Craters in Meridiani Planum (THEMIS VIS). Op-
portunity traverse shown in white. c) Gediz Vallis wall 
in Mt. Sharp (HiRISE). d) Northwest Mount Sharp, 
Gale Crater (HiRISE). Curiosity traverse through sol 
2316 in shown white. Locations of a) and c) given by 
arrows. Locations of spectra from Figure 1 indicated 
by an x. 
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Introduction: Since the discovery of perchlorate 

(ClO4
–) salts [18] in the martian regolith, the search for 

liquid brines has become more tangible. This discovery 
has led to several findings that liquid brines might be 
possible on the surface of Mars today due to either 
deliquescence (salts absorbing water vapor, transition-
ing to a saturated liquid solution) or the freezing point 
depression of the salt (melting occurring when the salt 
is in contact with water ice) [1-4]. Possible detections 
of liquid water on Mars have been hypothesized to 
occur below the Southern Polar Layer Deposits 
(SPLD) in the form of a subglacial lake [5-6] and with-
in Recurring Slope Lineae (RSL) [7]. However, these 
detections remain controversial [8-10].  

There are only a few experimental chambers that 
can replicate the atmospheric pressure, composition 
and temperature of Mars. However, each of them found 
different answers to the possibility of liquid water on 
Mars today [11-14]. Three have the capability to take 
Raman spectra (with varying resolutions) of the sample 
while under martian conditions, while the other one 
utilizes cameras and a balance to measure mass differ-
ences. While Raman spectroscopy is a powerful tool to 
determine the phase of water in your sample, if the 
resolution of the instrument or if the sample size is 
greater than the laser beam penetration depth, ambigui-
ty in your measurements is more likely. Thus, we de-
signed a new Mars chamber that can measure the elec-
trical properties of Mars regolith analogs under martian 
conditions, similar to [15].  

Electrical properties of materials are represented by 
the real part of the relative dielectric permittivity  that 
represents charge storage in bound charges, and whose 
imaginary part  represents energy loss. Briefly, the 
dielectric permittivity drastically changes when liquid 
water is present (e.g., salt hydrate =4.5, while liquid 
water ~80). Through this measurement, we are able 
to unambiguously determine if liquid water is within 
our sample. 

To help better understand if liquid solutions are 
possible via deliquescence, there is an experiment 
onboard the ExoMars rover (Rosalind Franklin), the 
Brine Observation Transition to Liquid Experiment 
(BOTTLE), that will expose Mars-relevant salts to the 
atmosphere of Mars and measure the electrical proper-
ties. Our research will help to better understand the 
results from this experiment. 

In addition to our chamber experiments, we are de-
veloping a salt kinetics model to better model the mi-
gration of H2O via salt deliquescence and freezing. 

Mars Chamber: We commissioned a custom-built 
Mars chamber (Fig. 1) that is able to: control tempera-
ture via a LN2 cold plate with temperature-controlled 
heaters within the cold plate, humidify CO2 flow con-
trolled by Alicat mass flow controllers, monitor the 
relative humidity with a Vaisala DMT 152 dew point 
transmitter, and hold the chamber pressure at Mars 
values with a Welch vacuum pump. This Mars cham-
ber allows us to place our three-electrode sample hold-
er [e.g., 16,17] onto the cold plate to simultaneously 
measure the electrical properties, temperature, pres-
sure, and relative humidity within the chamber. 

 

 
Figure 1. Inside view of our Mars chamber. The elec-
trical leads are connected to the Solartron 1260A Im-
pedance Analyzer and Solartron 1296A Dielectric In-
terface. The Vaisala DMT152 dew point transmitter is 
not shown because it is screwed into the lid of the 
chamber. 
 

Model Methods: We are currently working on a 
model that will be able to simulate the migration of 
H2O throughout a martian sol which will include the 
water uptake contributions of magnesium perchlorate 
within regolith. This simulation was performed using 
MarsFlo [e.g., 21] integrated with the Mars Atmos-
pheric Regional Modeling System (MRAMS: [22]). 
The MarsFlo component proficiently simulates three-
phase (liquid, ice, vapor) H2O migration and thermal 
evolution in porous media, while the MRAMS compo-
nent provides realistic surface boundary conditions as 
functions of time-of-day, season, and latitude. 
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We modeled the water activity (Awi, initial) and 
temperature at Palikir crater (41.6 S, 202.3 E) (Fig. 2). 
Our model requires the following initial inputs: salt 
wt%, salt mass, RH, temperature, total volume. In-situ 
data suggest a perchlorate (for this study, Mg(ClO4)2) 
wt% of ~0.5–1 [18-19]. We used neutron spectrometer 
data to estimate the amount of water to use in the mod-
el at Palikir Crater; the water-equivalent wt% was 
found to be ~4.3 [20]. The RH and temperature time-
series are taken from MarsFlo/MRAMS model output. 

 

 
Figure 2. Modeled diurnal profile of water activity 
and temperature vs local time at Palikir Crater (3cm 
depth and Ls=274 ). DRH and ERH are the deliques-
cence relative humidity and the efflorescence relative 
humidity, respectively. Teu is the eutectic temperature 
of Mg(ClO4)2. 
 

Results: The resulting final water activity, Awf, is 
calculated using chemical modeling to manipulate the 
temperature and water activity output by MarsFlo/ 
MRAMS to show how Mg(ClO4)2 can affect these 
profiles. This chemical modeling will eventually be 
performed within our version of MarsFlo (to be called 
MarsFloSalt thereafter). We calculate this change in 
water activity by assuming water vapor will deli-
quesce or effloresce (D/E) if the initial RH is above 
the DRH (Deliquescence Relative Humidity) or be-
low the ERH (Efflorescence Relative Humidity), re-
spectively. We then find the vol% of brine, salt hy-
drate (Mg(ClO4)2 6H2O), ice, and/or anhydrous salt 
(Fig. 3). The sol starts with a mixtures of ice and 
brine because temperatures are >Teu. When the tem-
perature increases (8-17 hrs) the brine vol% is con-
tinuously increasing, while the ice vol% is decreasing. 
The brine vol% peaks with temperature when RH/ 
water activity is at its lowest because the temperature 
increase affects the brine volume more (via melting) 
than the amount of water vapor within the pore space 
of the regolith that is D/E. 

Conclusion: Here we combine temperature, RH, 
and D/E modeling to determine the amount of brine, 
ice, hydrate, and anhydrous salt produced during a sol 
on present-day Mars. We find that even when the 

temperature is >Teu and the initial RH is >DRH 
(hours 8 to 11 and 20 to 24) the brine vol% is much 
lower than when the initial RH is <ERH. While initial 
water activities are >0.61 (minimum for terrestrial 
life), deliquescence reduces the water activity below 
this value. Furthermore, at high temperatures when 
brine vol% is maximum, water activities are at a min-
imum. 

Future Directions: Our chamber is set up, and we 
are measuring the relative humidity, temperature, and 
pressure while simultaneously measuring the electri-
cal properties of the sample. However, we are work-
ing on how to better control the humidity and will 
present these data at the conference.  

Figure 3. Vol% of brine (blue) and ice (white) 
throughout the sol in Fig. 2. All anhydrous salt and 
hydrate vol% are zero. 
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Introduction:  In the effort to deliver humans to 
the surface of Mars and returning them safely to Earth, 
current propulsion technology means that mass 
represents the ultimate premium for cost. Thus, any 
such endeavor must leverage all available in situ 
resources. The most valuable Martian resource for 
“living off the land” is water, which when combined 
with atmospheric carbon dioxide, can provide methane 
as a fuel to sustain an outpost and for the return to 
Earth. Water also represents one of the most important 
ingredients of life support, including as a source of 
oxygen for breathing.  

Mars has plentiful surface water ice, with two 
kilometers-thick ice caps in the form of the north and 
south polar layered deposits and widespread shallow 
(<1 m depth) high-latitude ground ice. However, these 
sources of water are at latitudes that are not feasible for 
the first human missions to the Red Planet. The higher 
solar radiation and manageable length of night offered 
by the lower latitudes are valuable to mission success, 
and low latitudes reduce launch energy. Thus, future 
mission planning must isolate regions of Mars that 
optimize both water sources and solar energy supplies. 

Ice Resources on Mars: Non-polar ice that is 
accessible in the scope of most mission architectures 
(i.e., within the upper few meters) has been discovered 
on Mars through remote sensing. For example, fresh 
impacts revealing icy substrate have been reported 
using HiRISE data [1-2] and glacial deposits have been 
found in the mid-latitudes with geomorphologic and 
radar sounding studies [e.g., 3]. Knowledge of the 
complete inventory of  the distribution and depth range 
of these water ice deposits across Mars is therefore of 
enormous value to human missions.  

The SWIM Project: The primary goal of this 
project is to generate ice mapping products to enable 
future mission planning. Previously, global studies of 
Martian ice deposits have been science-driven and 
largely concentrated on one or two data types, such as 
neutron maps [4] and geomorphic surveys of 
periglacial features [e.g. 5].  

The SWIM project is unique in that it integrates all 
appropriate orbital datasets to provide a holistic 
assessment of accessible Martian ice reserves. By 
employing a team with a diverse background of 
relevant expertise and by leveraging new data 
processing techniques, the SWIM Project has 
generated the most up-to-date maps of Martian water 
ice distribution. To date, the project has included 
global reconnaissance mapping with thermal and radar 

data as well as focused multi-dataset mapping between 
0º and 60ºN within the majority of the northern 
hemisphere (everywhere apart from 225°E to 290°E) 
to characterize the distribution of water ice (Fig 1). 
Placing the primary focus of this study in the northern 
hemisphere was driven by the broader availability of 
preferred landing conditions at lower elevations (i.e., 
higher atmospheric density) relative to most areas in 
the southern hemisphere.  

    Methods: To search for and assess the presence of 
shallow ice across our study regions, the SWIM project 
uses the following techniques and datasets: neutron-
detected hydrogen (MONS), thermal behavior (both 
TES and THEMIS), multi-scale geomorphology 
(HiRISE, CTX, HRSC, and MOLA), and radar surface 
and subsurface echoes (SHARAD). To extract the 
maximum amount of information from the datasets, we 
employ newly developed techniques, including: super-
resolution (bandwidth-extrapolation) radar processing, 
which can improve the range resolution by up to a 
factor of 3 [6], surface radar reflectivity [7], and 
refined thermal modeling [8] along with more 
traditional approaches to geomorphological mapping 
[9] and interpretation of discrete radar-detected 
subsurface interfaces [10]. 

Figure 1. Four SWIM study regions encompass 
much of the Martian northern hemisphere. 
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     Each of the above datasets probes to different 
depths into the subsurface. To enable a quantitative 
assessment of how consistent (or inconsistent) the 
various remote sensing datasets are with the presence 
of shallow (<5 m) and deep (>5 m) ice across our 
study regions, we introduced the SWIM Equation: 

 

Ice consistency values CX range between -1 and +1, 
where -1 means that the data are inconsistent with the 
presence of ice, 0 means that the data give no 
indication of the presence or absence of ice, and +1 
means that the data are consistent with the presence 
of  ice. In the SWIM Equation, we calculate a 
composite ice consistency CI for each pixel of our map 
by summing each individual consistency value (CN for 
neutron data, CT for thermal data, CG for geomorphic 
data, CRS for radar surface-return data, and CRD for 
radar subsurface dielectric-constant data) and 
normalizing by the number of datasets [11]. This 
formulation gives equal weight to all inputs and 
indicates the consistency of the data sets, but does not 
directly correspond to a probability that ice is present. 
Future revisions of the equation may include the use of  
different weightings. 

Results: In Fig. 2, we display a composite ice 
consistency map derived from our multi-dataset 
analysis, which spans the entire study region in the 
northern hemisphere of Mars. The highest consistency 
values, which are indicative of multiple individual 
datasets reporting positive (blue) ice signatures, 
typically occur poleward of ~40ºN—notably in 
Arcadia Planitia where previous work found 
indications of widespread ground ice [12] and in 
Deuteronilus Mensae where others have mapped 
extensive debris-covered glaciers [13]—but many 
positive (blue) values extend to southward to as low as 
~20ºN. In most areas equatorward of 28ºN, the 
integrated map displays negative (red) values, arguing 
for ice-free conditions at these lower latitudes.  

At the 9th International Conference on Mars, we 
will provide an overview of the entire project and 

present the full results of our ice mapping efforts. 
These new mapping products represent valuable tools 
for mission planning activities, and they will directly 
support the next Human Landing Site Selection 
Workshop. Beyond human mission planning, SWIM 
results will highlight limitations of our previous and 
current orbital assets, providing a framework to advise 
the next generation of robotic missions. Broader 
scientific findings that may stem from this effort will 
be presented by Morgan et al. [this conference]. 

To Learn More: For more information on the 
SWIM project, GIS-ready map products, and news of 
the latest releases, visit https://swim.psi.edu and follow 
us on Twitter @RedPlanetSWIM.  
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                                          Figure 2. Composite ice consistency CI in the northern hemisphere of Mars  
                                          (060ºN, 0360ºE). Darker blues represent areas where most or all data are 
consistent with the presence of buried ice. Locations of fresh ice-exposing impacts [2] are shown as white 
dots, and they occur on blue pixels within the SWIM study region. Areas between 225ºE and 290ºE were 
omitted from the study due to high elevations deemed inaccessible for human missions. 

Deuteronilus Arcadia 
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Introduction: The European Space Agency (ESA) Ex-
oMars “Rosalind Franklin” rover will launch in 2020, 
and land in 19 March 2021. The goals of the mission are 
to search for signs of past and present life on Mars, to 
investigate the water/geochemical environment as a 
function of depth in the shallow subsurface, and to char-
acterize the surface environment. To meet these objec-
tives while minimizing landing risks, a five-year land-
ing site selection process has been conducted by ESA, 
during which eight candidate sites were whittled down 
to only one: Oxia Planum. 

Oxia Planum is a 200-km wide clay-bearing plain 
located on the south west margin of Arabia Terra and 
exhibits Noachian terrains that become increasingly 
eroded towards the crustal dichotomy [1]. At the time of 
writing, the “Oxia Planum” name is not yet official, but 
is under review by the International Astronomical Un-
ion naming services. The center of the landing ellipse is 
located in the north part of a clay-bearing plain, which 
partly overlaps the outlet of Cogoon Vallis drainage 
system toward the northern plains [2]. The Oxia Planum 
landing site (Figure 1) bears abundant morphological 
and mineralogical evidence of long-lived aqueous activ-
ity distributed over the landing ellipse, ensuring that the 
rover will be able to analyze them within its traverse 
range, which is restricted to be a few kilometers—
whereas the landing ellipse is 120 km x 10 km. 

Here we show how Oxia Planum was identified us-
ing orbital data analysis and detail the diversity of aque-
ously-altered rocks exposed across the landing site, as 
well as their potential accessibility by the “Rosalind 
Franklin” rover. 

 
Orbital data analysis and the identification of Oxia 
Planum: To identify the best landing site possible for 
the ExoMars 2020 mission, we used ArcGIS to compile 
a large set of global data including elevation [3], thermal 
inertia [4], geological map [5], and mineralogical map 
[6]. The goal was to highlight areas compliant with the 
landing engineering constraints, such as latitude, eleva-
tion and thermal inertia, as well as areas compliant with 
scientific criteria, such as surfaces dating from Noa-
chian times and bearing abundant evidence of deposi-
tion in aqueous environments. After masking areas of 
Mars that are non-compliant with engineering con-
straints, and areas younger than Noachian age, we ended 

up with just a few places on the borders of Chryse  Plan-
itia and Isidis Planitia. Then, we narrowed down our se-
lection to the most extensive areas (as large as 100 km) 
of hydrated mineral bearing units from the hydrated 
mineral map [6] which had morphological expressions 
consistent with sediments. Thus we found Oxia Planum, 
a new location that has not been studied before.  

 
Figure 1: Oxia Planum: background color ramp is Mars Or-
biter Laser Altimetry (MOLA) topography on top of Themis IR 
day-time imagery. The red ellipses represent the 1 and 3 sigma 
ellipses of both opening and closing launch windows. Hy-
drated mineral are mapped in blue. 

To study the landing site in more detail, we gathered 
all high resolution available orbital data under GIS: 
High Resolution Imaging Science Experiment 
(HiRISE) and Context Camera (CTX) images, elevation 
data from the MOLA, High Resolution Stereo Camera 
(HRSC) images and Thermal Emission Imaging System 
(THEMIS) image mosaics. All data were processed 
thanks to the MarsSI Application [7]. We performed 
measurements of layer thickness on HiRISE Digital 
Terrain Models (DTMs).  

 
Aqueously-altered units in Oxia Planum:  The site 

had a rich geological history, experiencing diverse 
aqueous episodes, all dated to Noachian times, followed 
by late volcanic activity [1]. 

First, the site exhibits a widespread, layered and 
fractured, clay-bearing unit, which is older than 4 Gy, 
based on the fact that it straddles a mid-Noachian unit 
and a late Noachian unit on the global geological map 
[5]. The stratigraphy exposes at least 50 m of layered 
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clay-bearing deposits. The individual layers resolved by 
HiRISE DTMs range from 0.7 m to 2-3 m. These depos-
its drape the current topography at the margin of Chryse 
Planitia over elevations ranging from -2800 m down to 
-3100 m. The composition of the hydrated minerals is 
dominated by Fe/Mg-rich clays with some sporadic de-
tection of Al-rich clays clays [8]. The detailed stratigra-
phy of the clay-bearing unit is presented in a companion 
abstract [9]. According to the landing sites ellipses (Fig-
ure 1), the probability of landing on the clay-bearing de-
posits is high. This clay-bearing unit is the main scien-
tific target of the mission.  

In addition, the landing ellipse is at the outlet of a large 
catchment area [10] at the front of which can still be 
identified remnants of an ancient sediment fan system 
(Figure 2A) [2].The valleys that feed into the fan-system 
appear at first glance to be a poorly developed system, 
but detailed analysis reveals that the valley system is 
highly eroded and overlain by large late Noachian and 
early Hesperian impact craters, implying a Noachian 
age for the valley-fan system. The fan is ~ 10 km long, 
and lies on top of, and thus post-dates, the clay-bearing 
unit. The fan is layered and about 80 m thick. The flat 
surface and the overlapping divergent finger-like termi-
nations argue for a deltaic structure, rather than an aerial 
alluvial fan. The delta-fan is composed of hydrated sil-
ica-rich deposits, attesting to ponding of liquid water 
[8]. The delta-fan only covers a small part of the 3-
sigma landing ellipse of the opening launch window. 
The chance to land on or near it is thus very low, but the 
delta fan signals the presence of a standing body of wa-
ter that would have covered almost the entire landing 
ellipse after the time of clay-bearing unit formation. 
Furthermore, distal deposits associated with the delta-
fan, but not recognizable from orbit may be distributed 
more widely throughout the ellipse. 

From the delta-fan downward to Chryse Planitia, we 
observe scattered rounded buttes (figure 2B) ranging 
from hundred meters to kilometers in scale, more abun-
dant approaching Chryse Planitia. They have a clear low 
thermal inertia signature and show inverted lineations 
that may be indurated structures; for example, mineral-
ized veins. No clear signature of hydrated minerals has 
been found so far, but the CRISM coverage is incom-
plete. The buttes lie on top of the clay-clay-bearing unit, 
suggesting that they post-date it. Similarly to the delta-
fan, these remnant buttes are younger than the clay-
bearing layers, but no clear stratigraphic relationship al-
lows us to link these remnant buttes to the remnant 
delta-fan observed upstream in Oxia Planum. Similar 
buttes of low thermal inertia material are ubiquitously 
observed on the margin of Chryse Planitia at the outlet 
of Mawrth Vallis and in the region of the Hypanis delta 
[11]. The buttes are interesting secondary scientific tar-
gets for the ExoMars rover, and are scattered widely 

within the landing ellipses, so should be reachable with 
a <5 km drive from landing anywhere in the ellipse.  

Lastly, the region exposes a dark resistant unit, with 
no sign of alteration mineralogy, that unconformably 
overlies other adjacent units within the region. Evidence 
argues for this being a volcanic unit that would have 
covered a paleo-surface composed of the eroded depos-
its described above. The volcanic unit is observed today 
as erosional remnants, demonstrating intense and long-
lived erosion processes over this region’s entire history.  

 
Figure 2: A] Map of the delta fan deposits at the outlet 
of Cogoon Vallis, B] HiRISE close-up of a remnant 
rounded butte.  

Discussion/conclusion: Oxia Planum exhibits 
outcrops of Noachian clay-bearing sedimentary rocks 
over hundreds of kilometers of terrain. The site also 
hosted a standing body of water during the Noachian, 
leading to the formation of a delta fan enriched in 
hydrated silica. Hence, this site has recorded at least 
two clearly distinct aqueous environments and 
contexts, both during the Noachian: 1) the alteration of 
50 to 100 m depth of layered deposits, and 2) the fluvio-
deltaic system post-dating the earlier the clay-rich 
layered unit. The intense erosion undergone by then by 
Oxia Planum region has exposed these two types of 
Noachian sediments, making it a perfect site for 
exploration. Deciphering the formation environments 
of such diverse Noachian altered rocks would fulfill the 
goals of the ExoMars Rover.   
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Introduction:  Mars has lost most of its atmos-

phere, as evidenced by studies that suggest the planet 
was warm and wet in the past, with an atmosphere that 
was able to support water in liquid form on the surface. 
The Mars Atmosphere and Volatile EvolutioN 
(MAVEN) spacecraft was sent to Mars with the goal of 
determining the rates and mechanisms of atmospheric 
escape. Thermal hydrogen and hot oxygen escape are 
the two most important escape processes currently at 
work at the Martian atmosphere. Direct measurement 
of the escaping neutral hydrogen and oxygen atoms is 
impossible with current technology due to the low den-
sity and energy of escaping neutrals [1,2]. However, 
when ionized and picked up by the solar wind, these 
escaping atoms can be detected by three particle detec-
tors onboard MAVEN, namely the Solar Energetic 
Particle (SEP), Solar Wind Ion Analyzer (SWIA), and 
SupraThermal and Thermal Ion Composition 
(STATIC) instruments. By back-tracing the trajectories 
of measured pickup ions, constraints can be placed on 
the density of neutrals at altitudes not accessible by 
other measurement methods [3,4]. 

Method: In this work, pickup H+ and O+ data from 
the SEP, SWIA, and STATIC instruments on MAVEN 
are used to assess the variability of neutral H and O 
exospheres at Mars. Hydrogen and oxygen neutral es-
cape rates are inferred from MAVEN pickup ion meas-
urements by comparing the detected flux of pickup ions 
in each instrument with the flux that our pickup ion 
model predicts based on an assumed neutral exosphere. 
The pickup ion model used in this study has been 
shown to be successful in reproducing the angular and 
energy dependence of pickup ions measured by 
MAVEN instrumentation [2,3,4]. By assuming a con-
stant exobase temperature for H, and also assuming 
that the energy dependence of the distribution function 
of O at the exobase stays constant with time, the neu-
tral escape rates will only scale with the exospheric 
neutral densities. By comparing the measured and 
modeled pickup ion fluxes, the source density of 
pickup ions, i.e., the density of neutral atoms in the 
exosphere of Mars where neutral escape is happening, 
can be derived, thus constraining neutral escape rates. 

Results: By analyzing two full Mars-years of 
MAVEN data from late 2014 to early 2019, we show 
that a strong H escape seasonal dependence is observed 
by SWIA and STATIC with inferred H escape rates as 
low as 3 × 1025 s-1 near aphelion and as high as 4 × 1026 
s-1 near perihelion. Hot O escape rates derived from 
SEP, SWIA, and STATIC data imply a much less vari-
able hot O exosphere with escape rates fluctuating by a 
factor of 2 around a mean value of 9 × 1025 s-1. These 
neutral escape rates are shown in Figure 1 as a function 
of Mars seasons. Part of the fluctuations seen in the 
derived neutral escape rates are most likely due to the 
rapid spatial and temporal variability of the upstream 
conditions, and not representative of the actual changes 
in the neutral escape rates. Both escape rates are in 
general agreement with the most recent theoretical, 
modeled, and observationally inferred rates. 

Hot O density profiles can also be reconstructed 
based on pickup O+ model-data comparisons. Figure 2 
shows three hot O density profiles derived from SEP, 
SWIA, and STATIC pickup O+ measurements aver-
aged over all of the available data, along with the hot O 
density profile of Rahmati et al. [1]. It is seen that due 
to its large geometric factor, SEP can be used to con-
strain densities at altitudes as high as 200,000 km (~ 60 
RM) where the hot O density is less than 1 cm-3. The 
reason SEP cannot measure pickup O+ that is born be-
low ~15,000 km in altitude is due to SEP’s 60 keV 
lower energy threshold requirement for detection of O+, 
as newly born oxygen pickup ions need such distance 
to gain as least 60 keV by the solar wind motional elec-
tric field. SWIA and STATIC, however, can constrain 
hot O densities from altitudes as low as 4000 km to as 
high as 70,000 km for SWIA and 50,000 km for 
STATIC. The reason STATIC can constrain hot O 
densities up to a lower maximum altitude compared to 
SWIA is due to its smaller geometric factor. The factor 
of 3 disagreement in the density profiles derived from 
the three instruments can be associated with calibration 
issues, as the instruments have not been calibrated 
against each other for the purpose of measuring pickup 
ions. 
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Figure 1. Seasonal variation of neutral H and O es-

cape rates as derived from MAVEN pickup H+ and O+ 
observations. The escape rates are weekly averaged 
over SWIA and STATIC for H and over SWIA, 
STATIC, SEP1 and SEP2 for O. The location of aphe-
lion and perihelion along with Mars seasons are also 
included. A factor of 10 variation in H escape rate is 
observed, whereas O escape rate remains steadier. 

 

 
Figure 2. Hot oxygen density profiles derived from 

SEP, SWIA, and STATIC pickup O+ measurements by 
back-tracing the pickup ions to their ionization point in 
the exosphere. The hot O exospheric density profile of 
Rahmati et al. [1] is included for comparison. The fac-
tor of 3 disagreement between the densities is most 
likely due to the lack of reliable calibration between 
the three instruments at pickup ion energies. 
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Tracking trace gas plumes on Mars with a Lagrangian Particle Dispersion Model.  
K. Rajendran, S. R. Lewis and M. R. Patel, School of Physical Sciences, The Open University, Milton 
Keynes, UK. (kylash.rajendran@open.ac.uk). 

There remains a longstanding debate as to the presence of trace gases such as methane on Mars 
[1,2,3,4]. The Nadir and Occultation for MArs Discovery (NOMAD) and Atmospheric Chemistry 
Suite (ACS) instruments on the ExoMars Trace Gas Orbiter (TGO) are presently measuring the 
composition of trace gases in the Martian atmosphere, and thus are in a position to detect any 
trace gas plumes that might be released into the atmosphere. Given the orbital constraints of the 
spacecraft, however, the TGO may only pass over a plume several sols after its initial emission, 
making it difficult to pinpoint the location of the plume [5].  

In this work we show how a Lagrangian Particle Dispersion Model (LPDM) can be used to 
backtrack the source location of a trace gas plume. LPDMs are versatile tools for simulating the 
turbulent transport and mixing of gases in the atmosphere. A LPDM is a stochastic model that 
calculates the trajectories of a large number of point particles moving with a given background 
flow. The particle trajectories are determined by a combination of transport by the mean flow 
and diffusive transport by parameterized sub-grid scale turbulence. A key feature of these models 
is that they can also be run backward in time, allowing for the statistical determination of the 
source region of a plume of gas. LPDMs have found extensive application in the Earth sciences, 
for example in the modelling of air quality [6] and dust emissions [7]. 

We model the transport and dispersion of a simulated trace gas plume on Mars using the 
FLEXPART model [8]. FLEXPART is an open source LPDM that has been extensively developed 
over the last several decades for Earth applications; we have reconfigured the model for the 
Martian atmosphere. The model is used in an offline mode with background wind information 
provided by model simulations generated by the UK version of the LMD Mars General Circulation 
Model [9]. We use the GCM to simulate the transport of trace gas plumes in different emission 
scenarios, and then use the backtracking capabilities of FLEXPART to determine the source 
locations of the emissions. The use of a LPDM allows us to characterise the number of sols within 
which an observed plume of gas may be tracked back to its source, thereby providing an upper 
bound on the operational window for observing a plume after emission. This constraint could be 
crucial in interpreting any sporadic observations of trace gases in Mars by the NOMAD and ACS 
instruments.  
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THE CASE FOR A WARM AND WET (SEMI-ARID) EARLY MARS.  R. M. Ramirez1 and R. A. Craddock2, 
1Earth-Life Science Institute, email: rramirez@elsi.jp, 2The Smithsonian Institution, email: craddockb@si.edu. 

 
 

Introduction: The surface of Mars today is similar to 
that of a very dry desert, with cold mean surface tem-
peratures ~70 K lower than Earth’s and an atmosphere 
only ~ 1% thick. These conditions are very different 
from those ~ 4 billion years ago, when the world had a 
more water-rich history, perhaps exhibiting a climate 
more like that of our own planet. However, the climate 
of early Mars has been a topic of intense debate for dec-
ades. Although most investigators believe that the geol-
ogy, including the valley networks (Figure 1), indicates 
the presence of surface water, disagreement has per-
sisted regarding how warm the surface must have been 
and how long such conditions may have existed. Cli-
mate models that only include CO2 and H2O as green-
house gases have been unable to generate warm surface 
conditions given the faint young Sun. Some models sug-
gest that a continuously warm climate could have been 
possible by supplementing this CO2-H2O warming with 
either secondary greenhouse gases or CO2 clouds. Oth-
ers posit that Mars’ climate was cold most of the time, 
but underwent periodic episodes of transient warming 
caused by external events.  

Here, we review the geologic (and geochemi-
cal) evidence to date and show that a warm and semi-
arid climate is the most likely interpretation [1]. We also 
stress here that such a climate does not imply warm and 
wet “Earth-like tropical climates”, but rather a season-
ally warm periglacial climate, perhaps akin to the Great 
Basin Region during the Pleistocene [2].  We also dis-
cuss results from both 1-D and 3-D models, and explain 
where they are both consistent and inconsistent with the 
evidence and each other [1]. Finally, we conclude with 
recommended future directions for atmospheric models, 
geologic observations, and upcoming missions (e.g. 
Mars 2020). 

 
Figure 1: The Grand Canyon (a) versus a Martian den-
dritic river system (b) (Arabia quadrangle; 12° N, 43° 
E). Scale bar is 60 km long [1]. 

      The evidence: We will be reviewing both the geo-
logical and climatological evidence and give reasons 
why a warm and semi-arid climate best fits the observa-
tions to date.  
 

Icy hypotheses. Several scenarios assume that the 
baseline Martian climate was very cold and icy. How-
ever, the majority of such cold and icy early Mars sce-
narios acknowledge that at least transiently warm con-
ditions had to be present (e.g. [3][4][5]) , although there 
are exceptions [6].  

 The challenge with nearly all of these transient 
warming mechanisms is their inability to generate the 
durations of warming and amounts of water required to 
form the modified craters or valleys. For instance, im-
pact hypotheses struggle to have the long-lasting cli-
matic impact that appears necessary to generate enough 
water to carve these immense fluvial features [1]. Plus, 
impact-induced cirrus clouds provide some warming, 
but it is insufficient to carve the valleys unless cloud 
cover fractions are unrealistically high [7]. There are 
also timing issues, as the largest impactors hit the sur-
face before the initiation of valley formation during a 
time period when the observed fluvial erosion was low 
[8,9](Figure 2). 

 

 
Figure 2: A schematic of the geologic evolution of 
Mars over time [1] 
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The icy highlands hypothesis [4], which relies on snow-
melt to form the valleys, suggests that weathered land-
scapes would be localized to ice-covered areas and pre-
dicted glacial melt paths. However, this is not observed. 
Instead, the widespread absence of small craters (< ~ 
5km radius), and global distribution of modified craters 
imply a global process, likely rainfall, being a major 
agent of erosion [10]. The absence of glacial features in 
valley terrains [11](although there may have been ice in 
other locations at high latitude[12]), including perigla-
cial features, the apparent need for a hydrologic cycle 
[13] (e.g. Gale crater), and various other geomorphic in-
dicators (explained in talk) challenge this hypothesis[1].   
 Another problem with all cold and icy scenar-
ios is the higher greenhouse gas concentrations required 
to warm icy worlds [14]. This is because ice is reflec-
tive. Clouds and high ice thermal inertia can also make 
warm conditions more difficult to achieve [15]. 
 
Geochemical evidence. This is considerably more am-
biguous than geomorphic observations and remains in-
conclusive as different interpretations are possible. Alt-
hough some studies suggest minimum aqueous altera-
tion in valley terrains, the sheer volume of the valley 
networks (e.g. Viking, MRO), suggesting large amounts 
of water, argue the opposite (Figure 2). The observed 
sequence of Al- over Fe-bearing clays in some regions 
had been inferred to be consistent with a largely frozen 
Martian surface [16]. However, this sequence is con-
sistent with a warm CO2-rich atmosphere with acid 
rain[17]. 
 The “missing carbonate” problem is consid-
ered a challenge for a warmer and wetter early Mars.   
The presence of trace carbonates in the present day soil, 
coupled with trivial atmospheric escape rates over the 
past 4 Gyr, had been linked to low atmospheric CO2 
paleopressures [3]. However, 1) acid rain in a CO2-rich 
atmosphere would dissolve surface carbonates [17], 2) 
carbonate grains in Martian rocks suggest that an under-
ground reservoir exists [18], and 3) newer models from 
MAVEN results find that atmospheric escape was more 
intense than once thought [19]. 
 
What do the climate models say? Both 1-D and 3-D cli-
mate models are used to model Mars paleoclimate. One-
dimensional models run much faster, and so a larger pa-
rameter space, including more complex greenhouse gas 
chemistry and radiative transfer, can be considered. In 
contrast, 3-D models calculate more processes self-con-
sistently (e.g. dynamics) than can be done in 1-D. Nev-
ertheless, both sets of models agree on many aspects of 
the early Martian climate.  
 Achieving warm solutions for early Mars is 
difficult. Both 1-D and 3-D models find that achieving 

warm solutions for pure CO2-H2O atmospheres is im-
possible, predicting cold and icy climates with maxi-
mum mean surface temperatures hovering at ~225 – 230 
K [15,20]. Both suggest that atmospheres supplemented 
with SO2 can produce significant warming although 1-
D photochemical models find that SO2 would rain out 
before much warming is possible [21]. However, only 
1-D models have assessed the additional greenhouse ef-
fect of CH4 or H2, finding stable warm climates may be 
possible [e.g., 20]. Both 1-D and 3-D models predict 
that surface ice in small amounts only modestly impact 
the planetary energy budget [14, 15]. One 3-D model 
predicts little rainfall in Margaritifer Sinus and Arabia 
Terra [22], regions showing fluvial features consistent 
with rainfall [e.g. 11,23].  I will discuss what these re-
sults mean for upcoming missions (e.g. Mars 2020). 
 
A warm and semi-arid climate. In spite of uncertainties, 
a warm and semi-arid climate best fits the evidence 
[1,24]. It is also consistent with planetary water esti-
mates (< 200 m global-equivalent)[25]. The climate 
could have been continuously or  seasonally warm[1]. 
Unlike a perennially cold and icy scenario, thin surface 
ice deposits would seasonally melt, as they do in some 
terrains on Earth [2]. This may explain the lack of wet-
based glaciation features and avoids the ice problem in-
herent to cold and icy Mars models [1].  
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Introduction:  The Mars Science Laboratory Curi-

osity rover landed in Gale crater in August 2012 to in-
vestigate early Hesperian-aged sedimentary rocks on 
the lower slopes of Aeolis Mons (i.e., Mount Sharp) that 
show variations in phyllosilicates, hematite, and sulfates 
from orbital reflectance spectroscopy, suggesting 
changes in ancient aqueous environments [e.g., 1-2]. 
During the Eighth International Conference on Mars in 
July 2014, Curiosity was still traversing the Bradbury 
group on the plains of Gale crater (Aeolis Palus) and had 
only analyzed four samples in its internal laboratories 
[e.g., 3-5]. Soon after Mars 8, Curiosity began its inves-
tigation of Mount Sharp and has since driven through 
~350 m of vertical stratigraphy, the majority of which is 
part of the Murray formation (Fig. 1). The Murray fm is 
comprised primarily of laminated mudstone with occa-
sional sandstone and heterolithic facies and represents a 
long-lived fluvio-lacustrine environment [e.g., 6-7]. Cu-
riosity has analyzed 13 drilled rock samples from the 
Murray formation and 4 from the ancient eolian Stimson 
fm [8] with the Chemistry and Mineralogy (CheMin) in-
strument. Here, we discuss the mineralogy of all fluvio-
lacustrine samples analyzed to date and what these re-
sults tell us about sources of the sediments, aqueous en-
vironments, and habitability of ancient Gale crater.  

The CheMin Instrument: CheMin is an X-ray dif-
fractometer and X-ray fluorescence spectrometer that 
produces X-ray diffraction (XRD) patterns of drilled 
rock powder or scooped soil [9]. Samples are delivered 
to one of 27 reusable sample cells in a wheel configura-
tion. The instrument is in transmission geometry with a 
collimated Co X-ray beam that passes through the cen-
ter of the sample cell. Piezoelectric actuators on the cells 
cause convective flow of sample material during analy-
sis to randomize grain orientations and minimize orien-
tation effects. An X-ray energy-sensitive CCD collects 
2D XRD images, which are converted to 1D patterns. 
Quantitative mineral abundances and unit-cell parame-
ters of major phases are determined through Rietveld re-
finement [e.g., 10]. The composition of major phases is 
calculated using refined unit-cell parameters [11-12]. 
Phyllosilicate and X-ray amorphous abundances are es-
timated using the FULLPAT program [e.g., 13]. The 
composition of X-ray amorphous components is esti-
mated from mass balance calculations using the bulk 

composition of each sample measured by the Alpha Par-
ticle X-ray Spectrometer and calculated composition of 
the crystalline phases identified by CheMin [e.g., 14]. 

 
Figure 1. Stratigraphic column showing the units 

Curiosity sampled through January 2019. Black dots 
represent drill holes. YB = Yellowknife Bay. K = Kim-
berley. Other abbreviations represent drill sample 
names. JK = John Klein, CB = Cumberland, WJ = 
Windjana,  CH = Confidence Hills, MJ = Mojave2, MB 
= Marimba, QL = Quela, SB = Sebina, DU = Duluth, 
ST = Stoer, HF = Highfield, RH = Rock Hall. 

Mineralogical Results:  We report on the igneous 
mineralogy, Fe-oxides, sulfates, phyllosilicates, and X-
ray amorphous materials in fluvio-lacustrine samples 
(Fig. 2). 
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Figure 2. Mineral, phyllosilicate, and X-ray amor-

phous abundances for all fluvio-lacustrine samples 
drilled through January 2019. 

Igneous mineralogy. In general, plagioclase is the 
most abundant igneous mineral, with a composition of 
~An40 throughout the stratigraphy [e.g., 12]. Sanidine 
is a minor component of most samples, pyroxene is pre-
sent in variable amounts, and olivine is only present in 
the Bradbury gp and lower Murray fm samples [4-5,15]. 
SiO2 polymorphs, tridymite and cristobalite, are found 
in samples from the top of the Pahrump Hills mbr in the 
Murray fm [16]. 

Fe-oxides. Hematite and magnetite are the most 
common Fe-oxide minerals, where magnetite is most 
common in the Bradbury gp and lower Murray fm sam-
ples [4-5,15], and hematite is abundant throughout 
much of the Murray fm [17]. The Fe-oxyhydroxide min-
eral akaganeite is present in trace amounts in Bradbury 
group samples [4-5] and more abundant in two recent 
samples collected from the Vera Rubin ridge [18]. 

Sulfates. Ca-sulfates are present in all samples, ex-
cept those from the lower Murray fm, and are especially 
abundant above the lower Murray fm [12,17]. All vari-
eties of Ca-sulfate have been detected (anhydrite, bas-
sanite, and gypsum), and all three are sometimes identi-
fied in the same sample [e.g., 19]. The Fe(III)-sulfate 
jarosite is present in trace to minor amounts in most 
samples from the Murray fm. 

Phyllosilicates. XRD patterns are consistent with a 
collapsed smectite in most samples [4-5,15,17]. For 
more information about phyllosilicates in Gale crater, 
see Bristow et al. (this meeting). 

X-ray amorphous materials. Amorphous materials 
make up a significant portion of all samples [3-5,14-18]. 
Mass balance calculations indicate the amorphous com-
ponent is principally comprised of SiO2, FeOT, and SO3, 

which vary in relative abundance from sample to sam-
ple, suggesting that the amorphous materials may have 
formed from secondary processes [14]. 

Depositional and Diagenetic Environments in 
Gale Crater: The variations in mineralogy throughout 
the stratigraphy point towards dynamic depositional and 
diagenetic environments ~3.5 Ga in Gale crater. The pri-
mary igneous mineralogy and composition of sediments 
suggests multiple sources for the sediments [e.g., 5, 20-
21]. The relative paucity of mafic igneous minerals up 
section and the change from trioctahedral to dioctahe-
dral smectite suggest more intense alteration over time 
[e.g., 17,22]. Changes in the relative abundance of mag-
netite vs. hematite may result from different redox con-
ditions in lake waters [23] or diagenesis in groundwater 
[15], although in-situ analysis of the Vera Rubin ridge 
suggests a complex series of diagenetic events was in-
volved in the formation of Fe-oxides on the ridge [e.g., 
18,24]. Observations of Ca-sulfate-filled veins and len-
ticular crystals suggest Ca-sulfate precipitated during 
early and late diagenesis [25-26], and a surprisingly 
young K-Ar age of 2.12±0.4 Ga for the jarosite in the 
Mojave2 sample [27] suggests acid-sulfate groundwater 
was present ~1.5 Gyr after the rivers and lakes vanished 
from Gale crater. The mineralogy measured by CheMin 
indicates Gale crater was the site of a variety of surface 
and near-surface aqueous environments that may have 
been habitable to ancient microbial life.  

References: [1] Milliken R. E. et al. (2010) GRL, 
37(4). [2] Fraeman A. A. et al. (2016) JGR 121, 1713-
1736. [3] Bish D. L. et al. (2013) Science 341(6153). 
[4] Vaniman D. T. et al. (2014) Science 343(6169). [5] 
Treiman A. H. et al. (2016) JGR 121, 75-106. [6] 
Grotzinger J. P. et al. (2015) Science 350(6257). [7] Sie-
bach K. S. et al. (2019) LPSC Abstract #1479. [8] Yen 
A. S. et al. (2017) EPSL 471, 186-199. [9] Blake D. F. 
et al. (2012) SSR. [10] Rietveld H. (1969) J. Appl. Crys-
tallogr. 2, 65-71. [11] Morrison S. M. et al. (2018) Am. 
Mineral. 103, 848-856 [12] Morrison S. M. et al. (2018) 
Am. Mineral. 103, 857-871 [13] Chipera S. J. & Bish D. 
L. (2002) J. Appl. Crystallogr. 35, 744-749. [14] Achil-
les C. N. et al. (in prep) JGR. [15] Rampe E. B. et al. 
(2017) EPSL 471, 172-185. [16] Morris R. V. et al. 
(2016) PNAS 113, 7071-7076. [17] Bristow T. F. et al. 
(2018) Sci. Adv. 4(6). [18] Rampe E. B. et al. (in prep) 
JGR. [19] Vaniman D. T. et al. (2018) Am. Mineral. 
103, 1011-1020. [20] Siebach K. S. et al. (2017) JGR 
122, 295-328. [21] Bedford C. C. et al. (2019) GCA 246, 
234-266. [22] Mangold N. et al. (2019) Icarus 321, 619-
631. [23] Hurowitz J. A. et al. (2017) Science 
356(6341). [24] L’Haridon J. et al. (in prep) JGR. [25] 
Kah L. C. et al. (2018) Terra Nova 00, 1-9. [26] 
Kronyak R. et al. (2019) ESS 6, 238-265. [27] Martin P. 
E. et al. (2017) JGR 122, 2803-2818.  
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Introduction:  Recent studies have reported that the 

atmospheric heavy ion (O+, O2
+, CO2

+) escape rate from 
Mars is insensitive to upstream solar wind properties 
[1,2,3], and rather mainly depends on solar photoioniz-
ing radiation (X-rays, extreme ultraviolet). On a funda-
mental level, we may consider that ion escape from any 
planetary body can be limited either by the energization 
of the ionospheric plasma or by the supply (production 
and transport) of ions. Either factor may act as a bottle-
neck in the chain of processes that lead to ion escape. 

The bulk of escaping atmospheric ions are produced 
in the lower ionosphere and diffuse upward at sub-es-
cape velocities to be energized and escape in the inter-
action with the solar wind at higher altitudes. The rate 
of ion production and diffusion in the atmosphere may 
thus limit the number of ions that can escape the atmos-
phere.  

Instrumentation: We combine over 4 years of ion 
flux measurements from the SupraThermal and Thermal 
Ion Composition (STATIC) instrument on the Mars At-
mosphere and Volatile EvolutioN (MAVEN) orbiter 
[4], corrected for spacecraft potential and velocity (see 
energy spectra from a single orbit in Figure 1), to recon-
struct the average Mars-inertial ion distribution function 
in the ionosphere from thermal energies (~10-2 eV) to 
30 keV, the upper range of STATIC’s top-hat electro-
static energy analyzer. Here, the spacecraft potential is 
estimated from combined measurements by the Lang-
muir Probe and Waves (LPW), Solar Wind Electrons 
Analyzer (SWEA) and STATIC instruments on 
MAVEN. 

 

 
Figure 1: MAVEN/STATIC time-series energy spectra 
of omnidirectional H+, O+ and O2

+ ion flux distributions 
from a single example orbit, corrected for spacecraft po-
tential and spacecraft velocity. The dashed lines indicate 
local escape energy for each species. 

Ionospheric flow rates: The average ion distribu-
tion function is subsequently integrated over velocity 
space and area to find the net vertical flow rate as a func-
tion of altitude. Further, we compare the vertical flow 
rate in the ionosphere to ion escape rates measured in 
the induced magnetotail and in the pick-up ion plume, 
and discuss the implications of the supply limit for ion 
escape drivers and the role of the solar wind in the evo-
lution of the Martian atmosphere. 

 
References: [1] Ramstad R. et al. (2015) JGR, 120, 

1298–1309. [2] Ramstad R. et al. (2018) JGR, 123, 
3051–3060. [3] Dubinin E. et al. (2018) JGR, 122, 
11,285–11,301. [4] McFadden et al. (2015) SSR, 195, 
199–256. 
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Introduction: Carbonate, chloride, and sulfate salts 
provide fingerprints of the past chemistry of lake basins 
[1]. On Mars, a diversity of salts has been observed and 
thick layered sulfate-bearing outcrops are prominent at 
a number of late Noachian to late Hesperian locations 
(~3.5 Ga) [2]. Their apparent absence in older strata 
suggests that they represent the diminishing availability 
of liquid water on Hesperian Mars [3]. Gale crater pro-
vides an exemplary sedimentary succession with clay 
mineral detections transitioning to sulfate detections 
over hundreds of meters of stratigraphy [4,5]. Under-
standing the reason for this transition is a primary ob-
jectives of the Mars Science Laboratory (MSL) Curios-
ity rover investigation. So far, the rover has explored a 
clay-bearing fluviolacustrine sedimentary sequence ex-
posed in the lowermost strata of Aeolis Mons [6]. Sul-
fates have been observed mostly as late diagenetic Ca-
sulfate fracture-fills [7,8] and as sparse concretions and 
dendrites enriched in Mg-sulfates [9], but importantly 
also within the bedrock in diverse other forms. Here we 
synthesize observations of bedrock sulfate enrichments: 
as grains, crystals or crystal pseudomorphs associated 
with Ca-sulfates (Figure 1), as finely disseminated Ca- 
and Mg-sulfates, and we preview outcrops in the sul-
fate-bearing unit via long-distance imaging (Figure 2).  

Methods and observations: Bedrock enriched in 
Ca-sulfate relative to typical surrounding rocks of the 
Murray formation were analyzed by both the Alpha Par-
ticle X-ray Spectrometer (APXS) and ChemCam Laser 
Induced Breakdown Spectroscopy (LIBS) instruments. 
ChemCam’s submillimeter footprint highlighted the 
point-to-point homogeneity of these enrichments which 
indicates that the salt is finely disseminated in the      
bedrock. Major elements are quantified from ChemCam 

spectra using a multivariate calibration process [10]. 
Sulfur quantification with a dedicated model [11] helps 
to confirm the presence of Ca- or Mg-sulfates. Targets 
with bulk sulfate enrichment were carefully selected 
based on high-resolution (<0.5 mm/pixel) Remote Mi-
cro Images (RMI), and larger scale context from Mast-
Cam images, to ensure the sulfate was not a contribution 
from fracture-fill Ca-sulfate vein. 

Within the Murray formation a total of 31 Chem-
Cam targets correspond to these bulk enrichments. They 
are found intermittently within a stratigraphic section 
where the bedrock was sampled by 420 other targets de-
void of Ca-sulfate enrichment (Figure 2). Bedrock en-
richments of similarly disseminated hydrated Mg-sul-
fate were also identified [11]. In addition, close-up im-
ages by the Mars Hand Lens Imager (MAHLI) show 
white possibly detrial grains, diagenetic crystals, or 
filled crystal molds at several locations in the Murray 
formation (Figure 1). For some of these occurrences 
documented by MAHLI, ChemCam analyses show an 
association with Ca-sulfate. 

Long-distance RMI of outcrops in the sulfate-bear-
ing unit that lies above the Murray formation, further up 
Aeolis Mons (Figure 2a-c) provide details with a reso-
lution of 2.5–5 cm for the most distant to the nearest 
outcrop, 6–12 times higher resolution than HiRISE ob-
servations and a side view of the exposures. 

Results and discussion: Rover observations indi-
cates that sulfates occur throughout Gale crater sedi-
mentary rocks in diverse forms: as fracture and void 
fills, crystals in mudstones, white grains in sandstones, 
and as a finely disseminated component in the bedrock. 
The timing as to when these sulfates formed relative      
to the depositional history of these strata is crucial to 

 
Figure 1: Close-up MAHLI images of the bedrock with euhedral crystal shapes reminiscent of gypsum habit (d, sol 1925), white 
grains in sandstone enriched in Ca-sulfate (e, sol  1710), euhedral crystals and molds in mudstone (f, sol 1679), lenticular crystal 
pseudomorphs after gypsum [12] (g, sol 809). 
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understanding their environmental implication. Ca-   
sulfates associated with fracture fills are interpreted as 
late-stage diagenesis, but sulfates observed within Mur-
ray bedrock and not associated with fractures might re-
sult from early diagenesis or primary deposition. On the 
other hand, clear depositional textures expected for pri-
mary salts, such as displacive fabrics and beds with bot-
tom-growth or cumulate crystals, are not observed. Alt-
hough late-stage formation cannot be discounted, we 
suggest that early diagenetic precipitation in pore spaces 
from episodically saline waters best explains the inter-
mittent presence of significant quantities (30 to 50 wt%) 
of finely disseminated sulfates in strata that are other-
wise devoid of sulfate enrichment (Figure 2). Ca-sulfate 
grains and crystals or crystal pseudomorphs (Figure 1) 
suggest early intrasediment salt growth, at least prior to 
any significant compaction (loss of permeability). In 
this early diagenetic scenario, saline waters may have 
crystalized by evapo-concentration at lake margins, 
while most of the lake basin was undersaturated, a de-
positonnal environment consistent with the heterolithic 
mudstone-sandstones facies [13] (Figure 2). The Mg-
sulfate deposits might represent episodic or localized 
extreme evapo-concentration [11]. Other mineralogical 
and sedimentary observations support shrinking of the 
lake and arid conditions occurred episodically during 
the deposition of the upper portions of the Murray for-
mation [14–16]. 

Outcrops observed in the distance highlight that di-
verse depositional environments can be expected for the 
sulfate-bearing unit (Fig. 2). Massive erosion-resistant 
beds caping recessive sections repeat periodically at a 
decameter scale [17] (Fig. 2a). Rhythmic bedding with 
consistent bed thickness of ~15 cm is observed as well 
as possible meter scale cross bedding in the lower most 
strata (Fig. 2b-c). The lack of thick fracture-fill vein net-
works suggests that the sulfates detected from orbit in 
this unit are a finer component of the outcrops.  
References: [1] Eugster H. P. and Hardie L. A. (1978) Lakes: 
Chemistry, Geology, Physics, pp. 237–293. [2] Ehlmann B. L. 
and Edwards C. S. (2014) Annu. Rev. Earth Planet. Sci. 42, 
291–315. [3] Bibring J.-P. et al. (2006) Science 312, 400–404. 
[4] Fraeman A. A. et al. (2016) J. Geophys. Res. Planets 121, 
1713–1736. [5] Milliken R. E. et al. (2010) Geophys. Res. Lett. 
37, @CitationL04201-@CitationL04201. [6] Grotzinger J. P. 
et al. (2015) Science 350, aac7575. [7] Nachon M. et al. (2014) 
J. Geophys. Res. Planets 119, 2013JE004588. [8] Rapin W. et 
al. (2016) Earth Planet. Sci. Lett. 452, 197–205. [9] Nachon 
M. et al. (2017) Icarus 281, 121–136. [10] Clegg S. M. et al. 
(2017) Spectrochim. Acta Part B At. Spectrosc. 129, 64–85. 
[11] Rapin W. et al. (2019) LPSC #2147. [12] Kah L. C. et al. 
(2018) Terra Nova 30, 431–439. [13] Fedo C. et al. (2018) 
LPSC #2078. [14] Bristow T. F. et al. (2018) Sci. Adv. 4, 
eaar3330. [15] Stein N. et al. (2018) Geology 46, 515–518. 
[16] Schieber J. et al. (2017) LPSC #2311. [17] LeDeit L. et 
al. (2018) LPSC #1437.  

 

Figure 2: Observations of sulfates and sulfate enriched bed-
rock at Gale crater in stratigraphic context. Long distance RMI 
images of the sulfate-bearing unit with sequence of resistant 
and recessive layers at ~10 m scale (a, ccam04877), bedded 
and massive sections (b, ccam04298) and possible meter scale 
cross-bedding (c, ccam02295). ChemCam CaO content of the 
bedrock for sulfur below detection limit (SO3 < 10 wt%) in 
blue and with Ca-sulfate enrichment in red. Red crosses rep-
resent bedrock targets where the majority of points are en-
riched in Ca-sulfate and not related to fracture-fill veins. 
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Introduction: Iron and magnesium rich    
phyllosilicates make up the large bulk of aqueous        
alteration mineralogy that has been identified on Mars        
[1]. However, the distribution of phyllosilicate phases       
raises many questions. Both dioctahedral and      
trioctahedral smectites have been observed on Mars,       
and current octahedral coordination provides a      
snapshot of the outcome of several possibilities during        
their formation and post-formation history.     
Trioctahedral, Fe2+ smectites are often found deep       
beneath layered aluminous clays that are thought to be         
the product of acid alteration and/or leaching more        
recently in Mars history [1,2]. Trioctahedral, Fe-Mg       
smectites are the thermodynamically-favored product     
of lower-temperature, anoxic aqueous alteration of      
basaltic material [3]. Dioctahedral, Fe3+ rich smectites       
are much more widespread and abundant in remotely        
sensed data. These Fe3+ rich smectites may have        
formed from prolonged oxidation of trioctahedral      
smectites which formed under anoxic conditions, or       
they may have formed directly under oxic conditions        
[4,5]. These varying formation conditions place very       
different constraints on Mars’ atmospheric transitions      
and regional phenomena. Thus, due to the       
wide-reaching availability of CRISM and OMEGA      
spectral data, study of the variable VNIR (0.4-2.5 μm)         
spectral attributes of saponite and geologically realistic       
mixtures with common primary mafic minerals and       
other associated secondary minerals such as zeolites is        
important for Mars exploration. 

Recent work has shown strong correlation between      
mineral phases identified via VNIR spectroscopy and       
more traditional methods such as X-ray diffraction       
(XRD), optical microscopy, and geochemical analyses      
[6]. More recent studies also show the utility of         
examining spatial relationships through spectral     
imaging and comparing spectral data with      
compositional information from scanning electron     
microscopy (SEM) [7,8]. Our analysis contributes a       
unique study of alteration of basalts in a subsurface         
environment and ties together multiple methods to       
observe small-scale and large-scale distributions,     
macro and microscopic textural information, and      
mineral associations as a Mars analog. It then ties the          

interpretations back to VNIR absorption features to       
allow for broad applicability to other studies with the         
fast, non-destructive method of VNIR spectroscopy.  

We performed a multi-scale characterization of      
aqueous alteration of Mars analog basaltic rock from        
the interior of Mauna Kea using high resolution VNIR         
spectral imaging, scanning electron microscopy, X-ray      
diffraction, and point VNIR spectra. The occurrence       
and distribution of several mineral classes and mineral        
assemblages have been identified in the high resolution        
data and cross-validated with multiple methods.      
Several assemblages of smectites and zeolites were       
identified. These mineral classes were mapped in cut        
sections extracted to represent the range of alteration        
products seen in the core samples and then spectral         
endmembers were used to map the field-collected point        
spectral data over nearly 1000m of depth.  

Core Samples: In 2007 magnetotelluric surveys      
conducted across the Saddle Road on Mauna Kea in         
Hawaii indicated the presence of high elevation       
groundwater over broad regions [9]. In 2013 the Army         
Garrison and Office of Naval Research supported       
drilling a continuously-cored test hole over one       
conductive feature to define the local hydrologic       
conditions. The hole was drilled from March to June of          
2013.  

During drilling, a sequence of shallow perched       
aquifers at local-ambient temperatures were     
encountered, but were underlain by the regional water        
table showing considerably higher temperatures that      
increased with depth. At the bottom of the hole        
temperatures exceeded 140 and the lower 700 m of         
the hole showed a temperature gradient of ~165 /km.        
Deeper rocks showed progressive secondary     
mineralization with depth that was dominated by       
phyllosilicate and zeolite deposition. Fluid chemistry at       
300 m depth in the regional aquifer was generally         
dilute and the Na-K and Na-K-Ca geothermometers       
yielded apparent equilibrium temperatures in the range       
of 250  to 260  [9].  

Data Collection and Methods: Using an      
Analytical Spectral Devices (ASD) field spectrometer,      
we collected 780 spectra over the core depth interval         
from 3190’ to 5785’ (972 to 1763 m) over 3 days of            
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field work in May 2014. This device has a contact          
probe that integrates over a circular area ~ 10 mm in           
diameter and uses an internal halogen light source to         
measure reflected light over wavelengths from 0.4 to        
2.5 μm at 5-7 nm spectral resolution. These spectra         
were used to determine eight alteration classes, which        
were mapped to depths using methods including a        
matched filter (MF), spectral angle map (SAM), and        
various color combinations and decorrelation stretch      
(DCS) products focused on specific mineral absorption       
features as described by [6]. 

This initial mapping guided cut-section extraction,      
where 25 samples were extracted for further analysis.        
Petrographic analysis guided a further reduction of       
samples to 8, which were imaged at high resolution         
(ultimately 240 μm pixels at 10 nm spectral resolution)         
in the VNIR, and examined with scanning electron        
microscopy. The remaining samples had bulk XRD       
analyses performed.  

Spectral imaging, scanning electron microscopy,     
and details from XRD were used in combination to         
narrow down endmembers identified via the initial       
ASD field survey to single mineral or mineral groups         
of both primary and alteration minerals. These       
endmembers were then mapped in the VNIR spectral        
images using spectral feature fitting to observe small        
scale spatial relationships, while linear unmixing of the        
ASD spectra provided relative abundances of single       
minerals correlated with depth.  

 

 
Figure 1: Mosaiced true color images of all samples 
inspected with VNIR imaging, SEM, and the ASD.  

Figure 2: Mosaiced 
endmember classification 
results for the 8 high 
resolution spectral images. 

 
 

Results: Trioctahedral  
Fe and Mg rich smectites     
were present but poorly crystalline towards the top of         
the zone of analysis (972 m), increasing in both         
crystallinity and abundance towards the bottom of       
sampling (1763 m). The general trend of the hole from          
top to bottom is less-altered to more altered, with         
weaker phyllosilicate alteration at the top, several       
zones of mixed zeolites towards the center, followed        
by crystalline saponite in the lowest sections.       
Distinctly absent are Fe-Mg phyllosilicates other than       
smectites, as well as carbonates, sulfates, and Al        
phyllosilicates such as kaolinite or illite. The suite of         
assemblages points to low to moderate temperature       
(<250 ) alteration at neutral to basic pH in anoxic         
conditions, with little evidence of extensive surface       
interaction, presenting a useful terrestrial analog for an        
early Mars subsurface, anoxic environment.     
Stratigraphic control of alteration phases is likely      
controlled by slight fluctuations in pH. We also present         
a library of VNIR ASD spectra of the analyzed cut          
sections as a reference for use in future work. 

References: [1] Ehlmann B. L. and Edwards C.S.        
(2014) Ann. Rev. of EaPS, 42, 291-315. [2] Bridges J.          
(2014) AmMin, 99 (11-12) 2163:2164. [3] Catalano       
J.G. (2013) JGR, 118 (10), 2124-2136. [4] Chemtob        
S.M. et al. (2017) JGR, 122 (12), 2469-2488. [5]         
Chemtob S.M. et al. (2015) JGR, 120 (6), 1119-1140.         
[6] Calvin W.M. and Pace E.L. (2016) Geothermics,        
61, 12-23. [7] Greenberger R.N. et al. (2015) GSA         
Today, 25, 12, 4-10. [8] Leask E.K. and Ehlmann B.L.          
(2016) WHISPERS 2016, 17261833. [9] Thomas D.M.       
et al. (2014) AGU 2014, Abstract V21A-4731. 
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Introduction: It was suggested in [1] that an ice
sheet was deposited in Arcadia Planitia at over 20 Ma 
and that it was protected by a lag deposit. The study 
area in [1] extended east of 180° E and between 35 and 
65° N. In this abstract, we describe domes and associ-
ated ice deposits further to the west, roughly from 167 
to 180° E and 34 to 46° N. This dome field has been 
described previously by [2 and 3]. The former suggest-
ed the domes were comparable to terrestrial silicic lava 
domes while the latter used CRISM visible/near infra-
red to short-wave infrared (VNIR-SWIR) reflectance 
spectra to describe the presence of mafic minerals in-
cluding high-Ca pyroxene and olivine, suggesting a 
more mafic composition. Also described in [3] were 
exposures of “brain terrain” near the domes. Similar
crenulated surface textures were identified by [4] as 
being ice-rich. We have performed additional work on 
this dome field and have found further evidence of ice 
occurring in association with the domes as well as 
spectroscopic evidence from CRISM for high-Ca py-
roxene, olivine, and glass mixtures as well as some 
occurrences of a 1.25 m band consistent with Fe-
bearing plagioclase.

Dome Features: The western Arcadia domes have
several defining characteristics (Fig. 1). They consist 
of a central core, often in a hemispherical dome shape, 
and sometimes with tongue-like extensions (Fig. 2)
interpreted by [2] as viscous lava flows. The domes are 
generally 1 to 2 km in diameter. Surrounding the 
domes are shallowly sloping dark-toned aprons. The 
domes and aprons are often in the center of a bullseye-
like pattern surrounded by light- and dark-toned rings 
or aureoles. There are also light-toned domes in the 
region as well as mounds that appear only as positive 
relief features on the plains. In nighttime THEMIS 
data, the domes are bright relative to the plains, aprons 
are variable (nighttime THEMIS IR data numbers 
ranging from commensurate with the plains to some-
times lower and sometimes higher). The light-toned 
aureoles are dark relative to the plains and the dark-
toned aureoles are modestly brighter relative to the 
plains in nighttime THEMIS data.

Spectral Features from CRISM: In [3] it was 
observed that the domes and especially flanks of the 
domes have elevated 1000 nm band depths in both the 
CRISM S (VNIR) and L (SWIR) detector data and also 
flanks of some domes have elevated OLINDEX3 and 
HCPINDEX summary product [5] values. Examination 

of spectra from the flanks of several domes covered by 
CRISM “full range targeted” (FRT) observations, us-
ing spectral parameter plots detailed in [6] for as-
sessing ferrous silicate mineral mixtures (Fig. 3) sug-
gest that the flanks of these domes consist of a mixture 
of high-Ca pyroxene, basaltic glass, and olivine. On 
and around several of the domes there are also elevated 
values of the BD1300 spectral parameter, which is sen-
sitive to the 1.25 to 1.3 m band in Fe-bearing plagio-
clase. An averaged spectrum from the overlapping 
FRT00009700 and FRT00009A7D scenes is shown in 
Fig. 4 and also shows the presence of a band near 2.2 

m that is attributable to either hydrated silica or an 
Al-OH bond such as in montmorillonite. These are the
only scenes in which this 2.2 m absorption is seen; 
however, we note that CRISM coverage over these 
domes is sparse. Additionally, a parameter indicating 
the possible presence of zeolites or sulfates, the differ-
ence of reflectance of 2240 nm less 2540 nm (R2240-
R2540), is elevated in association with some of the 
aprons. Also, the BD3000 parameter is elevated in 
association with light-toned aureoles. As was noted in 
[3], HiRISE imagery of the light-toned aureoles show 
morphology nearly identical to the “brain terrain” de-
scribed by [4] for ice-filled craters; thus ice is inferred 
as being a component of the light-toned aureoles.

Fig. 1. CTX imagery of dome centered at 39.07°N, 
172.41°E with major features labeled.

New Observations from HiRISE and CTX: A
CTX mosaic was assembled for much of this region 
based on its nomination as a human exploration zone 
by [7]. Also, additional HiRISE scenes have been col-
lected since the work carried out by [3]. The presence 

FIRE AND ICE:  VOLCANIC DOMES AND REMNANT ICE IN WESTERN ARCADIA PLANITIA.  J. W. 
Rice, Jr.1, W. H. Farrand2. 1Planetary Science Institute, Tucson, AZ, 2Space Science Institute, 4750 Walnut St., 
#205, Boulder, CO 80301, farrand@spacescience.org, 
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of “brain terrain” - like deposits in the light-toned au-
reoles was noted above. In the CTX mosaic we find 
multiple examples of domes with light-toned arcs im-
mediately adjacent to the northern flanks of the domes. 
While there is no HiRISE coverage over these north-
facing light-toned arcs, the CTX imagery partially re-
solves what looks like “brain terrain” composing these 
arcs; thus, again suggesting the presence of ice. With 
ice-rich material on both the proximal and distal por-
tions of the aprons, we conclude that the aprons are 
likely similar in nature to (albeit smaller in scale than)
lobate debris aprons (LDAs) observed in multiple loca-
tions elsewhere on Mars [e.g., 8-10].

Fig. 2. CTX imagery of dome showing a tongue-like 
extension (noted by arrows) resembling a viscous lava
flow.

Conclusions: In CTX and HiRISE data we find 
multiple examples supporting the morphologic evi-
dence described by [2] in which these domes display 
features consistent with terrestrial lava domes formed 
from viscous magmas. The presence of mafic minerals 
plus plagioclase in association with the domes suggests 
a largely mafic composition for these features although 
the possibility exists that they could be slightly more 
silica-rich than basalt- e.g., andesites or basaltic ande-
sites. THEMIS spatial resolution is insufficient to make 
any confident conclusions regarding how silica-rich 
these domes are. As noted in [3], crystal-rich basaltic 
magmas are viscous and this could be why domes 
formed rather than lava flows.

We have suggested that the aprons surrounding the 
domes are similar in nature to LDAs. As described by 
[10], LDAs could have formed through the collapse of 
regional ice sheets. Given the evidence in [1] for a re-
gional ice sheet to the east of the dome field, we sug-
gest that this ice sheet, or outliers of it, also covered the 
dome field. Collapse of the ice sheet and dark-toned 
mantling material is hypothesized here as forming the 
aprons and their dark mantles (dark mantles extend
over the tops of many domes as well).

Several more polygonally shaped hills in the region 
are interpreted as being erosional remnants; however, 
the domes are interpreted here, as by [2] and [3], as
lava domes.

References: [1] Viola D. et al. (2015) Icarus, 248, 
190-204. [2] Rampey, M.L. et al. (2007) J. Geophys.
Res. 112, E06011, 10.1029/2006JE002750. [3]
Farrand, W.H. et al. (2011) Icarus, 211, 139-156. [4]
Levy, J.S. et al. (2009) Icarus, 202, 462-476. [5]
Viviano-Beck, C.E., et al. (2014) J. Geophys. Res.,
119, 1403–1431, 10.1002/2014JE004627. [6] Horgan
B.H. et al. (2014) Icarus, 234, 132-154. [7] Barker et
al. (2015) Human Mars Missions Workshop, #1002.
[8] Squyres S.W. (1979) JGR, 84, 8087–8096. [9]
Plaut J.J. et al. (2009) GRL, 36, 10.1029
/2008GL036379. [10] Fastook J.L. et al. (2014) Icarus,
228, 54-63.
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Fig. 3. 2 m vs. 1 m band centers for the library min-
eral spectra and dome flank spectral averages. In this 
plot, the spectral averages from the flanks of the domes 
plot between the CPX and glass fields.

Fig. 4. A. Composite of 2.5, 1.5 and 1.07 m CRISM 
bands of CRISM scene FRT00009A7D with box 
indicating area of spectra extraction. B. Original and 
smoothed region of interest average showing 1.25 m
band attributable to plagioclase and a 2.225 m caused 
by either a Si-OH or Al-OH overtone.
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Green Launch – Space Cannon Impulse Launch to & Return from Mars. E.R. Robinson & J.W. Hunter, 
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Introduction: Green Launch uses an envi-

ronmentally friendly, ultra-high-speed hydrogen-
based launch system as a replacement for a rock-
et’s first and second stage.  Once in space, a third 
stage rocket fires putting the projectile into a spe-
cific orbit. By eliminating both the mass, con-
struction cost and the fuel of these large stages, 
we  deliver freight that is tolerant of high G-force 
to Low Earth or Mars Orbit cheaply, reliably, and 
on demand.  The first version of this scalable so-
lution can deliver CubeSats into orbit for a frac-
tion of the price per kilo of rocket launch and do 
so on a just-in-time schedule.  This will radically 
change the supply & demand for micro-launch.  
Scaled up versions of this launcher will deliver 
G-tolerant payloads with greater mass, such as 
fuel and raw materials, making this the future 
delivery best option for a significant fraction of 
the total mass delivered to LEO. 

Technology:  Green Launch has the ad-
vantage of a radically more energy efficient 
launch, leading to a dramatic reduction in the re-
quired energy.  Rocket launch providers are fo-
cused on recycling their first stages, which re-
quires re-capture and refurbishment.  This is an 
essential strategy for payloads that have a low 
tolerance for acceleration, including crew.  But 
for high G-force tolerant cargo, there is no more 
efficient operational option than the Green 
Launch technology.  The launch propellant is hy-
drogen which can be 95% captured and reused. 
The only exhaust is water vapor  

Background:  This approach was most re-
cently pursued at Lawrence Livermore National 
Laboratory in the early 1990’s.  The program 
SHARP1,2,3 was devised and operated under the 
direction of our Chief Technical Officer, Dr. John 
Hunter.  In less than 14 months the Green Launch 
Team, under the guidance of Dr. Hunter, has de-
veloped a hydrogen cannon that has  accelerated 
payloads to hypersonic speeds of Mach 6 with no 
barriers to full implementation. Launching larger 
payloads is simply a matter of scale. 

Adapted to Mars:  Mars receives 500 
Watts/m2 which can be used to create steam with 

a classic Power Tower solar concentrator (like 
Ivanpah). The steam is used to drive the piston on 
a 2-stage hydrogen cannon.  All hydrogen and 
steam are captured and re-used indefinitely unlike 
rocket propellant. This cannon launches vehicles 
at mere 4 km/s and delivers goods to Mars orbit 
to prepare for return to earth. This reduces the 
amount of rocket propellant to near zero. 

Conclusion: The space industry is in a period 
of rapid expansion.  The limiting factor to space 
exploration and resources has always been the 
difficulty of getting out of the Earth’s deep gravi-
ty well into orbit.  Rocket launched payloads have 
been forced to tolerate low payload fractions, 
schedule delays, and  high cost. The Green 
Launch technology, first described by Jules 
Verne sci fi (1865) "From the Earth to the 
Moon", has finally come of age.  The physics are 
well understood by the Green Launch team and 
there are no barriers to prevent us from meeting 
the needs of the industry.  We plan to initially 
alleviate launch constraints of the underserved 
small satellite market and then scale to ever larger 
systems and markets.  Our technology provides a 
new access to LEO for existing and potential cus-
tomers whose innovations will be the seedbed of 
tomorrow's technology. 

 
References:: 
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COMPARISONS BETWEEN MAVEN/NGIMS THERMOSPHERIC WIND OBSERVATIONS AND 
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Introduction:  The MAVEN (Mars Atmosphere 

and Volatile Evolution) mission [1] developed a new 
technique in 2016 using the NGIMS (Neutral Gas and 
Ion Mass Spectrometer) instrument [2] to measure the 
horizontal neutral winds in the Martian thermosphere.  
Significantly, these are the first set of in-situ meas-
urements of the thermospheric winds at Mars and thus 
provide a unique opportunity to improve our under-
standing of the dynamics of the upper atmosphere.  
These unique observations can also help validate gen-
eral circulation models (GCMs) in a manner not pre-
viously available.   One GCM, the Mars Global Iono-
sphere-Thermosphere Model (M-GITM) is compared 
to NGIMS wind observations to help determine what 
physical processes might be important in driving the 
thermospheric winds and whether the model is able to 
adequately represent those processes. 

Method:  NGIMS is able to measure neutral winds 
by taking advantage of the capability of the platform 
on which the instrument sits to nod its boresight 
pointing direction rapidly back and forth.  In conjunc-
tion with the retarding potential analyzer capability of 
the spectrometer, observed modulations in neutral and 
ion fluxes with the changing pointing direction allows 
for cross- and along-track wind magnitudes and direc-
tions to be measured.   These measurements have typi-
cal uncertainties of 20 m/s for along-track magnitudes 
and 6 m/s for cross-track magnitudes, and are largely 
due to inherent errors in the reconstructed ephemeris 
of the spacecraft and the boresight direction as well as 
errors due to the energy resolution of NGIMS’ mass 
filter [3].  Winds are measured along the spacecraft’s 
track in the thermosphere, typically between altitudes 
of 140 – 240 km.  These measurements occur in 
monthly campaigns of five to ten consecutive orbits 
over the same region in latitude and local time [3,4].  
As a result, campaigns can be averaged together to 
generate a campaign-average velocity profile in lati-
tude, local time, and altitude.   

M-GITM is a 3D general circulation model that 
simulates the Martian atmosphere from the surface to 
~250 km [5].  It includes physical processes and 
chemistry appropriate for the Martian lower and upper 
atmospheres.  Recently, it has been updated to include 

an improved CO2 15-micron cooling code for the up-
per atmosphere [6] as well as to use daily averaged 
solar fluxes measured by the MAVEN spacecraft and 
interpolated over a range of wavelengths by the FISM-
M empirical model (Flare Irradiance Spectral Model – 
Mars) [7].  M-GITM simulations are run for each day 
of a campaign.  Then, using the spacecraft trajectory, 
model “flythroughs” are extracted in the simulated 
velocity field that follow the same latitude, local time, 
and altitude as the in-situ NGIMS wind measure-
ments.  M-GITM flythroughs for individual cam-
paigns are averaged together, in a similar manner as 
was done for the NGIMS observations, to produce a 
campaign average velocity profile.  The averaged 
NGIMS observed winds and M-GITM simulated 
winds are then compared. 

Data-Model Comparisons:  Five NGIMS neutral 
wind campaigns were chosen to create M-GITM simu-
lations for a more detailed comparison.  These include 
the September 2016, January 2017, May 2017, De-
cember 2017, and February 2018 campaigns.  These 
campaigns were selected so that a range of conditions 
(i.e., different seasons, local times, and latitudes) 
could be shown in this first analysis.   

In these cases, the model is able to replicate the di-
rection and/or the speed of the observed winds in some 
campaigns (such as the September 2016 and February 
2018 campaigns), while in others, the model cannot 
capture either direction or speed (such as the January 
2017 campaign).  For example, in the September 2016 
campaign, the model does closely replicate the direc-
tion of the observed thermospheric winds, with only a 
10º difference between the data and the model, on 
average.  However, with NGIMS averaged speeds at 
~315 m/s and M-GITM simulated speeds at ~160 m/s, 
the MGITM flythrough underpredicts wind speeds by 
over 150 m/s.  This can be seen in Figure 1.  In the 
May 2017 campaign, the model produces winds nearly 
180º different from the direction observed with 
NGIMS, but at ~150 m/s, simulated speeds are only 
about 40 m/s greater than those observed.  In the Jan-
uary 2017 campaign, M-GITM simulated velocities 
are over 200 m/s too slow and 100º different in head-
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ing.  See [4] for these and additional details from the 
results of the comparison. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Averaged NGIMS (blue) and M-GITM (red) altitude 

profiles of wind speed and direction for the September 2016 campaign. 
The solid lines show the inbound segment of the orbit while the dashed 
lines indicate the outbound segment. Horizontal lines show one stand-
ard deviation of orbit-to-orbit variability over the campaign. Note that 
direction is plotted in degrees from North (in a clockwise sense).  This 
figure is a modified form of Figure 1 in [4]. 

 
M-GITM is primarily driven by solar forcing in 

the thermosphere.  As a result, in M-GITM, thermo-
spheric winds are mainly driven by pressure gradients 
set up by in-situ heating from absorption of Extreme 
Ultraviolet (EUV) radiation (and further steered by the 
Coriolis force) [3].  For campaigns where simulated 
and observed velocities are relatively similar, particu-
larly in direction, this could indicate that, at those 
times and locations, solar forcing might be one of the 
primary physical process driving the winds.  Yet, as 
seen in cases like the September 2016 campaign, dif-
ferences in wind speeds might suggest other physical 
processes not well represented in the model are also 
impacting the winds.   Campaigns such as that in May 
2017 which have large disparities in simulated and 
observed wind headings indicate that processes com-
pletely lacking from the model might be acting strong-
ly at these times and locations [4]. 

These campaigns also show different degrees of 
variability in the thermospheric winds.  In the Sep-
tember 2016 campaign, the winds are very consistent 
orbit-to-orbit, while the January 2017 campaign has 
high variability in both magnitude and direction.  This 
level of variability may again suggest that physical 
processes which are not included in the model  could 
be significantly modifying the winds on shorter time 
and spatial scales during this campaign.   

Processes that could be impacting the winds  and 
are not currently fully included in M-GITM are gravi-

ty waves and the seasonal dust cycle.  Gravity waves 
have been found to propagate up into the thermo-
sphere [8] where it is believed they should modify 
both wind speed and direction [9].  It is possible that 
gravity waves may be responsible for inducing some of 
the orbit-to-orbit variability seen in the NGIMS wind 
observations, as well.  Additionally, while M-GITM 
does use a globally and annually uniform dust distri-
bution, it would be missing the impacts of increased 
dust during dust storm season. In particular, large 
regional dust storms can impact the atmosphere 
through direct and dynamical heating effects [10], 
which could adjust the atmospheric circulation pat-
tern.  Parameterizations for gravity waves and chang-
ing dust effects with season will be included in the 
model in the future. 

Summary:  Data-model comparisons between the 
new NGIMS neutral wind observations and M-GITM 
model simulations show that there are cases in which 
the model can to some degree replicate the observed 
winds, while in others cannot capture either the ob-
served thermospheric wind direction or magnitude.  
Since the model is primarily solar driven at thermo-
spheric altitudes, cases where simulated winds do not 
match observed winds imply that solar forcing is not 
the only process acting on the winds at these times, 
and other physical processes not included in the model 
may be more influential.  M-GITM also does not pro-
duce the large orbit-to-orbit variability observed in 
some of the wind campaigns.  It is possible processes 
such as gravity waves, which are not included in the 
model, could be among the other physical processes 
impacting the thermospheric winds, and should be 
better accounted for in updated model versions.  The 
data-model comparisons shown here and in [4] will 
serve as a baseline for future analysis as improved 
physics are added to M-GITM. 

References: [1]  Jakosky, B. M., et al . (2015) Sp. 
Sci. Reviews, 195, 3048. [2] Mahaffy, P.R. et al. 
(2015) GRL, 42, 8951-8957. [3] Benna, M., Bougher, 
S. W., Lee, Y., Roeten, K. Yiğit, E., Mahaffy, P. R., 
and Jakosky, B, M. (2019)  Science, in review.  [4] 
Roeten, K. J., Bougher, S. W., Benna, M., Mahaffy, P. 
R., Lee, Y., Pawlowski, D., González-Galindo, F., and 
López-Valverde, M. Á. (2019) JGR, in review. [5] 
Bougher S. W., et al. (2015) JGR, 120, 311-342. [6] 
González-Galindo, F., et al. (2013) JGR, 118, 2105-
2123. [7] Thiemann, E. M. B., et al. (2017) JGR, 122, 
2748-2767. [8] England, S. L., et al. (2017) JGR, 122, 
2310-2335. [9] Yiğit, E., et al. (2015) GRL, 42, 8993-
9000. [10] Kass, D. M., et al. (2016) GRL, 43, 6111-
6118. 
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CHARACTERISTICS AND PETROGENETIC ORIGINS OF AREALLY EXTENSIVE BEDROCK 
EXPOSURES IN THE CRATERED HIGHLANDS: A REVIEW. A. D. Rogers1, J. C. Cowart1, C. S. Edwards2,
1Stony Brook University Department of Geosciences, Stony Brook, NY 11794-2100 (Deanne.Rogers@stony-
brook.edu). 2Northern Arizona University, Dept. Physics and Astronomy, Flagstaff, Arizona 86011.

Introduction: The Martian highlands contain are-
ally extensive exposures of lithified material (“bedrock 
plains”) discovered using orbital thermal radiance
measurements from the Mars Odyssey Thermal Emis-
sion Imaging System (THEMIS) [1-4]. These exposures 
are widespread and many likely formed during the late 
Noachian, potentially recording processes that occurred 
on early Mars. For the past >10 years, we and others 
have mapped and characterized these materials in an ef-
fort to understand their petrogenetic origins. Here, we 
first summarize the major characteristics of these units, 
and then focus on the major recent advances in our un-
derstanding of these materials. We conclude with a list 
of the outstanding questions regarding these units.

Major characteristics: Bedrock plains are most 
commonly found in intercrater basins or as crater/gra-
ben floor-fill [1]. A global map of intercrater bedrock 
plains has been completed [5-6]; crater-floor mapping is 
still underway. Over 130 bedrock plains are found 
throughout the cratered highlands, but concentrated in 
Terra Sabaea, Tyrrhena Terra, and Terra Cimmeria [5-
6]. Many bedrock plains exhibit Noachian crater reten-
tion ages and/or are superposed by Hesperian lavas; 
however many are too small to obtain Noachian crater 
retention ages and thus their formation ages are unclear.

Bedrock plains are spectrally distinctive from sur-
rounding non-bedrock materials. They commonly show 
olivine or olivine+pyroxene enrichments relative to ad-
jacent regolith-covered surfaces. Many bedrock plains 
contain multiple lithologies, identified by differences in 
spectral properties, morphology, or tone [5]. One of the 
more enigmatic lithologies observed in bedrock plains 
are light-toned, feldspar-enriched units that were first 
identified by [7-8] and further analyzed by [9]. With the 
exception of the circum-Isidis olivine bedrock plain, ev-
idence for hydrous or carbonate minerals is lacking in 
available near-IR spectral images.

Recent advances: 1. Bedrock plains are friable 
materials. Bedrock plains were originally interpreted as 
effusive lavas, on the basis of spectral distinctiveness,
high thermal inertia (TI, ~500 J m-2 K-1 s-1/2) relative to 
surrounding regolith (<300 J m-2 K-1 s-1/2), and mare-like 
outcrop patterns at ~100 m scales (broad flat plains, 
wrinkle ridges, and embayment relationships in some 
areas) [1-4,17]. However, these materials were recently 
re-interpreted as fine-grained, friable rocks on the basis 
of poor crater retention (<500 m diameter), well-devel-
oped yardangs/buttes, and lack of regolith compared to 
Hesperian lava plains (Figs. 1,2) [10]. The lack of 

regolith (and consequently, higher TI observed from or-
bit) was hypothesized to arise from susceptibility to de-
flation during comminution (Fig. 2).

The erosional suscepti-
bility of these materials in-
dicates clastic lithologies, 
and could include airfall 
ash, epiclastic sedimentary 
rocks, and/or possibly va-

por condensate from giant impacts into the Martian 
crust [e.g. 11-12]. One bedrock plain in particular – the 
Circum-Isidis olivine-bearing unit – shows evidence of 
draping relationships consistent with airfall ash [13].
Others, particularly in Terra Sabaea, show geomorphog-
ical evidence consistent with fluvial transport and dep-
osition [5,6,14] how-
ever lack of hydrous
mineral detections 
suggests limited dura-
tion of aqueous activ-
ity.

Fig. 1. Olivine bedrock plain 
(cool tones in daytime 
THEMIS image) exhibits low 
crater density compared to su-
perjacent, younger volcanic 
plains (warm tones). From 
[10].

Fig. 2. Top: Younger volcanic plains exhibit lower TI and 
thicker regolith than older bedrock. Bottom: Illustration of hy-
pothesized processes [10] leading to TI characteristics shown in 
top panel. Older bedrock materials are fine-grained, clastic 
rocks that comminute into fine-grained particles that are easily 
carried by wind. Younger lavas comminute into blocky/coarse 
grained materials. The friable material is undergoing deflation, 
continually exposing a lithified surface, whereas the blocky ma-
terial continues to develop a regolith and trap dust, leading to 
lower TI than adjacent friable rock. 
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2. Olivine-enrichments associated with bedrock 
are typically <10%, with an average of 5%. Olivine 
enrichments were quantified using THEMIS-derived 
surface emissivity for ~180 bedrock subunits [5]. Spec-
tra from bedrock exposures were modeled with an aver-
age surface spectrum from surroundings and a labora-
tory olivine spectrum to quantify the abundance of oli-
vine enrichment relative to surroundings. Whereas all 
bedrock units are statistically spectrally distinct from 
surroundings, olivine enrichments are typically <10%
(Fig. 3a). In addition, some bedrock units are olivine-
poor compared to surroundings. A comparison of oli-
vine enrichment with bedrock degradation state sug-
gests that deflationary lag deposits might be contrib-
uting to measured olivine enrichments (Fig. 3b)[5].

3. Nature of feldspathic units. Light-toned bedrock 
plains units exhibiting a ~1.3 m absorption indicative 
of plagioclase were suggested to be felsic or anorthositic 
materials [7-8]. This interpretation was partially based 
on laboratory spectra of fine-grained mixtures that indi-
cated very low abundances (<15%) of mafic minerals
are required to observe a plagioclase signature. Later 
analysis showed that (a) plagioclase can be detected in 
higher abundances of mafic minerals (~50%) if coarse 
grained (>~850 m) or if mafics are Ca-rich, and (b) 
THEMIS spectra over feldspathic units are not con-
sistent with felsic (silica-rich) materials but are con-
sistent with anorthositic or basaltic materials [9]. An 
open question is whether subpixel mixing of felsic rock 
and basaltic sand could explain the THEMIS signatures;
preliminary work to address this question suggests that 
felsic interpretations are still not supported (Fig. 4).

Outstanding questions: Despite the advances made 
in recent years, there are a number of fundamental ques-
tions remaining about the petrogenetic origins and his-
tory of these units. First, are the bedrock plains domi-
nantly ashfall deposits, similar to the olivine bearing 
units in the circum-Isidis region [13] and Gusev crater 
[15], and if so, do they represent a global unit? Or are

most formed via sediment transport and deposition? 
Second, are the olivine enrichments observed from orbit 
intrinsic to the rock (e.g. through magmatic processes or 
sedimentary transport of volcaniclastic sand)? Or do 
they arise from subpixel mixing of coarse-grained de-
flationary lag deposits and olivine-poor rocks [5, 10]?

Third, what is the petrogenetic origin of the feldspathic 
units? Their morphologies and tone are consistent with 
volcaniclastic or pyroclastic units, such as tuffs or ig-
nimbrites [e.g. 16], but the spectral characteristics of 
these materials are not fully consistent with this inter-
pretation. Finally, if the materials are epiclastic, then (a) 
how were they lithified, and what does this tell us about 
the geochemical conditions of the depositional environ-
ment, and (b) what is the relationship to the valley net-
works? Some of these open questions could be ad-
dressed with thermal IR hyperspectral imaging, addi-
tional near-IR spectral coverage and additional high-
resolution color imaging (CTX- and HiRISE-scale), as 
well as laboratory studies establishing detection limits 
of cementing agents in basaltic sedimentary rocks. 
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Fig. 3. A. Modeled olivine enrichments in bedrock compared to 
surrounding low-TI material [5]. B. A qualitative assessment of 
the prominence of erosional features (strong, medium, weak) 
was carried out using CTX data, then olivine enrichments within 
each class were sampled [5]. Strongly eroded surfaces show 
slightly higher olivine enrichments than weakly eroded surfaces, 
potentially supporting the hypothesis that olivine might be pref-
erentially concentrated in deflationary lags on top of the bedrock. 

Fig. 4. Left: Sand cover over feldspathic materials (light-toned) 
was estimated using a supervised classification scheme in one 
HiRISE image (PSP_007254_1565). Using the mapped abun-
dance (~39%), we forward-modeled the expected THEMIS sig-
nature for a mixture of felsic rock and olivine-basaltic sand. The 
modeled signature is dissimilar to the THEMIS-measured spec-
trum, precluding a felsic composition for the light-toned rock. 
This is preliminary; additional image analyses are underway.
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Introduction:   In this work we  revisit an event 

observed by Mars Atmosphere and Volatile Evolution 
MissioN (MAVEN) [1] in the solar wind (SW)  on 23 
December 2014 where the IMF rotates around the 
Mars-Sun axis during 6 minutes. Based on a time de-
pendent LATMOS Hybrid Simulation  (LatHyS) [2, 3, 
4]  run taking into account MAVEN observations [5, 6, 
7], we  have determined ratios between the angular 
velocity associated with the recovery of the dayside 
magnetic field morphology in the magnetosheath and 
magnetic pile-up region and the associated IMF rota-
tion observed by MAVEN upstream from the Martian 
bow shock. Such ratios provide recovery timescales of 
the dayside Martian magnetosphere normalized by the 
IMF variability timescale. In particular, we find that 
the recovery timescales of the Martian magnetosphere 
(up to the XMSO=-1 RM plane) range between 5 s and 8 
min for an IMF rotation that lasts 50 s,  depending on 
the considered region. We also find that recovery time-
scales of the O+ plume to the IMF rotation varies be-
tween 40 s  and 120 s, and take greater values for fur-
ther downstream distances. Such temporal range is on 
the order of the local O+ gyrofrequency in the Martian 
magnetosheath, showing the kinetic nature of the O+ 
plume recovery process. 
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015-0139-x. [2] Modolo, R., et al. (2016), Mars-solar 
wind interaction: LatHyS, an improved parallel 3-D 
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Introduction: The Mars 2020 Rover will be 

launched in July 2020 to explore Jezero Crater. The ob-
jective of this roving laboratory is to characterize the 
habitability of Mars, past or present, through the use of 
a versatile scientific payload, and to prepare for sample 
return [1].  

The SuperCam instrument on board the Mars 2020 
Rover, developed in the frame of a partnership between 
USA and France, will play a central role in the Mars 
habitability investigation by providing rapid, synergis-
tic, fine-scale mineralogy, chemistry, and color imaging 
[2, 3]. Using color imaging for context, SuperCam com-
bines co-aligned Raman-fluorescence, visible/infrared 
reflectance, and laser-induced breakdown spectroscopy 
coupled to a microphone covering broad areas at remote 
distances.  

This abstract focuses on the IRS instrument and its 
calibration. IRS is a near-infrared point spectrometer 
(1.15 mrad field of view) which ranges from 1.3 μm to 
2.6 μm covering major silicates and hydrated mineral 
absorption features [4]. Spectra measured by this instru-
ment will contain the Mars target spectral signature con-
voluted by the instrument response function and possi-
bly other instrument-specific effects. The IRS instru-
ment has thus to be fully calibrated in a controlled labor-
atory environment with illumination conditions as simi-
lar as possible to Martian observations. 

The calibration products will be used to simulate 
mineral mixtures expected in a sedimentary context such 
as that expected at Jezero crater, so as to prepare the fu-
ture observations. 

IRS concept: IRS works in reflectance spectros-
copy: the science scene is illuminated by the Sun and 
IRS collects the scattered light carrying Mars’ ground 
spectral signatures which allow us to deduce the compo-
sition of the ground and, using spectral modelling, re-
trieve the abundances of the detected compounds. IRS 
uses an Acousto-Optic Tunable Filter (AOTF) as a dis-
persive system which provides a higher diffraction effi-
ciency than a classical grating and without any moving 
parts, since it is electrically driven. The light beam that 
passes through the AOTF is focused on two photodiodes 
(the additional second is redundant). By tuning the 
AOTF frequency with the integrated RF generator, a 
spectrum is sequentially built channel by channel with a 

26 cm-1 FWHM, i.e. 5 to 20 nm on the instrument spec-
tral range. This shall enable identification of many of the 
minerals (silicates, hydrated minerals, oxides, salts).  

 
Figure 1: Parameter space to be studied during IRS calibra-
tion. FM calibration is represented by the blue line and EQM 
by the orange one for comparison. The previous EQM calibra-
tion has led us to reconsider the parameter coverage, in terms 
of time scale and relevance. 

 
Calibration objectives and requirements:  
The goal of the radiometric calibration is to derive 

the Instrumental Transfer Function (ITF), which pro-
vides the relationship between the measured digital 
numbers (in ADU/s) and incident radiance (in 
W/m2/sr/μm) on the telescope aperture. Radiometric 
calibration accuracy that depends on the optical assem-
bly and the source shall be better than 20% in absolute, 
and 1% in relative (namely between contiguous spectral 
channels). The 1% relative spectral accuracy permits ac-
quisition of data with local signal to noise ratios greater 
than 100. Noise is assumed to behave accordingly to 
Poisson’s law (photon noise dominating readout noise), 
so that SNR objective can be reached by stacking several 
measurements for a given set of operational parameters. 

The measurements thus consist of acquiring high 
SNR data, possibly analogous to the signal on Mars, 
generated from a calibrated stimulus, a black-body,  
with environmental parameters similar to the nominal 
flight ones. The calibration shall provide the relation-
ship: 

 
 

 
where : RF frequency supplying the AOTF, : RF 
power supplying the AOTF, : temperature of the de-
tector cooled down by the TEC, : temperature of the 

y
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instrument (Fig. 1). All these parameters are necessary 
to be tested to fully understand the instrument’s behav-
ior towards internal and external conditions. IRS is as-
sumed to have a linear characteristic, at first order, with 
respect to radiometric input: 

 
 

 
where  is a potential offset. 

Thus, the ITF can be derived by calculating the slope 
of  for various fluxes and integration times 
on the whole spectral range. Preliminary studies are re-
quired to validate this model: the measurement of the 
linearity in charge (i.e. linearity vs integration time) and 
the linearity in flux (i.e. linearity of the response vs in-
coming flux). 

The radiometric response must be determined as a 
function of various instrumental parameters. The instru-
ment performances also depend on the incoming flux. 
Specifically: 
 The incoming flux should be in the range of Martian 

surface radiance, namely about 
2 . The spectral source used to 
simulate the observation conditions is a black-body. 
As the instrumental response changes as a function 
of wavelength, one needs to repeat the measure-
ments at different photonic fluxes by changing the 
blackbody temperature. 

 The source has to provide SNR = 100 data in a few 
minutes of acquisition. 

 The IRS temperature, the same as the SuperCam 
Mast Unit (SCMU) temperature, has to be in the op-
timal operational range (- 40 to -5°C). This necessi-
tates operating the instrument in a vacuum chamber 
with thermal regulation. The monitored temperature 
will correspond to the temperature of the Optical 
Box, i.e. the optical chamber of the instrument, and 
referenced as . 

 The absolute and relative transmissions of the opti-
cal assembly have to be compliant with the require-
ments in terms of absolute and relative radiometric 
uncertainties. 

Calibration setup: The calibration setup uses a part 
of the common facilities located at the LESIA labora-
tory. The instrument is mounted inside a thermal-vac-
uum chamber (TVC). The TVC window is made of dry 
sapphire glass of 136 mm diameter specially manufac-
tured for this calibration. This diameter is fully adapted 
to the need of the SuperCam telescope (110 mm diame-
ter), and the window is also essentially transparent in the 
wavelength range of IRS. IRS will be illuminated by a 
tunable black-body outside the TVC, whose temperature 
range is 50 to 1000°C. The black-body is mounted on a 
dry nitrogen flushed optical bench. The so-called 
PATATOR bench is designed to minimize atmospheric 

water (with real time monitoring) and carbon dioxide 
absorption contributions (Fig. 2). 

 

 

 
Figure 2: A: PATATOR bench setup at LESIA during EQM 
calibration campaign. The chamber on the right side is the Si-
mEnOm TVC, the bench itself is the 1600 mm black-coated 
aluminum tube and the black-body on the left. The red wire 
wrapping the tube is a heating coil designed to help water de-
sorption. SCAM = SuperCam. 
B: PATATOR bench block-diagram illustrating the calibra-
tion GSE. 
 

All the PATATOR’s subsystems have been charac-
terized before the IRS calibration to ensure that it meets 
the accuracy requirements. The sapphire window trans-
mission has been measured with high accuracy (less 
than 0.16 % error on absolute transmission), the black-
body temperature stability and convergence speed has 
been checked (about 20 minutes to reach 1 % flux sta-
bility, compliant with calibration duration) and the hy-
grometry residual in the tube has been measured at less 
than 0.1 %.  

EQM calibration: An Engineering and Qualifica-
tion Model (EQM) of IRS, integrated in the SuperCam 
Mast Unit, has already been calibrated in 2018. This pre-
vious calibration has brought precious experience to val-
idate the calibration setup and the sequence procedures, 
and to optimize the Flight Model (FM) calibration plan 
in a very time-constrained period (Fig.1).  

By the time of the conference, the FM calibration 
will be completed; the IRS performances and simula-
tions of observational cases will be then presented. 

References:  
[1] Ollila et al., (2019), 9th  Int. Conf. Mars, [2] Wiens et 
al., (2016), LPSC, [3] Wiens et al., (2017), Spectros-
copy, [4] Fouchet et al., (2015), LPSC 
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Introduction: The Murray formation at the base of 

Mt. Sharp in Gale crater was formed in a lacustrine en-
vironment more than three billion years ago, when liq-
uid water flowed on the surface of Mars [1]. The dura-
tion of the lake is not yet constrained, and determining 
the origin of layers higher in Mt. Sharp is a key goal of 
the Mars Science Laboratory (MSL) mission. Within 
these higher layers, previous studies have identified 
“marker beds” [2] that produce sand and are dark-toned 
compared to surrounding light toned more recessive lay-
ers. This difference in properties indicates that the 
marker beds were deposited by different processes [3]. 
Understanding the origin of these maker beds could 
place better relative time constraints on geologic events 
within Gale crater and link them to events in the region, 
if these beds formed during large-scale events. The 
marker beds could also be useful for evaluating the lat-
eral continuity of the Mt. Sharp stratigraphy.  

In this study, we seek to determine the mineralogy, 
transport pathway, and source of mafic sediments in Mt. 
Sharp, with a focus on the marker beds. Understanding 
the primary mineralogy of the marker beds and other 
sediment sources in Mt. Sharp will provide context for 
results from MSL. MSL determined the mineralogy of 
active dunes in the northwest region of Mt. Sharp [5,6], 
but whether or not some of this sand was locally sourced 
from within Mt. Sharp is unclear [7]. Here we compare 
the spectral properties and inferred mineralogy of sur-
face sediments to the dunes to determine whether or not 
the marker beds or other mafic units in Mt. Sharp could 
be a sediment source. Additionally, we propose that 
there are multiple packages of laterally continuous 
marker beds present throughout Mt. Sharp.  

Methods:  Visible/near-infrared (VNIR) hyperspec-
tral images from the Compact Reconnaissance Imaging 
Spectrometer for Mars (CRISM) on MRO were used to 
create mineral maps of Mt. Sharp, starting in the well-
understood northwestern region, and extending these 
maps to the rest of the mound. The CRISM analysis 
Toolkit (CAT) for ENVI was used to create a map fo-
cused on mafic minerals, specifically low-calcium py-
roxene (LCPINDEX3), high-calcium pyroxene 
(HCPINDEX3), and ferrous minerals (OLINDEX3). To 
suppress atmospheric and surface dust and any remain-
ing instrumental artifacts, each Map Projected Targeted 
Reduced Data Record (MTRDR) and Targeted Reduced 
Data Record version 3 (TRR3) cube was ratioed to a 
spectrally neutral spectrum, derived from each cube as 
an average of all (MTRDR) or in column (TRR3) spec-
trally neutral terrains, as defined based on the low 

 

 
values of key CRISM spectral parameters  [8]. Channels 
with residual atmospheric bands near 2 μm were re-
moved from the spectra. All spectra in each cube were 
continuum removed using a linear convex hull. Spectra 
were extracted based on the CRISM maps and used to 
infer mineralogy based on qualitative and quantitative 
comparison to lab spectra, including calculated center 
and shape of the 1 and 2 μm iron bands [9,10]. High-
Resolution Imaging Science Experiment (HiRISE) im-
ages and terrain models of the region were used to vis-
ually relate stratigraphy and geomorphologic features to 
the mineral maps.  

Results: The marker beds have a lower albedo than 
the surrounding layers with a smoother appearance, and 
form distinct cliff-forming benches in outcrop (Fig. 1, 
2). We have identified at least three separate packages 
(Packages A-C; Fig. 1, 2) composed of sequences of dis-
tinct marker beds in Mt. Sharp. Packages A and B occur 
in the NW/W regions, and Package C is in the SW and 
appears to continue around the southern mound into the 
SE region (Fig. 1). Each package is composed of one to 
three distinct layers (Fig. 1, 2). Package A has a higher 

Figure 1. CTX image of Mt. Sharp, Gale crater, Mars. Col-
ored tracings signify  marker bed packages. Blue is Package 
A, green is Package B, and goldenrod is Package C. 

 
Figure 2. HiRISE images of marker beds: (a) Package A, (b) 
Package B, and (c) Package C. 
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albedo and has a rougher surface than Package B and C, 
but still forms a distinct cliff-forming bench in outcrop. 
The marker beds are laterally continuous over tens of 
kilometers and each package is at a different elevation. 
Package A is at an elevation range from -4150 m to -
4000 m; Package B is at an elevation range from -3950 
m to -3550 m; Package C is at an elevation range from 
-3150 m to -2600 m. The large elevation range within 
each package could indicate dipping of layers. We will 
conduct further analysis of the elevations and dips of the 
beds using HiRISE DTMs [11,12,13] to confirm the 
stratigraphy and continuity of the marker beds within 
Mt. Sharp. 

 
CRISM spectra are shown in Fig 3. Package A ex-

hibits a broad, asymmetric absorption band centered at 
1.06 μm, consistent with high-Ca pyroxene (HCP), 
mixed with glass or olivine. A second broad band is cen-
tered at 1.95-2.00 μm, which is short for HCP, and is 
consistent with contribution from glass. The bands near 
1 and 2 μm exhibit similar band depths, suggesting min-
imal spectral input from olivine and supporting a glass/ 
HCP mixture. Package A exhibits consistent spectral 
properties throughout the sampled layers. Package B 
CRISM spectra show a deep, broad, and asymmetric ab-
sorption band centered at 1.07 μm, consistent with oli-
vine. A shallow, broad, and asymmetric absorption band 
is present in some spectra at ~2.20 μm, consistent with 
some contribution from HCP. All three marker beds in 
Package B exhibit nearly identical spectra, suggesting 
similar mineralogies. Package C CRISM spectra exhibit 
broad, shallow absorption bands at 1.01-1.05 μm and 
~2.14 μm, consistent with HCP. Spectra were only 
gathered from a single layer in Package C and within 

that single layer, the spectra are more variable than 
Packages A and B, perhaps due to variable olivine.  

The dunes in the northwest portion of the study re-
gion, which were sampled in situ by MSL, have similar 
spectral properties as the marker beds just upslope in 
Package B. These dunes also exhibit a deep, broad and 
asymmetric absorption band at 1.08 μm and a shallower 
absorption band at 2.15 μm, consistent with olivine 
mixed with HCP. The dunes in the western portion of 
the study region are similar to nearby marker beds in 
Package B. These dunes exhibit a deep, narrow, slightly 
asymmetric absorption band at 1.05 μm, and a similarly 
deep absorption band at 2.150 μm, consistent with HCP 
with minor olivine. The dunes in the southwestern por-
tion of the study region are not clearly analogous to any 
of the marker bends sampled so far. The SW dunes ex-
hibit a deep, broad, asymmetric absorption band cen-
tered at 1.01 μm, and a shallower absorption band is at 
2.12 μm, consistent with HCP with some olivine. 

Discussion:  There are potentially three or more dif-
ferent packages of marker beds observed through Mt. 
Sharp composed of mafic minerals. The layers within 
these packages are spectrally similar and laterally con-
tinuous, indicating that each layer was deposited pre-
sumably from the same source, and likely by the same 
process. Variations both visually and spectrally between 
the different packages could indicate different sources 
or different grain size sorting during deposition. Our 
preliminary results show strong similarities between the 
spectra of the NW dunes and marker beds from Package 
B, suggesting that some of the olivine-bearing dune sed-
iment sampled by MSL [5,7] could be sourced from the 
marker beds in Package B. 

Because the marker bed spectra are not accompanied 
by clear alteration signatures, they likely indicate sedi-
ments from non-lacustrine processes, like volcanic, im-
pact, or aeolian deposits. This also suggests that the 
marker beds have not been exposed to strong diagenetic 
processes, which may have had a major effect on the 
mineralogy of lower Mt. Sharp. The multiple repeating 
layers with similar spectra make impacts an unlikely 
source. However, differentiating whether the marker 
beds formed through volcanic activity or aeolian depos-
its will likely require in situ investigations by MSL. 

References: [1] Grotzinger J. P. et al. (2014) Science, 
343, 6169. [2] Milliken R. E. et al. (2010) Geophys. Res. Lett., 
37. [3] Bennett K. et al. (2017) GSA, 49, 4, 5-5. [4] Westgate 
J. A. and Evans M. E. (1978) Can. Journ. Ear. Sci., 15, 1554-
1567. [5] Achilles C. N. et al. (2017) Geophys. Res. Lett. 122, 
2344-2361. [6] Rampe E.B. et al. (2018) Geophys. Res. Lett., 
45, 9488-9497. [7] Lapotre M. G. A. et al. (2017) J. Geophys. 
Res. Planets, 122, 2489-2509. [8] Horgan B. et al., in revision, 
Icarus. [9] Horgan et al., (2014) Icarus, 234, 132-154. [10] 
Viviano et al., (2019) Icarus, 328, 274-286. [11] Lewis K. et 
al., (2008) Science, 322, 1532-1535. [12] Anderson R. et al., 
(2018) Icarus, 314, 246-264. [13] Quinn D. P. and B. L. Eh-
lmann (2019), Earth and Space Sci., 6. 

   
Figure 3. Continuum-removed and stacked CRISM spectra 
for marker beds and nearby dunes on crater floor.  
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Introduction:  As noted by [1], the possible occur-

rence of carbonate rocks on Mars and their relevance 
for buffering the atmospheric abundance of CO2 was 
first pointed out in Harold Urey's classic book on plan-
ets [2]. Thus began the search for Martian carbonates. 
Geomorphic and spectroscopic searches were champi-
oned by [1] as a means to test warm, wet early Mars 
hypotheses. In the intervening years, carbonates have 
indeed been identified on Mars, but first through Mar-
tian rocks delivered to Earth. 

At a time when a Martian origin for shergotitte me-
teorites was still debated, the presence of rare car-
bonate grains in one of them provided a first hint of 
carbonates on Mars [3]. Subsequent work on other 
examples of Mars meteorites demonstrated their rela-
tive ubiquity, although at ≤ 1% abundance [e.g., 4]. 

The first compelling spectroscopic evidence for 
Martian carbonates came from the orbiting Thermal 
Emission Spectrometer (TES), which revealed features 
consistent with ~2-5 wt% Mg-rich carbonate (magne-
site) in the ubiquitous surface dust [5]. Observations 
made by instruments on the Phoenix Lander found 
comparable amounts of carbonate (~3-5 wt% Ca-rich) 
in soils at the landing site [6]. The first evidence for 
carbonates in bedrock on Mars came from the Com-
pact Reconnaissance Imaging Spectrometer for Mars 
(CRISM), which revealed Mg-rich carbonates associ-
ated with a Mg-rich olivine-rich unit of Noachian age 
in Nili Fossae [7]. Subsequent observations demon-
strated widespread localized occurrences of carbonates 
across Mars [e.g., 8]. The first in situ identification of 
carbonates in rocks came from the Spirit rover in the 
Columbia Hills of Gusev crater where outcrops of oli-
vine-rich ash tuff dubbed Comanche include 16-34 
wt% Mg-Fe carbonates [9].  

A wide range of conditions and environments have 
been proposed to explain Martian carbonates, con-
sistent with their wide ranging chemistry, including 
hydrothermal settings, evaporative lakes, and ephem-
eral water films [cf. 10]. The prevalence of Mg-rich 
carbonates contrasts with the dominant Ca-rich car-
bonates on Earth, suggesting fundamental differences 
in the aqueous environments of the two planets. In this 
context, the presence of Mg-rich carbonate rocks in 
Nili Fossae and Columbia Hills, both in association 
with Mg-rich olivine rocks, bears closer scrutiny, espe-

cially given that the upcoming Mars 2020 rover will 
land among olivine-carbonate rocks in Jezero crater. 

Recent Developments: The olivine-rich rocks that 
host carbonates throughout the Nili Fossae region, in-
cluding Jezero crater, likely originated as volcanic ash 
deposits [11]. They share notably similar spectral, 
morphological, and thermophysical characteristics with 
the Comanche outcrops and adjacent olivine-rich Al-
gonquin outcrops (Fig. 1), thus are interpreted to form 
through similar processes [12].  

 
Figure 1. Morphologic expression of olivine-rich, car-
bonate-bearing rocks in Columbia Hills (left; cropped 
color HiRISE PSP_009174_1650) and Jezero crater 
(right; ESP_022680_1985). Bouldery knobs and ridges 
amidst light-toned fractured bedrock and a lack of 
small craters are the morphologic hallmarks of this 
material. Scale bar applies to both scenes. 

A candidate origin for the carbonates in both loca-
tions involves dissolution of olivine by carbonic acid 
produced from water in contact with a thick CO2 at-
mosphere [e.g., 13]. Support for this scenario comes 
from recent results from the MAVEN mission, which
demonstrate that at least 0.8 bars of CO2 could have 
been lost from the Martian atmosphere over its history
[14]. As noted by [15], water in equilibrium with PCO2
= 1 bar produces carbonic acid with pH = 3.9, an effec-
tive solvent of mafic minerals like olivine that can lead 
to carbonate formation. Modeling of Comanche and 
Nili Fossae carbonates and their associated olivine-rich 
hosts supports this scenario [16]. 

We have initiated laboratory experiments to inves-
tigate the products of olivine alteration by carbonic 
acid. Although such investigations have been docu-
mented previously, we are not aware of any that pro-
duced infrared spectra for comparison to those from 
Mars. In an effort to achieve alteration in a short
amount of time, we used powdered olivine (<63 μm, 
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Fo90) and carbonic acid spiked with citric acid, which 
lowered the pH to 3.1 from the pH 5 starting carbonat-
ed water. Although citric acid has been identified in 
carbonaceous meteorites [17], we are not suggesting it 
occurs on Mars. Rather, it is known to enhance disso-
lution of olivine [18], thus serving to promote car-
bonate formation that might otherwise be kinetically 
slow. Two grams of powdered olivine was placed in a 
60 ml glass jar, which was filled with the carbonic acid 
solution, vigorously mixed, and allowed to react for 
~18 hours at ~23°C. Approximately 40 ml of solution 
was then decanted, allowing the remaining solution 
and solids to be mixed and poured into a shallow 5 cm 
diameter glass dish and allowed to evaporate. 

Infrared reflectance spectra spanning ~0.7 to 3.6 
μm were measured directly from the material coating 
the bottom of the glass dish. These were acquired us-
ing a Nicolet 6700 spectrometer configured with a 
quartz beamsplitter, PbSe detector, and custom exter-
nal reflectance apparatus illuminated with a quartz-
tungsten-halogen source. As shown in Fig. 2, the re-
sulting spectrum shows remarkably similar features to 
those obtained with the CRISM instrument for loca-
tions of the olivine-carbonate unit in Nili Fossae [7]. 
Reflectance minima at 2.3 and 2.5 μm are consistent 
with magnesite, and a strong minimum in the 1 μm 
region is attributable to olivine. Also notable are strong 
features near 1.9 μm and 3 μm that are present in the 
CRISM spectra, where they are attributed to a water-
bearing phase (or phases) [7]. 

 
Figure 2. CRISM spectra of the olivine-carbonate unit 
in Nili Fossae compared to a laboratory spectrum of 
Mg-rich olivine altered by a carbonic acid solution 
(red). Figure modified from [7]. 

 

Discussion: If the above experimental results can 
be replicated using materials and conditions that more 
accurately represent those of Mars at the time of car-
bonate formation, then they will demonstrate a viable 
alteration pathway that could have led to olivine-
carbonate rock units. Carbonic acid solutions produced 
from rainwater, snowmelt, or groundwater in commu-
nication with a relatively dense CO2 atmosphere, per-
colating through olivine-rich ash deposits, may be re-
sponsible for the olivine-carbonate rocks in Nili Fos-
sae, Columbia Hills, and perhaps elsewhere. Car-
bonates sequestered at depths sufficient to escape sub-
sequent dissolution could have ultimately been ex-
posed by erosion, producing the small and widely sep-
arated occurrences observed today. 

Conclusions: Carbonates have gone from specula-
tive components of the Martian crust, to confirmed 
trace components of Martian meteorites, and then to 
widespread and, in places, abundant components of the 
Martian regolith. A suite of observations demonstrate 
that the Comanche outcrops are comparable to the oli-
vine-carbonate rocks of the Nili Fossae region, perhaps 
originating from a similar set of geologic processes. 
This hypothesis is testable with the upcoming Mars 
2020 rover in Jezero crater, which hosts comparable 
olivine-carbonate materials. With in situ observations 
and returned samples, it should be possible to ascertain 
whether the carbonates originated from carbonic acid 
alteration of olivine-rich rocks or some other pro-
cess(es). The significance of carbonates as indicators 
of habitable conditions requires this assessment. 
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Introduction: The next planetary missions lead-

ed by NASA and ESA will land in Jezero crater and 
Oxia Planum respectively. One of the main objec-
tives of those missions is the astrobiological investi-
gation. This fact could help in the comprehension of 
the potential habitability of Martian surface [1, 2]. 

In the context of the planetary missions, the 
analyses of terrestrial Martian analogues becomes 
crucial for the proper understanding of the pro-
cesses that could happen both in the analogues and 
on Mars. Concretely, the study of organic molecules 
in this Martian analogues is of high importance 
since the existence of this type of molecules could 
evidence the presence of life during the history of 
Mars. 

In the present research work, samples from 
Enekuri emplacement were analysed. Enekuri 
outcrop is located in the Basque-Cantabrian Basin, 
near Bilbao (North Spain) and formed during Late 
Albian period [3]. This emplacement is 
characterized by its basaltic rocks of submarine 
volcanic origin and due to this fact it has been 
chosen as a possible Martian analogue, because the 
outcrop is between sedimentary layers, up and 
down of the volcanic remains. Thus, the Enekuri 
stratigraphy could be similar to the stratigraphy of 
some volcanic units at Jezero and Oxia Planum 
sites.  

For the characterization of the organic mole-
cules in the mentioned samples, ToF-SIMS (Time of 
Fligth-Secondary Ion Mass Spectrometry) was em-
ployed. Samples were analysed by rastering a 25 
keV Bi3

+ beam over a 200 μm2 area for 300 s. The 
analyses were performed in positive and negative 
mode at high mass resolution (bunched mode) and 
also over the same areas at high spatial resolution 
(burst alignment mode) for 600s.  

According to the obtained results it has been 
confirmed the presence of organic molecules. Apart 
from the inorganic fragments originated from 
silicates, organic fragments, in positive and negative 
mode, (nitrogen organic compunds above all) were 
identified in localized areas of the samples. In the 
positive mode fragment ions such as CH4N+ (m/z 
30), C2H6N+ (m/z 44) and C3H8N+ (m/z 58) can be 
observed. The negative mode is dominated by the 
CN- (m/z 26) and CNO- (m/z 42) fragments which 
could be related with the presence of aminoacids. 
As can be seen in Figure 1, the organic fragments 

have been found in very localized areas of the 
samples and in most of the cases, surrounded by 
inorganic ones.  

 
Figure 1. ToF-SIMS ion images of aluminium (Al+, 
m/z 27), one nitrogen organic fragment (CH4N+, 
m/z 30) and composite ion image (Al+ red and 
CH4N+ green). 
 

Due to the similar geological characteristics of 
Enekuri and Oxia Planum or Jezero crater basaltic 
outcrops, these findings are interesting since they 
can help in the comprehension of how organic 
compounds can be formed in this type of geological 
formations (whether they have a biological origin 
or not) and therefore, explain the existence of 
organic molecules related to life in the red planet. 
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Introduction:  SuperCam is high heritage instru-

ment successor of the very successful ChemCam [1]. It 
is part of Mars2020 payload, and will be working on 
the surface of Mars on early 202.  

ChemCam is an stand-off instrument that performs 
LIBS analyses and imaging of samples on the surface 
of the red planet on board Curiosity. For Mars2020, 
SuperCam incorporates more analytical techniques to 
analyze samples without contact. To LIBS, Laser In-
duced Breakdown Spectroscopy, SuperCam adds: 
plasma spark sound analysis, Time Resolved Raman 
Spectroscopy, Fluorescence spectroscopy, VISIR spec-
troscopy and color microimaging. With this complete 
suite of techniques SuperCam will be able to analyze 
morphology, elemental composition, molecular com-
position and textures of samples. This combination of 
information coming from different techniques will 
provide a full picture of the surface of Mars, but also 
represents a challenge from the point of view of cali-
bration, as each technique has different needs from a 
calibration point of view, and there is also the need of 
cross calibration among techniques. All this needs 
have been taken into account during the design of the 
SuperCam Calibration Target, SCCT. 

 
Fig. 1. Schematics of the different elements of the  

SCCT 
 

Design of the SCCT: The SCCT includes a total of 30 
samples divided as follows: twenty-two different sintered 
mineral samples intended to calibrate the chemometric anal-
yses performed by LIBS and Raman(2.x, 3.x, 4.x, 5.x); one 
organic sample to monitor the impact of the Martian condi-
tions or organic molecular groups with Raman spectroscopy 

(1.6); five reflectance standards provided by NBI in Den-
mark consisting on RGB (1.3 to 1.5) plus white (1.1) and 
dark (1.2) samples (all of these include a magnetic dust re-
moval system), for RMI and VISIR calibration; a diamond 
sample (1.6b) to calibrate Raman spectrometer response and 
Rayleigh position; a titanium plate (Ti) for wavelength cali-
bration and a geometric target (GT1 and GT2) including 
elements for RMI calibration. An additional element (MM), 
consists on a martian meteorite that serves as practice target, 
and in fact as an “inverse sample return”. 

The reflectance standards follow a design based on the 
magnetic experiment on pathfinder, using the ferromagnetic 
properties of the martian dust to keep clear these samples 
and providing more time of use. These samples will provide 
information about the dark current of the VISIR spectrome-
ter, the solar spectrum, or correct white balance for the Re-
mote Micro Imager (RMI), as well as calibration for the 
VISIR spectrometer.  

 
Fig. 2. Red reflectance standard with the magnet for 

dust protection 
 

The organic sample consists on a piece of  highly crystalline 
PET polymer, similar to the one used in Exomars RLS Cali-
bration Target [2].  

The mineral samples were provided from different labor-
atories on France, providing a sample of the relevant mineral 
groups and compositions. More candidates than the final 
selected samples were prepared, this final set that was in-
cluded in the Flying Model was selected in science meetings 
within the Calibration Target Science Group. The samples 
were crushed and then sintered to provide a hard disk able to 
survive the harsh mechanical environment of the travel to 
Mars, and at the same time this processing ensured the spa-
tial homogeneity of the samples. This homogeneity, as long 
as the composition and microstructure of the samples was 
characterized in Spain and France, using Raman imaging, 
imaging XRF [3], LIBS, Microprobe and ICPM [4]. Some 
changes in the micro structure of the samples was observed, 
but was expected, but the results allowed to have a set of 
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samples that will ensure a good chemometric calibration in 
the surface of Mars, and also good correlation of the Raman 
and LIBS techniques, as these two techniques will provide 
complementary information of the same point of the sample, 
making possible data fusion techniques between both data 
origins. 

While the wavelength calibration of the three spectrome-
ters in SuperCam will be done using LIBS lines from the 
titanium plate, which are fixed in wavelength, the Raman 
effect, and the therefore the Raman bands, are relative to the 
laser source. To characterize the status of this laser source 
and the center of its emission it is necessary to have a well 
known and fixed Raman band. This is provided byt the dia-
mond sample, that has a strong Raman band that is not sensi-
tive to pressure or temperature, the position in nanometers of 
this band will allow to monitor the real wavelength of the 
laser.  

The holder mechanical assembly of the SCCT is the 
structure on charge of keeping safe the samples from envi-
ronmental and mechanical environments, what is a challenge 
taking into account the different materials with very different 
thermal and mechanical properties. From the mechanical 
point of view one the greatest concerns of the design was the 
survival of the samples to the high level shocks environment 
during Mars landing (3500 g). For this means, each sample is 
mounted in an individual hole with a 8 mm window to be 
seen by the instrument, and fixed using a shock attenuation 
spring, that can deal with the different tolerances and thermal 
expansions of the samples while providing a good perfor-
mance in shocks mitigation through a huge range of com-
pression values. The passive reflectance standards include 
the same system, adequate to the higher mass of the magnet-
ic dust removal system.  

Status of the SCCT: The SCCT is the first subsystem of 
SuperCam delivered to JPL. Previous to this delivery several 
tests were done on the samples (additional to the characteri-
zation), as UV aging tests. And more tests were done on the 
assembled unit as part of the qualification process [5], and 
later the acceptance campaign. During these tests the SCCT 
faced random vibrations, quasistatic loads, 4.000 g py-
roshocks and thermal cycling going from -135 ºC to 115 ºC. 
All of what ensured its ability to survive not only to the trav-
el to Mars, but the mission time in its surface. 

Fig. 3. SCCT accommodation on the Rover  
 

The SCCT EQM (UVA) remains at this moment in Ma-
drid, stored at INTA, and its used during joint tests with the 
main subassemblies of SuperCam, the Mast Unit (IRAP) and 
the Body Unit (LANL). A full set of samples was provided 
at earlier stages of the project to LANL so they could be 
used for development and tests of the spectrometers. An 
Engineering Model is delivered to JPL to be included in the 
test bed rover that will roll over the Mars yard. The final two 
models delivered are the Flying model, delivered already to 
JPL and ready for assembly, and its twin Spare Unit, built at 
the same time, that is safely stored in clean conditions in 
Spain, in case it is requested. 

 
Fig. 4. SCCT FM fully assembled, prior to delivery
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The InSight lander carries a very sensitive magne-

tometer to measure the martian and lander magnetic 
fields so that the variation of this magnetic field can be 
decorrelated from the seismometer recordings if they 
are strong enough to be seen by the seismometer that 
has a slight sensitivity to magnetic fields. This is the 
first operating magnetometer on the Mars surface. The 
data are regularly transmitted at 0.2 Hz and stored on 
the spacecraft at 20 Hz for later transmission if needed. 
The range of the magnetometer is ±20,000 nT in each 
of the three directions. The sensors are oriented posi-
tive northward, positive eastward and positive down-
ward. It operates continuously day and night. The sig-
nal from 1 to 10 Hz (the Nyquist frequency of the 
magnetometer sampling) appears to have strong 
sources of spacecraft noise and have not been studied 
extensively at this time. 

The field at the InSight landing site is strong. 
Models of the martian magnetic field at the landing site 
based on orbital surveys ranged from 19 nT to -243 nT 
in the north direction, 350 nT to -25 nT in the east di-
rection, and -205 nT to -30 nT in the downward direc-
tion, for an average of (-70, 97, -154) nT. The InSight 
measurements in this coordinate system are much 
greater than this value. This field is aligned within 27° 
of the average extrapolated magnetic field from the 
five models that have been published on the analyses 
of the measured fields from Mars orbiters. This result 
is to be expected if the surface of Mars is strongly 
magnetized. The InSight field is probably the leakage 
flux from excavated or demagnetized regions of this 
magnetized crust. These leakage fields should be 
roughly aligned with the magnetization in the crustal 
rocks and be strongest near excavated or degmagnet-
ized regions while the orbital measurements will not 
sense the small-scale “leakage” fields and therefore 
report weaker average fields. While the surface field at 
InSight is much stronger than the field at high alti-
tudes, it is very consistent in direction with the high 
altitude data. 

During daylight conditions, ionospheric currents 
are sensed. These vary from day to day and are close to 
the expected amplitude. At this writing, it is too early 
to determine if the annual change in the solar zenith 
angle due to the rotation axis tilt and the change in the 
heliocentric distance of Mars affect the ionospheric 

currents. However, the variation from day to day sug-
gests that upper atmospheric weather plays a role. 

During nighttime conditions near midnight local 
time, long pulsation trains are occasionally detected in 
the magnetic field. These can last as long as two hours 
and have wave periods of longer than 1 minute. These 
signals are strongest in the north-south direction and 
least in the vertical component. 

Vortical wind disturbances are seen at the InSight 
lander as a pressure drop of up to several Pa. Examina-
tion of the magnetic records shows no influence of 
these vortical winds on the magnetic readings. 

These measurements have important implications 
for future Mars exploration. The ionospheric currents 
and the wavetrains seen near midnight may enable 
future electromagnetic sounding of the martian interi-
or. These can be implemented with geomagnetic arrays 
or rovers. The strong magnetization seen in the surface 
rocks indicates that much can be learned about the 
dynamics of the crust from magnetometers carried on 
rovers. We strongly encourage a cross-disciplinary 
approach to studying the surface of Mars. Mars mag-
netization could revolutionize our understanding of the 
emplacement of the crust of Mars in much the same 
way as the magnetic surveys of the Earth’s oceans 
have revolutionized our understanding of terrestrial 
tectonics. 
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Fig. 1.  A geomorphic and spectrally validated map of 
Jezero crater (modified from [1], Fig. 4c).  Interior 
labels refer to figures in [1]. 
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Introduction:  Jezero crater, Mars, will be the land-

ing site for NASA’s next Mars rover to launch in 2020.  
Of particular interest for in situ exploration are the del-
taic deposits associated with two inlet valleys, car-
bonate-bearing deposits underlying an unaltered mafic 
capping unit, and a variety of geologic and composi-
tional units representative of the Noachian crust ex-
posed along the western margin of the large Isidis im-
pact basin [1-4].  The diversity of compositional units 
representing a wide range of geologic processes make 
this site a compelling location for in situ exploration.  
Here we summarize the visible/near-infrared (VNIR) 
and thermal infrared (TIR) studies that have been per-
formed on this region of interest, discuss ongoing and 
future work involving orbital analyses, and highlight the 
need for spectral validation using the Mars 2020 rover. 

Geologic Setting:  Jezero is a ~45 km diameter im-
pact crater located along the western margin of the 
~1,900 km diameter Isidis basin, one of the youngest 
impact basins on Mars [5-7], which impacted into the 
ancient crustal dichotomy boundary.  Jezero crater hosts 
two eroded deltaic deposits along its western and north-
ern interior walls, which were sourced from a watershed 
of ~30,700 km2 that extends to the west of the crater 
towards the Nili Fossae [1].  These deltaic deposits sug-
gest the presence of a paleolake within Jezero during 
their formation, a hypothesis supported by the presence 
of an outlet channel, which also helps to estimate water 
depths [2] (Fig. 1).  The western deltaic deposit is the 
better preserved of the two, with intact distributary 
channels, point bar lateral accretion packages, and fore-
set and bottomset strata preserved at the distal margin 
[4,8].  Estimates for the duration of fluvial activity 
through the Jezero deltas range from 100 – 107 years 
[2,4,9,10].  The Jezero watershed encompasses a range 
of geologic materials emplaced prior to, during, and 
following the Isidis impact event.  These materials rep-
resent a diversity of Noachian- and Hesperian-aged 
materials that originated at a variety of depths within the 
martian crust [1,11], making this geologic mélange a 
compelling region for in situ exploration. 

TIR Spectroscopy (Fig. 2a): TIR emission spec-
troscopy is sensitive to the vibrational modes of most 
common rock-forming minerals, including silicates, 
carbonates, sulfates, and oxides.  TIR spectral investiga-
tions were the first to identify spectrally diagnostic geo-
logic units in the vicinity of Jezero crater with the iden-
tification of widespread enrichments of olivine [12,13].  
At the 3x6 km spatial resolution of the Thermal Emis-

sion Spectrometer (TES) instrument [14], surfaces in 
the Jezero watershed and within the crater itself were 
found to be primarily basaltic in composition with vary-
ing amounts of mafic (olivine) and alteration (car-
bonates, phyllosilicates) phases that do not vary much 
in abundance by more than ~15% between each unit 
[15,16].  At the 100 m resolution of the Thermal Emis-
sion Imaging System (THEMIS) instrument [17], both 
carbonate and olivine have been detected at abundances 
≥ 20% in this region [16,18], suggesting that greater 
abundances of both primary and secondary phases can 
be observed with improved spatial resolution. 

Information regarding the thermophysical character 
of geologic surfaces have also been deduced using TIR 
data.  Thermal inertia, or the resistance of a material to 
changing temperature, can be assessed through investi-
gation of diurnal temperature variations, with small 
changes in temperature indicating high thermal inertias 
and vice versa.  Thermal inertias in the vicinity of 
Jezero crater were found to vary between ~200 and 500 
J m-2 K-1 s-0.5, which is consistent with effective particle 
sizes ranging between 100 μm and > 1 mm [18,19]. 

VNIR Spectroscopy (Fig. 2b): VNIR reflectance 
spectroscopy is sensitive to electronic and vibrational 
absorption features associated with both primary and 
secondary mineral phases.  VNIR spectral data from the 
Observatoire pour la Minéralogie, l’Eau, les Glaces et 
l’Activité (OMEGA) [20] and the Compact Reconnais-
sance Imaging Spectrometer for Mars (CRISM) [21] 
were pivotal in characterizing the full range of spectral 
and, hence, compositional variability in the vicinity of 
and within Jezero crater [1,3,18,22-26].  The Jezero 
watershed is cluttered with spectrally diagnostic ter-
rains, ranging from unaltered basalts from the Syrtis 
Major volcanic province, to fractured bedrock olivine- 
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Fig. 2.  Representative TIR (a) [17] and VNIR (b) [1] 
spectra from Jezero crater and watershed.  TIR 
modeled results are also shown as thin green lines. 

and carbonate-bearing plains, to heavily eroded Fe/Mg-
smectite-bearing basement terrains. 

Jezero crater itself exhibits spectral signatures that 
encompass the full range of those identified within its 
watershed [1].  The lowermost unit within the crater is 
the olivine- and carbonate-bearing light-toned floor 
unit, which is overlain by an unaltered mafic floor unit.  
The western Jezero delta shows evidence for both smec-
tites and carbonates, and the inner margins of the crater 
also exhibit evidence for carbonates.  These marginal 
carbonates are hypothesized to be genetically related to 
the carbonate-bearing mottled terrain in the surrounding 
watershed, which would shed light on the formation and 
emplacement processes of these units. 

Ongoing & Future Work: Improved spectral anal-
ysis methods are ongoing to identify minor spectral 
phases and to further constrain mineral abundances 
throughout the region.  For example, Hapke modeling, 
Discrete Ordinate Radiative Transfer (DISORT) model-
ing, and factor analysis and target transformation 
(FATT) techniques [27] are all being implemented to 
test the mode of formation of the carbonate-bearing 
lithologies in and around Jezero crater, as determining 
the co-occurrences and abundances of minor phases is 
essential towards understanding modes of formation. 

Furthermore, the Mastcam-Z [28] and SuperCam 
[29] instruments onboard the Mars 2020 rover will pro-
vide critical VNIR spectral information to validate or-
bital data and improve unmixing models by identifying 
and characterizing spectral endmembers.  The Mars 
2020 rover provides us with a unique opportunity to 
validate past, current, and future remote sensing da-
tasets through contemporaneous and synergistic surface 
characterization, well-planned spectral observations, 
and the selection of appropriate samples for caching and 
eventual return to Earth.  
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(2012), PSS 67, 28-45. [5] Nimmo & Tanaka (2005), Ann. Rev. 
Earth & Space Sci. 33, 133-161. [6] Werner (2006), Icarus 195, 
45-60. [7] Fassett & Head (2011), Icarus 211, 1204-1214. [8] 
Goudge et al. (2017), EPSL 458, 357-365. [9] Kleinhans et al. 
(2010), EPSL 294, 378-392. [10] Mangold et al. (2018), 4th Mars 
Landing Site Wkshp. [11] Mustard et al. (2007), JGR-P 112, 
10.1029/2006JE002834. [12] Hoefen et al. (2003), Science 302, 
627-630. [13] Hamilton & Christensen (2005), Geology 33, 433-
436. [14] Christensen et al. (2001), JGR 106, 23823-23871. [15] 
Michalski et al. (2010), Icarus 206, 269-289. [16] Salvatore et al. 
(2018), Icarus 301, 76-96. [17] Christensen et al. (2004), SSR 
110, 85-130. [18] Edwards & Ehlmann (2015), Geology 43, 863-
866. [19] Bramble et al. (2017), Icarus 293, 66-93. [20] Bibring et 
al. (2006), Science 312, 400-404. [21] Murchie et al. (2007), JGR 
112, 10.1029/2006JE002682. [22] Mustard et al. (2007), JGR 

112, 10.1029/2006JE002834. [23] Mangold et al. (2007), JGR 
112, 10.1029/2006JE002835. [24] Mustard et al. (2009), JGR 
114, 10.1029/2009JE003349. [25] Ehlmann et al. (2009), JGR 
114, 10.1029/2009JE003339. [26] Ehlmann & Mustard (2012), 
GRL 39, 10.1029/2012GL051594. [27] Liu et al. (2016), JGR 
121, 2004-2036. [28] Bell et al. (2014), IMP-2014, 1151. [29] 
Wiens et al. (2017), Spectroscopy 32, 50-55. 

6264.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



6246.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



6246.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



INITIAL RESULTS OF A RE-ANALYSIS OF THE 1976 MARS OCCULTATION OF EPSILON 
GEMINORUM. W. R. Saunders1, M. J. Person2, and P. Withers1, 1Department of Astronomy, Boston University 
(wsaund@bu.edu), 2Department of Earth, Atmospheric, and Planetary Sciences, Massachusetts Institute of 
Technology (MIT). 
 

 
Introduction: Stellar occultations have been used 

for decades to measure properties of neutral 
atmospheres of terrestrial planets, giant planets, icy 
bodies, and minor planets. Stellar occultations require 
an alignment of a star with a solar system body along 
the line of sight to Earth, which means targets can be 
predicted but not selected. One of the most fortuitous 
occultations was of Geminorum by Mars on April 8, 
1976 that remains the brightest stellar occultation of 
Mars to date.  

This occultation was observed by NASA’s Kuiper 
Airborne Observatory in three bands with 4 ms time 
resolution. The original analysis of the resulting 
immersion and emersion light curves was published in 
1977 [1], shortly after the arrival of the Viking 1 probe 
at Mars. Here we present preliminary results of a re-
analysis effort of the Gem occultation, employing 
modern computational techniques and interpretation in 
the context of recent discoveries about the Martian 
atmosphere. 

Motivation and Aims: The methods used in the 
original work [1] to determine atmosphere profile based 
on immersion and emersion light curves make 
assumptions to limit necessary computational 
resources. Analytical expressions [1, 2] were favored 
over exact solutions, which is no longer a requirement 
given the advancement of robust computing over the 
past few decades. These simplifications are particularly 
evident in the error analysis of the original work, which  
uses assumptions about correlated variables to 
propagate error [1]. We aim to reproduce this analysis 
without these assumptions. 

Additionally, the original work took 4 ms time 
resolution data but binned it to 0.1 s resolution in order 
to reduce noise and decrease computation time [1]. This 
binning is no longer necessary and we aim to analyze 
the full resolution dataset in order to produce vertical 
resolution in temperature, density, and pressure profiles 
of the Martian atmosphere. 

Furthermore, we aim to interpret the results of our 
re-analysis in the context of the many orbital remote 
sensing measurements of Mars that have occurred in 
the decades since these data were taken. 

Methods: We follow the method outlined in the 
original work, first normalizing and scaling measured 
intensity from one at pre-occultation baseline to zero 
during occultation [1]. We integrate time resolution into 

altitude resolution of occultation ray penetration depth 
and into differential refraction as. The differential 
refraction is then inverted following the procedure of 
the original work to determine scale height, neutral 
number density, and pressure as a function of altitude 
[1]. Error is carefully propagated by taking partial 
derivatives at each integration step.  

We present the Martian atmosphere profiles we 
obtained in comparison to those obtained by the 
original work [1].  

References: 
[1] J. L. Elliot et al. (1977) ApJ, 217, 661-679. 
[2] R. G. French, J. L. Elliot, and P. J. Gierasch 

(1978) Icarus, 33, 186-202.  
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REMANANT OF EARLY NOACHIAN CRUST ON MARS FROM MARTIAN METEORITES, IN SITU 
AND REMOTE SENSING DATA. Sautter1, V. Payre2, D. Baratoux3, M. Toplis3, A. Cousin3 , S. Bouley4, P. 
Beck5, L. Krämer Rugiu6 .1IMPMC-Sorbonnne Université (61 rue Buffon, 75231 Paris France, vio-
laine.sautter@mnhn.fr), 2Rice University (USA) ,3IRAP (France), 4GEOPS, 5IPAG (France), 6CEREGE (France). 

 
Introduction:  Mars’ Southern hemisphere is older, 
and higher in elevation by 6 km compared to the 
Northern plains. This dichotomy was formed between 
4.5 and 4 Gyr ago (1). The Moon and the Earth show a 
wide diversity of crustal components (e.g, mare basalt 
and anorthosite crust on the Moon, basaltic oceanic or 
andesitic continental crust on Earth) and the topogra-
phy of these two bodies may be correlated with the 
composition of the crust (isostatic compensation). In 
contrast, most of the known crustal materials from 
Mars - Martian meteorites collection, and in-situ and 
remote sensing observations, are uniformly basaltic in 
composition. In this context, the higher elevation in the 
southern hemisphere should be isostatically compen-
sated by a thicker crust (> 100 km) (3). Such a thick 
crust appears to be inconsistent with the geoid-
topography ratio and geochemical mass-balance of 
heat–producing elements (K and Th) present in the 
crust (4). In addition, the elevated density of iron-rich 
Martian basalts is incompatible with the inferred aver-
age density of an exclusively mafic crust (5). The sim-
plistic vision of “a basaltic world” has been chal-
lenged, and a light felsic crustal component, buried 
beneath subsequent basaltic materials over the Noachi-
an southern highland has been inferred to reduce the 
average crustal density to a value < 3,1 g/cm3. Here, 
we review evidences for low density igneous rocks 
recognized so far in the ancient southern hemisphere 
from Martian meteorites, in situ data and orbiting spec-
trometers, and we discuss the significance of these 
observations for the lateral extension and volume of 
the low density crustal component(s).  
Orbital datasets: Elemental and mineralogical infor-
mation retrieved from gamma ray and visible to infra-
red data sets indicate that exposed surface material is 
spatially dominated by basaltic compositions (5).  
However, the dust cover and secondary coatings ob-
scure the signature of primary rocks whereas feldspar 
and quartz are spectrally neutral in the VNIR domain. 
Despite these difficulties, overlying the Si, Fe, K, Th 
maps (Fig 1) with that of geological units (6) reveals 
that six distinct regions enriched in incompatible ele-
ments K > 0.38 wt. %, Th > 0.57 ppm and depleted in 
Fe (Fe < 15.4 wt. %) are present in the southern hemi-
sphere. Together, these areas form 2.9 % of the South-
ern hemisphere, or 2 % of the Noachian terrains. Con-
sidering the coarse spatial resolution of these chemical 
maps, the interpretation of these elevated concentra-
tions are ambiguous. Do they represent sedimentary 
rocks or regional exposure of igneous rocks, or a com-
bination of these materials ? 
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Fig.1 Simplified geological map from (6). Si- K- Th- relative-
ly rich areas hatched in yellow. Stars indicate Noachian 
terrains with remotely detected feldspar-rich rocks (CRISM, 
TES)                                                                  

Meteorites: Only 2 specimens out of more than 150 
SNC meteorites are  Noachian (> 3.7 Gyrs): an ortho-
pyroxenite (ALH8400) and a regolith breccia (several 
paired stones including NWA7033/7533/7445) (7). 
The latter is the first polymict breccia from Mars rep-
resentative of the heavily cratered ancient surface of 
the southern hemisphere. Zircons found within lithic 
clasts dated at 4.43 Ga make them the oldest materials 
currently described from Mars. These breccias consist 
of a mixture of igneous coarse-grained clasts including 
up to 0.30 % of felsic (trachy-andesites, trachytes and 
monzonites strikingly enriched in K, Rb, Ba and Th-
rich compared to SNC meteorites) materials, together 
with mafic olivine–free clasts, monomineralic frag-
ments (pyroxenes and feldspars), and clast laden im-
pact melts in a fine-grained crystalline matrix. High Ni 
and PGE concentrations measured in this breccia argue 
for at least 5% of a chondritic impactor. The evolved 
lithologies probably resulted from the differentiation of 
an ancient crust re-melted by a large impact, likely 
producing a melt sheet 4.428 Ga ago (7). More recent 
high precision-Pb ages and unradiogenic initial Hf-
isotope compositions on zircons from NWA 7034, 
record an enriched andesitic-like crust extracted from a 
primitive mantle no later than 4.547 Ga ago (8). This 
would be the first evidence for an early evolved ande-
sitic crust on Mars formed as early as 20 Myr after 
solar system formation.                                                                         
In situ igneous ancient materials: Pathfinder ana-
lyzed 5 igneous rocks in Ares Vallis potentially from 
late Noachian to early Hesperian time, that were Si-
rich and alkali-poor (SiO2 ~ 57.7 +/- 1.7 wt. % ; 
Na2O+K2O ~ 5.3 +/- 0.7 wt. %) identified as andesites 
(10) or altered basalt (9,10). At Gusev crater, the MER 
rover identified an evolved alkali-rich lithology at Co-
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lumbia Hills that could represent a central uplift of 
older Noachian crater floor (11). At Gale crater, the 
Chemcam instrument analyzed 180 igneous rocks 
along a 20 km rover traverse (12, 13). They form 2 
unexpected magmatic suites including five groups of 
rocks: an alkaline trend gathering basalts, basanites, 
gabbros, norites, trachy-andesites, and trachytes that 
are likely the source of sanidines in the Kimberley 
sedimentary formation (14), and a sub-alkaline trend 
including diorites and quartzo-diorites (Fig.2). As a 
whole, exploration by in-situ rovers describes 2 igne-
ous series, an alkaline one (Colombia Hills, Gale) and 
a sub-alkaline suite including potential andesites (Ares 
Vallis, Gale). These different datasets, point to the 
genesis of various types of evolved rocks during the 
Noachian era with variable Na+K/Si. 

           

Fig.2 Total alkali vs. SiO2 of in-situ data, SNC and the Mar-
tian breccia.                                                                                                  

Discussion: The data presented above point to a com-
plex picture of the Noachian magmatism with unex-
pected petrological diversity, including low density 
felsic rocks. Orbital data indicate occurrences of felsic 
rocks at localities distant by hundreds of km, isolated 
within spatially dominant mafic/basaltic terranes. 
Whether representing a buried ancient evolved crust or 
localized plutons, they point to lateral extension of 
felsic materials within the southern hemisphere. Sparse 
samplings corresponding to the meteorite breccia and 
in-situ data have amply shown that the Noachian crust 
is more complex than previously thought with 2 unre-
lated types of evolved compositions (andesitic sub-
alkaline and alkali-rich) not necessarily contemporane-
ous. Regarding the sub-alkaline compositions (Ares 
Vallis and Gale), if these findings scattered across 
Mars’ southern hemisphere are associated in time, they 
would indicate a common andesitic early crust that 
could correspond to that extracted from primitive Mar-
tian mantle no longer than 4.547 Ga, ago (i.e., only 20 
My after solar system formation) as inferred by analy-
sis of NWA 7034. Interestingly, alkali igneous clasts 
and interclast matrix within the NWA 7533 look like 
fragments of the felsic alkali-rich rocks from Gale 
crater (15). While the evolved lithologies found in the 

meteorite breccia were formed 4.43 Ga ago by differ-
entiation and fractional crystallization within an impact 
melt sheet, reworking the andesitic 4.547 Ga old proto-
crust (8), the alkaline rocks from Gale crater have been 
formed by fractional crystallization of a basaltic melt 
(16) potentially coming from an impact or partial melt-
ing of primitive mantle (17). Such alkali-rich litholo-
gies have been never observed in Amazonian sher-
gottites, which are olivine basalts similarly to  materi-
als detected from orbit in Hesperian and Amazonian 
lava flows covering the southern hemisphere (18). 
Note that within this large data set (meteorites and in 
situ data) plagioclase compositions range from oligo-
clase to andesine precluding anorthositic rocks ob-
served in the lunar highlands’ primitive crust (19).                                  
Conclusion: The occurrence of a dozen felsic widely 
scattered early Noachian-aged exposures in the South-
ern hemisphere of Mars, along with the identification 
of felsic materials in Gale crater and in ancient Martian 
meteorite breccias, suggests a lateral extension of fel-
sic materials, and a regional to global significance of 
these local observations. These felsic areas may be rare 
exposures of an extensive ancient andesitic crust deep-
ly impacted during heavy bombardment early in Noa-
chian and later buried under Hesperian and Amazonian 
basaltic volcanism. This would solve the paradox con-
cerning the average crustal density that is too dense to 
be purely basaltic (g>3,1 g.cm-3) considering the densi-
ty required by geophysical models (between 2,7 and 
3,1 g.cm-3 for a crustal thickness around 60km in the 
southern hemisphere). This conclusion is in agreement 
with (5) that explained this discrepancy by buried early 
felsic crustal materials. If Mars surface is essentially 
basaltic, its crust is possibly far from being uniform in 
composition, like the Earth crust, but with no evidence 
for a lunar-like anorthositic flotation crust. A more 
comprehensive representation of the different compo-
nents of the Martian crust, and their respective vol-
umes will hopefully emerge from the analysis of In-
Sight data.  
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et al. (2014) JGR 119, 1707-1727 [6] Tanaka  et al. (2014)  
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586, 586-589[9] Foley et al. (2003) JGR 108, [10] McSween 
et al. (2003) JGR, 108 [11] McCoy et al. (2008) JGR 113 
[12] Sautter et al. 2015, Nature Geoscience, 8, 605-608 [13] 
Cousin et al. (2017) Icarus, 288, 265-283 [14] Le Deit et al. 
JGR 118, 2439-2473 [15] Sautter et al. (2016) Lithos,254-
255,36-52 [16] Udry et al. 2018 JGR 119, 1-18 [17] Payré et 
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Fig. 1: (A-H) Geological units of the Noachian Basement in HiRISE. (I) Schematic relative stratigraphy of the Noa-
chian Basement units. Questions marks note contacts that are not well-exposed in the study area.   
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[8] Osinski, G. R. et al. (2011) Earth and Planetary Science, 310, 167-
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M. H. (2016) Icarus, 273, 146-163. [12] Johnson, B. C. (2016) Sci-
ence, 354, 441-444. Ehlmann, B. L. et al. (2011) Nature, 479, 53-60.

Fig. 2: (A) CRISM spectra of 6 different megabreccia blocks that have similar spectral characteristics to LCP and Fe/Mg-smectite. (B) Band pro-
files from yellow (C), blue (D), beige (E), and purple (F) colored megabreccia in HiRISE color. Angle, area, and slope refer to HiRISE color param-
eterization calculations. (G) 2D-histograms of HiRISE color angle and IR/BG ratios for all analyzed megabreccia from 8 HiRISE images and pixels 
of Noachian Basement and the Olivine-carb. Unit[2-4] from 3 HiRISE images within the same region.  
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Aurora on Mars.  N. M. Schneider1, S.K. Jain1, J. Deighan1, A. Hughes2, M. Chaffin1 and the IUVS Science 
Team, 1LASP, 3665 Discovery Dr., Boulder CO, 80303 (nick.schneider@lasp.colorado.edu), 2Department of 
Physical Sciences, Embry-Riddle Aeronautical University, Daytona Beach, FL 

 
Introduction:  Mars’ lack of a global magnetic 

field led to low expectations for auroral phenomena 
on the planet, but MAVEN observations have shown 
auroral activity to be frequent, diverse in nature, and 
often global in scope.  Figure 1 below shows three 
fundamentally different types of aurora on Mars. Iron-
ically, Mars’ lack of a global field is actually respon-
sible for most of the activity, which leads to a new 
perspective for non-magnetized objects in our solar 
system and beyond. 

Each of the three types of aurora is a tracer of a 
different important process involving the interaction 
between solar influences and the near-Mars magnetic 
and charged particle environment. Below we describe 
observations by MAVEN’s Imaging UltraViolet Spec-
trograph (IUVS) of the three known  types of aurora 
and the insights they offer.  

Discrete Aurora:  Discrete auroras were detected 
in regions of strong crustal magnetic fields by the 
SPICAM instrument on the European Space Agency’s 
Mars Express orbiter [1,2,3]. The emission appeared 
in patches that were tens of kilometers across at alti-
tudes around 130 km. Further analysis revealed a total 
of 20 instances of auroral patches during 10 years of 
intermittent SPICAM observations [4]. Auroral exci-
tation was attributed to the precipitation of electrons, 

typically ~100 eV - 1 keV, most likely accelerated 
locally by parallel electric fields analogous to Earth’s 
discrete aurora [3].  

MAVEN/IUVS detected discrete aurora under 
comparable conditions, and has obtained the first im-
ages of the phenomenon (Figure 1, center, [5]). The 
occurrences mapped to locations within the crustal 
magnetic field regions where the probability of open 
field lines was high. The relatively small number of 
detections of discrete aurora is a combination of the 
rarity of favorable instrument pointing and the inter-
mittent nature of the phenomenon. 

Diffuse Aurora:  MAVEN/IUVS discovered that 
the entire visible nightside of Mars can be engulfed in 
auroral emissions [6].  Figure 1 (left) shows a detec-
tion in imaging mode. The phenomenon can also be 
studied in limb scan mode, which revealed that solar 
energetic particles penetrated down to ~60 km alti-
tude. Contemporaneous MAVEN/SEP observations of 
electrons up to 200 keV confirmed the correlation 
with solar activity. Some diffuse aurora events have 
been observed to last for days during extended solar 
events. Particle energies appear to be high enough 
that crustal magnetic fields have little impact on the 
electrons’ access to the atmosphere. 

    

 
 
Figure 1. Three types of aurora on Mars, as observed by the Imaging UltraViolet Spectrograph on MAVEN. Each 
is diagnostic of a specific interaction between solar influences and Mars’ magnetic and plasma environment. 
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Proton Aurora:  Proton aurora is a distinct class 

of auroral phenomena caused by energetic protons 
from the solar wind precipitating into a planetary 
atmosphere. The defining observational signature is 
atomic hydrogen emissions from the precipitating 
particles after they are neutralized through charge 
exchange. Prior to MAVEN, proton aurora had only 
been observed at Earth.  

MAVEN/IUVS discovered proton aurora by ob-
serving transient brightenings of upper atmospheric 
hydrogen Lyman-α emission across the Martian day-
side correlated with solar wind activity [7]; Figure 1 
(right). The phenomena is enhanced when the solar 
wind is strong and the abundance of atomic hydro-
gen in the corona is high. The latter circumstance 
occurs in southern hemisphere summer when the 
supply of hydrogen to the corona is higher [8]. Pro-
ton aurora appear to be the most common form oc-
curring at Mars. A detailed analysis of proton aurora 
will be presented by Hughes et al. [this conference].  
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Introduction:  Mars provides the necessary condi-

tions for exogenic rock (meteorite) accumulation and 
preservation, and finding meteorites on Mars has been 
predicted [1]. The Mars Exploration Rovers (MER), 
Spirit and Opportunity, are the first to find and charac-
terize such meteorites [2-4]. Among those meteorites is 
the IAB iron complex meteorite Meridiani Planum 
a.k.a. Heat Shield Rock [2,4] (Fig. 1), the first meteor-
ite on Mars that was officially recognized in the 
MetSoc meteorite database. Heat Shield Rock was the 
first in a suite of several irons of similar composition 
found across the Meridiani Plains during Opportunity’s 
extended traverses. Besides iron meteorites, Opportuni-
ty also identified several stony meteorites (Fig. 2) with 
a composition approaching HED achondrites or poten-
tially the silicate fraction of mesosiderite stony irons 
[2,3], and one putative (based on weathering pattern) 
but unconfirmed chondritic candidate [5]. The Mars 
Science Laboratory (MSL) rover Curiosity has since 
found additional meteorites, most of them irons [6] but 
also identified more chondrite candidates [7]. The cur-
rent tally of confirmed and candidate meteorite finds 
on Mars stands at 45, ~80% of which are irons. Future 
missions such as the NASA Mars 2020 and the ESA 
ExoMars rovers will add to this tally further. Im-
portantly, these meteorites provide new tools to study 
atmosphere and surface processes on the Red Planet. 
Here we review insights gained about Mars from their 
study. 
Atmospheric Density:  Meteorite accumulation rates 
and average size of meteorite fragments is to first order 
a function of the density of the atmosphere [1,8]. Mars’ 
atmosphere must have been denser in the past to allow 
for liquid water on the surface, and its density varies in 
response to obliquity changes. For example, the large 
size of the iron meteorite Block Island has been used to 
argue that this meteorite must have fallen at a time 
when the atmosphere was at least an order of magni-
tude denser, possibly even during the Noachian period 
[9]. Others argue, however, that under shallower, low-
er-probability entry angles, Block Island could have 
landed at current atmospheric densities [10]. The iron 
meteorite Lebanon discovered by MSL is even larger 
and more massive than Block Island though [11], and 
makes the presence of a denser atmosphere during its 
fall more likely. A systematic study of certain fragment 
size populations could thus reveal evidence of past 
Martian climates [12]. The NASA InSight mission may 

help provide information on hypervelocity arrival of 
meteoritic materials in the smaller diameter range [13].  
 

 
Fig. 1. The iron meteorite Meridiani Planum displays a 
highly reflective surface and measures ~31 cm across. 
Approximate true color Pancam image acquired on sol 

346. 
 

 

 

Fig. 2. Santorini is one of the stony meteorites discov-
ered with Mars Exploration Rover Opportunity and 

measures ~8 cm in its longest dimension. Pancam false 
color image acquired on sol 1713. 
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Transport Processes:  The Curiosity rover during 
its ascent of Mount Sharp in Gale crater has identified 
a cluster of iron meteorites on Vera Rubin Ridge 
[14,15]. These turned out to be chemically distinct and 
therefore do not represent paired fragments of a larger 
impactor but independent falls. This alone is a signifi-
cant finding for meteorites located close to each other, 
and suggests either some kind of transport process 
which led to their accumulation on Vera Rubin Ridge 
[14,15], or simply speaks to high preferential preserva-
tion bias for irons over time in this locale. It may also 
be trying to tell us something about the flux of meteor-
ite falls in Mars space.  

Atmosphere-Surface Interactions (Weathering):  
Iron meteorites obviously, but also many stony meteor-
ite groups (including ordinary chondrites), contain me-
tallic iron. This makes them sensitive tracers of any 
presence of water [16]. All of the iron meteorites dis-
covered on Mars so far have been identified in the vis-
ible and mid-infrared by the metallic glint or reflec-
tions of sky spectra and don’t show any widespread 
signs of rust formation (Fig. 1). Some of them do, 
however, display patches of coating that is associated 
with iron oxidation [2-4,17]. This coating might have 
been formed from water exposure during periods of 
burial or from ice exposure during high obliquity cy-
cling, and is abraded when exposed [4]. Iron oxide 
production is thus slower than wind abrasion, betraying 
the extremely arid conditions on current Mars, and 
both of these processes are orders of magnitude slower 
than the equivalent processes on Earth. Ample evi-
dence of acidic corrosion, in addition to oxide produc-
tion, is also found within the Meridiani iron suite, and 
remains to be fully understood in its implications for 
the chemical weathering history of this landing site [4]. 
Stony meteorites weather differently. Higher porosity 
allows water to penetrate deeper between mineral grain 
boundaries and they tend to weather from the inside 
out. The iron oxidation or chemical weathering rate of 
stony meteorites discovered by MER Opportunity has 
been determined to be 1-4 orders of magnitude slower 
than the Antarctic weathering rate of similar materials 
[18]. This can be translated into weathering rates for 
other rock types by studying such rocks in other envi-
ronments where meteorite weathering rates have been 
determined [19-21].  

In addition to mineral-water interactions, the 
uniquely malleable iron-nickel materials in these rocks 
have proven useful for exploring the effects of physical 
weathering. Examples of flutings, oriented scallops, 
enlargement of hollows, anomalous sculpting features, 
and cavernous excavations are attributed in part to 
wind-blown sand (likely in concert with acidic corro-
sion) [e.g., 4]. These and other features are currently 

being explored using terrestrial analogues and recently 
generated digital data products [22]. 

Conclusions:  Meteorite finds on Mars provide 
new tools to study its atmosphere and surface process-
es. Future missions can rely on coming across more 
meteorites. Significant geochemical, isotopic, and even 
microbial arguments outside the scope of this abstract 
strongly suggest that a formal discussion is warranted 
to weigh the pros and cons for considering a well-
chosen chondritic (not metallic) meteorite sample or its 
weathered debris for Mars Sample Return [23-26]. 
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TRANSIENT 2D AND 3D LIBS PLASMA ANALYSIS FOR AN IMPROVED UNDERSTANDING OF LIBS 
DATA OBTAINED ON MARS.  S. Schröder1,2, D.S. Vogt1, K. Rammelkamp1, P.B. Hansen1, S. Kubitza1, S. 
Frohmann1, H.-W. Hübers1,3, 1Deutsches Zentrum für Luft- und Raumfahrt (DLR), Institut für Optische Sensorsys-
teme, Berlin, Germany. 2Institut de Recherche en Astrophysique et Planétologie (IRAP), Toulouse, France. 
3Humboldt-Universität zu Berlin, Institut für Physik, Berlin, Germany. (Susanne.Schroeder [at] dlr.de). 

 
Introduction:  Laser-Induced Breakdown Spec-

troscopy (LIBS) permits rapid in-situ multi-elemental 
analysis without sample preparation and only optical 
access to the sample of interest. LIBS has already been 
proven to be a very useful technique for in-situ geo-
chemical analysis of the surface of Mars with the first 
extraterrestrially employed LIBS instrument ChemCam 
[1,2,3] onboard Curiosity that landed in August 2012. 
More LIBS instruments are currently being prepared to 
follow. The success of ChemCam has led to the selec-
tion of the enhanced SuperCam instrument suite [4] for 
the NASA Mars 2020 rover. SuperCam will again have 
a telescopic LIBS system for remote analysis up to 
several meters away from the rover. SuperCam will 
have the added capabilities of complementary Raman 
spectroscopy, time-resolved fluorescence spectroscopy, 
and visible and infrared reflectance spectroscopy, and 
have a color micro-imager for context information as 
well as a microphone to support the LIBS analysis of 
the martian targets [4,5,6]. For the latter, the acoustic 
wave that is emitted with the pressure shock wave of 
the LIBS plasma can give insight on material proper-
ties and laser-matter interaction that could be further 
used for instance for normalization of the data [6]. Also 
China is sending a rover to Mars in 2020 which will 
have a LIBS instrument as part of the payload [7]. 

LIBS data obtained during a mission will probably 
mostly be a time and spatially integrated signal. The 
LIBS plasma is, however, not a homogeneously emit-
ting uniform source but complex with different distri-
butions of particles inside that change over time [8,9]. 
Time- and spatially-resolved LIBS data opens up a way 
to study the transient inhomogeneous LIBS plasma and 
its characteristics. 

The ambient pressure and the composition of the 
ambient gas affect the laser-induced plasma formation 
processes, its evolution and emission and, therefore, 
the emission lines in the LIBS spectra [10,11]. Martian 
atmospheric pressure is close to ideal for the LIBS 
plasma with moderate confinement and a therefore 
relatively big plasma plume, resulting in high signal 
intensities in comparison to Earth atmospheric pressure 
or higher and to vacuum [11]. Our goal is to provide a 
better understanding of the particular characteristics of 
martian LIBS plasmas, their dynamics, and typical 
spatial and temporal evolution by means of time-
resolved plasma imaging. The laser-induced plasmas 
are investigated under simulated martian atmospheric 
conditions in order to be specific and supportive for 
martian LIBS data analysis and interpretation. 

 

Background and Motivation: Time-resolved 
spectral imaging of LIBS plasmas under martian at-
mospheric conditions gives insight into the particular 
characteristics of martian LIBS plasmas [12]. For in-
stance, a typical LIBS spectrum obtained from the mar-
tian surface does not only show the emission lines of 
the elements of the sample but also always contains 
emission of carbon and oxygen due to a partial break-
down of the ambient martian atmosphere, e.g. [9,13]. 
The coupling of the martian atmosphere and the contri-
bution of atmospheric carbon and oxygen to the LIBS 
plasma are interesting to study, since their emission is 
used for normalization applications of martian data 
[14,15] and complicates the analysis of C and O from 
the sample [11,13,16]. Moreover, understanding the 
dynamics of both the atmospheric species from the 
martian atmosphere and those of the target in the plas-
ma can give input for the acoustical analysis of the 
LIBS sounds of SuperCam [5,6]. Also other geometric 
aspects are interesting to investigate such as the effect 
of the focusing of the laser on the plasma emission and 
its shape. Another topic of interest is the spatial distri-
bution and evolution of in particular hydrogen from the 
sample, which was reported to be especially affected 
by surface geometries [17].  
 

 

 
Fig. 1: Schematic of the plasma imaging set-up with low-
pressure simulation chamber at DLR Berlin. 
 
 

Experiments and samples:  At DLR Berlin, a set-
up for time-resolved plasma imaging was implemented 
and combined with a simulation chamber to experi-
mentally simulate different low-pressure environments 
[12]. A Nd:YAG laser (Quantel Viron) is used to gen-
erate the plasma at short stand-off distances (< 1 m): 
1064 nm wavelength and up to 30 mJ pulse energy on 
the sample’s surface with 8 ns pulse duration. The 
plasma  emission  is  detected  with  an  imaging mono- 
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Fig. 2: Neutral carbon C(I) emission at 247 nm from a CO2-dominated martian atmosphere (7 mbar) in a LIBS plasma plume of 
a Ca-sulfate sample (left) together with the derived distribution after Abel-inversion with assumption of y-symmetry (middle) and 
four radial emissivity profiles as a function of the radius for different distances above the sample surface (right). 
 
chromator (Andor Kymera) with a time-gated intensi-
fied CCD. Three different gratings allow for the inves-
tigation of spectra between 230-920 nm with a resolu-
tion of  >0.1 nm. The plasma is either vertically 
scanned and reconstructed from slices or imaged by 
means of specific wavelength filters. Measurements 
were performed simulating a martian environment with 
an appropriate gas mixture composed of mainly CO2 at 
7 mbar.  
We performed different experimets with different 
samples such as on pressed pellets of pure salts like 
Ca-sulfate (gypsum CaSO4·2H2O), mixtures of salts 
(sulfates, chlorides, carbonates), and Mars regolith 
simulant (JSC Mars-1A). In particular, we studied the 
emission of a LIBS plasma from Ca-sulfate with dif-
ferent laser focusing and also close to a wall to test the 
hypothesis derived in [17] for the increase of the hy-
drogen signal in cavities. 
 

Data Analysis and Results:  In Fig. 2 left, the spa-
tially resolved emission of the neutral carbon emission 
C(I) at 247 nm from the martian atmosphere obtained 
from a LIBS plasma on gypsum is shown. Abel inver-
sion allows for the calculation of local 3D emissivity 
from the line-of-sight measurements, cf. Fig. 2 middle. 
A cylindrical symmetry is assumed where the plasma 
forms perpendicular to the sample’s surface (x-plane) 
towards the incoming laser radiation (y-axis). The 
symmetry axis is estimated from the measured image. 
The radial profile of the emission is obtained from an 
Abel inversion (Fig. 2 middle) that was also plotted for 
different heights above the sample as a function of the 
radius (Fig. 2 right). 

The results generally indicate complex spatially 
and temporally varying distributions of the particles in 
the plasma. The sample composition affects the spatial 
extension and distributions of the ions and atoms. The 
distributions are also affected by the local plasma tem-
perature. The highest temperatures are initially found 
in the plasma center, but then move outwards, creating 
a low-temperature region at the plasma center where 
few emissions are observed. 

Atmospheric signals of C(I) and O(I) tend to be 
close to the shock front of the plasma. Their localiza-
tion strongly depends on dynamic processes in the 
plasma. The distribution of H(I) at 656 nm of hydro-
gen-containing samples is even more affected by flows 
in the plasma and shows a clear vortex near the sample 
surface. This indicates a strong susceptibility to pres-
sure gradients by the light-weight hydrogen atoms in 
the LIBS plasma in the low martian pressure. Further-
more, the plasma emissions were found to vary with 
different laser focus positions. Brightest and biggest 
plasma plumes were obtained when focusing slightly 
below the sample surface. Similar results were found 
before for martian atmospheric conditions [18] and for 
terrestrial conditions [19]. Our experiment where the 
plasma was created next to a wall could not confirm 
the increase of hydrogen reported in [17]. 
 

Conclusion: Results from spatially and temporally 
resolved plasma imaging indicate interesting behav-
iours of the LIBS plasma’s constituents in martian at-
mospheric conditions. The spatial distributions vary in 
shape and size and depend on the sample itself and on 
experimental parameters such as the focus. 
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Fig. 1. Collier glacial valley at the Three Sisters, OR. The glacier has retreated >1 km to its present position in the 
past 100 years, exposing fresh subglacial/proglacial sediment, with annual ice/snowmelt feeding the proglacial lake. 

Mineralogical Signatures Of Cold And Icy Climates On Ancient And Modern Mars.  N. A. Scudder1, B. Hor-
gan1, A. Rutledge2, E. B. Rampe3, R. J. Smith4, J. Graly5, 1Purdue University (nscudder@purdue.edu), 2Northern 
Arizona University, 3NASA Johnson Space Center, 4Stony Brook University, 5Indiana University Purdue University 
Indianapolis. 

 
Introduction: Liquid water was abundant on early 

Mars, but whether the climate was warm and wet or 
cold and icy with punctuated periods of melting is still 
poorly understood. Modern climate models for Mars 
tend to predict a colder, icier early climate than previ-
ously imagined [e.g., 1]. However, any model for the 
early climate on Mars must be reconciled with the 
chemical record. We currently do not understand how 
alteration mineralogy formed in snow and ice-
dominated conditions compares to that of warmer cli-
mates, and it is unclear whether cold climate weather-
ing could form all or any of the aqueous alteration 
phases expressed on early martian surfaces [2]. To help 
resolve this knowledge gap, we synthesize results from 
glacial Mars analog sites at the Three Sisters, Oregon 
and mafic regions of the Antarctic ice sheet, and com-
pare them to the surface mineralogy of Mars. These 
sites provide the opportunity to investigate weathering 
in environments analogous to glacial environments on 
Mars throughout geologic time, including snowpacks 
or smaller wet-based or polythermal glaciers [3, 4] as 
well as the proposed extensive ice sheets of the late 
Noachian icy highlands model [e.g., 1].  

Snowpack and alpine glacial weathering: The 
Three Sisters volcanic complex in the Oregon Cas-
cades is the most mafic glaciated terrain in the conti-
nental U.S. [5], and recent glacial retreat has freshly 
exposed glaciated material in a Mars-analog environ-
ment. We collected rocks, sediments, and water sam-
ples from the two major glacial valleys in order to 
characterize weathering products and infer chemical 
reactions in this cold and wet environment. We ana-
lyzed water samples for major ions and determined the 
chemistry and mineralogy of rocks and sediments with 
VNIR spectroscopy, XRD, microscopy (SEM, TEM, 
EDS), and thermal-IR spectroscopy.  

The predominant form of chemical weathering in 
these periglacial mafic systems is dissolution of feld-
spar and volcanic glass by carbonic acid, which releas-
es relatively large quantities of silica into solution 
compared to other ions [6]. When these reactions occur 
under the glacier, silica is precipitated at the ice-rock 
contact, resulting in extensive hydrated silica coatings 
on glacially scoured bedrock. These rock coatings ex-
hibit silica signatures in VNIR and TIR spectra [6], 
and scanning electron microscopy (SEM) shows that 
the <1 mm thick coatings are composed of glacial flour 
cemented by a high-silica phase. Glacially polished 
bedrock shows the same signature as these coatings in 
VNIR and TIR, indicating that silica is also present as 
widespread optically thin coatings under the glacier. 

Where weathering occurs due to diurnal snow melt 
in the proglacial terrain, silica is precipitated on glacial 
sediments in the form of silica-rich poorly crystalline 
phases. In proglacial sediments from the glacier termi-
nus, moraines, and proglacial lakes, we found no evi-
dence for authigenic formation of crystalline alteration 
phases, but XRD and TIR spectra indicate all sedi-
ments contain higher abundances (15-40+ wt%) of X-
ray amorphous materials compared to local bedrock 
sources [7]. Energy dispersive spectroscopy (EDS) 
with TEM of individual amorphous particles in the 
glacial sediments indicates that the amorphous compo-
nent includes bedrock-sourced volcanic glass alongside 
a variety of neoformed amorphous silicates and proto-
clays [8]. These particles have variable Fe-Al-Si com-
positions and are consistent with weathering observed 
in other cold, icy mafic environments [e.g., 9]. By 
comparing predicted bulk crystalline chemistry from 
XRD models to actual measured bulk chemistry [10], 
we also observed that the bulk composition of the 
amorphous materials are enriched in silica relative to 
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the parent material [10]. Based on these observations, 
X-ray amorphous hydrated silica-rich materials appear 
to be the major weathering product formed in mafic 
glacial/proglacial ice/snowmelt-driven systems.  

Chemical weathering under ice sheets: In small 
glaciers and snowpacks, water and sediment move 
through the system very quickly and alteration occurs 
rapidly during daily melt cycles. These are scenarios 
that favor poorly crystalline phases, which form when 
kinetics dominate over thermodynamic reactions [11]. 
Large ice sheets can harbor water and sediments for 
orders of magnitude longer: in Antarctica, typical ice 
streams discharge water over decades, and the largest 
subglacial lakes have residence times of ~105 years 
[12]. We hypothesize that while initial weathering re-
actions under large ice sheets might be similar to those 
under small glaciers, the persistence of water and sed-
iments over longer timescales may lead to more crys-
talline alteration phases. To test this hypothesis, we 
applied VNIR and TIR spectroscopy, XRD, and XRF 
to a suite of samples from warm- and cold-based loca-
tions across the Antarctic ice sheet where mafic, Mars-
relevant substrates dominate. 

Sediments from warm-based portions of the Ant-
arctic ice sheets remain in contact with liquid water for 
long periods of time. Both VNIR and TIR spectra con-
firm that mafic subglacial sediments from warm-based 
sites like Mt. Achrenar contain significant Al-clays and 
chert that are not observed in their source rocks. While 
the source rocks do contain some phyllosilicates, they 
have significantly different spectral signatures and 
compositions from the Al-clay minerals in the sedi-
ments, suggesting that the Al-clay minerals were 
formed during subglacial alteration. 

Under cold-based portions of the ice sheet, temper-
atures at the base are below the freezing point of water 
such that the base is frozen to the rock or sediment 
below. Here subglacial sediment can still come in con-
tact with liquid water and be moved [13] but we expect 
that chemical alteration rates are far slower than those 
in warm-based zones [14]. Indeed, sediments from the 
cold-based glacial/periglacial site Basen Nunatuk ex-
hibit no clear evidence for crystalline alteration phases 
in TIR or XRD. Instead, these sediments contain high 
abundances of high-silica amorphous materials, per-
haps analogous to the poorly crystalline silicates at our 
alpine glacier site. 

Implications for Mars: Results from glacial Mars 
analog sites show that transient ice/snowmelt-driven 
weathering on a cold and icy Mars, whether at small 
alpine glaciers or under large cold-based ice-sheets, 
should produce high abundances of poorly crystalline 
materials. In contrast, sediments from warm-based 

portions of ice sheets with persistent liquid water are 
enriched in crystalline clay minerals, which we hy-
pothesize form due to longer residence times under the 
ice sheet. Similar trends are observed in terrestrial 
mafic soils, from crystalline clay minerals in warm 
climates to poorly crystalline phases in cold climates 
[15]. Thus, alteration product crystallinity may be an 
important indicator of past climatic conditions. 

Silica-rich poorly crystalline phases are common in 
Amazonian and Hesperian sediments on Mars, con-
sistent with ice/snowmelt-driven weathering under 
cold climates. Silica has been detected in Amazonian 
periglacial sediments [16], and glacial coatings could 
be analogous to the silica-rich rinds hypothesized in 
the Amazonian northern lowlands [17-19]. Poorly 
crystalline phases are also a major component of Gale 
crater Hesperian lake sediments [20] and possibly of 
martian global sediments [21]. However, this 
ice/snowmelt-driven alteration model cannot easily 
explain the abundant crystalline alteration minerals 
found across Noachian terrains [2], suggesting that 
these minerals did not form from ice/snow melt events. 

The low geothermal gradient predicted for ancient 
Mars means that most large ice sheets were likely cold-
based [1]. Chemical alteration could have been driven 
by localized subglacial melting, as well as by the wide-
spread top-down melt that has been predicted for large 
ice sheets on Mars [22]. Alteration in these melt-driven 
systems should have produced poorly crystalline phas-
es as the dominant alteration material. While this style 
of alteration may be consistent with observations of 
Hesperian and Amazonian sediments, it is not con-
sistent with the abundant crystalline alteration minerals 
found across Noachian terrain [2]. This suggests that if 
cold, icy climates dominated the Noachian, their chem-
ical record is largely lost, and punctuated and persis-
tent warm periods would be required to produce the 
observed crystalline clay mineral record. 
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EVIDENCE FOR RESURFACING AND SUBSQUENT GROUNDWATER SEEPAGE PEACE VALLIS 
CHANNEL, GALE CRATER, MARS:  L. A. Scuderi1, T. Nagle-McNaughton1, H. E. Newsom1, J. Williams1, Z. 
E. Gallegos1, 1U. New Mexico, Albuquerque, NM 87131, USA (tree@unm.edu) 
 

        a.                        b. 
Fig. 1. a. Peace Vallis Fan and lower portion of the Main channel drainage (see Newsom et al. this meeting). Original image 
courtesy F. C. Calef III. b. HiRISE image (PSP_010283_1755); main channel with centerline (blue) shown.  

 
Introduction:  The Peace Vallis (PV) alluvial fan 

is characterized by two distinct surface morphologies: 
specifically an older and coarser bedded fractured 
(BF) unit that is overlain in part by a younger alluvial 
fan (AF) unit [1,2]. The smoother AF surface, dated to 
<2.0Ga [3] represents a resurfacing event with source 
material derived from the PV drainage. Here we ex-
amine the main channel above the PV fan (Fig. 1) and 
identify features associated with sediment flow and 
runoff from this resurfacing event  

Observations: Analysis of the main drainage with 
CTX Digital Elevation Models (~6m resolution) and 
HiRISE images (0.25m resolution) suggests: 

1. Terraces with smooth and relatively uncratered 
surfaces bordering the main channel at elevations ~5 
to 8m above the channel centerline (Fig. 2). 

2.  Erosional features at the edges of these terraces 
formed under receding flow (Fig. 3a) similar to those 
formed on Earth during recessional flow (Fig. 3b). 

3. Groundwater sapping locations representing the 
latest period of flow following this resurfacing event 
(Fig. 4). 

Discussion:  The Peace Vallis fan in Gale crater is 
one of only a small number of crater alluvial fans on 
Mars, with a substantial drainage area above the crater 
rim [4,5]. This large drainage area may generate sig-
nificant runoff and as such is likely to be exceptionally 

sensitive to putative Amazonian precipitation/runoff 
events. Terraced surfaces (Fig. 2), likely composed of 
the same material found in the AF unit of the PV fan, 
are consistently found within 250m of the main chan-
nel at elevations 5–8 m above the main channel. 
These surfaces grade smoothly to the PV fan apex.   

            
Fig. 2. Smooth terrace surfaces slope towards the 

main channel. Terraces found both east and west of 
the main channel. These terraces are relatively uncra-
tered suggesting an Amazonian age. 
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Terrace edges along the primary drainage line contain 
scalloped features indicative of runoff after the primary 
event (Fig. 3a). These features are similar to those found 
along recessional drainages in the Hunshandake Sandy 
Lands of northern China (Fig. 3b) that formed after a 
significant middle Holocene lake draining and groundwater 
runoff event that dewatered the surface and subsurface [6].  

        a. 

        b. 
Fig. 3. Erosional features at terrace edge. a. PV 

drainage. b. Hunshandake Sandy Lands, China.  
Features both on the terraces and associated with 

terrace edges (Fig. 4a) are similar to groundwater sap-
ping features found on Earth in poorly cohesive sedi-
ment environments [6,7]. In the Peace Vallis drain-
age, these internal features appear as depressions in 
the otherwise smooth terrace surfaces (Fig. 4b).  

The combination of evidence for resurfacing of the 
PV fan, related terrace deposits in the main channel, 
and groundwater seepage features on these terraces 
suggests a period of runoff from the PV drainage 
<2.0Ga that is analogous to similar resurfacing evi-
dence from equatorial latitude sites [8]. A cluster of 
events at these sites dating to ~1.5Ga +0.2G [9] and 
similar evidence from sites closer to Gale Crater 

[10,11] suggests that this Amazonian resurfacing 
event was minimally regional in extent and possibly 
extended across the equatorial latitudes of Mars. 

                    a. 

       b. 
Fig. 4. Groundwater sapping features within the 

terrace deposits of the PV drainage. a. Elongated 
seepage feature draining into the main channel.        
b. Steeped groundwater seepage feature 

Conclusions:  The recognition of both terraced 
surfaces and groundwater sapping features in the main 
drainage of the Peace Vallis fan system provides addi-
tional evidence of an Amazonian resurfacing event.  

References: [1] Palucis et al., (2014) J. Geophys. Res.: 
Planets 119:705–728. [2] Grant et al., (2014) Geophys. Res. 
Lett. 41:1142–1148. [3] Scuderi et al. (2019), LPSC. [4] 
Moore & Howard (2005) J. Geophys. Res. 110:E04005. [5] 
Kraal et al., (2008) Icarus 194:101–110. [6] Yang et al. 
(2015) Proc. Nat. Acad. Sci. 112(3):702–706. [7] Marra, et 
al. (2015). Earth Surf. Dyns. 3(3):389–408. [8] Tanaka et al. 
(2014) Planet. Space Sci. 95:11–24. [9] Neukum et al. 
(2010) Earth Planet. Sci. Letts. 294:204-222. [10] Ehlmann 
and Buz (2015) Geophys. Res. Letters 42(2):264-273. [11] 
Buzz et al., (2014) Geophys Res: Planets 122(5):1090-1118. 
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MSR SCIENCE PLANNING GROUP (MSPG) WORKSHOP #2 REPORT: CONTAMINATION 
CONTROL. E. Sefton-Nash1, M. A. Meyer2, D. W. Beaty3, B. Marty4, F. M. McCubbin5, and B. L. Carrier3 includ-
ing on behalf of the MSR Science Planning Group (MSPG): M. M. Grady6, T. Haltigin7, S. Siljeström8, E. K. Stans-
bery5, K. Tait9, M. Wadhwa10, A. D. Harrington5, Y. Liu3, D. S. Bass3, R. L. Mattingly3, F. Gaubert1. 1European 
Space Agency, 2NASA Headquarters, Washington, DC, 3Jet Propulsion Laboratory, California Institute of Technolo-
gy, 4Université de Lorraine, France, 5NASA Johnson Space Center, 6Open University, UK, 7Canadian Space Agency, 
8RISE Research Institutes of Sweden, , 9Royal Ontario Museum, Canada, 10Arizona State University. 

 
Introduction: The MSR Science Planning Group 

(MSPG) workshop series has been scheduled in order 
to facilitate the future development of a mutually ac-
ceptable set of science-driven functional requirements 
for the handling and scientific analysis of samples that 
could be returned from Mars. The objective of these 
workshops is to establish and document the major posi-
tions amongst a diverse set of sample scientists related 
to planning assumptions and/or potential requirements 
involving completing the scientific objectives of MSR.  
The results from MSPG’s first workshop, focused on 
the relationship of science to containment, have been 
published in a related abstract. The 2nd workshop of the 
series focused on the impact of Contamination Control 
on the science-driven requirements for MSR samples.  

Workshop #2-Contamination Control: This 
workshop took place from May 1-3, 2019 in Leicester, 
UK and those findings are currently being refined and 
will be available during the presentation related to this 
abstract. The overarching topic of MSPG Workshop #2 
was the science-driven contamination control (CC) 
requirements, derived from the requirements on the 
sample caching system on Mars 2020, and their impli-
cations for the possible future Sample Receiving Facili-
ty (SRF). The challenge considered is what is practical 
in terms of managing potential contamination during 
sample transportation, characterization, manipulation, 
processing and analysis, and how potential contamina-
tion could be minimized and mitigated in order to al-
low all of the science objectives of MSR to be 
achieved. 

Discussion topics at the workshop included 
1)Whether the contamination control requirements 
inside the SRF needed to be better than the CC re-
quirements of the Mars 2020 Sample Chaching Sys-
tem; 2) Where does preliminary examination (PE) 
begin and end?; 3) What are the realistically achievable 
contamination requirements during PE?; 4) What type 
of contamination knowledge (CK) strategies can be 
used to minimize the negative impact of potential con-
tamination?; 5) Do CC requirements preclude the pos-
sibility of cleaning/refurbishing existing space to serve 
as the SRF?; 6) Do different sample types imply differ-
ent science strategies and therefore different implemen-
tations that prioritize limiting different types of con-
tamination instead of others? 

Preliminary Findings from the Workshop:  
1. The workshop participants could not identify rea-

sons why it would be impossible to apply the Mars 
2020 Sample CC Requirements (in the areas of or-
ganic, biological, particulate, and inorganic con-
tamination) to the environment of the isolators 
(with or without gloves) in the SRF on Earth. The 
group would endorse starting the design process 
with these, and challenging engineering to find so-
lutions.  Some CC requirements in the sample cab-
inets should exceed those of M2020, particularly 
with respect to N and Au, which make up some 
portions of the sample tube components. 

2. The workshop concluded that contamination con-
trol is not a valid reason (to within the limits of its 
collective knowledge) to exclude the option of re-
purposing pre-existing facility space for SRF func-
tions (i.e. contamination control is not a rationale 
to require that the SRF be restricted to new con-
struction). However, there are additional consider-
ations, outside the scope of this workshop, that 
will be relevant to this topic.  

3. For reasons of gaseous contamination, it would be 
beneficial/required to have the capability to select 
different gases (or under vacuum) for the environ-
ment in which to open, evaluate, and store the var-
ious MSR samples. It is likely that it will not be 
possible to make the decision on which environ-
mental conditions to use for different samples until 
all samples have been collected by M-2020, and 
the reasons for collecting them are known.  

4. Initial CC and CK activities for each sample tube 
would need to take place in the context of the fol-
lowing proposed sequence of events: a) collecting 
the martian dust on the outside of the sample 
tubes, b) puncturing each tube (for example, in a 
closed vacuum cabinet) and extracting and meas-
uring the headspace gas (the expected performance 
of the seals on the flight tubes is defined by proba-
bilities, but after receipt, we would need to know 
their actual state), c) extraction of the solid sample 
from inside the flight sample tubes, and repackag-
ing in curation-grade sample vessels (each sample 
could be characterized once out of its tube, and in 
an appropriate environment, it can be character-
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ized and d) the execution of time-sensitive science 
activities such as that involving Mars-sourced wa-
ter vapor in the tube.  

5. In optimizing the strategy for minimizing sample 
contamination during opening of the tubes and do-
ing basic characterization, it is considered most 
likely that it will be possible to group the samples 
into about 4-8 sets that would have a common set 
of environmental attributes (i.e., atmosphere and 
types of materials that can touch the samples). If 
so, this would define the number of isolators 
(which would be cleaned between samples) re-
quired during the initial set of activities. An im-
portant condition would be to have the same envi-
ronment (gas, temp, humidity) from the beginning 
of handling (opening the tubes) until long term cu-
ration.  

6. The overall objective of the preliminary examina-
tion (PE) phase can be defined as the production 
of a catalog that the scientific research community 
can use to apply for sample allocation(s). The BC 
and PE processes should be kept as separate ac-
tivities from the initial science investigations that 
attempt to answer primary mission science objec-
tives. Specifying how much data needs to be col-
lected during PE will need to be optimized for 
each sample type and can be better defined after 
the samples have been collected by M-2020, but 
the fundamental purpose of PE is to enable objec-
tive-driven science. There needs to be enough data 
collected in the PE process that various members 
of the scientific community are able to recognize 
and apply for the samples that are “right” for them, 
but not so much that it interferes with (or 
“scoops”) the competitive discovery process. In 
addition, we assume that certain common sample 
preparations will be part of the PE process, and 
such prepared products can and should be made 
available for allocation subsequent to PE. 

7. Primary strategies for knowing the nature of the 
contamination (CK) at various steps in the process 
include collecting witness plates and procedural 
blanks from before, during, and after flight, the so-
called genetic inventory, modeling, tests using 
analog materials, the application of Bayesian sta-
tistics, and evaluation of sample fragments that on-
ly have internal surfaces. In addition, the number 
of materials that are allowed to touch the samples 
after they come out of their flight tubes should be 
minimized, and the materials used should be ex-
tremely well-characterized. We specifically talked 
about the possible use of plastic sample-contact 
tools and trays to minimize inorganic contamina-

tion, but we could not see any meaningful ad-
vantage. The group was concerned that defensibly 
validating the CC and CK requirements will be 
hard, and more discussion is needed. 

8. There was widespread agreement that the DWI 
isolator implementation being pioneered at the 
University of Leicester is showing good potential, 
and that its development should continue. 

9. For sample analysis problems in which the concen-
tration of the analyte is comparable to the concen-
tration of a relevant contaminant (referred to as 
“low-yield” samples), CC and CK are especially 
important. There have been recent, valuable, high-
profile case histories where insufficient attention 
was paid to contamination issues (as an example 
the sampling and characterization of Neanderthal 
DNA), in which initial scientific results were later 
discredited. In planning for MSR we must do eve-
rything possible to avoid this fate. 
 
 
 

 References: [1] iMOST (2019), The Potential Sci-
ence and Engineering Value of Samples Delivered to 
Earth by Mars Sample Return, (co-chairs D. W. Beaty, 
M. M. Grady, H. Y. McSween, E. Sefton-Nash; docu-
mentarian B. L. Carrier; plus 66 co-authors), Meteorit-
ics & Planetary Science, vol. 54 (3), p. 667-671 (exec-
utive summary only), 
https://doi.org/10.1111/maps.13232; open access web 
link to full report (Meteoritics & Planetary Science, 
vol. 54, S3-S152): https://doi.org/10.1111/maps.13242.  

 
Disclaimer: NASA’s decision to implement its ele-

ments of a Mars Sample Return Campaign will not be 
finalized until NASA’s completion of the National En-
vironmental Policy Act (NEPA) process. This docu-
ment is being made available for information purposes 
only. 
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Constraining the ice-content and timing of deposition of ice-rich deposits in Utopia Planitia: SHARAD, stra-
tigraphy and crater counting. A. Séjourné(1)(antoine.sejourne@u-psud.fr), F. Costard(1), A. Losiak(2), Z.M. 
Swirad(3), I. Smith(4,5), M.R. Balme, S.J. Conway, C. Gallagher, E. Hauber, A.E. Johnsson, C. Orgel, C., J.D. 
Ramsdale, J.D., D. Reiss, J.A. Jr. Skinner, S. Van Gasselt; (1)Univ. Paris-Sud 11, Laboratoire GEOPS, Orsay, 
France. (2)Institute WildFIRE Lab, University of Exeter, Exeter, UK,. (3)Department of Geography, Durham Uni-
versity, Durham, UK. (4)York University, Toronto, Ontario, Canada. (4)Planetary Science Intitute, Denver, Colorado 

 
Introduction: The northern plains of Mars, topo-

graphically lower than the “cratered highlands” of the 
southern hemisphere, comprise several large overlap-
ping basins that are filled by sediments. Different ice-
related landforms demonstrated the presence of 
ground-ice even at mid-latitudes [e.g., 1-2]. However, 
there is no consensus about the nature of ground ice 
and formation of the planetary permafrost. The spatial 
distributions of ice-related landform at broad-scale 
and control by regional geology or climate is still not 
constrained. Improving the geological context of the 
northern plains will help constrain outstanding ques-
tions about martian geological evolution. 

An International Space Science Institute team pro-
ject has been convened to the distribution of ice-
related landforms in targeted areas in the northern 
plain of Mars: Acidalia Planitia, Arcadia Planitia, and 
Utopia Planitia [3-6]. 

In Utopia Planitia, we used the distribution and 
morphotypes of these landforms along a strip from 
30°N to 80°N to understand the permafrost cryolithol-
ogy and its past evolution in relation to climate [3]. 
Two ice-rich deposits were distinguished over the lati-
tude of the region : 
- Between 47°N and 78°N, the assemblage is com-

posed of mantled deposits, textured terrains 30 m di-
ameter polygons [3]. This assemblage is related to 
the young (<10 Ma) ice-rich debris-covered latitude-
dependent mantle [2]. 

- From 38°N to 47°N, the assemblage is comprised of 
large scallops, 100 m diameter polygons, pits and 
mantled deposits [3]. This assemblage of landforms 
is related to with a deposit of 80 m in thickness con-
taining excess-ice. This high volume of ground ice 
was sublimated forming km-scale scalloped depres-
sions at the mid-latitude of Utopia. 

Here, we describe our study of the stratigraphy, 
crater counting and SHAllow RADar (SHARAD) de-
tections of the mid-latitude deposit in western Utopia 
Planitia. The goals are to: (i) constrain the ice-
content; (ii) crater retention age of the deposit. 
 

Methods: Following our mapping and distinction 
of the mid-latitude and high-latitude assemblages of 
landforms, identification of possible deposits that are 
associated with the assemblages of landforms were 

investigated to determine possible geomorphological 
units. Context Camera images (CTX; 6 m/pixel) and 
Mars Orbiter Laser Altimeter (MOLA) PEDRs laser 
shots analysis (vertical uncertainty of about ~1 m, 
horizontal precision ~100 m) were used for detailed 
local topographic analysis of stratigraphy. 

We performed a crater counting using CTX imag-
es to provide an age estimate for the different geomor-
phologic units in Utopia Planitia. All visible impact 
craters (>50 m in diameter) were measured except the 
aligned secondary clusters and rays within the CTX 
resolution limit. Relatively fresh craters (bowl-shaped 
with shallow interior) were selected and distinguished 
from sublimation pits 

We analyzed observations from the SHARAD in-
strument that cross the Utopia Planitia swath. The aim 
was to detect radar reflections that represent an inter-
face between contrasting materials: air-regolith; rego-
lith-ice; regolith-basement. 
 

 
Figure 1: Mid-latitude ice-rich deposit with a 

polygonized surface of 100 m polygons 

Stratigraphy: Over the area of the mid-latitude 
assemblage of landforms, the 100 m polygons are pre-
sent over the surface continuously until its southern 
limit at about 38°N (Fig. 1). The southern limit of the 
polygonized surface takes the form of a deposit with 
clear gently-sloping limits whithout scallops suggest-
ing no degradation (Fig. 1). The deposit covers a sur-
face that is lower in altitude. The deposit having 

6360.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



thermal-contraction polygons of 100 m, this deposit is 
a permafrost. The estimated thickness of the deposit is 
about 80-100 m based on different MOLA laser tracks 
along the limit. 

 
Ice-content: The widespread presence of numer-

ous scalloped depressions formed by sublimation over 
the mid-latitude of Utopia Planitia indicates a high 
ice-content of the deposit (excess-ice which is the 
amount of ice exceeding the natural pore water con-
tent in a non-frozen state) [6-9]. However, it is diffi-
cult to have a precise estimation of the volume of ice. 
This deposit is highly similar to ice-rich permafrost in 
the Arctic on Earth [6-9] 

However, SHARAD can help to constrain the ice-
content. On several radargram (39°–45°N), we found 
detection interfaces where we estimated the thickness 
of the deposit. These detections were compared with a 
simulated radargram to remove artefact. We found a 
thick deposit of material that corresponds to the ice-
rich zone highlighted by our mapping. By using the 
estimated thickness of 80–100 m, we determined that 
the material has a dielectric constant between 3.4 and 
5.3 [3]. These values are consistent with a material 
that is primarily ice (~50–85% by volume) with some 
lithic component. Previous SHARAD studies suggest-
ed the presence of an ice-rich layer of about 100 m in 
thickness (estimated to be 50–85% water ice by vol-
ume) in a zone (70°–90°E and 40°–48°N) at the 
southwest of our study area [10]. Here, we improve the 
confidence of the estimation of ice-content by select-
ing a zone where no extensive sublimation occurred 
and where there is a better estimation of the maximum 
thickness of the deposit. 

 
Figure 2: Crater size-frequency distributions of the 

mid-latitude deposit at 42°N 

 
Crater counting: For the mid-latitude 

polygonized surface, the crater count of relatively 
fresh impact craters shows a step between the 1 Ma 
and 10 Ma isochron (Fig. 2). The craters with diame-
ter >100 m are aligned along the 10 Ma isochron and 
give a best fit age of 11 ±1 Ma [3]. They correspond to 
the last major deposition in the zone. For craters 
smaller than 79 m (bin edge), a resurfacing event oc-
cur after 11 Ma partially removing them. 

 
Discussion: On Earth, the formation of arctic ice-

rich permafrost are related to the last glaciation. 
Therefoire, a formation related to the Late Amazonian 
extensive mid-latitudes glacial landsystems along 
Deuteronilus-Nilosyrtis Mensae [11] has been sug-
gested [9, 10, 12]. The crater retention ages of these 
glacial features ranges between ~60 Ma and 1 Ga [11, 
13, 14]. The difference in crater retention age between 
these features and the youngest last deposition in UP 
dismisses a related origin. With MOLA laser shot 
profile, the ice-rich mid-latitude deposit seems to cov-
er several Viscous Flow Features along Nilosyrtis 
Mensae. 

 
Conclusion: Our stratigraphic analysis, crater 

counting and SHARAD detections highlight a mid-
latitude ice-rich deposit similar to ice-rich permafrost 
in the Arctic. The deposit is of 80 m in thickness con-
taining excess-ice (~50–85% by volume) and of about 
11 Ma age. More crater countings and SHARAD de-
tections in different areas of the mid-latitudes are cur-
rently being done. 

 
Acknowledgements: This work is a joint effort 

sponsored by the International Space Science Institute. 
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Misbehaving high energy photoelectrons: Evidence in support of ubiquitous wave-particle interactions on 
Martian closed crustal magnetic fields.  A. D. Shane1 and M. W. Liemohn1, 1Department of Climate and Space 
Sciences and Engineering, University of Michigan, MI, USA 

 
 
Introduction:  Pitch angle distributions (PADs) of 

photoelectrons observed over closed crustal magnetic 
fields are not to be expected from collisional scatter-
ing alone [1]. High energy photoelectrons (> 100 eV) 
were observed to be isotropic indicating an energy 
dependent scattering process. Main neutral atmos-
pheric constituents (CO2 and O) have electron impact 
ionization cross sections that peak in this energy 
range. Any process that changes the PADs of elec-
trons near these energies will affect the precipitation 
and consequences of (ionization, heating, excitation) 
in the atmosphere below.   

Methodology: We used over two years of Mars 
Atmospheric and Volatile EvolutioN (MAVEN) data 
to understand the PADs of photoelectrons on closed 
crustal fields. We limited ourselves to measurements 
made above the photoelectron exobase (> 200 km) 
and where the spacecraft potential is low enough to 
not alter the measured distribution. Lastly, we re-
quired that the shape parameter developed by [2] in-
dicates that photoelectrons are measured in both 
source cones. This constraint is used in order to en-
sure that we are making a measurement on a closed 
crustal field. 

Results: We calculated the average pitch angle 
distribution for a given energy and found that low 
energy (10-60 eV) and high energy (100-500 eV) pho-
toelectrons have very different average distributions 
(see figure). Low energy photoelectrons have a source 

cone distribution, while high energy photoelectrons 
are peaked at perpendicular pitch angles. A distribu-
tion peaked at perpendicular pitch angles cannot oc-
cur on the dayside without an energization process 
and we believe this is strong evidence for ubiquitous 

wave-particle interactions. This distribution will be 
investigated in different regimes of the Martian space 
environment in order to isolate the dependent varia-
bles.  

References:  
[1] Liemohn M. W. et al. (2003) JGR Planets, 

108, 5134  
[2] Xu S. et al. (2017) JGR Space Physics, 122, 

1831-1852 
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Introduction: The Emirates Mars Mission (EMM) 

is the United Arab Emirates (UAE) first mission to 
Mars and is the first Arab mission to another planet. 
The mission was announced by the UAE’s Govern-
ment in July 2014 with the objectives to complete 
Mars Orbit Insertion (MOI) by the UAE’s 50th anni-
versary in 2021, to contribute to the development of 
the Science and Technology Sector in the UAE, to 
develop the UAE’s scientific capabilities, and to in-
crease the UAE’s contribution to the international 
scientific community. The mission also should have a 
significant contribution and value to the ongoing work 
of the global space science community.  

EMM will launch an unmanned observatory called 
“Hope” into an elliptical orbit around Mars in the 
summer of 2020 carrying three scientific instruments 
to study the Martian atmosphere in the visible, ultra-
violet, and infrared bands. 

The mission is led by Emiratis from Mohammed 
Bin Rashid Space Centre and will expand the nation’s 
human capital through knowledge transfer programs 
set with international partners from the University of 
Colorado Laboratory for Atmospheric and Space 
Physics (LASP), Arizona State University (ASU) 
School of Earth and Space Exploration, and Universi-
ty of California Berkeley Space Sciences Laboratory 
(SSL). 

 
Science Objectives and Investigations:  Our un-

derstanding of Mars’ atmosphere has been significant-
ly limited by the fixed local time of recent measure-
ments made by several spacecraft, leaving most of the 
Mars diurnal (i.e. day-to-night) cycle unexplored over 
much of the planet. Thus, important information about 
how atmospheric processes drive diurnal variations is 
missing. This limited coverage has hindered our un-
derstanding of the transfer of energy from the lower-
middle atmosphere to the upper atmosphere. These 
Martian atmospheric science issues can be distilled to 
three motivating science questions leading to three 
associated objectives: 

1. How does the Martian lower atmosphere respond 
globally, diurnally and seasonally to solar forcing?  
• Objective A: Characterize the state of the Martian 

lower atmosphere on global scales and its geo-
graphic, diurnal and seasonal variability.  

2. How do conditions throughout the Martian atmosphere 
affect rates of atmospheric escape?  
• Objective B: Correlate rates of thermal and pho-

tochemical atmospheric escape with conditions in 
the collisional Martian atmosphere.  

3. How do key constituents in the Martian exosphere 
behave temporally and spatially?  
• Objective C: Characterize the spatial structure and 

variability of key constituents in the Martian exo-
sphere.  

EMM will achieve these three objectives through 
four science investigations, listed below, that require 
atmospheric variability to be determined on sub-
seasonal timescales: 
1. Determine the three-dimensional thermal state of the 

lower atmosphere and its diurnal variability on sub-
seasonal timescales. 

2. Determine the geographic and diurnal distribution of 
key constituents in the lower atmosphere on sub-
seasonal timescales. 

3. Determine the abundance and spatial variability of key 
neutral species in the thermosphere on sub-seasonal 
timescales. 

4. Determine the three-dimensional structure and varia-
bility of key species in the exosphere and their varia-
bility on sub-seasonal timescales. 

 
Instruments Overview:  EMM will collect in-

formation about the Mars atmospheric circulation and 
connections through a combination of three distinct 
instruments that image Mars in the visible, thermal 
infrared, and ultraviolet wavelengths.  The instrument 
suite includes the Emirates eXploration Imager (EXI), 
the Emirates Mars InfraRed Spectrometer (EMIRS), 
and the Emirates Mars Ultraviolet Spectrometer 
(EMUS). A summary of the three instruments is in 
Table 1. 
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Table 1: EMM Payload 

 EXI EMIRS EMUS 
Payload 
Type 

Ultraviolet & 
Visible im-
ager 

Fourier trans-
form infrared 
spectrometer 

Ultraviolet 
imaging spec-
trograph 

Spectral 
Range 

205-235nm 
245-275nm 
305-335nm 
405-469nm 
506-586nm 
625-645nm 

6 – 40 μm 100 – 170 nm 

 
Spacecraft Overview. The “Hope” spacecraft, 

provides the capabilities required to achieve and 
maintain the Mars orbit post-launch, supply the 
above-described payloads with needed structural sup-
port, power, thermal control, data handling, pointing, 
and fault management responses, send science, ancil-
lary, and housekeeping data to the ground, and re-
ceive command data from mission operations centers.  

The observatory launch mass is 1500kg with a 
primary structure consisting of composite honeycomb 
panels and a propulsion subsystem capable of chang-
ing orbit trajectory, orbit braking to Mars target orbit 
plane and orbit maintenance. 

 While in space, Hope generates and stores power 
using two deployable solar arrays and batteries and 
communicates with Earth-based ground antennas us-
ing a 1.85m diameter high gain antenna and coupled 
low gain antennas. It also utilizes the Applied Physics 
Laboratory Frontier Radio deep space transponder 
that performs uplink and downlink of data and sup-
ports deep space tracking for navigation purposes. For 
attitude determination, it will have a redundant pair of 
3-axis inertial reference units and a redundant pair of 
star trackers. For attitude control, it has a set of four 
Reaction Wheel Assemblies, as well as eight Reaction 
Control System thrusters for momentum dumping. 

 
Mission Timeline, Operation and Lifetime. 

EMM design, development and testing phase com-
menced in mid-2014 with the launch scheduled in 
mid-2020 for a total of 6 years. 

The Hope Probe is designed for a three Earth-year 
lifetime. Its operational life consists of the Cruise 
Phase, for around seven months, that follows launch 
and it will be limited to instrument checkout and cali-
bration activities. Following Mars Orbit Insertion, the 
Capture Orbit phase is characterized by a highly ellip-
tical 40-hour orbit (1000 km periapsis, 49,380 km 
apoapsis) from which all three instruments will be 
checked out and their science sequences tested, result-
ing in early observations of the Mars disk and upper-

atmosphere. Following this, a Transition Orbit phase 
will be achieved by the gradual enlargement of the 
orbit over the course of approximately one month 
until it is optimized. The required science orbit for 
data collection is 20,000 km x 43,000 km. The Prima-
ry Science phase will begin and is expected to last 1 
Martian year to meet the science requirements. The 
20,000 km periapsis altitude during the Primary Sci-
ence phase is sufficient to ensure global-scale, near-
hemispheric views throughout the orbit and to allow 
daily coverage of all longitudes and local times. The 
orbital period will be approximately 55 hours which 
will enable a comprehensive characterization of Mars’ 
lower atmosphere variability as a function of location, 
time of day, and season, as well as an understanding 
of how physical processes in the lower atmosphere 
affect the rates of escape from the exosphere. 

 
Ground Segment Overview. The EMM project is 

responsible for developing complete ground segment 
capabilities in support of mission development and 
operations. The EMM ground segment is composed of 
the ground network and its ground stations, navigation 
system, operations centers, mission design, Science 
Data Center (SDC), and Instrument Team Facilities 
(ITFs).  

The Mission Operations Center (MOC) and SDC 
are located at MBRSC and the Mission Support Facil-
ity (MSF) is located at LASP to serve as a redundant 
operations capability. The navigation team provides 
determined ephemeris, predicted ephemeris, and burn 
solutions to maintain the orbit or trajectory. The ITF 
for each instrument is responsible for instrument 
builds and tests, as well as building a repository of 
engineering information supporting each instrument. 

 
Conclusions. EMM will explore the dynamics in 

the atmosphere of Mars on a global scale while sam-
pling contemporaneously both diurnal and seasonal 
timescales. Using three science instruments on an 
orbiting spacecraft, EMM will provide a set of meas-
urements fundamental to an improved understanding 
of circulation and weather in the Martian lower and 
middle atmosphere. Combining such data with the 
monitoring of the upper layers of the atmosphere, 
EMM measurements will reveal the mechanisms be-
hind the upward transport of energy and particles and 
the subsequent escape of atmospheric constituents 
from the atmosphere of Mars. The unique combina-
tion of instruments and the temporal and spatial cov-
erage of Mars’ different atmospheric layers will open 
a new and much-needed window into the workings of 
the atmosphere of our planetary neighbor. 
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RAPID DUST STORM EXPANSION WITHIN THE ACIDALIA CORRIDOR, MARS, DURING THE 
INITIAL GROWTH PHASE OF THE PLANET-ENCIRCLING DUST EVENT OF 2018.  J. H. Shirley1 , A. 
Kleinbӧhl1, D. M. Kass1, N. G. Heavens2, J. T. Schofield3, D. T. McCleese4, L. J. Steele1, S. Piqueux1, and the 
MRO-MCS Science Team. 1JPL-California Institute of Technology, 4800 Oak Grove Dr., Pasadena CA 91109 USA. 
2Space Science Institute, Boulder, CO USA. 3Retired, Pasadena, CA, USA, 4Synoptic Sciences, Pasadena, CA, USA. 
(James.H.Shirley@jpl.nasa.gov) 

 
 
Introduction: Local and regional-scale dust storms 

occur every year on Mars.  Occasionally, such storms 
grow and coalesce, to become global in scale.  The 
mechanisms responsible for dust storm growth beyond 
the regional scale are not well understood. The periods 
of transition, from regional to planet-encircling scale, 
are thus a focus of intense scientific interest.  Rapid 
expansion of a regional dust storm occurred between 
~1 June and 9 June 2018 (Ls 186.2°–189.8°).  This 
storm initiated a planet-encircling dust event that lasted 
for several months thereafter.  The triggering regional 
dust storm began within the previously-recognized 
‘Acidalia storm track’ [1, 2] on Mars (Fig. 1).  

For this study, we employ dayside MRO-MCS ver-
tical profiles of atmospheric dust extinction to illustrate 
and describe the evolution in space and time of this 
first strong dust lofting episode of the global storm.  
The MCS instrument is uniquely suited to this task, as 
it resolves aerosols and temperatures in the lower and 
middle atmosphere (to altitudes > 80 km) with 5 km 
vertical resolution.   

 
Mars Climate Sounder (MCS) Observations: 

MCS is an infrared 9 channel limb staring radiometer 
[3].  The retrieval algorithm produces vertical profiles 
of temperature, dust, and water ice extinction versus 
pressure [4].  MCS rides on the Mars Reconnaissance 
Orbiter (MRO) spacecraft, in a near-polar sun-
synchronous orbit with a local mean solar time of 3 
AM/PM at the equator.   

Figure 1 illustrates the trajectories of the five day-
side orbital ground tracks over the ‘Acidalia Corridor’ 
study area that comprise the data analyzed. The data 
available clearly and unambiguously reveal the evolu-
tion of the triggering storm, in latitude, in altitude, and 
in time (Fig. 2).    

  
Evolution of the Storm:  Below we describe sali-

ent features of the atmospheric dust distribution for 
each day observed.  We begin with a description of 
pre-storm conditions as recorded on 29 May 2018.  
Figure 2 illustrates cross-sections of atmospheric dust 
extinction for 29 May and for the additional dates and 
orbit tracks indicated in Fig. 1. 

 
Figure 1.  The ‘Acidalia Corridor’ study area.  The 
locations of MCS retrievals of atmospheric tempera-
tures and aerosol opacities are shown by color-coded 
dots corresponding to the dates provided in the legend. 
Simplified topographic contours at 3000 m intervals 
are provided for reference.  

 
Pre-storm conditions.  The dust distribution on 29 

May (Fig. 2, top) is representative of typical conditions 
at this season on Mars. A relatively symmetric ‘bulge’ 
of dust lies over the equatorial latitudes.  This is the 
zone of convergence and upwelling of the twin equi-
noctial ‘Hadley Cell’ meridional circulation cells that 
are normally present at this season.  Dust present in the 
lower atmosphere may be carried aloft by this circula-
tion. The peak altitude of the dust attained on 29 May 
is a little under 40 km.  For reference, peak altitudes of 
dust resolved in MCS observations during past region-
al-scale dust storms rarely exceed ~45 km in altitude. 

June 4, 2018. A significant vertical expansion of 
the equatorial dust ‘bulge’ of May 29 is evident in the 
dust extinction cross-section for this date, rising to >50 
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km altitudes in a range of latitudes north of the equator.  
(Gaps at lower altitudes near the equator in this figure 
are indicative of very high atmospheric dust opacities, 
which may prevent accurate retrievals of dust extinc-
tions from lower altitudes).  Dust rising higher than 
~40 km in altitude is observed only within and above 
the Acidalia Corridor on this date. 

 

 
Figure 2. Cross-sections illustrating MCS atmospheric 
dust extinction (km-1) for the orbital trajectories of Fig. 
1 on the indicated dates in 2018. Black marks indicate 
the locations of retrieved profiles.   
 

June 5, 2018. A well-defined anvil-shaped dust dis-
tribution has developed by this date. Dust with extinc-
tion ≥1x10-4 extends from ~50° S to >50° N.  
Upwelling of dust at the equator, followed by latitudi-

nal spreading at altitude in both north and south, is 
strongly indicated.   

June 6, 2018.  A significant further expansion in 
latitude of the main dust feature has occurred by this 
date.  The dust clouds now extend more than 120° in 
latitude.  Dust is present at altitudes of nearly 60 km 
nearly everywhere above the Acidalia Corridor.  A 
significant expansion of the high altitude dust in longi-
tude (not shown) has begun by this date. The spreading 
is likely due to strong tropical jet stream winds. 

June 9, 2018. The anvil-shaped dust feature has be-
gun to collapse. Peak altitudes have fallen back to ~40 
km over much of the northern portion of the study area.  
Even so, by 9 June, an extended, 50-km altitude dust 
haze attributable to this storm (not shown) has fully 
encircled the planet. (The global storm did not official-
ly attain planet-encircling status until 8 days later, on 
17 June (Ls=194.9)). 

Discussion: ‘Intensification’ of atmospheric Hadley 
cell circulations at Mars has often been proposed as a 
key factor contributing to the growth beyond the re-
gional scale of planet-encircling dust storms [5-8].  The 
existence of this circulation, in a globally averaged 
sense, is widely recognized, but disagreements exist 
regarding the symmetry and scale of the flows. Few 
direct observations of the precise locations, scale, tim-
ing, and evolution of Hadley cell flows have been re-
ported. MCS retrievals of atmospheric dust extinction, 
when used as a ‘tracer’ for meridional flows, may be 
able to address some of the open questions in this area. 

The cross-sections of Fig. 2 document the evolution 
of a regional dust event and the subsequent transport of 
the dust.  The morphology observed is consistent with 
the occurrence of a brief episode of intensification of 
meridional flow cells that was highly localized in lon-
gitude.  The confinement in longitude of this episode 
likely resulted from the strong topographic relief of the 
Acidalia Corridor as illustrated in Fig. 1.     

 
References: [1] Cantor, B. A. et al., (2014), 8th 

Intl. Conf. on Mars, Abs. #1316. [2] Wang, H. & M. 
Richardson (2015), Icarus 251, 112. [3] McCleese, D. 
et al. (2007), JGR 112, E002790.  [4] Kleinbӧhl, A., et 
al. (2009), JGR 114, E10006. [5] Haberle, R. (1986),  
Science 234, 459. [6] Murphy, J. et al. (1995), JGR 
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REASSESSING MARS’ GLOBAL OCEAN SHORELINES.  S. F. Sholes1,2, D. R. Montgomery1, and D. C. Cat-
ling1,2, 1Dept. of Earth and Space Sciences, Box 351310, University of Washington, Seattle, WA (sfsholes@uw.edu), 
2Astrobiology Program, Box 351580, University of Washington, Seattle, WA.  

 
 
Introduction: It has long been proposed that the 

northern plains of Mars may represent a basin where 
discharge from the large outflow channels may have 
pooled [e.g. 1-2]. However, the hypothesis of a large 
ocean has yet to be satisfactorily reconciled with climate 
models and water inventory assessments [3-4].  

Support proposed for liquid water oceans includes 
hypothesized paleoshoreline features. Observations of 
contacts that encircle portions of the northern plains 
have been interpreted as paleoshorelines for different 
ocean stands. Two primary levels have been traced to 
near-complete closure around the northern plains: the 
Arabia Level, which roughly follows the topographic 
dichotomy, and the Deuteronilus Level, which largely 
follows the southern boundary of the Hesperian-aged 
Vastitas Borealis Formation (VBF).  

However, two problems with interpreting these fea-
tures as true paleoshorelines are: 1) the mapped shore-
lines show  a wide variance in their elevations, which is 
at odds with an expected equipotential surface [5]; 2) 
the features have continuously been found to have no 
obvious or unambiguous consistency with a coastal 
origin [e.g. 5-8]. 

True polar wander and crustal flexure have been 
proposed to explain the contacts’ current topographic 
state [e.g. 9]. However, little work has been done to 
reexamine the proposed shorelines using the plethora of 
high-resolution data now available from the Mars Re-
connaissance Orbiter.  

Here, we address both problems by 1) summarizing 
and quantifying the issues with the mapped shorelines 
and 2) reinvestigating specific locations that have been 
proposed as possible coastal landforms and assessing 
their candidacy based on the now available very-high 
resolution HiRISE imagery and stereo-imaged-derived 
topographic data.  

Shoreline Locations: The original mapped contacts 
were done free-hand on low-resolution Viking images 
[1-2], which invariably led to their misidentification and 
misplacement [8]. This has led to observed ~0.6 km and 
~2.5 km ranges in elevation within the Deuteronilus and 
Arabia Levels respectively [5]. 

This misplacement is further compounded due to the 
absence of standard shapefiles corresponding to contact 
locations, leading to relatively low-quality digitization 
of published figures. Fig. 1 captures a snapshot of the 
large offset seen between the two contacts locally in 
west Deuteronilus Mensae. The historically used shape-
files from [5], datamined from [10, their Fig. 6], are 

shown in yellow (Arabia) and purple (Deuteronilus). 
Detailed remapping of the prominent Deuteronilus 
Level by [11] is shown in black. Here, we also present 
our remapping of the local Arabia Level based on the 
original boundary (as described by [1]) in white.  

Remapping of the Deuteronilus Level found two dis-
tinct regional levels with decile elevation differences of 
~180 m and ~270 m and a modeled geoid accounting for 
true polar wander is able to explain the disparity [11]. 
However, the Arabia Level has had no such detailed re-
mapping, largely in part due to the changing morpholo-
gies along track, sometimes diffuse nature, and accumu-
lation of material obscuring the contact. Through our re-
mapping, we find the Arabia Level (based off the tonal 

Fig. 1: Different locations according to different authors of the 
same proposed ocean levels contacts in west Deuteronilus Men-
sae. Mappings have large variance in locations (top) and elevation
(bottom). Arabia [5] is in yellow, Arabia [this paper, from 1] in 
white, Deuteronilus [5] in purple, and Deuteronilus [11] as black
dots. THEMIS-IR Day Mosaic with MOLA colorized elevation. 
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boundary in THEMIS-IR Day) is at an average eleva-
tion of -3,560 m with a decile range of 200 m. Compare 
this with the local mean elevation of -2,430 m with a 
decile range of 1,300 m from the datamined version [5]. 
This is consistent with descriptions of other unpublished 
remapping efforts, which suggest a potential ~2 km off-
set due to misidentification of the Arabia Level near 
Apollinaris Patera [12].  

Shoreline Characterization: We identified 40 lo-
cations cited in the peer-reviewed literature as potential 
candidates for ocean paleoshorelines. All have CTX 
coverage of ~6 m/px, and 22 have HiRISE coverage 
(0.25-0.5 m/px). We use the paleoshoreline identifica-
tion toolkit established in [8] to assess the features. Fig. 
2 shows typical morphological expressions of the two 
contacts (Deuteronilus – lobate, Arabia – tonal).  

As with other studies, we find no obvious or unam-
biguous evidence to support a paleoshoreline interpreta-
tion. Rather, the origins of the features plausibly fall into 
other categories: glacial, mass wasting, volcanic, re-
gional collapse, outflow channels, unit boundaries, tec-
tonic, deltaic/alluvial fan, and lobate flows.  

Conclusions: Caution must be used when examin-
ing the putative paleoshorelines. The Arabia Level is so 
poorly mapped that we find mean elevations off by >1 
km in Deuteronilus Mensae. The Deuteronilus Level is 
more thoroughly mapped, but consists of lobate flow-
front deposits. These deposits may be consistent with an 
ice and debris covered ocean [12], but may also be the 
result of volcanic, glacial, or subaerial catastrophic 
flood deposits [11].  

In addition to their locations, morphologies in the 
high-resolution imagery show little to no consistency 
with a shoreline hypothesis. For example, many of the 
stepped massifs believed to be wave-cut terraces are 
more likely the result of collapse of the highland terrain 
[13] with overlapping aprons, varying elevations, and 
tilts in opposite directions. Mass wasting events create 
features that resemble strandlines, narrow terraces, or 
stacked ridges. However, HiRISE reveals the features as 
highly discontinuous with bifurcations. Ridges previ-
ously interpreted as spits or tombolos connecting is-
lands, cross-cut massifs, are highly sinuous, and have 
various orientations that are more consistent with vol-
canic processes than coastal deposition.  

Overall, we reiterate the conclusions of [5], that the 
margins of the lowland boundaries (paleoshorelines) of-
fer little to no support for an ocean. This does not pre-
clude the existence of an ancient ocean, but more com-
pelling evidence is required to support such an interpre-
tation. Putative tsunami deposits [14] and deltas [15] are 
other hypothesized evidence for an ocean, but these fea-
tures were beyond the scope of the present study.  

References: [1] Parker, T. et al. (1989) Icarus, 82, 111-

145. [2] Parker, T. et al. (1993) JGRE, 98, 11061-11078. [3] 
Head, J. et al. (2018) 49th LPSC, Abstract #2194. [4] Turbet, 
M. and Forget, F. (2019) NatSR, 9, 5717. [5] Carr, M. and 
Head, J. (2003) JGRE, 108, E55042. [6] Malin, M. and Edgett, 
K. (1999) GRL, 26, 3049-3052. [7] Ghatan, G. and Zimbel-
man, J. (2006) Icarus, 185, 171-196. [8] Sholes, S. et al. 
(2019) JGRE, 124, 316-336. [9] Citron, R. et al. (2018) Na-
ture, 555, 643-646. [10] Clifford, S. and Parker, T. (2001) Ic-
arus, 154, 40-79. [11] Ivanov, M. et al. (2017) P&SS, 144, 49-
70. [12] Parker, T. and Calef, F. (2012) 3rd Conf. Early Mars, 
Abstract #7085. [13] Tanaka, K. et al. (2003) JGRE, 108, 
E48043. [14] Rodrigues, A. et al. (2016) NatSR, 6, 25106 [15] 
Di Achille, G. and Hynek, B. (2010) NatGe, 3, 459-463.  

Fig. 2: CTX imagery (B18_016498_2264) showing the gen-
eral features of the Deuteronilus level (top) and the Arabia 
level (bottom) within Mamers Valles (black boxes in Fig. 1). 
Deuteronilus is marked by dark-toned lobate flow fronts while 
Arabia is most visibly seen as a tonal contrast (black arrows) 
in THEMIS-IR Day images (overlaid onto bottom CTX im-
age). White arrows indicate escarpment also used to define the 
Arabia level.  

6282.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



NOCTIS LANDING, MARS: MRO CRISM MINERALOGY AND WATER SIGNATURES AT A 
PROPOSED HUMAN LANDING SITE AND EXPLORATION ZONE IN WEST VALLES MARINERIS. 
Sourabh Shubham1,2, Pascal Lee2,3,4, and Saibal Gupta1. 1Indian Institute of Technology, Kharagpur, India. E-mail: 
sourabhshubham611@gmail.com, 2Mars Institute, 3SETI Institute, 4NASA Ames Research Center. 

 
     Summary: Noctis Landing is a proposed Landing 
Site/ Exploration Zone for human missions to Mars. 
This study identifies several mineral and water-related 
spectral signatures in data from Mars Reconnaissance 
Orbiter (MRO)’s Compact Reconnaissance Imaging 
Spectrometer for Mars (CRISM).  

Introduction: Noctis Landing (NL) is a proposed 
Landing Site / Exploration Zone for human missions to 
Mars [1]. It is one of 47 sites proposed to NASA at the 
agency’s First Landing Site (LS) / Exploration Zone 
(EZ) Workshop for Human Missions to the Surface of 
Mars convened in Houston, TX, in October 2015.  

Understanding the mineralogy and volatiles present 
at the NL site is important for characterizing its geology, 
environmental evolution, astrobiological potential, 
possible resources, and promise for human exploration. 
In this study, we seek to identify mineral and water-
related spectral signatures in MRO CRISM data 
released in NASA’s Planetary Data System (PDS). We 
consider two nested EZs: the Primary EZ (PEZ), a 
circular region within 100 km from the NL LS; and a 
Secondary EZ (SEZ), a ring-shaped region ranging from 
100 to 200 km from the NL LS (Fig. 1).  
 

 
Figure 1. Noctis Landing Map. Red: Primary EZ (PEZ). Red 
to Yellow: Secondary EZ (SEZ). (Base map: Google). 

 
The Noctis Landing PEZ is a regional depression at 

the western end of Valles Marineris representing a 
transition zone between Tithonium Chasma to the NE, 
Ius Chasma to the E, Noctis Labyrinthus to the W, and 
Oudemans Crater to the S. Our study aims to help 
evaluate in more detail whether the NL LS would offer 
access to high-value “regions of interest” (ROIs) for 
science and/or resources. 

Previous mineral identification and mapping efforts 
in the region include a study of hydrated minerals in 
Noctis Labyrinthus and in sparse locales within the NL 
PEZ and SEZ [2]. The present study expands this past 
work, in particular to Tithonium Chasma, and also 
includes searches for other water-related signatures. 

Methods: Areas within the Noctis Landing PEZ and 
SEZ covered by MRO CRISM data were located using 
the NASA PDS and Google Mars. CRISM images were 
analyzed following the standard pipeline procedure 
associated with the pre-processing of CRISM data, 
which includes a basic photometric correction for 
Lambertian scattering followed by division by ‘Scaled 
Volcano Correction’ to correct spectra for absorption by 
CO2. To further understand the spatial distribution of 
candidate minerals, we considered the combination of 
summary parameters suggested by [3], called the 
‘Browse Products’.  

Results: We report general results for the area, then 
focus on two ROIs designated “Dragon Pit” and 
“Mirage Narrows”. 

General Results: We find that, in areas covered by 
CRISM data, the Noctis Landing PEZ and SEZ are 
dominated by hydrated minerals (HYD), including 
mono-hydrated sulfates, poly-hydrated sulfates, and 
hydrated silicates (HYS). Mafic minerals (MAF) such 
as olivine, and low and high-calcium pyroxenes are also 
prevalent in both the PEZ and SEZ, with olivine being 
the dominant mafic phase. 

The central part of the PEZ contains jarosite (a K-Fe 
sulfate) in addition to other hydrated sulfates. In some 
locations south of the NL LS, phyllosilicate signatures 
are observed. The NE part of the SEZ shows some of 
the clearest signatures of hydrated minerals. 

A summary parameter, BD1500_2, which likely 
indicates H2O ice in the atmosphere (e.g. ice fog) or at 
the surface (e.g. frost) [3], is observed in multiple 
locations within the Noctis Landing PEZ and SEZ. H2O 
signatures may be time-variable, as they are generally 
observed in CRISM data acquired during early Martian 
summer, at areocentric solar longitudes Ls~ 90°-130°, 
and may become subdued or even vanish altogether at 
other times of year. 

 “Dragon Pit”. A topographically depressed area 
located at 7°12’ S, 92°30’W, ~50 km SSW of the Noctis 
Landing LS, presents varied mineralogy (Fig.2). The 
depressed area, informally referred to as “Dragon Pit”, 
includes two main depressions with sloping walls, each 
~10 km in scale: the “Head Pit” to the W, and the “Tail 
Pit” to the E. Hydrated minerals, including mono- and 
poly-hydrated sulfates, and other water signatures, are 
found in the “Head Pit” (Figs 3 and 4).  Jarosite is 
identified in association with a central positive relief 
feature located inside “Head Pit”, designated as “Eye of 
the Dragon Hill” (Fig. 3). 
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Figure 2: The “Dragon Pit” in the Noctis Landing PEZ. 
Red: CRISM image footprint encompassing “Head Pit” and 
“Eye of the Dragon Hill”. Yellow: CRISM footprint covering 
“Tail Pit”. (Background image: NASA MRO CTX). 

    
Figure 3. Sulfates at “Head Pit” & “Eye of the Dragon 
Hill”. Left: CRISM Browse product HYD. Magenta: Poly-
hydrated sulfates; Green: Mono-hydrated sulfates; Blue: 
Other hydrated minerals. Right: CRISM Browse product 
HYS. Yellow: Jarosite; Blue: Other hydrated minerals. 
 

      
Figure 4. Water at “Dragon Pit”. Green: CRISM summary 
parameter BD1500_2 indicating likely H2O ice. Red: CRISM 
summary parameter R3920, a proxy for silicates. 

“Mirage Narrows”. A section of the floor of 
Tithonium Chasma, located at 4°50’S, 89°57’W, ~175 
km NE of the Noctis Landing LS, illustrates the time-
variability that H2O detections may present in the 
region. The location, a topographic low and one of the 
narrowest sections of the canyon floor, is informally 
referred to as “Mirage Narrows” (Fig. 5). Three 
CRISM images acquired at this location and at similar 
incidence angles but at different times of year are shown 
in Fig. 6. H2O is detected in the two CRISM images 
acquired in early summer (at Ls = 126.26° and 134.17°), 
while the third CRISM image acquired in early winter 
(at Ls = 271.99°) shows almost none. 

It remains unclear what form these transient 
occurrences of H2O take. Hypotheses include ice fog [4] 
and/or surface ice deposits such as frost [3]. 

             
Figure 5. “Mirage Narrows” in the Noctis Landing SEZ. 
Red: CRISM image footprint. (Background image: NASA 
MRO CTX). 
 

     
Figure 6.  Transient Water at “Mirage Narrows”. CRISM 
images of same location acquired at similar incidence angles 
but at different Ls. Same color coding as in Fig. 4. 
     
      Conclusion: The presence of hydrated minerals (in 
particular of poly-hydrated sulfates) in the Noctis 
Landing PEZ and SEZ is scientifically interesting and 
also important in the assessment of potential resources 
for the human exploration of Mars [5]. Our spectral 
analysis also indicates the possible presence of actual 
H2O in the area, although in some locations at least, H2O 
occurrences are time-variable on seasonal timescales 
[6]. Our study strengthens the appeal of the NL site for 
astrobiology and human exploration.  

Future Work: Acquisition and analysis of 
additional CRISM data to expand the spatial and 
temporal coverage for the Noctis Landing PEZ and 
SEZ, are needed and recommended.  

References: [1] Lee, P. et al. (2015) 1st LS / EZ 
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Introduction: Sedimentary rocks are historical 

archives of planetary surface processes; their grains, 
textures, and chemistry integrate the effects of source 
terrains, paleoclimatic conditions, weathering and 
transport processes, authigenic mineral precipitation, 
and diagenesis, which records groundwater chemistry 
through time. “Source to Sink” basin analysis seeks to 
constrain the influence of each of these different 
signals through sedimentary and geochemical analyses. 
Here, we use Mars Science Laboratory (MSL) 
Curiosity rover images and geochemical and 
mineralogical data from a traverse across a portion of 
the Murray formation—the lowermost unit exposed in 
the Gale crater central mound—to begin to constrain 
the aspects of the source to sink system that formed 
this Martian mudstone between 3.7 and 3.2 Ga. 

Geologic Context: Gale crater is a ~3.7 Ga 
complex crater with a ~5 km tall central peak 
surrounded by a crescent-shaped mound of layered 
sediments called Mount Sharp (formally Aeolis Mons), 
which is interpreted to be an erosional remnant of more 
extensive crater-filling deposits [1]. Curiosity has 
traversed >20 km, gained >375 m in elevation, and 
collected 21 drilled samples (14 in the Murray fm). A 
composite stratigraphic column depicting the facies 
encountered by Curiosity along its traverse, divided by 
elevation because layers are approximately flat-lying, 
is shown in Figure 1. The observed strata have been 
divided into 3 groups: the Bradbury group consists of 
fluvio-deltaic mudstones to conglomerates; the Murray 
fm, the lowermost exposed strata in the Mount Sharp 
gp, consists of laminated mudstones with occasional 
cross-stratified sandstones; and the unconformably 
overlying Stimson fm of the Siccar Point gp, a much 
younger deposit of mafic eolian sandstones. Here we 
focus on the Murray formation, where members have 
been defined by the MSL Sed-Strat Working Group 
through comparison of rover and orbiter images and 
identification of significant boundaries.  

Sedimentology: The dominant facies in the 
Murray fm is a laminated lacustrine mudstone with 
laminations on the order of a few mm thick, ranging up 
to ~cm thickness [2]. Note that Curiosity cannot 
distinguish grain sizes below very fine sand, and even 
with larger grains, grain boundaries are often difficult 

to discern [2]. The second facies is a heterolithic 
assemblage of mudstone, siltstone, and sandstone. This 
facies includes laminated mudstones, cm-scale ripple 
cross-stratification, and dm-scale cross-stratified 
sandstones. The third facies, mostly present in the 
Hartmann’s Valley mbr, shows meter-scale trough 
cross-bedding with steep foresets [3]. Clear 
geochemical differences between these facies have not 
been identified. 

 
Figure 1. Composite stratigraphic column showing facies 
observed by Curiosity by elevation and member divisions. 
 

Provenance and Transport Processes: It is 
difficult to constrain provenance from fine grained 
sediments, but a few parameters can be constrained. 
The Murray is interfingered with the Bradbury group, 
which is dominantly sourced from an Al-rich basalt 
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with plagioclase phenocrysts and has elevated 
potassium relative to average Mars due to variable 
input of an alkali basalt [4, 5]. Having been deposited 
in a crater lake, the Murray formation likely also 
received detrital input from other watersheds around 
the crater along with eolian and groundwater inputs. 
The detrital input has been weathered, but all drilled 
samples in the Murray formation still contain an 
average of ~32% igneous minerals, ranging from 18% 
to ~50%. All samples in the Murray fm contain 
elevated potassium, perhaps due to contributions from 
the same alkali basalt as contributed to the Bradbury 
grp. This potassic source is thought to no longer be 
exposed as neither the eolian Stimson fm nor modern 
eolian sediments show elevated potassium.  

One other distinctive source contributed to the 
Murray fm. In the Pahrump Hills member, an 1+ m 
thick layer identified by ChemCam and DAN to 
contain significant hydrated amorphous silica [6, 7] 
was found to contain opaline silica, cristobalite, and 
tridymite, a high-T low-P SiO2 polymorph consistent 
with explosive felsic volcanism [8]. The lack of 
abundant crystalline SiO2 in other layers indicates that 
this distinctive source was only contributing to lake 
sediments for a short duration. 

Paleoclimate: The Chemical Index of Alteration 
(CIA) is a proxy for paleoclimatic conditions based on 
the weathering of feldspar minerals; it is a molar ratio 
of the labile elements in feldspar Ca, Na, and K to Al, 
which is immobile in weathering solutions [9, 10]. 
Comparisons of CIA values in the Bradbury fluvio-
deltaic sediments to terrestrial rivers indicates that 
paleoclimatic conditions at the base of the Murray 
were similar to or colder than conditions in Iceland 
today [11]. Mangold et al. showed that CIA values 
increase with elevation for the first four members of 
the Murray formation [12], and Bristow et al. showed 
that the phyllosilicates transition from tri-octahedral to 
di-octahedral forms, consistent with increasing 
warming and chemical weathering upsection [13]. 

Authigenic Mineral Production: Minerals that 
formed through precipitation of dissolved components 
in the lake contribute to the geochemical and 
mineralogical trends observed. However, it is difficult 
to differentiate between authigenic minerals from the 
lake waters and diagenetic minerals from later 
groundwater. Amorphous silica, which is particularly 
abundant in and near the tridymite layer, may have 
precipitated out of lake waters, but it is also present in 
diagenetic fracture-associated halos. Iron oxides 
including magnetite, hematite, and akaganeite may 
have been detrital, may have precipitated from lake 
waters, or may have been diagenetic—or some 
combination thereof.  

Some textural observations in the Murray show 
poikilotropic crystal shapes, which are consistent with 
gypsum crystallization in a stress field similar to near-
surface conditions [14], but the lack of displacive 
textures precludes an authigenic interpretation. The 
Sutton Island and Blunts Point members of the Murray 
formation show sub-horizontal calcium sulfate 
enrichments that are variably mixed with the bedrock 
composition. These are also not interpreted as syn-
depositional because the sulfate enrichments are 
discordant to primary laminations.  

Diagenesis: Diagenesis includes all processes that 
affect the rocks between deposition and modern 
exposure and weathering—this includes cementation, 
lithification, fracturing, mineral alteration, and 
groundwater precipitation. All of the exposed facies in 
the Murray formation are lithified and show evidence 
for post-depositional fluid interactions; concretions of 
different shapes, sizes, and chemistries are frequently 
observed, as are late (post-lithification) typically sub-
vertical calcium sulfate-filled fractures [15]. Some 
portions of the Murray, as mentioned, show sub-
horizontal calcium sulfate enrichments that include 
admixtures of sulfate and bedrock, indicating that they 
may have formed earlier relative to lithification. 

Diagenetic mineral alteration and cation mobility 
continued for extended time after deposition; the 
Mojave drill hole, for example, contains jarosite 
radiometrically dated to ~2.1 Ga [16]. Diagenetic iron 
mobility likely had a significant effect in the formation 
of the prominent Vera Rubin Ridge topographic 
feature [17]. Small localized concentrations of 
elements including Fe, Mn, P, and K, among others, 
sometimes associated with color changes, are likely 
related to diagenetic element mobility because they do 
not follow primary bedding [15]. 
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Introduction: The ice-rich sedimentary deposits of 

the north polar plateau, Planum Boreum, record the re-
cent climatic history of Mars [1]. The 2011 NRC Plan-
etary Science Decadal Survey identifies the polar re-
gions of Mars as high priority targets and recommends 
a lander mission to sample ice cores on the north polar 
layered deposits (NPLD). The aim of the mission will 
be to constrain the climatic and geologic processes on 
Mars in the recent past, much like how climatic records 
on Earth are studied using ice cores. The NPLD are hy-
pothesized to have formed from long term deposition of 
ice and airfall dust during the late Amazonian [2]; how-
ever, the non-ice composition is poorly constrained. Ice 
cores on Earth are dated via K-Ar radiometric dating of 
trapped atmospheric gases or volcanic ash/impact layers 
[3].  In this study, we use high resolution orbital spectra 
from the Compact Reconnaissance Imaging Spectrom-
eter for Mars (CRISM) to test whether or not the NPLD 
contain the materials for quantitative geochronology. 
These mineralogical detections also provide constraints 
on the lateral continuity of strata and the geologic pro-
cesses that contributed to the formation of the NPLD. 

Methods: CRISM  TRR3 Full Resolution Targeted 
(FRT) and Half Resolution Long (HRL) images were 
analysed using the ENVI CRISM Analysis Toolkit 
(CAT). These 18-40 m/pixel hyperspectral VNIR (0.35-
2.65 μm) images are corrected for photometric and at-
mospheric effects before analyzing for spectral signa-
tures to detect Fe-bearing minerals which cause a broad 
absorption near 1 μm and often also near 2 μm [4,5,6]. 
Mafic minerals like olivine have a broad absorption cen-
tered between 1.05-1.07 μm, pyroxene exhibits bands 
centered near 0.9-1.05 μm and 1.9-2.4 μm, while Fe-
bearing glass has relatively broader, shallow and sym-
metric bands centered between 1.08-1.16 μm and a 
weaker absorption band around 2.0 μm. The absorption 
bands for glass are resolvable only when glass is present 
in high abundances (>~70%)  but can be detected as a 
distortion on other mineral bands at moderate abun-
dances (>~50%) [4]. Most previous glass detections in 
the region are also associated with a spectrally feature-
less strong blue and concave up slope which is inter-
preted as weathering of the glass surface [7]. Spectral 
summary parameters are used to generate RGB maps of 
spectral variations which aid in identifying regions of 
interest (ROIs) for spectral analysis [8]. The I/F spectra 
from ROIs contain unwanted contribution from surface 
dust and water ice that prevent the identification of lith-
ics in the scene. To suppress these effects, we ratio the 
ROI spectrum by calculating a reference spectrum from 
an average of pixels from the same detector column in 
the scene displaying a high value for spectral parameter 

BD530 (ferric dust), lower values for parameters 
BDI1000VIS and HCPINDEX2 (mafics) and with a wa-
ter ice band depth at 1.5 μm similar to the selected ROI. 
This process is effective in revealing the mineralogy of 
the lithic materials. To clearly see the broad Fe-absorp-
tion bands near 1 μm and 2 μm, the continuum of each 
spectrum is then suppressed by dividing the ratio spec-
trum by a linear convex hull continuum shape [4,7,9]. 

Results:  Five CRISM images from Chasma Bore-
ale, Olympia Cavi, and on top of Planum Boreum (Fig. 
1) were analysed to assess the lithic composition of 
three mapped geologic units within the NPLD. The 
Planum Boreum 1 (ABb1) unit is an ice-rich meter-scale 
layers that makes up the majority of the NPLD. ABb1 
has been proposed to be composed of ice and airfall dust 
accumulated during periods of low obliquity [10,11,12]. 
Spectrally, this unit does appear to be dominated by ice 
and ferric dust, but upon ratioing, also often exhibit 
broad absorptions centered between 0.95-1.05 μm and 
2.05-2.3 μm which are consistent with mafic minerals. 
ABb1 is heterogeneously overlain by the Planum Bo-
reum 2 (ABb2) unit, which is a dark and lithified sedi-
ment layer that also mantles the floor of Chasma Bore-
ale and Olympia Cavi. This unit has been proposed to 
be a sublimation lag [13,14], but could also be con-
sistent with a regional airfall deposit that postdated the 
erosion of Chasma Boreale. ABb2 exhibits a strong blue 
and concave up slope with no clear Fe-bands consistent 
with weathered glass. Both ABb1 and ABb2 are over-
lain by the Planum Boreum 3 (ABb3) unit, which is a 
thin ice-rich unit proposed to be recent and ongoing ice 
accumulation [10,11]. ABb3 is spectrally dominated by 
ice and lacks a significant non-ice component. The cavi 
unit (ABbc) is a thick dark unit near the base of the plat-
eau interepreted as an ancient induated sand sea. ABbc 
frequently exhibits weathered glass and glass signa-
tures, although often mixed with HCP. Sand dunes are 
observed within Chasma Boreale and Olympia Cavi that 
appear to source the sandy material from the scarp due 
to erosion by katabatic winds. The spectra from these 
dunes exhibit deeper rounded absorption around 1.1 μm 
consistent with a glass-rich composition, most likely 
primarily sourced from the Cavi unit. 

Discussion: An important finding of this study is 
that while airfall martian dust [15], a globally homoge-
nous mixture of sub-micron mineral particles (domi-
nated by ferric oxides), is a major component of the 
NPLD, it is not the only lithic component. Instead, py-
roxene, glass, and likely some olivine are also present 
within the NPLD, suggesting sediment accumulation 
due to impacts and/or volcanism [16,17,18]. 
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Glass appears to be a major part of the lithic compo-
nent of Planum Boreum, although HCP is also present 
throughout the bulk of the NPLD. Weathered glass and 
HCP are also present within the north polar sand sea, 
however, they could not be a source for sediments on 
NPLD as the wind models suggest that katabatic winds 
drive transport down off the cap and not up onto it [19]. 
Instead, the compositional similarity may be due to the 
airfall deposition of same mantling material onto the cap 
and the surrounding plains, and erosion of the NPLD. 

The images studied cover the lower layered se-
quence (LLS) i.e., the strata below the marker bed 
(MB). ABb3 on top has smooth “cottage cheese” terrain 
which is mostly recent seasonal water ice [20]. Under-
lying ABb3 unit is the light toned thinly laminated ice-
rich layer that appears to have gradually accumulated 
dust and glass-rich ash or ejecta and displays pitted, smooth 
to rough textures and sometimes irregular layers due to 
katabatic erosion. However, within the trough layering 
of ABb1 is not prominent on the pole facing slope due 
to the wind driven preferential deposition of coarser 
mafic sediments (consistent with microtektites) eroding 
off from the equatorward slope (e.g., HRLB69E) [19]. 
ABb2 unit is observed as a low ice floor unit with po-
lygonal fractures which is covered with low albedo sand 
sheet mostly consistent with weatherd glass and may 
represent discrete impact ejecta/ash layer or sublimation 
lag [10]. The ABbc unit below ABb1 shows dark and 
light toned beds that are deformed, eroded, sometimes 
discontinuous, covered with rock falls and dark glassy 
sand possibly sourced from deflation of regional depos-
its or a proximal impact ejecta/volcanic tephra. 

Proximal impact ejecta from regional impacts would 
be composed of a mix of local crystalline country rock 
and a small fraction of impact melt glasses, which de-
crease in grain size with distance from the impact, while 
distal impacts globally distribute sand-sized spherules 
and larger tektites that are typically glassy but can con-
tain crystalline minerals depending on cooling history 
[21,22]. Distal impact deposit can form a layer mm to 
tens of cm in thickness, depending on the size and ve-
locity of the impactor [16,23]. Volcanic tephras range 
from crystalline to glass-rich, where glass abundances 
are significantly enhanced by water/ice interactions dur-
ing eruption [24]. Climate models suggest that volcanic 
ash from known edifices in the mid-latitudes is difficult 
to latitudinally transport; so the majority of material de-
posited at the poles would be quite fine grained [18]. In 
either case, these sediments could provide both compo-
sitional markers for correlation of relative stratigraphies 
across the region, as well as potential sediments for 
quantitative geochronology via K-Ar dating. Thus, the 
NPLD on Mars could preserve not just a quantitative 
record of climate during the late Amazonian, but also a 
record of the impactor flux and volcanic eruption rate. 
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Figure 1: Ratio spectra and continuum removed spectra 
from NPLD with interpreted mineralogy (on the top). 
RGB composite and true color image of CRISM cubes 
(on the bottom) from locations on Planum Boreum (bot-
tom right corner) showing mineralogical diversity. 
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Introduction Many studies had been carried out by the 

researchers for various region of Valles Marineris and has 
revealed evidence for the presence of sulphate deposits 
namely the Interior Layered Deposits (ILD). The present 
study aims at the identification of mafic minerals High Cal-
cium Pyroxene [HCP] and Phyllosilicate minerals of Melas 
chasma region of Valles Marineris by using CRISM datasets. 
The spectra and the mineral distribution maps are derived 
using the spectral summary parameters which helps to under-
stand the past geologic events ultimately bringing out the 
origin and evolution of Valles Marineris. The Morphological 
features of Valles Marineris are compared with the CRISM 
as well as the HiRiSE Data. The Digital Elevation Model 
(DEM) is derived using the Mars Orbiter Laser Altimeter 
(MOLA) data which shows that the depth varies from 3km to 
7km. For the present study, Melas Chasma is taken for geo-
chemical and mineralogical analysis using remote sensing 
data. The mafic  minerals and phyllosilicate mineral distribu-
tion are derived which delineates dominance of pyroxene and 
the presence Mg-OH phyllosilicates indicating the volcanic 
origin and the processes of low grade metamorphism respec-
tively. 

Study Area  Valles Marineris lies between -2˚ to -18˚ S 
latitude and -26˚ to -108˚W longitude extending about 4000 
km in length, 200 km in width and 7 km in depth. It has a 
total areal coverage of about ~ 44, 54, 672 Sq. km, covering 
about 1/5 th of the Martian surface. The formation of the 
Valles Marineris would have took place in the Noachian to 
Hesperian age that dates back about ~3.5 bya (Tanaka, 
1986). The Valles Marineris province is divided into 11 re-
gions (Fig. 1) of which Melas Chasma is taken for the study. 
Fig. 1 shows the location of Melas Chasma and the various 
regions of the Valles Maineris province. 

 
Geology of the Study Area: The Melas chasma is lo-

cated at the southern end of the Valles Marineris to the east 
of Ius Casma and west of Coprates chasma. The Melas 
chasma acts a bridge connecting the eastern and western 
flanks of the Valles Marineris province. The Chasma is about 
450km in length and 350 km in width covering nearly about 
approx. 1,44,405 sq. km. and broadens southwards into Sinai 
Planum. It is slightly oblique (NW-SE) to Ius and Coprates 
Chasmata, with the latter being slightly offset to the south. 
Melas Chasma is connected to the north with the parallel 
Candor and Ophir Chasmata. Melas Chasma displays layered 
deposits and provides valuable information about the geolog-
ical history of the canyon system. Because of geology of this 
area, it was considered as a high priority landing site for 
MER rovers (Weitz et al., 2003). Based on the literature stu-
dies the age of the Melas Chasma was estimated to be from 
Middle Hesperian (Pelkey and Jakosky, 2002). The geology 
of western Melas Chasma was studied from Mars Global 
Surveyor mission (MGS) remote sensing data (Pelkey and 
Jakosky, 2002), and the surficial properties were analyzed 
from Mars Odyssey Thermal Emission Imaging System 
(THEMIS) data (Pelkey et al., 2003). Both studies concluded 
that the Chasma has had a complex history mainly dominated 

primarily by aeolian processes in the recent period of time. 
Fig. 2. Shows the geology map of the study area. The geolo-
gy map of Melas chasma was derived based on the map giv-
en by Witbeck et al, 1991. The geological features includes 
slope materials on the valley walls, dunes, layered materials, 
fractured sediments, ridged plains, floor materials and crater 
fill materials. The topography of Chasma was interpreted  by 
the contuor map and DEM derived using the MOLA data. 
The contour values shows the highest relief of the study area 
is 4000m and the lowest relief is -3800m. From the DEM 
data it is evident that the chasma has almost smooth valley 
floor with small isolated patches and a rugged topography 
towards the valley wall. The profile of the cross section de-
rived for the chasma also reveals the same relief values. Fig. 
3 shows the Contour map, DEM and the profile graph of the 
cross section derived for the study area. 

 
Results and Discussion: Morphology of the Study Area: 

Fluvial Channels: 
Fig. 4.a and 4. b shows the well defined fluvial pattern. Fig. a 
is the central valley floor of the Melas Chasma which indi-
cates that there occurred an extensive flow eroding the either 
sides of the ridge leaving a streamlined texture on the floor. 
The origin and the direction of flow is indefinite. Similarly 
Fig. 5. b. also shows the fluvial pattern indicating the prima-
ry and secondary order of streams. The flood plain around 
this pattern shows a rough texture due to the deposition of 
debris. 
 
 Dune Fields: 
Fig.4. c shows a complex morphology in which the northern 
part of the image shows the dune fields that includes both 
mega longitudinal dunes and micro level dunes. These dunes 
may be  developed due to the aeolian activity in very recent 
times since the surface has layered deposits over which the 
dunes are present. Below the dune field there occurs a fluvial 
channel that shows almost parallel channels of which one 
major stream in connected to feature that is similar to the  
water body which may be a paleo lake.  
  
Landslide: 
Fig. 4. d shows part of the valley wall consisting of a linear 
ridge like feature with smooth texture indicating the presence 
of fine sediments. In the zoomed image, it is noticed well, 
that the occurrence of landslide of the sediment flow can be 
noted. There is also a difference in the texture of the area 
surrounding the landslide location. 
 
Mineralogy of the Study Area: Mafic inerals 
The spectra of Pyroxene obtained from CRISM data and the 
CRISM spectral library plot of pyroxene is shown in Fig. 
5.A). ii and 5.A). iii respectively. The presence of Mafic 
minerals like olivine and pyroxene indicates that surface 
material is of volcanic origin (Pelkey et al., 2007 & Burns, 
1993).  
 
Phyllosilicates:Serpentine show absorption features near 
1300 nm due to OH overtones and near 2300 nm due to Al-
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OH. The presence of Serpentine indicates the hydrothermal 
alteration of ultramaficc rocks (Ehlman et al., 2010). The 
spectra of serpentine obtained from CRISM data and the 
CRISM spectral library plot of serpentine is shown in Fig. 
5.B). ii and 5.B). iii respectively. 
 

Summary: The MRO HiRiSE data were used to derive 
the morphological features which has shown evidences for 
fluvial channels, dunes, and results for landslides. The mor-
phological features identified indicates that the fluvial activi-
ty aeolian activity had took place actively in the geologic 
history of mars. The MRO CRISM data Spectral parameter 
analysis has been used to identify minerals in the Melas 
chasma. The presence of mafic minerals indicates volcanic 
originated materials whereas the presence of phyllosilicates 
indicates low temperature chemical weathering and hydro-
thermal alteration. 

 
References: [1] Burns, R.G. et al., (1993), Geo-chimica 

et Cosmochimica Acta, 57, 4555-4574. [2] Ehlmann, B. L. et 
al., (2009), 40th LPSC, #1787. [3] Ehlmann, B. L. et al., 
(2009), GRL, 37, 1-5. [4] Gen-drin, A., et al., (2005), Scince, 
307, 1587-1591. [5] Pelkey, S. M. et al., (2007), JGR, 112, 
1-18. [6] Rampe, E. B. et al., (2011) 42nd LPSC. [7] Rampe, 
E. B. et al., (2012), Geology, 40, 995-998. [8] Schulte, M., et 
al (2006), Astrobiology, 6,3764-376. [9] Tana-ka, K. L., 
(1986), JGR, 91, E139-E158. [10] Viviano- Beck, C. E., et 
al., (2014), JGR, 119, 1403-1431. 
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Fig. 1: Figure showing  the location of Melas Chasma 

Fig. 2: Geology map of Melas Chasma 

Fig. 3: a) Contour map of Melas chasma; b) Profile graph 
showing the cross section of Melas chasma; c) DEM gener-
ated using MOLA data corresponding to the cross section. 

Fig. 4: Morphological features identified a) Fluvial channel; 
b) Fluvial pattern; c).i). Dune field includes mega dunes to 
micro dunes; ii) Fluvial channels connected to a lake; d) 
Landslide materials 

Fig. 5: A) i) location of Spectra; ii)Spectra of Pyroxene obtained from 
CRISM Data; iii) CRISM Spectra Library Plot of Pyroxene; 
B) i) location of Spectra; ii) CRISM Spectra Library Plot of    
Serpentine; iii)Spectra of Serpentine obtained from CRISM Data;  

6145.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



β 

β

S i = 1−θ β

Θ =
Tm − T
ΔT f

6224.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



θ

6224.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)
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Introduction: The Surface Probe Rover     

Investigating New Ground (SPRING) Mission is a       
proposed mission concept designed to bring a scanning        
electron microscope (SEM) to the surface of Mars. The         
SEM would be able to investigate planetary science        
objectives related to astrobiology, geology, and      
engineering. The SPRING Mission would include the       
cameras, spectrometers, drones and probes required to       
map, select, collect and process the samples for SEM         
analysis.  

Instruments: The core of the SPRING Mission is        
the Miniaturized Variable Pressure Scanning Electron      
Microscope (MVP-SEM) instrument [1]. The     
MVP-SEM instrument is capable of in-situ      
microimaging with a resolution of <100 nm. The        
MVP-SEM will also have compositional mapping      
capabilities with Energy Dispersive Spectroscopy     
(EDS). Microimaging at SEM resolutions are required       
for many types of observations including key       
biosignature detections (Fig. 1). The SPRING Mission       
will carry a suite of cameras, spectrometers and tools         
designed to select the optimal samples for the        
MVP-SEM depending on the specific mission      
objectives.  

  

 
Figure 1. Biosignatures that can only be       

determined with SEM resolution. a) Iron Mountain       
microbial filamentous cell with surrounding iron oxide       
precipitation [Credit: A. Williams]; b) SEM image of a         
silica-coated biofilm, indicating "spindle-shaped    
diatoms" with arrows, located in El Tatio, Chile and         
resembling Home Plate on Mars [2] [Credit: Ruff and         
Farmer, 2016]; c) Caloneis Bacillium diatom      
surrounded by schwertmannite precipitate from the      
Centralia, Pennsylvania, acid mine drainage system,      
[Credit: A. Williams]. 

 

 
Figure 2. SPRING Mission Concept. A) Mars Surface        
Probes are released prior to landing on a targeted entry          
pathway to impact surface and excavate the       
subsurface. B) Rover is placed on surface and drives to          
impact site or science target. C) Drones are released to          
map units and select samples. Drones or rover can         
collect samples for on rover processing and SEM        
analysis. [Image Credit: Andre Stearns]. 

 
Concept of Operation: The SPRING Mission      

concept (Fig. 2) is developed around getting the        
MVP-SEM close to the primary study site with access         
to the samples of interest. Once there, it will be          
important to access a wide range of units.        
Biosignatures, in particular, might be best preserved       
underground. Digging or drilling on Mars for samples        
is notoriously difficult. To excavate larger units,       
SPRING will carry several Mars Surface Probes       
(MSP) attached to the mission aeroshell on its way to          
Mars. These will be deployed to the targeted landing         
site before the SPRING Mission reaches Mars. The        
MSP will then endure a hard impact at the targeted          
landing site to excavate material at depth. Once the         
impact debris settles down, the SPRING Rover will        
land to begin the primary mission.  
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In addition to the MVP-SEM, the SPRING Rover        
will carry a suite of instruments and drones designed to          
map, sample and process the materials for analysis in         
the SEM. The detachable Mars Mapping Drones       
(MMD) will be based on the JPL Mars Helicopter         
Scout to map the regional geology and collect small         
samples to return to the rover. The Rover will include          
cameras for geomorphic mapping, spectrometers for      
mineral mapping, a robotic arm for sampling and a         
sample processing station to prepare samples for the        
MVP-SEM analysis. The mission will repeat this       
process of mapping, roving, sampling and analysis to        
complete the mission objectives.  

Potential Mission Target: The SPRING Mission      
microimaging capabilities are designed to provide      
valuable observations for a number of mission       
scenarios. Here we present one mission profile for        
reference. The search for biosignatures on Mars has        
been and is still an important motivation for        
exploration. While there are at least six type classes of          
potential biosignatures, two types, physical     
macrofossils and microfossils are ideally suited for       
detection with a camera suite and microimaging       
instrument package. Research at Mars Analogs [3],       
indicate that biosignatures preserved in hot spring       
sinter deposits would be dominated by physical       
microfossils. Previous work has identified potential      
preserved hot spring deposits at Home Plate in        
Columbia Hills [4] and Nili Patera (Fig. 3) in Syrtis          
Major [5]. We explore a potential mission concept to         
Nili Patera.  

 

 
Figure 3. The Nili Tholus cinder cone (9.15N,        

67.35E) in Nili Patera is surrounded by light-toned        
silica sinter deposits formed in an ancient hot spring         
environment. If life ever existed in this spring, it may          
be preserved as physical microfossils.  

 
Mission Objectives: For the case study mission to        

Nili Patera, the SPRING Mission would be motivated        
by three science objectives that drive the instrument        
selections and mission configuration. Objective 1)      
Determine if the Martian spring deposits have evidence        
of physical biosignatures. Objective 2) Characterize      
the environmental conditions of the ancient spring       

system and its volcanic history. Objective 3) Map and         
characterize the surface resources in preparation for       
human exploration and in-situ resource utilization      
(ISRU). These objectives would be accomplished with       
the microimaging and compositional analysis     
capabilities of the MVP-SEM and supporting      
instruments and mission components. These objectives      
are motivated by high-level science goals from past        
Decadal Surveys and updates from NASA’s CAPS       
report and the PSD Mid-Term Report.  

Technology Development: The SPRING Mission     
concept is designed to take advantage of technological        
innovations already in development and spur on       
additional work with a specific use case. The MMD         
would be based on the development work of the JPL          
Mars Helicopter Scout, in development for inclusion in        
Mars 2020 [6]. The MSP would be based on the          
success of the Moon Impact Probe [7] and lessons         
from the Deep Space 2 mission [8]. This mission         
would require continued development of the      
MVP-SEM instrument through field testing and      
mission integration. SPRING would require additional      
development of Mars drone surface sampling      
techniques, precision surface landing for the impact       
drones and lander and networked communications for       
the rover and drone interactions. Each of these        
technological innovations would have wide     
applications for future planetary science and crewed       
mission capabilities.  

Summary: The SPRING Mission concept would      
bring critical microimaging capabilities to the surface       
of Mars with applications for astrobiological,      
environmental and geological investigation. The     
Mission’s ability to map, select and sample the surface         
would also provide important characterization of a       
location’s resources for future human use. SPRING is        
built on substantial flight heritage while still driving        
instrumental, spacecraft and operational innovation     
that will open up exploration opportunities for future        
generation of robotic and human missions to Mars and         
beyond.  

References: [1] Edmunson, J. et al., (2016) 47th        
LPSC, Abstract. [2] Ruff, S.W. and Farmer, J.D.        
(2016) Nature Communications, 7, 13554. [3] Hays, et        
al., (2017) Astrobiology, 17, 4. [4] Squyres et al.,         
(2008) Science, 320, 5879, p1063-1067. [5] Skok et        
al., (2010) Nature Geoscience, 3, p838-841. [6]       
Balaram et al., (2018) AIAA SciTech Forum.       
10.2514/6.2018-0023. [7] Goswami, J. N. and      
Annadurai, M. (2009) Acta Astronautica, 63, 11-12,       
p1215-1220. [8] Smrekar et al., (1999) J. Geophys.        
Res. 104, E11, 27013-27030. 
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Introduction:  Since 2014, the Natural History 

Museum (NHM) has been the prime contractor to the 
European Space Agency (ESA) for defining and initiat-
ing the development of an Exploration Sample Ana-
logue Collection (ESA2C) and Sample Analogue Cura-
tion Facility (SACF) in support of the Human & Ro-
botic Exploration mission preparation programme. The 
ESA2C and SACF will support the ongoing and future 
technology development activities that are required for 
human and robotic exploration of Mars, the Moon, 
Phobos, Deimos and C-Type Asteroids. The long-term 
goal of this work is to produce a useful and useable 
resource for scientists and engineers developing tech-
nologies for ESA missions and for appropriately quali-
fied international users as well.  

Sample Analogue Collection:  The ‘Mission 
Statement’ of the ESA2C is “..to maintain, develop and 
manage a collection of materials, which recreate the 
physical and/or chemical properties of different Solar 
System target bodies of interest. The ESA2C is de-
signed to be available to appropriate investigators 
relating to any sanctioned project developing technol-
ogies or  scientific payload in support of human  & 
robotic exploration of the Solar System”. The complex 
mission architectures and diverse target bodies of in-
terest means that a variety of different analogue materi-
als are required to test all systems that come into con-
tact with or remotely analyse the target body, whether 
these be part of the spacecraft system, such as landing 
and/or roving systems (e.g. wheels), sample collection 
systems (e.g. drills or scoops) or scientific payload. 
The analogue materials must replicate as far as possible 
the expected ‘geological’ environment of the target 
body in terms of both physical/mechanical properties 
and chemical/mineralogical properties. Samples select-
ed include a variety of aggregates from the olivine-rich 
basalts from the Antrim Lava Group of Northern Ire-
land and clay samples from Cyprus, Spain and Senegal 
(Figures 1 and 2).  

Detailed characterisation of the analogue samples’ 
physical and chemical properties has been carried out 
[1,2,3]: Chemical properties: Whole-rock chemistry – 
major, minor and trace element analyses by ICP-AES 
and ICP-MS. Mineralogy – analytical SEM, EPMA 
and XRD (whole-rock).  

Physical and mechanical properties: Particle Size 
Distribution (PSD) (aggregate and granular samples) – 
sieving. 

 
Figure 1. Basalt aggregate samples. A. 3mm and down quarry dust 
B. 6mm aggregate C. 10mm aggregate D. 19mm aggregate 
 

 
Figure 2. Clay samples. A. KM2 Bentonite Powder B. KMA Benton-
ite Powder C. KMSR Bentonite Powder D. KM Bentonite Granules 
E. Sepiolite Granules F. Attapulgite Granules 

 
Grain Size and Morphology – SEM, X-ray micro-

CT and visual inspection. Density and porosity (all 
samples) – mass-volume measurement and helium pyc-
nometry, X-ray micro-CT. Shear strength (aggregate, 
granular and powder samples) – shear box apparatus. 
Compressive and tensile strength (rock samples) – 
UCS testing and Brazilian indirect tensile method. Ex-
amples of the sub-samples produced for this characteri-
sation work are shown in Figure 3. As part of ongoing 
work, further samples have been acquired for the 
ESA2C – including anorthosite (Norway), basaltic sand 
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and basaltic/ hyaloclastite (Askja Region, Iceland), 
volcaniclatic/sedimentary/clay masonry unit (CMU) 
analogues that will be used for system level testing of 
the ExoMars crushing station, and other commercially 
available analogues such as the Zybek NU-LHT-2M, 
USGS NU-LHT-2M, ESA EAC-1 lunar simulants, 
carbonaceous chondrite simulants (CI, CM, and CR) 
and 36 samples collected during Mars Utah Rover 
Field Investigation (MURFI) [4,5]. Some of these ana-
logues are contained in the ESA2C as voucher speci-
mens which are defined as representative of any sam-
ple (from a study, a field test, a laboratory test or any 
other relevant source) and have been deemed worthy 
of retention within the Collec-
tion.

Figure 3. Examples of sub-sample types held within the ESA2C. 
 
ESA Sample Analogue Curation Facility:  This 

unique venture builds on ESA’s Human & Robotic 
Exploration mission preparation programme by estab-
lishing methodologies and protocols/procedures for 
curating the ESA2C, as well as defining and validating 
the distribution mechanisms and information exchange 
protocols for the analogue materials and for collection 
enhancement. Underpinning much of the SACF devel-
opment work is the creation of the bespoke ESA2C 
Collections Management System (CMS) and database 
of acquired analytical data (Figure 4). 
 

  
Figure 4: Screen shot of a portion of the ESA2C database interface. 
 
The CMS is primarily a curatorial tool for the Collec-
tion Curator to manage the core curatorial sample man-

agement functions of an actively used collection. These 
include the recording and management of incoming 
(new) samples to the Collection, samples being worked 
on within the SACF and the loan and return of samples 
and associated data to external partners. These curato-
rial functions have been designed to meet minimum 
national and international standards for collections.  

All analogues in the ESA2C (including voucher 
specimens) will undergo fundamental properties char-
acterisation using procured (or outsourced) equipment 
in the SACF laboratory, which include the following: 
Mineralogical and Chemical Properties: X-ray diffrac-
tion (XRD) – bulk mineralogy; SEM – mineral chemis-
try by point analysis of dominant phases; X-ray fluo-
rescence (XRF) – minor and trace element identifica-
tion and quantification; Fourier Transform infrared 
(FTIR) and Raman spectroscopy – chemical/molecular 
bonding and fingerprinting. Physical and mechanical 
properties: soil PSD – sieving and laser particle analy-
sis (latter outsourced); soil grain size and morphology 
– SEM and visual inspection; soil bulk density and 
rock dry density – mass-volume measurements; rock 
and soil particle density (for porosity) – gas pyc-
nometry; soil shear strength (outsourced) – direct 
shearbox; rock UCS (outsourced) – uniaxi-
al/unconfined compression. To date, tests have been 
carried out at the NHM or the University of Ports-
mouth, however, some equipment has been procured 
for the SACF: helium pycnometer, sieves, bulk density 
measures, digital calipers.  

Future Opportunities:  The facility formally 
opened on the Harwell campus (UK) in January 2019. 
Specimens from the ESA2C are being used by engi-
neers and scientists in the United Kingdom, Hungary, 
Germany, Italy, Australia, and the US to support plane-
tary research, related technology developments and 
testing activities for a variety of missions and mission 
architectures. The analogue materials in the ESA2C, 
which have been well characterised, i.e. have known 
fundamental physical/mechanical and chemi-
cal/mineralogical properties, provide a unique resource 
for scientists and engineers to carry out comparative 
and collaborative investigations into the vast sector of 
space exploration. The ESA Sample Analogue Cura-
tion Facility hopes to spearhead and centralise access 
to these resources for many years to come. 

References: [1] Manick K. et al. (2017) LPSC 
XLVIII, Abstract #1220. [2] Manick K. et al. (2017) 
LPSC XLVIII, Abstract #1222. [3] Manick, K. et al. 
(2018) LPSC XLIX, Abstract #1411. [4] Beaty, D. W. 
et al. (2017) LPSC XLVIII, Abstract #2750. [5] Hipkin, 
V. J et al. (2017) LPSC XLVIII, Abstract #2709. 

Additional Information: This work is funded un-
der ESA contract 4000118752/16/NL/PA. 
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MARS POLAR, ICE, AND CLIMATE SCIENCE: A SUMMARY OF RECENT WORK AND  OUR 
CURRENT STATE OF KNOWLEDGE. I. B. Smith,1,2 1York University, Toronto, Ontario, Canada; 2Plane-
tary Science Institute Lakewood, Colorado. Contact: ibsmith@yorku.ca. 

Polar and Climate Community activity since the 
8th Mars conference: Investigations of Mars’ ice and 
climate have rapidly increased in number and breadth 
since the 8th edition of the International Conference on 
Mars was held in 2014. In particular, exciting discover-
ies of mid-latitude ice deposits [1,2] have opened the 
door for much more detailed, and creative analysis of 
permafrost and periglacial terrains [3-7]. At the north 
and south polar layered deposits (NPLD and SPLD), 
new techniques for stratigraphic studies using high 
resolution stereo [8, 9] and radar [10-12], along with 
revised surface crater statistics [13] have put more pre-
cise age constraints on the NPLD. Numerous other 
papers have studied surface changes based on interac-
tions with volatiles, predominantly CO2 [e.g. 14,15]. 

Importantly, models of climatic processes, from 
large [16,17] to meso-scale [18-20] continue to im-
prove their underlying physics to better match ob-
served surface and atmospheric changes. 

Besides the investigations, two meetings, the 6th 
International Conference on Mars Polar Science and 
Exploration and the first Mars Workshop on Amazon-
ian and Recent Climate have identified numerous sci-
ence questions and goals for future investigations [21, 
22]. Those two meetings used community input, in the 
form of multiple discussions in conference sessions 
and a public vote, to identify the top tier science ques-
tions for Mars polar and climate science. Additionally, 
The Late Mars workshop focused on modern and re-
cent processes associated with volatiles [23]. Finally, 
special sessions dedicated to Mars polar and climate 
processes have taken place at bigger conferences, such 
as LPSC and AGU, indicating the community-wide 
attention that polar and climate science has gained. 

All of this activity has generated a buzz of discus-
sion related to polar and climate science, which has 
been recognized in the 2018 revisions of the Mars Ex-
ploration Program Analysis Group (MEPAG)’s goals 
document [24]. The revisions focused primarily on ice 

and climate science, already recognized as important 
topics for future exploration, but they included active 
surface processes that have only recently been recog-
nized for their important role in shaping the surface of 
Mars. Because of this, an entirely new sub-objective 
related to present activity was created under the geolo-
gy sub-objective of the goals document. Also, at the 
spring 2018 36th MEPAG face-to-face meeting, a fo-
rum of posters highlighted important science and fu-
ture investigations, of which polar and climate science 
comprised more than half of all submissions [25]. 

Concurrent to this activity, there have been several 
studies designed to summarize the state of polar and 
climate science and then use the highest priority sci-
ence questions to generate a list of measurements 
needed for future investigations. The Keck Institute for 
Space Studies (KISS) hosted and supported two work-
shops for climate studies. The first was called “Un-
locking the Climate Record Stored within Mars' Polar 
Layered Deposits” [26], and the second was called 
“MarsX: Mars Subsurface Exploration” [27]. Addi-
tionally, private industry, namely SpaceX, has con-
ducted several workshops with the goal choosing land-
ing sites for future humans based on availability of ice. 

Directly relevant to Mars science priorities, 
MEPAG chartered two Science Analysis Groups 
(SAGs) for identifying top priority science goals and 
missions that feasible to launch in the next decade. The 
first, called the Next Orbiter Science Analysis Group 
(NEX-SAG), looked at all science to be done from 
orbit and had a significant portion of the payload dedi-
cated to atmospheric and ice measurements [28]. The 
second focused exclusively on ice and climate: the Ice 
and Climate Evolution Science Analysis Group (ICE-
SAG) [29]. That SAG supported the NEX-SAG results 
and described additional landed missions of priority. 
All of the reports coming from those studies will be 
important inputs for the upcoming Decadal Survey.  

This abundance of recent work, in the form of 

Figure 1: HRSC image 
depict ing polar winds 
blowing clouds away from 
the pole. Winds provide the 
mechanism to transport 
H2O across the planet, a 
major component of the 
climate system.
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many tens of peer-reviewed papers, special 
issues, dedicated conferences, special ses-
sions, MEPAG goals updates, science 
analysis groups, and mission concept work-
shops, illuminates the enormous amount of 
activity and productivity the polar and cli-
mate communities have generated. This 
current of activity promises to be even 
more important and exciting going forward, 
as indicated by the level of interest of early 
career researchers. Students, have been 
~25% of recent polar and climate work-
shops [21, 22], and scientists who have completed their 
Ph.D. in the last five years increases this number to 
closer to 50%. This field is young and growing quickly.

Top priority Questions as outlined by the recent 
workshops and studies: The polar and climate com-
munities have identified several themes that have risen 
to highest priority. All are in the topic of understanding 
the current and recent climate. These themes are con-
nected by the topical workshops [17-19] and the mis-
sion architecture studies [22-26], showing how rele-
vant they are to many cross-cutting investigations. 
There are four main priority areas that come up in 
every report: 

1. What are the present large scale fluxes of CO2, 
H2O, dust, and other refractory materials around 
the planet, especially into and out of the polar re-
gions? (Figures 1 and 2) 
2. What are the rates and processes of surface-
atmosphere interactions, including layer formation 
and surface modification, that create a climate 
record to be read? (Figure 2) 
3. What are the vertical (layered) and horizontal  
(regional) distributions and preservation states of 
polar and off-polar ice reservoirs, including com-
position an ice grain structure? 
4. What is the record of climate stored in the vari-
ous layered deposits, and what are their ages? 
The Future of Mars Polar and Climate Sciences: 

Considering the goal of reading the climate record, this 
presentation will summarize the important advances  
made since the 8th Mars Conference and then address 
the main questions that need to be answered as the 
community proceeds forward. I will discuss the moti-
vation behind addressing those questions, including the 
application to numerous other investigations of Mars, 
such as ancient climate, atmospheric science, vul-
canology, geomorphology and aeolian sciences, biolo-
gy, and human exploration. Mars polar science is ex-
ceptionally broad, so these question and ongoing work 
are relevant to nearly every study of the planet, mean-
ing that everyone benefits when new discoveries are 
made related to present-day climate.
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Figure 2: Schematic of Mars Climate System, 
depicting many of the processes and fluxes that occur 
in present day in the polar regions and at the mid-
latitudes. Boxes 1-3 point out the relationship between 
the major four questions. Question four asks what is 
the current state and past states of this system?
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Introduction.  The moons of Mars are the only 

other moons—beside our own—that orbit a terrestrial 
planet. They may have an origin as captured carbona-
ceous asteroids [1], or as accreted or re-accreted ejecta 
originating from a giant impact [2, 3]. Mars-observing 
spacecraft have had the opportunity to study Phobos 
from Mars orbit (e.g. Mars Reconnaissance Orbiter 
(MRO), 2001 Mars Odyssey, Mars Express (MEx), 
Viking Orbiters) and as they enter low orbit (e.g. Mars 
Global Surveyor (MGS)). These missions have pro-
duced a long record of observations of Phobos using 
the same instruments that were designed to study the 
surface of the planet below. These observations, how-
ever, are generally few and far between [4], and are 
acquired rarely over each mission.   

Close (i.e., resolved) observations of Phobos by 
spacecraft began in 1971 with the first visible light 
imaging and two-channel infrared radiometry [5]. In-
frared observations continued with the Viking orbiters 
in 1976 [6], and the Phobos 2 mission in 1989 [7]. 
MGS’s Phobos encounters in 1997 are described be-
low. Since MGS, MRO (beginning 2006), MEx (be-
ginning 2003), and Mars Odyssey (beginning in late 
2017) have each recorded spectra of Phobos as they 
occasionally have opportunities in their orbits. [8,9] 
These observations have resulted in compositional in-
formation of Phobos’s surface [10-12].  

Using these observations, we can begin to charac-
terize this surface, which is likely blanketed in a layer 
of fine regolith [5]. The properties of this regolith de-
termine how heat is absorbed, transferred, and re-
radiated to space. We use thermophysical modeling to 
simulate these processes and predict, for a given set of 
assumptions and parameters, the observed thermal in-
frared spectra. By comparing models to observations, 
we can constrain the properties of the regolith, such as 
thermal inertia (how well heat is retained in the surface 
over time) and surface roughness. With many observa-
tions, we can also begin to understand how these prop-
erties vary regionally across the surface. These con-
straints are key to understanding how Phobos formed 
and evolved over time, which in turn informs us about 
the environment and processes that shaped the Martian 
system, and the solar system as a whole.  

Thermophysical Model. We have developed a 
thermophysical model of Phobos adapted from a model 
used for unresolved observations of asteroids [13].  

Our Phobos model uses the complete 3D shape model 
[14] to define the facets that make up the modeled sur-
face, improving on prior thermal models which used a 
tri-axial ellipsoid approximation. 

Several significant modifications were made to 
adapt the asteroid model for use with Phobos. Unlike 
sun-orbiting asteroids, Phobos receives significant scat-
tered, reflected, and thermal radiation from the Martian 
surface. Phobos is also eclipsed by Mars. Another sig-
nificant change is the linking of the model to resolved 
observations from Mars-orbiting spacecraft. As the 
model had previously been used for unresolved obser-
vations only, the model had to be restricted to simulate 
only the facets observed by MGS’s Thermal Emission 
Spectrometer (TES) [15]. By only simulating the re-
gion within each TES field of view, the simulated spec-
tra corresponded to the flux integrated across the por-
tion of the Phobos surface where each observation was 
made. 

Thermal Infrared Spacecraft Observations. The 
mapping of TES field of view footprints to the Phobos 
surface took into account spacecraft orientation, TES 
pointing mirror angle and the positions of both MGS 
and Phobos (using SPICE) [12]. Over 350 resolved 
observations of Phobos are available from three orbits 
(under TES’ Orbit Counter Keeper numbering [15], 
these were OCKs 501, 526, 551). These provide ~50% 
coverage of the Phobos surface.  

A subset of observations fell within local times dur-
ing the evening thermal cross-over period, when many 
combinations of thermal inertia and surface roughness 
produce identical surface temperatures. We selected 
only observations during overnight local times (1900-
0400 LST), when thermal inertia most strongly deter-
mines temperature. As all three OCKs’ observations 
were made at similar times in Phobos’ orbit, this local 
time selection restricted our study area to Phobos’ 
eastern hemisphere. 

Each observation was mapped to a set of facets in 
the Phobos shape model that fell within the field of 
view of one of TES’s six detectors. While far from 
complete coverage, these data, when combined with 
the newly adapted thermal model, provide insights into 
the variations of thermophysical parameters across the 
surface. 

As we are primarily concerned with the thermal 
properties of the surface, rather than composition, each 
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TES spectrum was converted from radiance to bright-
ness temperature [15].  

Comparison of Model and Observations. The 
geometry of each observation (i.e., the position and 
orientation of the Sun, Mars, Phobos, and MGS) was 
extracted using SPICE, and input into the model, along 
with the facets included in the observation footprint. 
The model then generated a corresponding scenario 
and returned the flux received by the simulated detec-
tor at a series of wavelengths. The scenario was re-
modeled inputting six different assumed thermal iner-
tias (10, 25, 50, 85, 130, and 250 J m-2 K-1 s-½). The 
resulting infrared fluxes were converted to brightness 
temperatures at the set wavelengths. Fig. 1 shows a 
comparison between the modeled and observed bright-
ness temperatures. 

 

Figure 1. Comparison of brightness temperatures ob-
served by TES (line), and produced by model (points) 
assuming various thermal inertias, for one observation 
footprint. Varying surface roughness did not visibly 
alter these results. 
 

These temperatures were then interpolated to find 
the thermal inertia corresponding to the observed tem-
perature for that observation. In this way, we derived a 
thermal inertia for each observation. 

Results and Discussion. Using 10 μm measure-
ments, we derive an average thermal inertia of 42 ± 14 
J m−2 K−1 s −1/2 for the observed region, with local vari-
ations ranging from 20 – 70 J m−2 K−1 s −1/2. This is 
similar to the 50 J m−2 K−1 s −1/2 thermal inertia of 
lunar regolith, composed primarily of fine dust [16]. 
Our result is consistent with prior estimates of Phobos’ 
global average thermal inertia, which ranged from ~40-
70 J m-2 K-1 s-½ [6] to ~80-170 J m-2 K-1 s-½ [17].  

 

Figure 2. Thermal inertia of Phobos, in units of J m-2 

K-1s-1/2. Thermal inertia varies by only a small degree, 
suggesting a relatively homogeneous surface. 

 
As Fig. 2 shows, the variation in thermal inertia 

across the observed hemisphere is fairly small, only a 
few 10s of J m-2 K-1 s-½. No provinces of anomalously 
high thermal inertia material appear to exist, at least 
not at the resolution of our observations.    

References: [1] Pang K. D. et al. (1978) Science, 
199, 64-66. [2] Hyodo R. et al. (2017) ApJ, 845, 125. 
[3] Hesselbrock A. J. and Minton, D. A. (2017) Nature 
Geoscience, 10, 266-269. [4] Duxbury T. C. et al. 
(2014) Planet. Space Sci., 102, 9-17. [5] Gatley I. et al. 
(1974) ApJ, 190, 497-508. [6] Lunine J. I. et al. (1982) 
JGR: Solid Earth, 87, 10297-10305. [7] Bibring J. P. 
et al. (1989) Nature, 341, 591-593. [8] Murchie S. L. 
et al. (2008) LPS XXXIX, Abstract #1434. [9] Witasse 
O. et al. (2014) Planet. Space Sci., 102, 18-34. [10] 
Giuranna M. et al. (2011) Planet. Space Sci., 59, 1308-
1325. [11] Fraeman A. A. (2014) Icarus, 229, 196-
205. [12] Glotch T. D. et al (2018) JGR: Planets, 123, 
2467-2484. [13] Mommert M. et al. (2014) ApJ, 786, 
148. [14] Gaskell R. W. (2011) NASA PDS, 154. [15] 
Christensen P. R. et al. (2001) JGR: Planets, 106,  
23823-23871. [16] Hayne P. O. et al (2017) JGR: 
Planets, 122, 2371-2400. [17] Ksanfomality, L. V. et 
al. (1989) Nature, 341, 588-591. 
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Introduction:  All of the fluviolacustrine sedimen-

tary rocks in Gale crater analyzed by the CheMin X-
ray diffraction (XRD) instrument have high abundanc-
es of an X-ray amorphous component (AmC) of un-
known origin [1-10]. Hypotheses for the origin of these 
materials include: (1) weathered basaltic glass [1, 7], 
(2) detrital and subsequently altered soil or aeolian 
material [3-4], or (3) diagenetic cement [6]. The AmC 
compositions can be estimated using a mass balance 
calculation (MBC) approach where the AmC is as-
sumed to make up the difference between the bulk and 
the crystalline compositions. This method has been 
applied to most of the drill hole (rock) samples meas-
ured by the CheMin instrument to date [1-11].  

Most studies using the MBC approach only report 
the “best case” estimate, where the crystalline and 
AmC compositions are calculated ignoring AmC and 
mineral abundance uncertainties, yet these uncertain-
ties have been shown to produce a range of possible 
AmC compositions [4]. Furthermore, poorly crystalline 
materials (clay minerals) have been considered part of 
the crystalline component in some studies [4], but not 
others [7-8, 11].  This makes it difficult to compare the 
estimated AmC compositions across all samples (in-
cluding the non-clay-bearing ones). 

It is therefore necessary to calculate the possible 
range of compositions for these materials before we 
can begin to understand possible formation mecha-
nisms. Here we explore the range of possible AmC 
compositions for sedimentary rocks in Gale crater.  

Methods: The MBC approach combines bulk XRD 
mineralogy from CheMin with bulk elemental analyses 
from the APXS instrument to calculate the bulk AmC 
composition [see 4 for details]. We utilize the Scilab 
program designed by [4] to calculate the range of pos-
sible AmC compositions for the rock drill samples 
encountered since [4]. APXS frequently acquires mul-
tiple compositions of the drill sample (e.g., undisturbed 
rock, drill tailings, discard pile). Where applicable, we 
used the same APXS measurements used in previous 
MBCs in order to be consistent with published results.  

We calculate the AmC compositions using mineral 
and AmC abundance uncertainties as outlined in [4]. 
Additionally, for clay-bearing samples, we calculate 
the range of AmC compositions with and without clay 
minerals included in the crystalline component. We 
used Griffith Saponite 1 and 2 compositions [12] as 
proxies for the clay minerals in the lower Murray sam-
ples, and mixtures of Griffith Saponite and Fe-

montmorillonite (#12; [13]) for the upper Murray sam-
ples. These compositions have been compared to clay 
minerals in Gale crater in previous studies.  

Caveats to keep in mind when interpreting results 
from the MBC method include: (1) the composition of 
crystalline phases that are below the detection limit of 
XRD will be allocated to the AmC composition; (2) 
minor elemental substitutions not reported in the ideal 
structure formula for crystalline minerals are also allo-
cated to the AmC composition; (3) clay minerals can 
have complex compositions, and when poorly con-
strained, their presence makes it difficult to precisely 
determine the AmC compositions [4]. 

Preliminary results:  Here we show results for a 
single clay-bearing sample, Confidence Hills (CH). 
CH is a mudstone in the lower Murray formation. The 
mineralogy of this sample was sourced from [7, 14], 
and includes 39±15 wt.% AmC and 8.0±2 wt.% phyl-
losilicates. The composition of the clay minerals is 
most likely ferrian saponite [15], and we use the Grif-
fith Saponite 2 composition as a proxy.  

Fig. 1 shows the range of oxides (ratio to SiO2) for 
the AmC of CH calculated using mineral abundance 
uncertainties and 39 wt.% AmC, with and without clay 
minerals included in the crystalline component. As 
expected, the oxide-to-SiO2 ratios with the largest 
ranges are those found in minerals with the highest 
percent uncertainties: fluorapatite (CaO, P2O5) and 
jarosite (K2O). Most of the oxide ratio ranges overlap 
whether or not the clay minerals are included in the 
crystalline component. Oxide-to-SiO2 ratio ranges with 
little to no overlap are minor components and/or are in 

 
Figure 1. Ranges of calculated oxide-to-SiO2 ratios for the 
CH AmC with and without clay minerals included in the crys-
talline component (note the logarithmic scale). Only one clay 
mineral composition (Griffith Saponite 2) is considered here.  
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the clay composition (TiO2, Cr2O3, SO3, Cl). In gen-
eral, the ranges for most oxides differ from those re-
ported for the Rocknest (RN) and Cumberland (CB) 
samples of the Bradbury Group [4]. 

The crystalline and AmC compositional ranges are 
distinct when plotted on a major elements (Si-Al-Fe) 
diagram (Fig. 2a). Additionally, the compositional 
ranges for each component (amorphous or crystalline) 
are very similar whether or not phyllosilicates are in-
cluded in the crystalline component (Fig. 2a). Overall, 
the AmC is relatively enriched in Si compared to the 
crystalline component. Regardless of where the clay 
mineral compositions are considered, essentially no 
distinction can be made between the AmC and crystal-
line compositions when plotted on an A-CNK-FM 
diagram (Fig. 2b). 

The “best case” estimates accurately represent the 
Si-Al-Fe compositional trend between the crystalline 
and amorphous components (Fig. 2a), but do not accu-
rately represent the lack of a compositional trend with 
the A-CNK-FM oxides (Fig. 2b). 

Discussion: The range of compositions for the 
crystalline and amorphous components are not signifi-
cantly influenced by whether or not phyllosilicates are 
included in the crystalline component. However, CH 
has a relatively low abundance of phyllosilicates, and it 
is reasonable that the effect would be more noticeable 
for samples with higher abundances, such as the more 
recent clay-bearing Murray samples (e.g., Marimba 
~30 wt.%; [14]). 

[4] found considerable overlap between the range 
of AmC compositions for the RN and CB samples, but 
the range of AmC compositions for CH is noticeably 
different. CH has AmCs enriched in Si compared to 
their crystalline counterparts (Fig. 2a). Whereas the 
AmC compositions for RN and CB are generally en-

riched in Fe compared to their crystalline counterparts. 
Additionally, [4] found that some of the AmC compo-
sitions for CB and RN intersected the Si-Fe join on a 
Si-Fe-Al diagram, and some were even consistent with 
hissingerite [4]. However, that is not the case for the 
range of CH AmC compositions calculated using Grif-
fith Saponite 2. These differences suggest that the 
AmC composition is likely different between the 
Bradbury Group and lower Murray rocks.  

Summary: Our preliminary results, along with the 
results of [4], show that the “best case” composition 
estimate can be useful for determining major element 
(Si-Al-Fe) relationships between the crystalline and 
AmC compositions, but might not be useful for minor 
elements and those in minerals with high uncertainties. 
Additionally, our results show that the AmC composi-
tions do vary between samples, suggesting different 
origins, timing, and/or formation conditions. Further 
MBC analyses can help distinguish any compositional 
trends associated with stratigraphic groups, and the 
accuracy with which a “best case” estimate can repre-
sent those chemical trends. 

References: [1] Bish et al. (2013) Science, 341. [2] 
Blake et al. (2013) Science, 341. [3] Vaniman et al. 
(2014) Science, 343. [4] Dehouck et al. (2014) JGR, 
119, 2640-2657. [5] Morris et al. (2016) PNAS, 113, 
7071-7076. [6] Treiman et al. (2016) JGR-P, 121, 75–
106. [7] Rampe et al. (2017) EPSL, 471, 172-185. [8] 
Achilles et al. (2017) JGR-P, 122, 2344–2361. [9] Yen 
et al. (2017) EPSL, 471, 186-198. [10] Achilles et al. 
(in prep.). [11] Morrison et al. (2018) Am. Min., 
103(6), 857-871. [12] Treiman et al. (2014) Am. Min., 
99, 2234-2250. [13] Brigatti (1983) Clay Min., 18(2), 
177-186. [14] Bristow et al. (2018) Sci. Adv., 4(6). [15] 
Bristow et al. (2015) Am. Min., 100(4), 824-836.  

 
Figure 2. Comparison of crystalline and amorphous component compositions for CH on (a) a Si-Al-Fe molar (elemental) 
diagram and (b) a A-CNK-FM molar (oxide) diagram. Ranges are found by calculating the crystalline component using min-
eral abundance uncertainties. Different colors represent crystalline and amorphous component compositions calculated with 
and without clay minerals included in the crystalline component. We also show “best case” estimates that do (this study) and 
do not [7] include clay minerals in the crystalline component. 
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Introduction: Mounds that exhibit similarities of 

shape, scale, features, and landscape with terrestrial 
pingos (perennially ice-cored mounds) [e.g. 1] (Fig. 1) 
have been observed at the mid-latitudes of Utopia Plan-
itia [3-4,6-7,9] and the Argyre region [8], as well as at 
the near-equatorial latitude of Athabasca Vallis [2,5]. 

Pingo formation on Earth largely follows one of 
two pathways: a) the precursive pooling of surface or 
near-surface water, its freeze-thaw cycling and perma-
frost aggradation (hydrostatic/closed-system pingos 
[CSPs]); or, b) groundwater migration driven or facili-
tated by topography, geological faulting or artesian 
pressure (hydraulic/open-system pingo [OSPs]) [1]. 
 

 
Fig. 1. OSP/thermokarst-lake landscape in the Tuktoyaktuk 
Coastlands, Beaufort seacoast, Canada (aerial photo A27917-
35-1993). Note: the summit depressions and cracks on the two 
largest pingos, Split (centre-bottom) and Ibyuk (right). North is 
to the left. Image credit: National Air Photo Library, Ottawa, 
Canada. 

 
Here, we report and discuss the occurrence of pin-

go-like mounds and possible “wet” -based entourages 
of periglacial landforms at the Martian dichotomy 
within and adjacent to the Moreux crater (42.1o N; 
44.4o E) (Fig. 2). 

 

 
Fig. 2. MOLA map showing Moreux crater (bottom right). Col-
ours indicate elevation, i.e. lighter colour = higher elevation. 
Image credit: Goddard Space Flight Center, NASA. 
 

A pingo-like origin for the Martian mounds would 
be consistent with the growing body of literature point-
ing to the possible work of periglaciation in revising 
relatively Late Amazonian Epoch landscapes on Mars 
[e.g. 10-12]. 

Observations: In the main, the pingo-like mounds  
are circular/sub-circular to elongate (Fig. 3). Some 
mounds, however, exhibit irregularities of shape, either 
topographically or geometrically. Mound long-axes 
comprise tens to hundreds of metres. Some mounds 
show summit fractures, that may or may not extend to 
the mound bases, and summit depressions. Some 
mounds are polygonised. Typically, the adjacent terrain 
is polygonised, dissected or both. Often the 
polygonised terrain is characterized by shallow wave-
like incisions. Occasionally, circular to sub-circular 
depressions absent of rims are observed amidst the 
waves. 
 

 
Fig. 3. Cluster of possible pingos in localised depression, eastern 
rim of Moreux crater. Note: a) the similarity of shape and sum-
mit fracturing of the largest mound (bottom right-hand corner), 
comparable to that observed at Ibyuk and Split pingos (see Fig. 
1) and; b) the terrain dissection (upper left-hand side of the im-
age. HiRISE image ESP 058140_2255; 42.1440 N; 45.9640 W. 
North is up. Image credit: NASA/JPL/ Univ. of Arizona. 
 

All of the mounds are located in or immediately ad-
jacent to topographical lows (i.e. basins, valleys or 
channels). The basins are filled in, at least partially, by 
relatively smooth material (at HiRISE magnification) 
that blankets and mutes the underlying terrain [13]. 

Earth analogues: a) Typically, CSPs are observed 
in areas of continuous, deep and “ice-rich” permafrost 
where the landscapes are dotted with thermokarst lakes 
and alases, i.e. thermokarst-lake basins absent of water. 
The mounds originate with the loss of lake water, by 
evaporation or drainage, and the exposure of the lake 
basin to freezing temperatures. As the freezing front 
propagates downwards through the floor and sideways 
from the margins towards the basin centre, trapped 
near-surface pore-water uplifts the sedimentary over-
burden (i.e. the newly-exposed lake floor) and a mound 
begins to form. Radial-dilation cracks may propagate 
from the summit as the mound grows, an ice core 
forms, and tensile stresses within the overburden in-
crease. Sometimes, these cracks grade into the sur-
rounding polygonised terrain [1]. 

300 m 300 m 

6211.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



Pingo heights range from nascent to decametres and 
long-axis diameters may comprise hundreds of metres. 
Pingo shapes encompass a broad spectrum from circu-
lar/sub-circular to elongate or irregular. 

b) Often, OSPs form in areas of marked relief, i.e. 
glacial valleys, and where the local hydrological-
system is active, and within the foregrounds or outwash 
plains of ice-sheets, glaciers or caps [e.g. 1,14]. OSP 
shape and scale broadly mirrors that of the CSPs de-
scribed above. 

Where the hydraulic potential of liquid water is 
thought to be the result of downslope and inter-
permafrost migration from elevated areas adjacent to 
the OSPs, the permafrost at the OSP locations is thin 
and discontinuous [e.g. 1] (Figs. 4a-c). This facilitates 
the re-emergence of migrating water where the OSPs 
form. Here the permafrost may or may not be 
polygonised and need not be ice-rich, i.e. permafrost 
dominated by segregation ice [14]. A commonplace 
observation: cracks form and radiate from the mound 
summit in response to tensile stress increases on the 
sedimentary overburden; eventually the cracks may 
evolve into summit depressions [e.g. 14-15]. 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. a) Un-named open-system (valley) pingo on an outwash 
plain, Axel Heiberg Island, Canada. Note, polygonised terrain in 
the foreground. b) Pingo remnants on valley bottom (approx.. 
600 m wide), Central West-Greenland [16]. c) Plan view, Axel 
Heiberg pingo (in oval) near Müller ice cap terminus (National 
Air Photo Library, Ottawa, Canada). d) Terminus as seen from 
the pingo summit. Image credits for panels a and d: R. Soare. 
 

Alternatively, the hydraulic potential may be the 
work of sub-permafrost and deeply-seated (artesian) 
groundwater. The groundwater upwells and migrates 
through local geological faults and is sufficient in pres-
sure to uplift or break through continuous permafrost. 
Here too, the surface permafrost may or may not be 
polygonised and need not be ice-rich [15-17]. 

A third hypothesis suggests that near-surface faults 
deliver meltwater from the temperate basal-zones of 
glaciers through to the foregrounds or outwash plain 
sites where the OSPs form [17] (Fig. 4a,c). 

Discussion: The terrain surrounding the Moreux 
crater, straddling the Mars dichotomy, is complex and 
fretted; it comprises a jumbled admixture of cliffs; me-
sas; buttes; straight-walled and sinuous canyons; ubiq-
uitous lobate-debris aprons; possible glacial-like flow-
features and moraines; and, terrain seemingly desic-
cated of icy material by sublimation at some locations 
yet possibly revised by “wet” periglaciation at others. 

1) CSP formation on Earth is well constrained, de-
rived from extensive observations of thermokarst-lake 
drainage and alas formation [1]. 

The Moreaux-region mounds occur in topographic 
lows. In principle, this facilitates the localized pooling 
of near-surface meltwater and ice-core development by 
permafrost aggradation, heightened pore-water pres-
sure and freezing. Ice-core water origin could have 
been meteoric, albeit icy, and thaw-freeze cycling 
would have migrated the meltwater into the regolith. 
Widespread polygonisation and the ubiquitous incision 
of the polygonised terrain by wavy depressions may be 
indicative of water having undergone freeze-thaw cy-
cling at the mound sites [9]. 

2) With regard to terrestrial OSPs, ice-core origin 
has been hypothesised largely by geochemistry and the 
relative comparisons of meteoric, marine and/or juve-
nile water [e.g. 14-16]. However, the plotting of actual 
hydro-geological pathways that induce the develop-
ment of OSPs is absent from the literature. 

Assuming that the Moreux mounds are CSPs, the 
origin of ice-core water could be: a) artesian and deep-
ly seated; or b) meteoric and basal, sourced from prox-
imal glacial-like landforms and delivered downslope to 
the mound locations by near-surface fractures. 

References: [1] Mackay, J.R. 1998. Géographie phy-
sique et quaternaire 52, 3, 1-53. [2] Burr, D.M. et al. 2005. 
Icarus 178 (1), 56-73, doi.org/10.1016/2005.04.012. [3] 
Soare, R.J. et al. 2005. Icarus 174, 373-382, doi.org/10.1016 
/j.icarus.2004.11.013. [4] Dundas, C.M. et al. (2008). Ge-
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Exploring Mars’ Planetary Boundary Layer with InSight
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Figure 1: [Top] Diurnal distribution of dust-devil-like pres-
sure drops detected by InSight in the first 150 sols. [Bottom]
Comparative statistics for Mars’ landing missions.

Motivation To fulfill its major geophysical goals,

and in particular to decorrelate the atmosphere-induced

seismic noise, the InSight lander is equipped with a

complete weather station (pressure, wind, temperature)

operating continuously at high frequency at the surface

of Mars1,2, complemented by color cameras and a sur-

face radiometer (Mueller, this conf.). This makes In-

Sight perfectly suited to explore the dynamics in the

Planetary Boundary Layer [PBL] of Mars, dominated

by atmospheric fluctuations on timescales shorter than

an hour. Furthermore, the SEIS seismometer3 can be

used to study ambient and turbulent wind, acoustic and

gravity waves, and vortex-induced seismic signatures4

(Murdoch, this conf.).

Daytime PBL convection Pressure fluctuations of

0.5 Pa peak-to-peak and temperature fluctuations of

Figure 2: Power spectral density of pressure observed by In-
Sight in daytime vs. nighttime conditions.

10 K peak-to-peak over 200-500-s timescales detected

by the InSight sensors correspond to the advection of

Rayleigh-Bénard-like polygonal convective cells. More

than a thousand pressure drop events corresponding to

dust-devil-like vortices have been detected in the first

150 sols of InSight operations (Figure 1). Similarly to

terrestrial deserts5, the distribution of pressure drops fol-

low a power-law with a 2.6 exponent. Pressure drops oc-

cur from LTST 0800 to 1700, with maximal activity be-

tween 1200 and 1500, except a notable drop of activity

in the interval 1400-1430. On sol 65, InSight recorded

the strongest pressure drop caused by a dust-devil-like

vortex on Mars (9 Pa). The strongest wind gust recorded

by InSight (28 m/s) is associated with a ∼ 4 Pa pressure

drop on sol 26. InSight appears as the most active site

visited thus far: 2× as many pressure drops (≥ 0.5 Pa)

per sol as Pathfinder and 5× as Phoenix and Curiosity.

Dust-devil-like vortices are causing ground deformation

detected by InSight SEIS and could be used to probe the

first meters below the surface. Yet, despite this intense

vortex activity, and the dust devil tracks detected from

orbit, not a single dust devil was imaged by the lander

cameras in the first 150 sols of the InSight mission.
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Figure 3: Detrended evening InSight pressure for several
sols showing bores and gravity waves.

Spectral analysis Nighttime turbulence has much

less energy than daytime turbulence (Figure 2) and near-

surface shear conditions are causing it to vary with local

time. In daytime conditions experienced by InSight, an

expected −5/3 slope in pressure spectral density is ob-

served below 0.1 Hz frequencies but a slope closer to −1
is observed in the range 0.1-2 Hz. The lander deck might

affect high-frequency small eddies, but the reason could

be more fundamental. With stable stratification and

high Reynolds number (the near-surface Martian condi-

tions), a transition zone might appear between the buoy-

ancy subrange at low frequencies and the isotropic iner-

tial subrange at high frequencies (Dougherty-Ozmidov

scale) which both follow -5/3 power-law scaling. The

transition region could exhibit a variety of slopes de-

pending on wind and stability conditions6.

Nighttime PBL mesoscale activity The InSight

mission shows that the 300-800-s gravity-wave fluctu-

ations first detected by Curiosity7 are ubiquitous from

the early evening to the late night. Some clear-cut events

reaching 2 Pa peak-to-peak amplitude are detected.

This demonstrates that gravity waves can be found far

from topographical obstacles (thanks to an efficient

near-surface waveguide) or even would originate from

other sources than topography (jet acceleration, convec-

tion). During the late MY34 regional dust storm, the

InSight pressure sensor also detected pressure jumps of

a couple Pascals, occurring every sol in early evening,

which became pressure bumps in the decaying phase

of the regional storm (Figure 3). The pressure bumps

reached a maximum of 4 Pa, occurred later and later

every sol before disappearing at the end of the dust

storm disturbance. Followed by gravity-wave-like

fluctuations, as well as ambient wind change of speed

and direction, those pressure bumps are reminiscent of

bores and solitary waves – or, undular bores – caused by

the propagation of a cold front and leading to “Morning

Glory” elongated clouds on Earth8 and Mars9. Undular

bores are also observed by InSight in the morning.

Infrasound? The pressure sensor on board InSight

detected coherent oscillations that are candidate for in-

frasound. The first kind of candidate infrasound is

80-s-period pressure and wind oscillations embedded

within the above-mentioned 300-500-s gravity wave sig-

nal. The second kind of candidate infrasound could only

be detected by the pressure sensor: oscillations of pres-

sure with a period of 0.7-0.9 s can be noticed within the

pressure minimum of dust-devil-like vortices. Studying

infrasound is useful since their propagation provide in-

direct hints on the thermal structure and stability condi-

tions in the Martian PBL.

Perspectives The weather station on board InSight is

providing a new view of the Martian atmosphere through

a reasonable upgrade of the instrumentation and a con-

tinuous time coverage. This is an excellent basis for val-

idation of mesoscale models and large-eddy simulations,

for future exploration of Mars and probably a milestone

precursor of a future meteorological network on Mars.
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Introduction:  On Nov 26th, 2018, the NASA In-

Sight mission [1] landed on Mars at Elysium Planum 
[2] as the first geophysical observatory on another 
terrestrial planet. The payload includes as main in-
struments a seismometer SEIS [3] and the Heat Flow 
and Physical Properties Package HP3 [4] whose pri-
mary goal is to measure Mars’ geothermal heat flow. 
In addition, InSight uses the communication hardware 
to measure the time variation of the Martian rotation 
axis RISE [5] and includes an auxiliary sensor pack-
age APSS with a magnetometer, an atmospheric pres-
sure sensor, and wind and air temperature sensors [6].  

Instrument Overview: The HP3 - shown in Figure 
1 - consists of a mechanical hammering device called 
the “Mole” for penetrating into the regolith, an in-
strumented tether which the Mole pulls into the 
ground, an infrared radiometer mounted below the 
lander deck to determine the surface brightness tem-
perature, and an electronics box. The Mole and the 
tether are housed in a support structure assembly 
(SSA) before being deployed. The tether is equipped 
with 14 platinum resistance temperature sensors 
(TEM-P) to measure temperature differences with a 1-
σ uncertainty of 6.5 mK .Depth is determined by a 
tether length measurement device (TLM) that moni-
tors the amount of tether extracted from the support 
structure and a tiltmeter (STATIL) that measures the 
angle of the Mole axis to the local gravity vector. The 
Mole includes temperature sensors and heaters (TEM-
A) to measure the regolith thermal conductivity to 
better than 3.5% (1-σ) using the Mole as a modified 
line heat source. 

The surface heat flow is calculated by multiplying 
the geothermal gradient and the thermal conductivity 
of the regolith. The heat flow is expected to vary 
across the surface of a terrestrial planet. On Earth, the 
surface heat flow pattern is known to approximately 
trace the features of plate tectonics. On Mars, model 
calculations suggests that the surface heat flow mostly 
maps variations of crustal thickness (enriched in heat 
producing elements), moderately modified by signals 
from the mantle convection pattern underneath [7]. 
 

 
Figure 1: Components of HP3. The top panel shows 
the instrument in its support structure SSA but with 
some side wall covers removed. The vertical tube 
houses the Mole – shown in the panel below. The 
tether boxes housing the tether equipped with temper-
ature sensors (top) and the tether connecting the in-
strument to the electronics box on the lander (bottom) 
are located to the right of the tube. The lower two 
panels show the radiometer and the electronics box.    
 
 

6163.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



For Elysium Planitia, the surface heat flow is ex-
pected to be close to the average value for Mars.     

The Mole is planned to penetrate to a depth of at 
least 3 m but at most to 5 m. The requirement of a 
minimum depth of 3 m will help to significantly re-
duce errors introduced by the annual surface tempera-
ture variation. Depending  on the value of the thermal 
conductivity, the annual wave thermal skin depth has 
been estimated to be about 1 m [4].  
 

 
Figure 2: HP3 support structure deployed on the sur-
face  imaged by the camera on the robotic arm. De-
pressions in the soil indicate that the feet were dis-
placed during the first and second hammering events. 

 
Landing, Deployment, and First Hammering: 

InSight landed at Homestead Hollow at 4.5°N, 
135.6°E (for more accurate coordinates and detailed 
geological descriptions of the landing site see [8,9]). 
The properties of the landing site are favorable for 
HP3 as significant slopes are absent from the deploy-
ment area as well as rocks (on the surface) of sizes 
that could hamper both deployment and Mole ad-
vancement to depth. In addition, HP3 could be placed 
far enough away from both the lander and SEIS such 
that the thermal effects of shadowing are reduced. All 
the mission requirements for HP3 placement have 
been satisfied.  

HP3 was deployed on Feb 11, 2019 and started 
hammering a few days later. Unfortunately, after a 
rapid progress to an estimated depth of about 30 cm, 
the mole made little or no measurable progress during 
the remainder of two hammering sessions. In addition, 
the mole egressed at an angle of 15°-20° with respect 
to the gravity vector, and shifted the position of the 
support structure (Figure 2). 

The leading hypetheses for the mole not penetrating 
further are: 

1. The mole is snagged in its support structure 
2. The mole hit a sufficiently large rock 
3. The mole does not have sufficient friction on 

the hull in the regolith to balance recoil 
To test the hypotheses an extensive test program was 
started at both DLR and JPL. The test program in-
cludes a set of short (~13 min.) diagnostic hammer-
ings on Mars. The first was done on March 26th and 
was focused on measuring the time between the major 
hammer stroke and the first sub stroke with the short 
period seismometer (there is a total of two measurable 
substrokes that follow the main stroke. These are 
caused by movements of the hammer and counter 
masses inside the mole [4]). Model calculations sug-
gest that the length of the time interval should be in-
dicative of the mole having hull friction or not. In 
addition, the arm camera took a movie of the support 
structure. The results show that the SSA pitched for-
ward suggesting a small movement of the mole into 
the regolith. The seismic data also suggested that the 
mole had some friction although most likely not 
enough for regular penetration. Additional observa-
tions with the arm camera showed that the tether in 
the support structure and its markings could be im-
aged under suitable lighting conditions through a 
window in the support structure providing the most 
direct observation of mole progress. A second and 
third short diagnostic hammering session focused on 
observing the tether will be commanded shortly.  

At the time of writing, the friction-on-the-hull hy-
potheses seems to be most likely, although the other 
hypotheses have not been completetly ruled out. Stud-
ies are occurring to increase the hull friction by load-
ing the surface with the robotic arm.     
       First Results:  The radiometer RAD is observing 
as planned [see 10 at this meeting]. In addition, the 
thermal conductivity of the near surface layer has 
been measured to 0.045 W/m/K using the TEM-A 
sensors on the mole, consistent with the thermal iner-
tia measured by the radiometer [11]. This value is 
uncertain because the mole is partially buried. 
References: [1] Banerdt, W.B., Russell, C.T., Space 
Sci. Rev., 211, 1–3 (2017). [2] Golombek, M. et al., 
Space Sci. Rev., 211, 5–95 (2017).  [3] Lognonne, P. 
et al., Space Sci Rev., submitted. [4] Spohn, T. et al., 
Space Sci. Rev., 214:96 (2018). [5] Folkner, W.M. et 
al., Space Sci. Rev., 214:100  (2018). [6] Banfield, D., 
Rodriguez-Manfredi, J. A., Russell, C.T. et al., Space 
Sci. Rev., 215:4 (2018). [7] Plesa, A.C. et al., J. Ge-
ophys., Res., 121,1-10 (2016). [8] Golombek et al., Lth  
LPSC. (2019). [9] Warner et al., Lth  LPSC (2019). 
[10] Müller et al. 9th International Mars Conference. 
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Introduction:  Due to the scarcity of O2 in the 
modern Martian atmosphere, Mars has been assumed 
incapable of producing environments with sufficiently 
large concentrations of O2 to support aerobic respira-
tion. Here we present a thermodynamic framework for 
the solubility of O2 in brines under Martian shallow 
subsurface conditions and discuss implications for 
deeper subsurface environments. We find that modern 
Mars can support shallow subsurface liquid environ-
ments with dissolved O2 values ranging from 2.5⋅10-6 
mol m-3 to 2 mol m-3 across the planet, with particu-
larly high concentrations in polar regions because of 
lower temperatures at higher latitudes promoting O2 
entry into brines. General circulation model simula-
tions show that O2 concentrations in shallow subsur-
face environments vary both spatially and with time 
— the latter associated with secular changes in obliq-
uity. Even at the limits of the uncertainties, our find-
ings suggest that there can be shallow, and possibly 
also deep, subsurface environments on Mars with suf-
ficient O2 available for extant aerobic microbes to 
breathe [1].  

Here, we show the framework for modern-day 
subsurface habitability driven by oxygen and also 
present the technologies and mission scenarios that 
would enable the exploration of the modern-day sub-
surface habitability of Mars in the next decade. 

Methods: We develop a new comprehensive 
thermodynamic framework applicable to Martian 
conditions that calculates the solubility of O2 in liquid 
brines. We then couple this solubility framework to a 
Mars general circulation model (GCM) [2, 3] to com-
pute the solubility of O2 as a function of annually av-
eraged values of pressure and temperature varying 
with location on Mars today in shallow subsurface 
environments (for an obliquity of ~25°). Following 
this, we examine how the distribution of shallow sub-
surface aerobic environments evolved over the past 20 
Ma and how it may change in the next 10 Myr. To 
achieve this, we extend the modern-day Mars climate 
model [2, 3] using different values of obliquity to 
obtain annually averaged climate maps for each 
obliquity, and use calculations of Mars’ obliquity 
changes over the past ~20 Ma and the next ~10 Myr 
[4] to identify those epochs in time with different axi-
al tilts. Last, we discuss implications for deeper sub-
surface environments where oxygen may be sourced 
differently. 

Results: We find that, on modern Mars—
accounting for all uncertainties—the solubility of O2 
in various fluids can exceed the level required for 
aerobic respiration of ~10-6 mol m-3 for microbes [5, 
6] by ~1-6 orders of magnitude. Thus, in principle, 
Mars could offer today a wide range of shallow sub-
surface environments with enough dissolved O2 for 
aerobic respiration like that seen in diverse groups of 
terrestrial microorganisms. Moreover, for supercooled 
Ca- and Mg-perchlorate brines on Mars today, ~6.5% 
of the total Martian surface area could support far 
higher dissolved O2 concentrations—enabling aerobic 
oases at levels of O2>2 10-3 mol m-3 sufficient to sus-
tain respiration demands of more complex multicellu-
lar organisms like sponges [7]. Such shallow subsur-
face aerobic oases are common today at latitudes 
poleward of ~67.5°N and ~72.5°S. Other shallow sub-
surface aerobic environments with intermediate O2 

values of ~ 10-4-10-3 mol m-3 can occur today closer to 
the equator in areas of lower topography like Hellas, 
Arabia Terra, Amazonis Planitia, and Tempe Terra, 
with larger mean surface pressures. The trends for 
shallow subsurface environments we show here are 
robust, as they can be tracked back to model-
independent findings: (1) higher solubility for lower 
temperature and higher pressure, (2) temperature as 
the main control factor for solubility, (3) the poles 
being colder than the equator for modern Mars, and 
(4) the poles warming at higher obliquities.  

This study focused on shallow subsurface envi-
ronments. Recent results have indicated the potential 
existence of deep Ca- and Mg-perchlorate-rich sub-
surface brines at a temperature of ~205 K and a depth 
of 1.5 km [8]. Our results also imply that the O2 solu-
bility in such a deep reservoir would be high, raising 
the possibility that they could be rich in O2 if the sup-
ply either from intermittent communication with the 
atmosphere or from the radiolysis of water is suffi-
ciently large.  

Last, we discuss how our framework can help 
explore the shallow and deep Martian subsurface in 
the next decade—with a focus on modern-day subsur-
face habitability. We will discuss the available tech-
nologies and mission scenarios that could enable such 
exploration of the modern Martian subsurface habita-
bility [9]. 
 
References: [1] Stamenković et al. (2018), Nature 
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Introduction:  The Atmospheric Chemistry Suite 

(ACS) instrument from the ExoMars Trace Gaz Orbiter 
(TGO) ESA-Roscosmos mission started science opera-
tion in March 2018 [1,2,3]. The middle-infrared (MIR) 
channel is a crossed-dispersion echelle spectrometer 
dedicated to Solar Occultation: each observation co-
vers a 300 nm wide spectral range between 2.3 and 
4.2 μm. In this study, we use MIR data acquired before 
and during the 2018 global dust event to provide con-
straints about the variability of dust and water ice aero-
sols associated with the onset and development of the 
dust storm.  

More specifically, we focus on the changes with al-
titude and time of the 3 μm absorption band of aero-
sols. This band is related to OH and H2O molecules 
absorption: its depth and shape depends on the pres-
ence and particle size of water ice [4,5], and is also 
sensitive to the hydration level of aerosols [6]. We use 
a dedicated commanding of the instrument centered on 
the 3.1 – 3.4 μm spectral range.  

Water ice clouds monitoring: Since ACS-MIR 
provides us only 300 nm wide observations, composed 
of around 20 spectral segments (diffraction orders), we 
first isolated the spectral continuum and then quantify 
the 3 μm absorption depth using an Integrated Band 

Depth (IBD) method [6]. Applying this to all the ACS 
spectra, we estimate the amplitude of OH/H2O absorp-
tion (that can point to either water ice or hydrated dust) 
as a function of altitude, for all the observations runs. 
Figure 1 shows the IBD variations below the haze top 
in the Southern hemisphere from Ls = 165° and 
Ls = 243°. We observe the presence of two distinct 
types of vertical profiles, corresponding to the sudden 
onset of the global dust event (~Ls = 200°) at theses 
latitudes (70°S – 80°S) [7]. 

Before the global dust storm (Ls < 200°). During 
this period, there is a latitude-dependency of the haze 
top, which increases closer to the equator. The altitude 
distribution of the water ice clouds seems to follow 
these variations: the main altitude of clouds detection 
increases equator-ward (ACS observed latitudes from 
64°S to 38°S between Ls = 165° and Ls = 170°, and 
from 24°S to 79°S between Ls = 180° to Ls = 193°). 

During the global dust storm (Ls > 200°). Around 
Ls =200°, there is a sudden and intense increase of the 
haze top and water ice particles altitude, without major 
variation in terms of observed latitude (83°S at 
Ls = 196° and 74°S at Ls = 200°), combined with a 
decrease of the measured IBD values.  In addition, we 
also note a uniformity around the planet. Specifically, 

Figure 1 : 3 μm water ice absorption monitoring from the ACS MIR channel occultation in the Martian 
Southern hemisphere, before and during the 2018 global dust event. The Integrated Band Depth is com-
puted between 3.15 μm and 3.4 μm, on transmitted spectra, below the haze top. 
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even though the observed latitude varies from 74°S to 
5°S between Ls = 219° and Ls = 241°, one does not see 
a change in either the haze top altitude or the IBD ver-
tical profile. 

Vertical inversion: In order to retrieve the local 
extinction and properties of the aerosols, we compute a 
vertical inversion using the onion-peeling method [8], 
which gives us access  to the extinction coefficient kext 
of each atmospheric layers. Figure 2 presents verticals 
profiles of extinction coefficient at 3.2 μm for observa-
tions before and during the dust storm. We can see on 
the one hand that the altitude of the water ice clouds 
increases during the dust storm, but on the other hand, 
the kext associated to the clouds during the dust storm 
are lower than before. So there is not only a difference 
between the absorption at 3.2 μm and 3.4 μm as we 
previously noticed with the IBD, but also a decrease of 
the extinction at 3.2 μm. Future work will include a 
modeling of these variations in terms of changes in 
particle size and optical depth. 

Conclusion: We present vertical profiles of water 
ice clouds in the Martian atmosphere, and the effects of 
the last global dust storm on them. To this end, we used 
the data produced by the ACS MIR channel during 
solar occultations that senses the atmospheric opacity 
in the 3 μm spectral range. We observe very rapid 

changes in the aerosol profile associated with the onset 
of the global dust event, initiating water ice cloud layer 
formation above 80 km in a period of days or so, sug-
gesting a sudden intensification in the circulation re-
gime. More work is needed to extract more infor-
mation, such as particle size, yet this preliminary study 
already provides some insightful data about water ice 
during the 2018 global dust storm. 
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Figure 2 : Extinction coefficient vertical profiles for different ACS-MIR observations. In blue the extinc-
tion coefficient at 3.2 μm and in red the difference between the extinction coefficient at 3.2 μm and 3.4 μm. 
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Introduction: The PDS Analyst’s Notebook 

(an.rsl.wustl.edu) [1] provides access to science infor-
mation from several of NASA’s landed missions: Mars 
Science Laboratory [2], Mars Exploration Rover (MER) 
[3], Mars Phoenix Lander [4], LCROSS, and Lunar 
Apollo surface mission data archives. 

The Analyst’s Notebook (AN) includes integrated 
access to peer-reviewed, released data delivered by the 
instrument teams, supported by documentation describ-
ing context for the observations, together with pro-
cessing methodology and data formats. In this paper, we 
focus on the Analyst’s Notebooks for MSL and MER. 

Populating the Notebook: New data products, doc-
umentation, traverse data, and support files are incorpo-
rated daily into the science team’s version of the AN. 
This approach assists with data validation and builds on 
strong collaboration between data producers and PDS 
archivists that begins soon after mission selection with 
creation of the project data management and archive 
plans. The public version of the AN contains peer-re-
viewed, released data and is updated coincident with 
PDS data releases as defined in mission archive plans. 
All content has been ITAR cleared. 

Data. The Notebooks for MSL and MER contain 
publicly released, peer-reviewed PDS archives from all 
science instruments. The data are provided by the instru-
ment teams and are supported by documentation de-
scribing data format, content, and calibration. 

Both Operations Products Generation Subsystem 
(OPGS) and Science data products are included in the 
AN. The OPGS versions are generated to support mis-
sion planning and operations daily. They are geared to-
ward researchers working on machine vision and engi-
neering operations. Science versions of observations 
from some instruments are provided for those interested 
in radiometric and photometric analyses. 

Documents. The MSL and MER Notebooks contain 
data set and sol (i.e., Mars day) documents. The sol doc-
uments are the mission manager and documentarian re-
ports that provide a view into science operations—in-
sight into why and how particular observations were 
made. The reports have not been edited except for gram-
mar and spelling, and to remove spacecraft and instru-
ment sensitive materials. 

Data set documents contain detailed information re-
garding the mission, spacecraft, instruments, and data 
formats, including calibration information and errata 
when provided by the MSL and MER projects. 

Science Plans. Observation planning and targeting 
information is extracted from each sol’s science plan 

and presented in list form. Effort has been made to link 
source commands with resulting data products, albeit 
with limits due to the absence of round-trip data track-
ing. 

Targets. Objects of interest that have been classified 
as targets by the science team are included in the MSL 
AN. The location and a finder image for each target are 
given, as well as a list of additional images of the target 
when available. 

Navigating through the Notebook: The AN is a 
single-page web application. Users may navigate be-
tween sections and open multiple windows within a sin-
gle framework. 

Mission Summaries. A searchable and sortable sum-
mary table provides an overview of surface operations 
by sol. Links enable quick access to details for a given 
sol. 

Sol Summaries. The Sol Summaries are the primary 
interface to integrated data and documents contained 
within the AN. Data, documents, planned observations, 
targets and mosaics are grouped for easy scanning. De-
tailed information is displayed as items are selected by 
the user. 

Data products are displayed in order of acquisition, 
and are grouped into logical sequences, such as a series 
of image data. Sequences and the individual products 
that comprise them may be viewed in detail and down-
loaded, either directly or as part of a cart order. 

Detail data product views vary by instrument. PDS 
labels, data set documents, and activity details are avail-
able for all products. In some cases, derived data also 
are available. Image data are presented in both browse 
and full-resolution versions. 

Maps. The rover traverse is plotted on a HiRISE 
basemap using corrected drive telemetry provided by 
the project. Users may zoom and pan the map. Clicking 
on a traverse location brings up links to corresponding 
data. 

Searching. The AN supports searches on data prod-
ucts, sol documents, and targets. Data products may be 
searched by time (sol, spacecraft clock time, and UTC 
date), location (rover-specific site and position), instru-
ment, command sequence, product type, image eye and 
filter, product type, and product ID. Sol documents may 
be searched by type, and time, filename. In addition, 
free text searches are supported. In the MSL AN, targets 
may be searched by name, time, and location, as well as 
for links to APXS and ChemCam data and literature ref-
erences. Searches can be bookmarked for later recall. 

Resources. Data set documents and references to 
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published mission papers are contained in the Re-
sources, along with links to related web resources.  

Online Help. Guidance is provided through a series 
of searchable help pages. Topics include release notes, 
landing site, coordinate frame, instruments, data pro-
cessing, and data product file naming and structure. 

User Accounts: The public MSL and MER AN al-
low users to optionally create and use personal accounts 
for an enhanced experience. Using an account gives the 
user synchronized history, bookmarks, and cart settings 
across browsers and machines. User history and book-
marks are for individual use only and are not shared or 
made public. An account is not required for the cart or-
der function. 

Target/data Integration: The MSL AN offers en-
hanced functionality when working with targets. 

Mars Target Encyclopedia (MTE). The MTE is a 
reference database containing compositional infor-
mation about MSL ChemCam targets extracted from 
publications [5]. MTE results have been integrated into 
the MSL AN, allowing users to find what has been pub-
lished about targets, elements, or minerals of interest. 
Each reference includes the document lead author, year, 
title, and publication. Links to the source documents 
(PDFs) are included as well. 

APXS and ChemCam data. Chemical concentration 
results derived from archived data by the MSL APXS 
[6] team and ChemCam Remote Micro-Imager (RMI) 
[7] data have been added to the MSL AN. Users of 
APXS concentration data should be familiar with pro-
cesses used to generate these high-level products in or-
der to understand what the data represent and potential 
limitations [8]. Annotations on RMI mosaic images de-
note locations of ChemCam LIBS data elemental abun-
dance acquisition. The RMI image taken after LIBS ac-
quisition is on top to show the laser pits. For both instru-
ments, data are associated with specific targets and can 
be found using the AN Target search function. 

Image Measurement and Drawing Tools: The AN 
assists users with image analysis via the included Image 
Viewer. Measurement tools provide location and dis-
tance measurements for images with stereo coverage 
from the Hazcam, Navcam, and Pancam instruments. In 
addition, elevation profiles may be created. Data values 
are obtained from paired visible and XYZ archive data 
products generated by science teams. 

Drawing tools allow the user to add shapes and text 
to any single-frame image, regardless of stereo cover-
age. Supported shapes are lines, arrows, rectangles, el-
lipses, polygons, and polylines. Text may also be added 
to images. 

All annotations are saved for later use when users 
are logged in, and both measurement data and annotated 

images may be downloaded. 
Context Mosaics: The PDS data archive for MSL 

includes mosaics generated by the science team from 
Navcam data. However, sometimes sequences of single 
frame images are acquired for the purpose of creating a 
mosaic without a formal data product being archived. 
For these cases, we have created mosaics from the sin-
gle frame images to provide context, and have included 
them in the MSL AN. 

Context mosaics, which are not calibrated science 
products, are created from Navcam, Mastcam, and 
MAHLI images. Projection information for the context 
mosaics is available in the EXIF data that are part of the 
embedded JPG file header with each mosaic. 

Additional Features: Features continue to be added 
to the AN to improve usability. The additions are based 
on feedback from the user community. 

Data ordering via cart. Data and documents may be 
ordered using a cart paradigm common to commerce 
web sites. Selected items may be added to the user’s cart 
in the Sol Summaries and Search portions of the AN. 
Users may elect to receive a zip file of data or display a 
web page of links to requested items. 

Data transformation. In addition to PDS versions of 
data, images may be saved in JPEG format and in 
stretched or unstretched, lossless PNG format. This op-
tion is available on image product detail pages and may 
also be applied to all images ordered using the cart. 

Future Development: Several AN functions are 
based on previous user suggestions, and feedback con-
tinues to be sought. (User feedback should be submitted 
to an@wunder.wustl.edu or by using the online form.) 
Work continues to incorporate additional features, espe-
cially in the areas of related observations, visualization, 
data transformation, and improved search. Efforts also 
are underway to incorporate a pending MER target list 
into the AN when it is available. 

Acknowledgement: The Analyst’s Notebook is de-
veloped through funding provided by the NASA Plane-
tary Data System Geosciences Node. Ongoing coopera-
tion of the MSL and MER science and operations teams 
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Now the average temperature on Mars very rarely 

exceeds 200 K. There the magnetosphere is practically 
absent [12] and there is a very thin atmosphere. Such 
conditions are not enough to protect a possible life 
from the solar wind and hard ultraviolet. 

Life can be defined as a self-sustaining chemical 
system that is capable of producing self-similar de-
scendants inheriting the characteristics of their par-
ents. In the descendants should be the effects of genet-
ic changes. They will determine the population chang-
es, showing the action of the system of natural selec-
tion and survival in the changed conditions.  

On Earth, microorganisms were found living in 
conditions that are very similar to the environment in 
some regions of Mars. In the Martian soil, it was also 
possible to detect complex organic molecules with the 
so-called left-sided chirality. But it is she who points 
out the metabolism, and is a strong indication of their 
biological nature, and not only be some biological 
marker. The direct search for life on Mars was begun 
in 1976 with the “Viking” mission.  

The only amino-nucleic acid form of life known to 
us cannot exist without water [10, 11]. Therefore, the 
subsequent search for life on this planet began with 
the search for water. For example, the detection in the 
clay-rich Martian medium of boron and manganese 
[1, 3, 5, 6] indicates its possible presence in the water 
below the surface. Namely, boron is a vital chemical 
element for the prebiotic processes occurring on Earth. 
It is possible that this may also be related to Mars, 
creating a certain potential for the development of 
independent life on Mars [3, 8]. 

Terrestrial cyanobacteria have the ability to form 
carbon compounds [2, 4, 5]. They can survive in arid 
deserts, and in an oxygen-free atmosphere. Therefore, 
we can assume that some carbon deposits found in 
Martian soil may be a manifestation of the metabolism 
of a possible Martian life [7, 9]. That is, to have a bio-
logical origin, to promote the survival of aerobic spe-
cies, to form minerals and accumulate nitrogen.  

In addition, there remains some probability that if 
once life on Mars did appear, it did not disappear 
without a trace [13-15]. For example, it could move 
from the surface to the bowels of the planet, and can 
be conserved there in relic fossils. There is also the 
possibility of saving life in very simple forms. There-
fore, traces of such life forms should be sought in the 

subterranean depths in places where there was water 
in the first hundreds of millions of years. 

Now the traces of water-erosion activity on the sur-
face of Mars are very numerous. The impact of water 
flows is carried by many details of the relief of the 
planet [16, 17]. Images made from orbiters showed 
that the sources of groundwater traces are located on 
steep slopes of valleys and craters, at a depth of 100 to 
500 m below the surface level. Apparently, it is at 
these depths that the ground ice melts, and the water 
goes to the slopes. Water freezing point is lowers by 
the salinity of the groundwater, and this can affect the 
length of the streams. 

It is important to keep in mind that these brines 
can be too extreme for any life. In addition, it is neces-
sary to answer the question of what kinds of life forms 
could survive there? It is clear that any life on Mars 
today is surely microbial. But its atmosphere is devoid 
of the ozone layer, and therefore the surface is irradi-
ated by ultraviolet radiation all day, and sterilized  
Therefore, one of the ways to avoid radiation is to live 
under the ground. 
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Overview: RSL are narrow (0.5–5 m) low-albedo 

features that incrementally lengthen down steep slopes 
during warm seasons. As hundreds of RSL can exist 
within a single HiRISE image, we developed the Map-
ping and Automated Analysis of RSL (MAARSL) 
system to reduce the effort involved in manually map-
ping each RSL in each image. MAARSL analyzes a set 
of orthorectified HiRISE images and Digital Elevation 
Map (DEM) to detect candidate RSL, compute de-
scriptive statistics, and characterize changes over time. 
The results of MAARSL are then used to evaluate dry 
and wet RSL formation mechanisms. 

Background: Garni crater (11.516 S, 290.308 E) 
has a diameter of 2.4-km and is on the floor of Melas 
Chasma. This crater is of great interest as it possesses 
large RSL on slopes facing different directions depend-
ing on the season. Additionally, two slope slumps have 
also been imaged within the crater. HiRISE has ac-
quired 37 images of the crater. The first 22 images 
have been orthorectified to a DEM and cover MY31 Ls 
133.0  to MY32 Ls 323.7 . The last of the 37 images 
was acquired MY34 Ls 357.5  with five images cover-
ing the period after the MY34 global-encircling dust 
storm. Thus, we use the orthoimages to quantitatively 
map RSL locations, while the remaining images will 
be qualitatively investigated for interannual changes 
and how RSL were affected by the MY34 dust storm. 

MAARSL first creates an illumination model [1] 
that generates a shaded relief of the DEM with respect 
to the subsolar azimuth and incidence angle associated 
with each HiRISE image. MAARSL then compares the 
modeled values of intensity to the observed values. 
Observed intensities that are less than the modeled 
intensities are deemed candidate RSL. An interactive 
GUI is applied to allow fast filtering of spurious RSL 
candidates. However, it is also possible for MAARSL 
to fail to detect some candidates. Therefore, we also 
used a final manual editing pass to allow the addition 
of any missing RSL pixels. 

MAARSL Results and Analysis: We mapped 
~3,000 RSL in 22 orthoimages. As RSL vary greatly in 
size, we characterize RSL activity in terms of total 
darkened area as a function of seasonality and slope 
orientation. 

Our most significant findings are: 
1) Interannual variations were common for the are-

al extent of RSL on many slope orientations between 

MY31 and MY32 and were even more significant in 
MY33 and MY34 before the dust storm.  

2) After the MY34 dust storm, RSL formed on eve-
ry intercardinal and cardinal slope-facing direction. 
MAARSL data from MY31 and MY32 suggests that 
RSL would have normally formed on only three of the 
eight slope orientations. Additionally, numerous RSL 
tributaries are detected.  

3) MAARSL results demonstrated that RSL 
lengthening and fading occur concurrently on the same 
slopes and even on the same RSL (Fig. 1&2). 

4) The correlation of RSL darkened area with the 
theoretical maximum of shortwave insolation per sol 
(Emax) and the threshold value of Emax needed to start 
RSL lengthening differs depending on the slope-facing 
direction. The correlation of RSL lengthening and Emax 
shows that NE-, N-, and NW-facing RSL are correlat-
ed with increasing Emax. Interestingly, RSL in Chryse 
and Acidalia Planitiae (CAP) also lengthen during in-
creasing Emax [2]. CAP RSL and NE-, N-, and NW-
facing Garni crater RSL also have similar seasonalities 
and are responding to similar insolation and dust 
opacities. However, S- and SW-facing RSL are corre-
lated with both increasing and decreasing Emax. Addi-
tionally, RSL in the southern mid-latitudes (SML) also 
lengthen during increasing and decreasing Emax, have 
similar seasonalities, and are responding to similar 
insolation and dust opacities as S- and SW-facing 
Garni Crater RSL [3].  

5) The slope slump fading rate is consistent with 
the fading rates of RSL.   

6) Slope angles calculated at the resolution of the 
DEM (1 m) show that many RSL start and/or terminate 
on slopes that are below the 28  minimum angle of 
repose of martian sand dunes [4]. For example ~25% 
of RSL terminate on slopes <28 . Note that dry sand 
typically has an angle of repose of 34 , with non-
spherical grain shapes increasing the angle. Additional-
ly, many RSL and the mapped slope slumps show sig-
nificant portions at angles that are below the angle of 
repose. Our findings contradict the greater-than-angle-
of-repose measurements that were calculated by low-
pass filtering of the DEM at 20 m [5,6], but are similar 
to the unsmoothed (1 m) findings of Teblot et al. [7].  

Discussion of Formation Mechanisms: Overall, 
dry dusty flows can explain recharge and fading via 
atmospheric dust deposition, darkening by the removal 
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of dust, high activity after the MY34 dust storm, and 
the lack of measurable material being transported as 
dust can be blown away. However, no existing model 
can reproduce a triggering mechanism that allows dust 
flows to increase in size and overprint the existing to-
pography over hundreds of sols. Additionally, if the 
low slope angles measured are not artifacts, then RSL 
cannot be dry unless those mechanisms can also impart 
the necessary momentum to continue to flow through 
these below-angle-of-repose slopes. 

Overall, briny shallow subsurface flows are con-
sistent with below-angle-of-repose slopes and concur-
rent lengthening and fading. Arguments can also be 
made to suggest why interannual variability exists, 
why correlations and threshold of the Emax vary be-
tween different slope orientations, how slope slumps 
can fade at the same rate as RSL, and why so many 
RSL exist after a dust storm. However, the most signif-
icant problem with briny RSL flows is accessing a            

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

sufficient source of briny water and removing excess 
salt from the regolith. 

Conclusions: More complex RSL formation mod-
els are needed to fit the complex observed behavior 
and a better understanding of DEMs is needed to de-
termine whether the scree slope on which RSL form on 
are below or above the angle of repose. Lastly, while 
RSL sites have been imaged repeatedly by HiRISE, 
additional images are needed preferably with fewer 
than 55 sols between overlapping images to continue 
mapping how RSL behave. 
Acknowledgments: This work was carried out at SwRI, the 
SETI Institute, and the Jet Propulsion Laboratory (California 
Institute of Technology) under the NASA MDAP. 
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Figure 1. Example of complex lengthening and fading of NE-facing RSL (downhill is up). (a) All RSL are mapped new 
since this was the first HiRISE image of Garni crater. (b) RSL activity is significant with a large amount of newly darkened 
area (lengthening) and a lesser but significant faded area. (c) The majority of RSL have faded or continue to persistent. 

Figure 2. Color-coded (a)
newly darkened area per sol,
and (b) faded area per sol at
the Ls of each orthoimage as
a function of slope orienta-
tion (absence of color indi-
cates change is below thresh-
old). To enhance detail,
colorscales are logarithmic.
Each is overlaid on top of the
grayscale shaded (values
given above (a)) theoretical
maximum shortwave insola-
tion per sol (Emax). 
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Introduction: Though Mars is currently cold and      
dry, it was warmer and wetter billions of years ago.          
Enrichment of D/H in the Martian atmosphere and        
surface minerals relative to that of Earth indicates that         
the vast majority of Mars' water was lost to space over           
the last ~4 billion years.[1] Water in the lower         
atmosphere cannot diffuse upward beyond the      
hygropause, but H2 produced by the photodissociation       
of H2O and the odd hydrogen (HOx) cycle can diffuse          
into the upper atmosphere. There, H2 is destroyed by         
ion-neutral reactions and photodissociation, producing     
H which escapes to space.[2,3] The H2 that penetrates         
into the exosphere can also escape, though there exists         
only one measurement of the H2 abundance in the         
Martian upper atmosphere. Thus, constraints on H2       
loss are relatively poor and modeled H2 escape fluxes         
vary widely.[4-7] The NASA Mars Atmosphere and       
Volatile EvolutioN (MAVEN) Neutral Gas and Ion       
Mass Spectrometer (NGIMS) collects in situ      
measurements of neutral and ionic abundances in the        
Martian upper atmosphere. Using NGIMS     
measurements of water-related ions (e.g. H2O+ and       
H3O+) obtained during a localized dust storm in Mars         
year (MY) 32 and the global dust storm of MY 34, we            
demonstrate the effects of rapid and direct delivery of         
water, another source of H, to the upper atmosphere of          
Mars, which could result in acute acceleration of H         
escape. We carry out calculations to obtain H2O and H2          
abundances in this region and investigate the variation        
of these sources of hydrogen during these dust events. 

Slow and steady delivery of H2 from the lower         
atmosphere cannot explain recent observations of rapid       
order-of-magnitude variations in the exospheric H      
abundance and escape flux.[8-11] These variations      
correlate with Martian season and dust activity in the        
lower atmosphere, peaking in southern summer when       
Mars is closest to the Sun. The most likely cause for           
rapid variation in the exospheric H abundance is direct         
transport of water — the most abundant       
hydrogen-bearing species in the Martian atmosphere      
— into the middle and upper atmosphere.[12-14] This        
transport is possible due to a weakening of the         
hygropause, which is warmed and raised in altitude as         
a result of heating caused by atmospheric dust and         
increased solar insolation around perihelion. Once in       
the upper atmosphere, H2O is destroyed, forming H. 

There is strong circumstantial evidence connecting      
dust activity in the lower atmosphere and direct        
transport of water into the middle and upper        

atmosphere to observed rapid increases in the H escape         
rate at Mars, but until now there has been no direct           
evidence for the presence and effects of this water in          
the upper atmosphere. We unambiguously detect the       
chemical intermediates that lie between water      
delivered from the lower atmosphere and H escape        
from the top of the atmosphere using direct        
measurements of ions produced through ionization and       
dissociation of water. Assuming photochemical     
equilibrium, H2O and H2 abundances are calculated,       
providing insight into the upward transport and       
variation in the upper atmosphere of these hydrogen        
reservoirs, with a particular focus on localized dust        
activity during MY 32 and the global dust storm of          
MY 34. Calculated H production rates demonstrate       
that H2O can become a significant source of escaping         
H during these events. 

Variation of Protonated Ions During Dust      
Storms: The abundances of water-related ions H2O+       
and H3O+ increase markedly in the lower thermosphere        
after the onset of dust activity during a local dust storm           
in MY 32 and the planet-encircling dust storm of MY          
34 (Figure 1). These two species are produced mainly         
by charge transfer from CO2

+ to H2O (to give H2O+)          
and proton transfer from HCO+ to H2O (to give         
H3O+).[3] During the regional dust storm of MY 32,         
the mean H2O+ abundance at periapsis (a CO2 density         
of 109 cm-3) increases by a factor of 2 from 1.55 to 3.14             
cm-3, and the mean periapsis H3O+ abundance increases 
by a factor of 1.4, from 0.110 to 0.153 cm-3. As can be 

Figure 1. Mean ion abundance profiles measured by        
MAVEN NGIMS before (dotted) and during (solid)       
the MY 34 global dust storm. 
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Figure 2. Mean H2O mixing ratios for each MAVEN orbit (A) over the course of the mission thus far, (B) during a                      
local dust storm in MY 32, and (C) during the MY 34 global dust storm. Each point represents the mean H2O (color                      
according to colorbar) or H2 (dark blue) mixing ratio between CO2 densities of 5×108 and 109 cm-3 for a single orbit. 

seen in Figure 1, the mean periapsis H2O+ abundance         
increases by more than a factor of 6, from 1.58 to           
10.1 cm-3 during the MY 34 global dust storm and the           
mean periapsis H3O+ abundance increases by more       
than a factor of 3, from 0.235 to 0.742 cm-3. 

Delivery of Water to the Upper Atmosphere:       
Theorizing that the increases in H2O+ and H3O+ are         
due to an influx of H2O in the upper atmosphere, we          
calculate H2O abundances, assuming photochemical     
equilibrium, from NGIMS H2O+, H3O+, and HCO+       
measurements. The variation of the H2O mixing ratio        
over the course of the MAVEN mission is shown in          
Figure 2. The calculations demonstrate a significant       
injection of water into the lower thermosphere during        
these events. In MY 32, between CO2 densities of         
5×108 and 109 cm-3, the H2O mixing ratio increases         
by 10%, from 4.55 to 4.88 ppm. In MY 34, the water           
abundance increased by a factor of 2.4 from a mean          
value of 2.97 ppm prior to the onset of the global dust            
storm to 7.07 ppm after the onset of storm. Each of           
these values is the mean H2O mixing ratio over 10          
orbits prior to and during each dust storm.  

Molecular Hydrogen in the Upper     
Atmosphere: To investigate the potential     
contribution of H2 to variations in the abundances of         

protonated ions, H2 abundances were calculated from       
NGIMS ion measurements. The H2 abundance is       
relevant as H2 can escape from the Martian        
atmosphere and reacts with numerous ions (mainly       
CO2

+) to produce H, which can also escape. In Figure          
2, the mean H2 mixing ratio between CO2 densities of          
5×108 and 109 cm-3 is shown in panels B and C. The           
H2 mixing ratio does not change significantly during        
the two dust events discussed herein. 
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Icarus, 252, 366–392. [3] Krasnopolsky, V. A.       
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(2002) JGR, 107, 11. [6] Chaufray, J.-Y., et al.         
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Introduction:   
Suspended atmospheric dust is a crucial active 

component of Mars’ atmosphere, with significant ra-
diative-dynamical effects through its scattering and 
absorption of radiation [2,14]. The exact nature of 
these effects depends on a variety of factors. Aerosol 
optical depth is important, as are the specific radiative 
properties of the aerosol particles [18]. Also important 
for surface and near-surface effects are the properties 
of the martian ground itself, and in particular albedo 
and surface thermal inertia (TI) [11]. 

Mars Global Dust Storms (GDS) are spectacular, 
planet-spanning events which act to dramatically in-
crease dust opacities. The 2018 GDS was observed 
through its lifecycle by the Mars Climate Sounder 
(MCS) instrument aboard the Mars Reconnaissance 
Orbiter [16]; using data assimilation to integrate MCS 
observations with a Mars Global Circulation Model 
(MGCM) therefore offers an opportunity to examine 
the effects of the GDS on surface and near-surface 
temperatures (STs and NSTs), and the interplay be-
tween the factors described above. The reanalysis con-
tains the MGCM’s best possible representation of the 
GDS geographical and temporal structure. 

 
Methods: 
Model and assimilation details. 
We used the UK version of the LMD MGCM 

[1,8,10], which possesses a spectral dynamical core 
and semi-Lagrangian advection scheme [13], and is a 
collaboration between the Laboratoire de Météorologie 
Dynamique, The Open University, the University of 
Oxford, and the Instituto de Astrofísica de Andalucía. 
Dust radiative properties are derived from observation-
al studies, including of the 2007 GDS [19,20]. Dust is 
freely advected by the MGCM using a two-moment 
scheme with a log-normal size distribution [10] with 
total dust optical depths on each column scaled to 
match assimilated observations. The model was run at 
a spectral resolution of T42, corresponding to gridbox 
dimensions of ~3.75°, and 50 vertical levels from 5 m 
to 105 km. The model uses a surface TI map derived 
from Thermal Emission Spectrometer (TES) observa-
tions [15]. The assimilation scheme used was a modi-
fied version of the Met Office Analysis Correction 
scheme [9], adapted for Mars [8]. 

 

MCS observations. 
The retrievals used in this study are from the Mars 

Climate Sounder (MCS) instrument aboard the Mars 
Reconnaissance Orbiter (MRO) [12]. The retrieved 
temperature profiles and dust columns were assimilated 
simultaneously. Temperature profiles extend from the 
surface to approximately 100 km altitude, and dust 
columns are derived from profiles from as low as 10 
km above the surface up to a maximum height of ap-
proximately 50 km. The retrieval version used was 5.2, 
a re-processing using updated 2D geometry [7]. For the 
period of the GDS itself, the retrieval version used was 
5.3.2. 

 
Results: 
We find that the 2018 GDS caused an increase in 

global average martian STs of 0.9 K relative to Mars 
Year (MY) 30, as averaged over all local times. The 
degree of dayside cooling at a location was determined 
by dust column optical depth, while that of nightside 
warming was determined by surface TI. The continents 
of lowest TI underwent diurnally-averaged warming, 
while higher TI regions underwent either no net change 
or a net cooling depending on the dust loading. 

The martian dayside underwent up to 39 K cooling 
at the model resolution used, with a globally averaged 
value of 14 K. The greatest cooling occurred at Chryse, 
northern Hellas, Argyre, Isidis, and Amazonia (Fig. 
1b). In general, areas of greatest cooling correlated 
with total dust column optical depth. 

The nightside underwent warming of up to 42 K 
with globally average value 13 K. The greatest warm-
ing occurred at Tharsis, Elysium Mons, Amazonia, and 
Arabia (Fig. 1c), all regions of low TI despite spanning 
a range of elevations and dust loadings. 

Areas of greatest cooling did not necessarily match 
those of greatest warming due to the differing mecha-
nisms behind each effect; the diurnally averaged effect 
was therefore heterogenous, with some regions experi-
encing net warming, some net cooling, and some little 
change. The most visible diurnally averaged effect 
(Fig. 1a) was the pronounced surface warming of low 
TI continents between latitudes 20° S and 40° N, spe-
cifically Tharsis, Amazonia, Elysium Planitia and Ely-
sium Mons, and Arabia Terra. 
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Fig. 1: Surface temperature difference between MY 

34 and MY 30 for the period LS = 200°-220°: (top) 
diurnally-averaged, (middle) at 1500, and (bottom) at 

0300. 
 
Globally and diurnally-averaged NSTs also in-

creased, by 5.3 K. Nightside NST increases tracked 
nightside ST increases, with slightly lower magnitude. 
Dayside tropical NSTs actually increased relative to 
the clear case, due to the close ST-NST coupling in-
duced by the high dust loading, which increased both 
SW and LW absorption in the near-surface atmosphere. 
(Dayside) locations where GDS-case STs were higher 
than clear-case NSTs therefore saw a NST increase. 

The diurnal temperature cycles at specific locations 
of high and low TI but similar dust loadings were ex-
amined in greater detail; confirming that while both 
regions underwent similar dayside cooling, the magni-
tude of nightside warming was much greater at the low 
TI region. The GDS acted to reduce the amplitude of 
the diurnal temperature cycle by a factor of ~2.  

 
Discussion: 
The competing factors of surface TI and column 

dust loading drive surface nightside warming (from 
increased surface incident longwave flux) and dayside 
cooling (from decreased surface incident shortwave 
flux) respectively, with the overall effect of a globally- 

and diurnally-averaged warming of 2.1 K. This warm-
ing was geographically concentrated around low TI 
hotspots, where the usual rapid night-time surface cool-
ing was inhibited by enhanced longwave flux. 

Surface orbital data from GDS events is sparse, due 
to the difficulties of remote sensing under high dust 
loadings. However, the MY 25/2001 GDS provides 
some opportunity for validation. The TES instrument 
observed peak cooling/warming of 23 K/18 K at LS = 
210° [17], corresponding to a 2.5 K net cooling; a rea-
nalysis of the MY 25 GDS [6] agrees with a 2.5 K de-
crease, based off cooling/warming of 20 K/18 K for the 
same period (note that this is averaged over two local 
times, not all local times; the latter gives a 0 K change). 
Radio telescope observations of dayside STs also agree 
with the magnitude of cooling, of ~20 K [3]. 

While the MGCM does not resolve Gale Crater, an 
analogue location with similar dust loading, insolation, 
and TI was analysed; a peak decrease/increase in sur-
face temperatures of 24 K/19 K was predicted, corre-
sponding to a net decrease of 2.5 K. Curiosity meas-
ured 21 K/14 K, net decrease 3.5 K [4]; the MGCM 
compares favourably but appears to overestimate day-
side cooling and especially nightside warming. Further 
discussion will be presented. 

Additionally, comparison of the MY34 and MY25 
events suggests that the structure of GDS events, and 
specifically their coverage of low TI areas, has a signif-
icant impact on their overall ST effects. 
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Alluvial fan and source channel systems on Mars: fluvial timescales and ancient 
climate 
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University of Chicago 
 
Alluvial fans on Mars, which are primarily sourced from erosional alcoves incised into 
crater rims, record a period of increased surface runoff which ended >1 Ga. However, we 
lack quantitative constraints on the frequency and duration of river-forming processes and 
the climatic conditions which accompanied these long-term habitable episodes. Here we 
use bedrock erosion and sediment transport models to show that cumulative time span 
of wet activity was between 100 yr – 1 Myr. We use Context Camera (CTX) digital 
elevation models to compile a dataset of > 200 channels upstream of depositional fans 
and determine key fluvial geometry metrics. Results from calculating Mars stream power 
parameters are compared to great escarpment channels on Earth and globally distributed 
terrestrial bedrock rivers. Although Martian channel profile morphologies fall within the 
range of those on Earth, they are slightly less concave-up and steeper for a given 
drainage area. Timescales depend strongly on poorly constrained variables such as 
erodability and grain size. Channel morphologies, intermittencies, spatial distributions, 
and orientations collectively suggest an arid climate and a source from snowmelt on steep 
crater rims, possibly from obliquity-paced insolation variations or orographic 
accumulation. Derived timescales are consistent with erosion rates and intermittencies 
observed on Earth and do not support short-lived or catastrophic sources, instead 
attesting to long-lived, recurring wet activity. 
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MINERAL DIAGENESIS OF CLAYS AND OPALINE SILICA ACROSS MARS: EVIDENCE FOR 
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Introduction: Fe/Mg clays and hydrated/opaline 

silica represent the vast majority of hydrated mineral 
detections on Mars1-4, thus a substantial portion of 
Mars’ aqueous history is encoded in these two mineral 
groups. Both clays and opals are unique in that they 
can undergo mineral diagenesis, where varying expo-
sure to water will produce different mineral forms that 
can be detected via orbital near-infrared spectroscopy. 
Fe/Mg smectites will alter to chlorite with exposure to 
water and heat5,6, and amorphous opal-A will convert 
to more crystalline opal-CT and quartz in the presence 
of water alone7. This attribute of both clays and opals 
allows us to infer not only the past presence of water, 
but also the persistence of aqueous conditions. 

Until recently, it was generally thought that aque-
ous conditions were limited and largely ceased after the 
widespread formation of clays on Mars1,8. However, 
recent orbital studies have identified localities with 
more geochemically mature phases9,10, and landed mis-
sions (Opportunity, Curiosity) have also observed evi-
dence for postdepositional fluids in the form of veins, 
concretions, and other diagenetic features11,12. 

Here we present evidence for widespread diagene-
sis on Mars based on detections of geochemically ma-
ture phases like chlorite and opal-CT, which transform 
from their immature counterparts, smectite and opal-A, 
in the presence of (e.g., diagenetic) fluids (Fig. 1). We 
discuss implications for crustal fluids, the timing of 
widespread mineral diagenesis on Mars, and relations 
to observations by landed missions.  

Methods: Results from approximately 900 CRISM 
cubes and their overlapping HiRISE and CTX images 
are represented in this study. Fe/Mg smectites have 
narrow absorptions at 2.3 μm, and are distinguished 
from chlorites, which have a more complex absorption 
centered at 2.32-2.35 μm. Opaline silica has a diagnos-
tic 2.2 μm absorption, but it is its 1.4 μm band position 
that distinguishes opal-A (absorptions <1.41 μm) from 
opal-CT and quartz (>1.41 μm)9.  

Burial Diagenesis of Fe/Mg Clays in the Crust: 
Our first investigation focuses on Fe/Mg clays detected 
within uplifted materials in central peak craters4. We 
find that chlorite occurrences increase with crater uplift 
depth while smecitite occurrences decrease (Fig. 2A), 
suggesting smectite-to-chlorite diagenesis in the crust. 
The transition from a smectite-dominated to a chlorite-
dominated crust occurs at 4 km depth, and chlorite is 
found to be uplifted from depths as great as 17 km4.  

Importantly, these results suggest that fluids were 
present within the crust, possibly at significant depths 
up to 17 km, in order to enable diagenesis. The depths 
at which chloritization occurs (Fig. 2A) also carries 
implications for determining the geothermal gradient 
within the crust, as the conversion of smectite to chlo-
rite process requires heat in addition to water5,6. 

Diagenesis of Opaline Silica: Results from our 
second investigation show that opal-A and opal-CT are 
both present on Mars (Fig. 2B) but appear globally 
correlated with geologic setting. Opal-A tends to occur 
in bedrock units, while opal-CT is associated with mo-

Fig. 1. Global distribution of geochemically mature minerals – 
chlorite and opal-CT (bold circles) – suggesting extended 
aqueous alteration, and their geochemically immature coun-
terparts (smectite and opal-A; pastel triangles).  
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bile, unconsolidated deposits9. This suggests either that 
the opal-CT-bearing deposits represent older, eroded 
material, or that opal maturation was facilitated by H2O 
trapped within particulates in the deposits. In the latter 
scenario, trapped fluids may intermittently interact with 
the silica, e.g., through freeze-thaw cycles, resulting in 
slow opal maturation through Ostwald ripening. Inter-
estingly, there is an overall lack of opal-CT associated 
with bedrock, even in uplifted outcrops, which con-
trasts with the observations of chlorite in uplifted units.  

Timeline of Extended Aqueous Activity: Alt-
hough geochemically mature chlorite and opal-CT are 
both observed across Mars, they are associated with 
different geologic settings and therefore likely formed 
in different ways. If this hypothesis is true, what does 
this imply for the availability and persistence of water 
throughout Mars’ history?  

These observations may reflect fluids and aqueous 
alteration during different time periods. Clays are typi-
cally understood to have formed during the Noachian, 
and opaline silica during the Hesperian2,3. Indeed, 
some of the largest craters uplifting chlorite in our 
study are as old as 3.8-3.9 Ga, suggesting that this 
chloritization process in the crust must have occurred 
prior to this excavation age4. These observations indi-
cate that there was substantial burial diagenesis of clays 
occurring early in Mars’ history, but water availability 
in the crust eventually decreased as we observe incom-
plete chloritization at shallower depths (Fig. 2A). An 
overall decrease in water availability may also explain 
why opal-bearing outcrops have largely not been con-
verted to opal-CT or quartz, as most opaline silica like-
ly formed later during the drier Hesperian3. Instead, 
conversion to opal-CT may have only occurred through 
slow opal maturation facilitated by pockets of fluids 
trapped within particulates (see above section).  

This trend of decreasing water availability may also 
explain why widespread chloritization is not observed 
in the Noachian/Hesperian-aged Gale crater despite 
clay-bearing deposits being buried under several kilo-
meters of sediment, although this appears contrary to 
Curiosity’s observations of abundant diagenetic fea-
tures at scales below the resolution of orbital data12.  

Summary and Outstanding Questions: We have 
presented evidence for diagenetic processes acting on 
both Fe/Mg clays and opals on Mars, suggesting that 
aqueous conditions, though still limited compared to on 
Earth, were more extensive than previously thought8. 
This orbital perspective is corroborated by observa-
tions by landed missions, as Opportunity and Curiosity 
have both found extensive evidence for diagenetic pro-
cesses and postdepositional fluids11,12, albeit at a dif-
ferent scale of detection than orbital observations. 
However, several questions still remain:  

1) When did these global, crustal diagenetic pro-
cesses occur, especially relative to the global environ-
mental changes from the Noachian to the Hesperian1?  

2) When did the local-scale diagenetic processes at 
Meridiani and Gale occur, relative to the broader-scale 
diagenesis processes inferred from the orbital data?  

3) How can observations of mineral diagenesis in 
the crust be used to infer geothermal gradients during 
the Noachian and Hesperian? 

These answers will inform our understanding of 
Mars’ geochemical and aqueous history, as well as its 
surface and subsurface habitability through time.  
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Fig. 2. A) Distribution of uplifted clays, showing a trend of 
increasing chlorite (red) with uplift depth. Larger craters (not 
shown) uplift chlorites from up to 17 km depth. B) Martian 
opal detections occur as either opal-A associated with bed-
rock, or opal-CT associated with unconsolidated deposits.  
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Introduction:  The water cycle is an important el-

ement of the Martian climate, but has not been com-
pletely described yet. In particular, the life cycle of 
water ice clouds at different scales is not well known. 
Data from the OMEGA spectro-imager onboard Mars 
Express gave us a better description of the water ice 
cloud life cycle, due to two major qualities: (1) the 
length of the observation period, 7 Martian years (MY 
26-32), and (2) its non-heliosynchronous orbit, unlike 
instruments on long-living heliosynchronous satellites 
(MGS, Odysssey, MRO), and on recently launched 
satellites (MAVEN, MOM, ExoMars / TGO). For each 
valid pixel from this abundant OMEGA data, we de-
rived two indicators, the ICIR (Reversed Ice Cloud 
Index) and the PCP (Percentage of Cloudy Pixels), 
which characterize the presence and coverage of water 
ice clouds. We mapped these indicators on a 4D regu-
lar spatio-temporal grid, in order to build an annual 
and daily cloud climatology. 

 
Methodology: The detection of clouds is based on 

the measure of the depth of a water ice absorption 
band, initially applied at 1.5 μm [1]. In practice, we 
use the slope of an absorption band around 3.4 μm to 
define the original ice cloud index (ICIo) [2], and the 
reversed ice cloud index (ICIR = 1 – ICIo). After com-
parison with a threshold value, this ICIR indicates if 
the pixel is cloudy or not. The ICIR range is between 0 
(no cloud) and 1 (extremely thick cloud and total cloud 
coverage of the pixel). 

In a second step a cloud climatology is constructed. 
The pixels are binned into two 4D arrays (cloudy and 
cloudy+non-cloudy) according to their longitude, lati-
tude, solar longitude (Ls) and local time (LT), and 
counted. The bins have a size of 1° in latitude and lon-
gitude, 5° in Ls and 1 (Martian) hour in LT. ICIR val-
ues are also binned and averaged on the same 4D grid. 
Data from the MY 28 global dust storm period has 
been excluded. An error bar is also calculated at each 
gridpoint.  

The cloud coverage, i.e. the percentage of cloudy 
pixels (PCP) of each bin is obtained by dividing the 
number of cloudy pixels in the first array by the num-
ber of all pixels in the corresponding bin in the second 
array. 

In a third step, due to the small number of 4D 
gridpoints containing valid ICIR data (~2% of daytime 
gridpoints), we integrate and average values from sev-
eral 4D bins covering larger spatial areas and longer 
time periods in order to form 2D subsets showing tem-
poral evolutions of clouds.  

ICI error estimation. We have also calculated the 
error bars of the ICIR, which result from two compo-
nents : instrumental errors of the OMEGA spectrome-
ter [3] at the two wavelengths used, and the variability 
of the OMEGA ICIR pixels averaged on the grid. 
Larger error bars are calculated in general over areas 
with reduced solar illumination (e.g. around 50°S – 
where clouds are present, around the southern winter 
solstice period), or with low surface albedo, where 
clouds can be present (Syrtis Major) or not. Error bar 
values are small, less than 10 % for the vast majority 
of original (ICIo) values. 

 
Seasonal cloud life cycle: We show the annual 

cloud life cycle over different periods of the day : 
morning (6-10 h LT), noon (10-14 h LT) and afternoon 
(14-18 h LT), on Ls–lat diagrams (fig. 1). During all 3 
periods, cloudiness (i.e. high values of ICIR) are pre-
sent and dominant in the same areas wherever data is 
available, namely at the edge of the polar hoods (or 
belt) and in the tropics during northern summer 
(Ls=30-150°, aphelion belt). The main difference is the 
relative attenuation of cloudiness around noon in the 
aphelion belt, explained by the presence of a thermal 
tide confirmed with model data (water ice column) 
produced by the LMD Martian GCM and extracted 
from the Martian Climate Database (MCD). 

The ICIR has also been compared to variables de-
rived from other satellite data, also showing the sea-
sonal cloud life cycle. The main cloudy areas (aphelion 
belt and polar hood edges) can also be observed (more 
or less) on water ice optical thickness derived from 
TES [4], MARCI[5] and SPICAM[6] data. Note that 
the OMEGA- and SPICAM-derived indicators (when 
available) reach higher latitudes than TES and MARCI 
optical thicknesses during spring. The aphelion belt is 
detected earlier in northern spring and is observed later 
in summer on OMEGA and MARCI data than on TES 
data. Differences can be explained partly by the differ-
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ent temporal (daily and yearly) coverage by these dif-
ferent instruments. 

 
Figure 1 : Ice Cloud Index (ICIR) as a function of Ls 
(solar longitude) and latitude, all longitudes, in the 
morning (6-10h LT ; top), around noon (10-14 h LT ; 
middle) and in the afternoon (14-18 h LT ; bottom).

Diurnal cloud life cycle: The 4D gridded ICI has 
been aggregated and averaged over 26 large regions of 
various size, covering several degrees of longitude and 
latitude during specific seasons. Although data cover-
age is sometimes sparse, clouds are more frequent 
around summer solstice (Ls=45-135°) early in the 
morning and in middle and late afternoon than around 
noon (12 h LT) in the tropics and northern temperate 
regions (lat < 40°N). Fig. 2 shows a different cloud life 
cycle configuration observed in the Chryse Planitia
region (20-50°N ; 60-30°W). Clouds can be observed 
mainly in the morning and beginning of the afternoon 
during a large part of the year. For the period around 
the winter solstice (Ls~270°), the LMD Martian GCM 
suggests that the observed clouds are mainly low-level 
fogs, which form during the night, are maximal in the 
morning and dissipate partly during the afternoon 
when the surface heated by the sun is warm enough to 
heat the atmosphere at low level. 

 
Physical signification of the ICIR: In a comple-

mentary study, Olsen et al. [7] have shown that the ice 

cloud index is a good proxy for the water ice column. 
Based on the measure of the water ice column mass 
from a small number of OMEGA orbits, they derived 
the following linear relation (after use of the ICIR in-
stead of ICIo) between the ice cloud index and the wa-
ter ice column (WIC), valid for small particles (reff < 7 
μm) :   WIC = A + B ICIR  (in pr.μm) 
with A = -0.7197 and B = 7.121 

 
Figure 2: Diurnal cycle of the ICIR over the Chryse 
Planitia region (20°N – 50°N ; -60°E – -30°E ) during 
one Martian year. 

 
Conclusion: This abstract presents a part of the 

study detailed in an article “Martian cloud climatology 
and cloud life cycle extracted from Mars Express 
OMEGA spectral images”, by the same authors, which 
has been submitted to Icarus. 

The ICI derived from OMEGA is a valuable and 
practical indicator for detecting and characterizing 
Martian water ice clouds, especially when it is aggre-
gated and averaged over larger regions or longer peri-
ods. The PCP is representative of subgrid cloud prop-
erties and presence, and may be useful for the valida-
tion of results produced by high-resolution GCMs [8]. 

Comparisons of the ICI with optical thickness de-
rived from SPICAM –  measurements from 2 instru-
ments on the same platform - and with data from other 
instruments on heliosynchronous satellites, in particu-
lar MARCI have also started. They could also help to 
find better relations between the ICIR and physical 
properties of clouds, and in the end improve the char-
acterization of the diurnal cycle of clouds. 
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Introduction: The Mars Organic Molecule Analyzer 
(MOMA) is one among the nine science instruments 
onboard the Rosalind Franklin rover of the joint 
ESA/Roscosmos Exomars 2020 mission. MOMA is an 
unique chemical laboratory fully devoted to the search 
for organic molecules in the soil samples collected by 
the rover drill from the top surface down to 2 m deep. 
Thus, MOMA will analyze samples that have been ex-
posed to the radiation and chemical conditions at the 
surface of Mars, as the gas chromatography-mass spec-
trometry (GCMS) experiment [1] onboard the Viking 
landing probes and the SAM experiment [2] onboard the 
Curiosity rover have done before, but also samples that 
have potentially been protected from these harsh surface 
conditions. This possibility will therefore increase the 
potential to detect ancient organic materials, including 
key organic molecules for prebiotic chemistry or even 
life, such as amino acids. 
To achieve its goal, MOMA is composed of four main 
subsystems: 

- a pulsed UV laser (λ=266 nm, 1 ns duration) for per-
forming Laser Desorption/Ionization (LDI) of mole-
cules from the solid samples collected by the rover. This 
sampling method is known as a soft ionization process 
producing large, intact ions from the sample. 

- a set of ovens able to conduct sample pyrolysis up to 
850°C, or chemical extraction (i.e. derivatization and 
thermochemolysis) of the sample to enhance the analy-
sis of key organic species indicating biotic or prebiotic 
chemistry, such as amino acids.  

- a gas chromatograph (GC) devoted to separate the many 
volatile species that may be released by heating or 
chemical extraction of the solid samples in the ovens. 
To produce the separation, the GC is composed of 4 an-
alytical channels, each one targeted for separating a spe-
cific class of organic compounds. One of them will per-
form enantiomeric separation in order to assess the en-
antiomeric excess of key organic molecules, a feature 
that is important for identifying the existence of prebi-
otic chemistry. 

- an ion trap mass spectrometer (MS) that will character-
ize the ions produced from LDI, or from ionization by 
electronic impact (EI) of the molecules eluting from the 
GC. The design of this new mass spectrometer allows 
for both LDMS and GCMS analyses and its perfor-
mances can be tailored to the analytical mode. The MS 
is able to characterize ions in the 50-500 m/z range in 

the GCMS mode, and the 100-1000 m/z range in the 
LDMS mode, thereby focusing on the expected mass 
ranges produced by each ionization technique.    
The construction of different components of the MOMA 
flight model were completed in 2018 and were sub-
jected to two series of thermal vacuum tests (TVAC) 
devoted to confirming their capability to work together 
under the constrained environmental conditions in the 
rover. A first series was performed at NASA Goddard 
Space Flight Center (USA) which included the MOMA 
flight suite on its own, and a final campaign was com-
pleted at Thales Alenia Space-I (TAS-I, Ita.) where the 
instrument was integrated in the ALD (Analytical La-
boratory Drawer) with the two other instruments on the 
rover that will analyze the collected samples as well as 
the sampling handling equipment. Despite limitations in 
the acceptable analytical tests that could be performed 
on the flight instrumentation, due to safety and planetary 
protection constraints, these tests gave the opportunity 
to assess the performance of the MOMA flight model. 
This contribution presents these tests and their results, 
as well as some comparisons with experiments per-
formed in the laboratory with a commercial GCMS in-
strument. 
 

Experiments: 
Thermal vacuum experiments were performed with the 
flight instrumentation including the laser, the GC, the 
MS and tapping station with an oven. Both at 
NASA/GSFC and TAS-I (Fig. 1), these instruments 
were assembled and placed in a chamber capable ofcon-
trol overof the temperature and the pressure of the in-
strument environment. These parameters were con-
trolled to simulate their day-night and seasonal cycles at 
the Mars surface compatible with the Oxia Planum land-
ing site of the rover. During the thermal vacuum cycles, 
both LDI-MS and GCMS modes were tested in condi-
tions mimicking those to be experienced by the flight 
model on Mars. To prevent any contamination of the 
flight model with organic molecules from the labora-
tory, it was not possible to inject any chemical standard 
for the test performed at TAS-I. However, chemical 
tracers present in the experiment allowed the acquisition 
of a signal which can be used to assess the analytical 
performances of the instrument. At NASA/GSFC; it 
was possible to inject a mixture of light hydrocarbons 
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into the GC as well as analyze very low levels of refrac-
tory materials via LDI. The small hydrocarbons are very 
volatile molecules which were easy to clean from the
instrument prior to its delivery to TAS-I and its integra-
tion into the ALD.  

 

Figure 1 : MOMA flight model in the thermal chamber 
at NASA/GSFC (upper picture) and integrated in its fi-
nal configuration with the rest of the ALD at TAS-I 
(lower picture) 

In parallel to the tests of the FM, experiments were car-
ried out in the laboratory with chromatographic columns 
identical to those integrated in the MOMA GC. Anal-
yses were performed under the operating conditions of 
the flight model, using chemical standards representa-
tive of the hydrocarbons mixture used at NASA/GSFC. 
These results were compared to those obtained with the 
flight model, allowing a comparison of the performance
of MOMA with an optimized laboratory instrument. 

Results : Fig. 2 shows the chromatographic perfor-
mances of column MXT5 in the FM. When compared 
to data obtained in the laboratory for the column only, 
we observe that retention times are quite similar despite 
slight discrepancies in the control of the temperature 
and gas flow rate through the column between the two 
instrumental set ups. We also observe that peaks are 
slightly broader in the FM chromatogram, likely due to
the thermal desorption mode used for the injection in the 
FM compared to a syringe injection used in the labora-
tory. However, the peak width measured in the FM 
chromatogram are sufficiently low to have a separation 
power compatible with the separation of the wide range 
of compounds to be separated with MOMA GC. The 
mass spectra obtained for each chromatographic peak 

are shown to be accurate as their comparison with the 
reference mass spectra database from NIST allows to 
identify each peak without ambiguity. 

Figure 3 shows one aspect of the LDMS perfor-
mance that was measured and verified during the GSFC 
TVAC test campaign.  MS detection and MS/MS anal-
ysis of Rhodamine 6G at a loading level 20X lower than 
the detection limit requirement for MOMA, demon-
strates the potential power of this instrument operation 
mode.  Other requirements such as mass range, resolu-
tion, accuracy and stability were also verified during the 
TVAC campaigns. 

 

 
Figure 2 : chromatogram obtained with the MXT5 col-
umn of the flight model tested at NASA/GSFC for the 
analysis of a mixture of hydrocarbons. 

 
Figure 3 : MS detection and (inset) MS/MS analysis of 
Rhodamine 6G at 50 fmol/mm2 with LDI-MS. 

  Conclusions:  Through tests performed under en-
vironmental conditions representative of Mars surface
conditions, the MOMA flight model integrated in the 
ALD is shown to meet the analytical requirements de-
fined for the detection and identification of a wide range 
of organic molecules within samples collected on Mars. 
The next analysis will be performed on Mars shortly af-
ter the landing of the rover, to confirm the health of the 
instrument. Then the first sample collected will be ana-
lyzed in spring 2021. 

  
References: [1] Biemann K. et al (1977) JGR, 82,

4641. [2] Freissinet C. et al. (2015) JGR, 120. 
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Introduction: Mars is known to have warmed to 
above the freezing point of water during the Noachian 
and Hesperian based on geomorphic evidence for flu-
vial channels [1] and paleolakes [2]. Kite et al 2019 [3] 
demonstrated that transient fluvial activity continued to 
occur <1 Ga. Wordsworth et al. 2017 [4] and Turbet et 
al. 2019 [5] showed that seasonally above-freezing 
temperatures (255 K mean annual temperature) can be 
achieved from 4.5-3.5 Gyr ago in a 1-2 bar CO2 atmos-
phere with ~4-20% CH4 and H2. These transient reduc-
ing greenhouse atmospheres would last for 105-106 
years, which is consistent with the expected timescales 
for delta formation and  chemical weathering that are 
observed on the surface [6].  Given the obliquity varia-
tions Mars is expected to have experienced throughout 
its history, depressurization  of CH4 clathrate via lati-
tudinal ice migration to form transient reducing green-
house atmospheres (TRGAs) during the Noachian and 
Hesperian is a hypothesis consistent with geomorphic 
observations [1,2], mineralogic observations [7], mod-
eling results [6] and atmospheric paleopressure estima-
tions [8-11].  

Seasonal warming due to orbital eccentricity varia-
tions can also form the fluvial features seen on the mar-
tian surface [12]. The expected length of these transient 
warming periods has not been calculated from orbital 
dynamics. Eccentricity variations are likely based on 
the chaotic nature of orbital resonances [13] and events 
such as the divergent migration of Jupiter and Saturn 
[14]. TRGAs can be generated via  H2 from volcanism 
[15], but do not last sufficiently long to match expected 
warming timescales [6,16] due to the escape rate of H2 
[15] and the punctuated nature of volcanism predicted 
by expected effusion rates and total lava emplacement 
times [17]. If H2 is instead formed in the crust via radi-
olysis and serpentinization and reduces CO2 to form 
CH4, the CH4, CO2, and some H2 can be locked into 
clathrate hydrates and released due to catastrophic cry-
osphere destabilization [6,18].  

Here we demonstrate that while CH4 is thermody-
namically stable throughout the Noachian martian 
crust, kinetic barriers to its formation via CO2-
reduction make it difficult to form sufficient CH4 for a 
single TRGA given the expected amount of available 
H2 from radiolysis [18] and serpentinization [19] and 
our current understanding of abiotic methane formation 
on Earth. However, if biological methanogenesis is 

invoked in the martian subsurface, sufficient CH4 can 
be formed to generate TRGAs. 

Methods: To estimate the amount of CH4 that 
could be produced abiotically in the Noachian crust via 
Fischer-Tropsch Type (FTT) reactions, we first quanti-
fy the thermodynamic stability of CH4 with respect to 
depth in the crust using CHNOSZ [20], which uses the 
SUPCRT92 thermodynamic database [21]. Parameters 
fed into the thermodynamic database include the crus-
tal temperature-vs-depth profile derived from surface 
temperatures expected from climate models [12], the 
expected geothermal heat flux [22], and assuming heat 
transport by conduction [23], in addition to hydrostatic 
pressure, and dissolved H2 concentrations [18].  

CH4 is thermodynamically stable throughout most 
of Earth’s crust [24]. However, its formation via reduc-
tion of CO2, the primary form of carbon input into the 
terrestrial  crust, is kinetically inhibited, requiring met-
al catalysts on which H2 and CO2 can adsorb to facili-
tate the reaction. Awaruite [25] and chromite [26] are 
metal catalysts demonstrated to cause CH4 formation in 
natural systems, thus abiotic CH4 formation on Noachi-
an Mars might occur in rare crustal regions that are rich 
in these metal alloys or minerals (Fig. 1). On Earth, 
serpentinites are mined for Ni, which is highly concen-
trated in awaruite [27] formed due to highly-reducing 
fluids involved in the serpentinization reaction [25]. 
Lithologically similar crustal regions might have host-
ed abiotic CH4-forming environments on Mars, in addi-
tion to chromite-rich igneous rocks. 

Abiotic CH4 formation via reduction of CO2 by H2 
has been demonstrated to be sluggish by multitudinous 
experiments [28 and sources therein]. McCollom et al. 
2016 [29] demonstrated that the small quantities of 
CH4 generated in these experiments primarily came 
from contaminant background sources. These authors 
conducted their own experiments and used isotope la-
belling to trace the origin of detected CH4. They found 
that conversion percentages of the H2 to non-
background-derived CH4 ranged from 0.00041%-
0.025%, with 0.025% CH4 formed in an experiment 
with an H2-rich vapor phase, simulating conditions in 
which awaruite is formed in serpentinite under highly 
reducing fluid conditions [30]. We use this range of 
H2:CH4 conversion percentage to estimate the amount 
of CH4 that could be formed abiotically in Mars’ crust. 

We consider a mantle source for martian CH4 as 
well. Experiments show that the martian mantle’s oxi-

6345.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



dation state causes little to no CH4 to be dissolved in 
magma that degasses via volcanism [31,32].   

Results: We find the amount of CH4 produced abi-
otically in the crust via the reduction of CO2 by H2 
derived from radiolysis [18] and serpentinization [19]  
is insufficient to produce a single TRGA [4,5], even in 
the most optimistic scenario in which the H2:CH4 ratio 
is 0.025% and 100% of the crust is assumed to be ser-
pentinite. This scenario produces 0.0002-0.0044% of 
the CH4 required to generate one TRGA, assuming 
50% mixing of H2 and CH4 in the atmosphere. 

Taking H2:CH4 ratio values from biologically-
influenced natural serpentinizing systems compiled in 
Oze et al. 2012 [29] (3-1000%), ~0.024-10 TRGAs 
can be generated during the Noachian and Hesperian 
via reduction of CO2 by H2 generated by radiolysis 
[18] and serpentinization [19]. Assuming 10% of the 
martian crust was composed of serpentinite, ~0.0024-
1.0 TRGAs can be generated during the Noachian and 
Hesperian by this process. The key differences between 
natural serpentinizing systems and abiotic serpentiniza-
tion experiments are 1) the timescales involved in the 
reaction, which are longer in natural systems than in 
experiments, and 2) biological processes contributing 
the CH4 formation in natural systems [28]. Tarnas et al. 
2018 [18] demonstrated that a long-lived habitable 
subsurface environment fueled by radiolytic H2 likely 
existed on Mars during the Noachian. It is theoretically 
possible that TRGA-forming CH4 could have been 

generated via biological methanogenesis in this subsur-
face environment. 

Implications & Conclusions: While CO2-H2-CH4 
atmospheres have been invoked as a self-consistent 
explanation for warming a largely cold and icy Noachi-
an and Hesperian Mars to generate the fluvial channels, 
paleolakes, and lack of chemical weathering features in 
fluvial channels that is observed on the surface today 
[6], the current state of knowledge regarding H2 abun-
dances in the martian crust and abiotic CH4 formation 
demonstrates that abiotic CH4 formation can produce 
only 0.0002-0.0044% of the CH4 required for a single 
TRGA. These numbers also assume that 100% of the 
martian crust is composed of serpentinite, which is not 
realistic. If we assume that 10% of the martian crust is 
composed of serpentinite, then abiotic CH4 formation 
is only capable of forming 0.00002-0.00044% of the 
CH4 required to produce a single TRGA. 

Our results imply that at least one of the following 
options must be true, though it is possible that more 
than one (up to three) of them are true: 1) There is an 
uncharacterized source that generates ~104 times more 
H2 in the crust than radiolysis [18] and serpentinization 
[19] combined during the Noachian and Hesperian. 2) 
Transient reducing greenhouse atmospheres [4,5] from 
abiotic CH4 did not cause warming on early Mars, 
though it is self-consistent with observational evidence 
[6]. 3) Biological processes contributed to CH4 for-
mation on Noachian and Hesperian Mars. 

 
Figure 1 | Equilibrium constant for Sabatier reaction as a function of depth, which shows the reaction is thermodynamically favorable through-
out the crust. CH4/CO2 concentration ratio as a function of depth, showing CH4 is more thermodynamically favorable throughout the crust. Con-
ceptual model for CH4 formation process in ancient martian crust. Dissolved H2 concentrations from radiolysis. Crustal temperature profile. 
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Introduction:  Radio waves propagating through a 

refractive medium like a planetary atmosphere or iono-
sphere experience a phase change that can be used to 
study the refraction of the media along the signal ray 
path. The refractivity derived from these phase meas-
urements can be used to obtain height profiles of elec-
tron density in the ionosphere and neutral number den-
sity, temperature, and pressure in the lower atmos-
phere.  

 
Earth Occultations for Sounding Planetary  At-

mospheres and Ionospheres:  The first such experi-
ment was performed at Mars during the flyby of the 
Mariner 4 spacecraft [1]. The high accuracy of the re-
trieved profiles established radio occultation experi-
ments as a powerful tool for the study of planetary en-
vironments. Since then, these experiments have be-
come an essential component of almost all flyby and 
orbital missions. Spacecraft-to-ground occultation ex-
periments  are performed in Earth occultation geome-
try, where a signal propagates through the planetary 
environment before and after the spacecraft is occulted 
by the planetary disk as seen from the Earth.  

 
Figure 1: Earth occultation geometry 
 

The planet-spacecraft-Earth geometry restricts the 
measurements to so called occultation seasons, de-
pendent on the planetary constellations and the space-
craft orbit [2,3]. Earth occultations at the outer planets 
are also limited to solar zenith angles near the day-
night terminator, as spacecraft trajectories are typically 
maintained in quasi Sun-synchronous orbits for opera-
tional reasons.  

Crosslink Occultations at Earth:  On Earth, oc-
cultation experiments became feasible only since the 
availability of numerous Earth-orbiting satellites, e.g. 

[4]. Low Earth orbiting spacecraft (LEOs) can be used 
combined with satellites of the Global Navigation Sat-
ellite System (GNSS) to study the Earth's environment 
(so-called crosslink occultations). This results in hun-
dreds of occultation opportunities every day.  These 
crosslink occultations require a stable frequency refer-
ence on both ends of the radio link.  

 
Figure 2: GNSS-LEO occultation geometry around 
Earth 
 

Crosslink Occultations at other Planets:  The 
first (and only) crosslink occultation experiments on 
other planets were successfully performed at Mars be-
tween the Mars Odyssey (MO) spacecraft and the Mars 
Reconnaissance Orbiter (MRO) [5,6]. These 
occultations are a powerful tool to retrieve highly 
accurate profiles. These crosslink occultations have 
significant advantages: they are not limited to 
occultation seasons, result in high signal-to-noise-ratio 
observations, and these observations can be retrieved at 
virtually all solar zenith angles. The capabilties of 
these occultations are studied for Mars Express and the 
Trace Gas Orbiter (TGO). 
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Figure 3: Occultation geometry for two Mars orbiters 
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Introduction:  Currently, after over 2300 Martian 

sols, (~6.5 Earth years) spent traversing more than 
20km of Gale Crater, NASA’s Mars Science Labora-
tory Curiosity rover has collected an enormous vol-
ume of geologic data, providing unprecedented oppor-
tunities to significantly augment understanding of the 
geological and habitability of the Martian surface. Of 
these, the majority can be categorized as one of two 
primary types: (1) Imagery: observations of target and 
landscape imagery from three primary onboard cam-
eras (Mastcam, MAHLI and MARDI), and (2) Chem-
istry: quantitative target observations provided by 
four onboard spectrometers (ChemCam, APXS, 
CheMin and SAM). However, MSL’s own mission 
success, and subsequent data volume, has created a 
significant data-handling challenge for both the MSL 
mission team and the planetary science research 
community. In recognition of the scientific and eco-
nomic value of these data, together with mission time-
line constraints, creative and efficient solutions are 
required; a challenge ideally suited the development 
and application of domain-specialist driven data min-
ing and knowledge discovery approaches. Presented 
here is a snapshot describing the current development 
phase of the project and its application to characterize 
and correlate MSL target observations from the first 
~850 sols to investigate the potential of sub-groups 
within the broad the Bradbury stratigraphic group [1]. 

 
Approach: Building on a robust sparse-data min-

ing method originally developed to characterize tec-
tonic paleo-environments on Earth during the Neopro-
terozoic using a large basalt geochemistry database 
[2,3,4], the method has been adapted to analyze 
ChemCam data products together with quantitative 
geological observations to characterize and correlate 
MSL rock targets (unsuitable ChemCam shots such as 
soils, mineral veins, conglomerate matrix material or 
non-sedimentary targets were excluded via identifica-
tion using Mastcam and ChemCam imagery). The 
method employs two unsupervised approaches to 
build representative numerical models of rock targets: 
(1) a linear or ‘learning’ analyses and (2) a high-
dimensional cluster analysis. Linear analysis proceeds 
sequentially, (typically through time mirroring the 
rover traverse), through the target dataset from a giv-
en starting point known as ‘target zero’. Each new 
target is evaluated using a variable fit threshold and 
classified as either belonging to a previously encoun-

tered class (i.e. starting from target zero, the newly 
encountered target model demonstrates a high level of 
fit with an existing class), or as a new target class (i.e. 
a target model demonstrating a poor fit with all previ-
ously encountered classes). The complementary clus-
ter analysis is performed by applying an adapted k-
means approach to the entire dataset (after normaliza-
tion using whitening) in order to partition target ob-
servations into Voronoi cells both assigning a class to 
independent targets, and identifying a representative 
approximate mean target representative of the cen-
troid for each class. 
 

Application to Bradbury group: The Bradbury 
group are a stratigraphic set of sedimentary rocks 
primarily found within the MSL landing ellipse, 
broadly consisting primarily of sandstones, with mud-
stones and some conglomerates [1,5]. The identified 
stratigraphic column spans ~70m of elevation and is 
divided into the four representative geological for-
mations (in ascending order) of Yellowknife Bay, 
Darwin outcrop, Cooperstown outcrop and Kimber-
ley, with Pahrump Hills marking the approximate 
boundary between the Bradbury and Mt Sharp groups 
[1]. To test these classifications and investigate the 
potential for the existence of yet undescribed sub-
groups within the broader Bradbury group, and to 
identify any spatial relationships that may exist be-
tween targets, the described approach was applied to 
all target rock data acquired by MSL during the first 
~850 sols of operation. After data cleaning (as de-
scribed in approach), a total of 365 targets were ana-
lyzed.  

 
Results and discussion: Of the 365 targets ana-

lyzed, 54 target classes (i.e. potential sub-groupings 
of Bradbury targets) were identified using a 85% fit 
threshold, 160 target classes at 90% and 295 target 
classes at 95%, indicating the discriminatory ability 
of ChemCam data when used in isolation (i.e. without 
the integration of other attributes such as lithological 
features) is significantly reduced at high fitting 
thresholds. From the 54 classes identified using the 
more moderate fitting threshold of 85%, the following 
key target classes and the number of correlated targets 
(i.e. the number of targets classified as having a 
ChemCam fit of >= 85% with the target class) were 
identified (in descending order): Rifle (69), Stan-
bridge (63), Acasta (56), Ingraham (56), and Mara_1 
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(35). All of the identified key classes are targets that 
appear in-situ based on Mastcam imagery except Ma-
ra_1, which appears to be a float rock. Of the in-situ 
targets, each were observed within the Yellowknife 
Bay formation at an approximate elevation of -
4520m, indicating the potential presence of multiple 
sub-formations within the Cross-Stratified Sandstone 
and Sandstone units of Yellowknife Bay [1]. To as-
sess the identification of Mara_1 as a key target class, 
the spatial distributions of all correlated target for 
both Mara_1 and the in-situ target Acasta were com-
pared. Interestingly, where correlated targets associat-
ed with Acasta are found in non-uniformly in three 
discrete groups along the traverse (at elevations of 
approximately -4518m, -4490m and -4457m), targets 
correlated with Mara_1 are approximately uniformly 
distributed along the traverse, indicating a potential 
association with other float rock targets with a com-
mon source likely higher in the stratigraphic column. 
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6257, aac7575, 1-12 
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Introduction:  Ultrafast Kelvin Waves (UFKWs) 

have been recently discovered at Mars using measure-
ments by the Mars Atmosphere and Evolution 
(MAVEN) Accelerometer (ACC) instrument and the 
Mars Reconnaissance Orbiter (MRO) Mars Climate 
Sound (MCS) instrument [1].  UFKWs are eastward 
propagating, have a 2-3 sol period with sufficiently long 
vertical wavelengths to propagate into the thermo-
sphere, and are predicted by classical wave theory to be 
equatorially trapped.  These prior measurements char-
acterized UFKWs at two relatively narrow altitude 
bands, with one measurement altitude near 80 km and a 
second near 150 km.  

Thermospheric density profiles from solar occulta-
tion (SO) measurements made by the Extreme Ultravi-
olet Monitor (EUVM) onboard MAVEN [2] provide a 
means to characterize multi-sol period waves, including 
UFKWs, as a function of altitude.  In this study, we pre-
sent first-ever observations of UFKWs as a function of 
altitude, including observations of rapid wave energy 
dissipation near 170 km indicative of wave breaking. 

Data:  MAVEN EUVM SO measurements are made 
using EUVM's 17-22 nm band, which measures CO2
density from ~120-200 km [3].  Density profiles are 
found by first deriving the column density as a function 
of altitude from the measured extinction profile ob-
served as the Sun sets or rises over the horizon as 
viewed from the spacecraft.  Number density profiles 
are then found by applying an Abel Transform to the 
column density profiles.  Measurements are made at ei-
ther the dawn or dusk terminators (or both) if EUVM is 
sun-pointed as the spacecraft enters/leaves eclipse at a 
cadence of ~0.2 sol determined by the ~4.5 hour 
MAVEN orbital period. 

We analyze approximately 60 sols of data measured 
at the dusk terminator beginning on 1 December 2014.  
For this time period, the observed latitudes were over 
the southern hemisphere and began near -67o and ended 
near the equator.  Also, Mars was near perihelion and 
southern summer, with Ls near 265o for this time period.

Results:  Figure 1 shows time series of wave ampli-
tudes at 5 altitudes.  We find strong 10-15 K oscillations 
with periods between 2 and 4 days at all altitudes.  We
perform a wavelet analysis on time series of the data 
binned in 1 km bins and find a cessation of wave activity 
from sol 25 to 35 or, equivalently, between 35o and 18o

South latitude. At 135 km, the dominant wave period is 

3 sols for the first half of the dataset and 4 sols for the 
second half.  The dominant wave periods are approxi-
mately 1 sol shorter for altitudes above ~150 km than 
they are at 135 km. 

Figure 1. Time series of wave amplitudes at 10 km 
intervals from 130 km to 200 km. 

 
It is also interesting to note that the wave amplitudes 

grow by ~5K in the latter half of the time range consid-
ered.  This may be because these observations corre-
spond with lower latitudes, allowing the waves to prop-
agate more freely upward.  However, given the strength 
of the wave amplitudes earlier on, when the observa-
tions were of the high latitude thermosphere, the theo-
retical prediction of UFKWs being equatorially trapped 
holds very weakly for this time period. 

The periods of high wave activity correspond with 
periods of significant cooling in the lower thermosphere 
reported by [3] and attributed to thermostatic cooling 
triggered by strong 27-day solar variability occurring at 
the time.  The enhanced wave activity may be a corol-
lary of this thermostatic cooling.  On the other hand, the 
apparent correlation between 27-day solar variability
and cooler thermospheric temperatures may be the re-
sult of the latitudinal distribution of wave activity being 
aliased into the wave amplitude time series.  We discuss 
both possibilities in our presentation.  

If we assume the 2-3 day temperature oscillations 
are the result of gravity wave modes, which is valid for 
UFKWs, then the wave potential energy as a function of 
altitude and time can be computed from the EUVM SO 

6292.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



density and temperature altitude profiles. The results of 
these calculations are shown in Figure 2, where the units 
are energy density (J/m3).  As expected, the cessation in 
wave activity between sols 25 and 35 corresponds with 
an abrupt drop in wave potential energy at all altitudes.  
Also evident from this figure is relative constant energy 
with altitude from 130 to 170 km, and an abrupt drop of 
wave potential energy near 170 km.  This can be inter-
preted as being the result of waves freely propagating 
up to 170 km above which they rapidly dissipate their 
energy. 

 

 
Figure 2. Potential energy of 2-3 day wave ampli-

tudes. 
 
Conclusions:  MAVEN EUVM SO measurements 

provide a means to characterize long-period waves in 
the Mars thermosphere as a function of altitude, time 
and latitude.  These observations show UFKWs as being 
the dominant source of day-to-day variability from low 
to high latitudes during Southern Summer.  UFKWs 
propagate freely below 170 km, above which they rap-
idly dissipate. 
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Introduction: The ExoMars Trace Gas Orbiter 
(TGO) was launched on 14 March 2016 and entered 
Mars orbit on 19 October 2016. The spacecraft reached 
its primary science orbit (360 km x 420 km; inclination 
= 74°) on 9 April 2018. TGO carries a high-resolution 
colour and stereo camera system: the Colour and Ste-
reo Surface Imaging System (CaSSIS) [1]. The objec-
tives of CaSSIS are to (1) characterise sites on the 
Martian surface which have been identified as potential 
sources of trace gases, (2) investigate dynamic surface 
processes (e.g. sublimation, erosional processes, vol-
canism) that may help to constrain the atmospheric gas 
inventory, and (3) certify potential future landing sites 
by characterising local  slopes (down to ~10 m).

The instrument capabilities include acquisition of 
images (1) at scales of ~4.5 m/px, (2) in 4 broad-band 
colours optimised for Mars photometry, (3) with
swathes up to 9.5 km in width, and (4) with quasi-
simultaneous stereo pairs over the full swath width for 
high res. digital terrain models. A full instrument de-
scription is provided in [2], and details about the 
ground calibration in [3]. Spectral-image simulations to 
assess the colour and spatial capabilities of CaSSIS are 
in [4], with recommended colour display combinations 
given in [5]. Photometric correction of instrument data 
is presented in [6].

Current Data Set: CaSSIS has been acquiring data 
regularly since 28 April 2018. A planet-encircling dust 
event limited surface visibility between mid-June and 
the end of August 2018. Initially only targets along the 
ground-track could be acquired, but from Sept. 2018, 
targeted observations began by rolling the spacecraft 

up to 5°. Typically 16 images per day are acquired of 
which roughly half have been stereo pairs. TGO is not 
in a Sun-synchronous orbit and hence image mode 
choices are optimized to account for the specific light-
ing conditions. A data compression scheme is available 
providing both lossless and lossy compression. Loss-
less compression currently averages a compression 
ratio of about 1.75:1. Lossy compression factors of up 
to 6 have been used with no obvious loss in image 
quality.

Example observations: There are now over 5500 
successful observations in the CaSSIS database. Errors 
in the rotation mechanism have been evident since 9 
Mar 2019 that are currently restricting use of the 
mechanism to produce stereo pairs. However, more 
than 1400 stereo pairs have so far been acquired. Here 
are three examples showing evidence of past and pre-
sent geologic activity.

Mawrth Vallis has been proposed as a candidate 
landing site on several occasions and significant work 
has been performed in support of this [7]. The region 
contains some of the largest outcrops of phyllosilicate-
rich rocks on Mars and exhibits numerous light-toned 
clay-rich units [8]. CaSSIS observations reveal some of 
these light-toned deposits at full resolution (Figure 1) 
and concurrent stereo imaging of several sites has also 
been acquired which should place stricter constraints 
on, for example, the stratigraphic relationships identi-
fied by Loizeau et al. [8]. In Figure 1, the light-toned 
blue deposits are clearly evident and in the stereo im-
age, their relationship to the capping material is visible. 
The stratigraphic relationship is not, however, straight-
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forward to interpret. For example, the incising channel 
reveals light-toned material at different elevations from 
close to the base of the channel to just underneath the 
highest levels in the image.

 
Figure 1 Image MY34_005614_154 of Mawrth Val-
lis (341.4E, 25.73N).

Figure 2 Image MY34_005601_141. Gullies in a 
crater wall in the Cydonia region. Material is evi-
dent from landslides at the base. This is a stereo 
anaglyph.

In Figure 2, we see an example of the use of stereo 
imagery. Gullies are evident in the crater wall and, at 
their bases, we see evidence of debris flows or rock 
avalanches. The bright blue colour is usually evidence 
of dust deposits in CaSSIS images and may not be re-
lated to the gullies. The anaglyph shows the pile up 
resulting from the landslide. A digital terrain model 
could be used to determine the total mass removed.

An example of CaSSIS observations of currently 
active processes is given in Figure 3 which shows 
dunes in Hale Crater. Dust has collected in a couple of 
small areas around the crater rim. The stereo pair 
shows that some material has accumulated around the 

degraded rim and has also formed barchan-like dunes 
on the slope descending into the crater bottom.

CaSSIS observations of slope streaks [9], south po-
lar layered deposits [10], Ladon basin [11], south polar 
fan activity [12] and the ExoMars landing site are also 
being presented at Mars 9 and/or EPSC. The data are 
being released through ESA’s Planetary Science Ar-
chive.

Figure 3 Rim of Hale crater (MY34_005640_218) 
showing material producing barchan-like struc-
tures (particular evident on the right hand side of 
the image in blue).
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Introduction: Modeling the abundance of nitrogen 

in the Martian atmosphere over  time  has  been  an 
important and challenging endeavor over the last few 
decades. We sought after a successful model because it 
has two significant implications: 1) it improves our 
understanding of the processes that drive changes of the 
atmosphere, and 2) it provides constraints on the early 
Martian atmosphere that can be used for climate models.  
Here we show that after carefully analyzing the 
processes that impact the abundance and isotopic 
composition of nitrogen, we can construct a model of 
atmospheric evolution consistent with present-day 
atmospheric 15N measurements and the knowledge of 
volcanic outgassing and nitrate deposition. Specifically, 
we consider photochemical loss (photodissociation and 
dissociative recombination), ion loss, pickup-ion 
sputtering, nitrate deposition, and volcanic outgassing. 
We constrained the model using in situ measurements 
of the 15N/14N ratio from Curiosity’s mass spectrometer 
[1]. 

Photochemical Loss: Despite  heavily  enriching  
the  atmosphere  in 15N  on a  per  reaction  basis,  we 
find that photodissociation of N2  at  the  exobase  is  not  
significant for the long term evolution of the 
atmosphere.  It was previously thought that during the 
photodissociation of N2, the two resulting N atoms will 
be left in the N(4S) and N(2D) states [2,3]; however, this 
reaction does not provide the required energy, 15.61 eV, 
for N to escape using photons below the ionization limit. 
Refs.  [4] and [5] solved this problem by including 
photons beyond the ionization limit, and also 
incorporating thermal velocity into the calculation, 
which added enough energy to cause escape.  We revisit 
the escape rate calculations using  new  and  more  
precise  measurements  of the quantum yield of N2 
dissociation [6]. We now know that the yield of N(2S), 
N(2D), and even higher excited  states  is  effectively  
unity  when  it  is  energetically  allowed.  This means 
that the extra kinetic energy that was thought to drive 
escape is actually used to excite the N atoms into higher 
states.  We thus find that photodissociation of N2 
virtually does not lead to any escape, leaving 
dissociative recombination as the dominant 
photochemical loss process.  

Pick-up ion Sputtering: Sputtering is a dominant 
process in the early history and can significantly remove 
nitrogen. This process systematically ejects the light 

nitrogen isotope from the atmosphere due to the mass-
dependent separation of species above the homopause. 
Because the mass difference in 15N and 14N is small, 
sputtering weakly enriches the atmosphere in 15N on a 
per reaction basis; however, this process is dominant 
enough in the 700 – 2500 Myr time period to heavily 
enrich the atmosphere anyway. To estimate the flux of 
incoming pick-up ions we use the calculations in Ref. 
[7] since better estimates are not available.  

Volcanic Outgassing: Almost all previous models 
require large amounts of volcanic outgassing in order to 
produce a scenario that is consistent with the current 
atmospheric 15N. Due to the revised photochemical 
loss rate, we find this excess outgassing unnecessary 
and our model only requires a reasonable amount of 
outgassing in agreement with the constraints from the 
38Ar/36Ar ratio [8].  We incorporate the model of 
outgassing used in Ref. [8], which  is  a  combination  of 
photogeological analysis of Viking images [9] and a 
model of the thermal evolution of Mars [10] . Whereas 
previous efforts cannot find a solution without 
drastically scaling the outgassing rate, we find a family 
of solutions that is consistent with this outgassing 
model.  Notably, our evolution scenarios do not require 
substantial outgassing in the Amazonian, which  is 
consistent with the more recent photogeological 
analyses of Viking images [11]. 

Coupling with Carbon Evolution: Coupling the 
evolution of nitrogen to the evolution  of  carbon  (using 
the model in  Ref. [12]) has a significant effect and is an 
important factor in this analysis. This is because,  the 
photochemical and sputtering escape rates depend on 
the mixing ratio at every moment in time. We device a 
novel model to couple the evolution histories of 
nitrogen and carbon, by iterating and converging on a 
time dependent mixing ratio of N2 vs. CO2. For 
example, pickup-ion sputtering is heavily impacted by 
changes in the mixing ratio and will lead to very 
different results if the time dependency is not factored 
in.  In the coupled model, because the CO2 partial 
pressure at early epochs is higher, the escape rate of N2 
becomes lower, and fractionation becomes less 
significant.  

Other processes: In the above sections we have left 
out a discussion of ion loss and nitrate deposition. These 
two processes are very important for the evolution of the 
atmosphere. To model ion escape, we adopt the 
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parametric model constructed in Ref. [13]. To model the 
rate of nitrate deposition we use the concentration of 
nitrate in Martian soil and rock found with SAM on 
Curiosity. Based on the concentration results of 
different samples (e.g., Rocknest and Cumberland), the 
nitrate content in the crust is likely highly variable. 
Because of this, we use a weighted average of all 
samples in this study, assuming that nitrate is evenly 
distributed in 500 m of crust. We also explore the effects 
of changing this assumption in the nitrogen evolution.  

Discussion: In our treatment of the atmosphere, we 
have constructed a nitrogen evolution model that is fully 
consistent with present-day measurements and the 
history of outgassing, nitrate formation, and carbon 
evolution. As stated previously, many past models 
require a large amount of volcanic outgassing close to 
the present day. This requirement comes about when 
trying to meet the constraint on isotopic composition; 
loss in the upper atmosphere overly enriches the 
atmosphere in 15N, which is then balanced out by an 
excess amount of outgassing which has the opposite 
effect. The excess outgassing is often at odds with argon 
isotopic constraints [8], and is not supported by surface 
imageries. Since the beginning of the Amazonian, 
volcanic activity on Mars is shown to be steadily 
decreasing over time – a spike in activity late in this era 
is unlikely. The evolution of δ15N is shown in Figure 1. 
In Figure 1, the steady incline in the early Amazonian 
and Hesperian is due to the strong presence of 
atmospheric escape, namely sputtering, which strongly 
enriches the atmosphere. In the late Amazonian it then 
begins to decrease as atmospheric escape declines. In 
this regime, outgassing is responsible for the “anti”-
enrichment despite its low rate at this time. This occurs 
because the amount of N2 in the atmosphere is depleted, 
so the N2 that is outgassed (which has a lower δ15N than 
the N2 in the atmosphere)  has a larger impact on the 
isotopic composition of the atmosphere.  

Furthermore, the strength of each process is shown 
in Figure 2. The three loss processes that occur in the 
upper atmosphere (photochemical loss, sputtering, and 
ion loss) all decline with time due to the dependence on 
the solar EUV flux, however sputtering is much more 
dominant than the other two processes. Nitrate 
deposition and volcanic outgassing are treated as step 
functions, and when entering the Amazonian they are 
both constant for the most part. We estimate that at 3.8 
Ga, there were 28.58 mbar of N2 in the atmosphere,  and 
since then, 28.44 mbar were lost due to photochemical 
loss, sputtering, ion escape, and nitrate deposition. 
Overall, more than 99% of N2 has been lost since 3.8 
Ga, and nitrogen is yet another signpost for significant 
evolution of the Martian atmosphere in both abundance 
and in isotopic composition. 
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Figure 1. A scenario of the evolution of δ15N in Mars’ 
atmosphere since 3.8 Ga.   

 

 
Figure 2. Modeled processes affecting N2 in Mars’ 
atmosphere. Outgassing is the only process that adds N2 
to the atmosphere; photochemical loss, sputtering, 
nitrate deposition, and ion loss remove N2 from the 
atmosphere. This graph shows the equivalent pressure 
of N2 added to or lost from the atmosphere by each 
process per million year. 
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Introduction:   

The global polar science community has ex-
pressed a clear desire to obtain bedrock sam-
ples from beneath glacial ice sheets as part of 
the ongoing, international paleoclimatology 
focus. While drilling systems capable of bed-
rock sample extraction exist, these systems 
are typically bulbous and heavy, thus incom-
patible with the British Antarctic Survey 
(BAS) logistical effort which relies on the use 
of the relatively compact Twin Otter Aircraft 
for the majority of hardware transportation to 
field locations. Furthermore, such technolo-
gies are often dependent on a human-in-the-
loop element at all times, something which is 
suboptimal in adverse polar conditions. To 
this end, a solution was pursued which has 
been designed to accomplish the necessary 
sampling while requiring only a fraction of 
the resources necessitated by existing systems 
by adopting the planetary drilling approach. 
 
   Percussive Rapid Access Isotope Drill (P-
RAID) 

Utilizing an existing ice-sampling wireline 
drilling architecture, the Rapid Access Isotope 
Drill (RAID) currently in operation with 
BAS, a novel solution was developed which 
would replace the ice-sampling elements of 
RAID with a rotary-percussive rock drilling 
mechanism capable of producing, breaking 
and storing bedrock core samples from depths 
of up to a kilometer beneath Antarctic glaci-
ers. The technology implemented in the de-
sign harnesses Glasgow’s knowledge in low-
resource drilling hardware for planetary ap-
plications and has culminated in the devel-
opment of the Percussive Rapid Access Iso-
tope Drill (P-RAID). The P-RAID system 
(Figure 1) underwent initial Antarctic testing 

at the Skytrain Ice Rise through January 2019, 
in cooperation with the British Antarctic Sur-
vey, and it is thought that the testing of tech-
nologies for the autonomous, wireline extrac-
tion of deep subglacial bedrock, at tempera-
tures as low as 220 K, will inform both the 
polar science community and the develop-
ment of technologies for the New Deep Fron-
tier on Mars due to the extreme conditions 
and remoteness of the test site, coupled with 
the use of drilling technologies which have 
been developed for planetary exploration ap-
plications from the onset. 

 

 
Figure 1: P-RAID Drill at Skytrain Ice Rise, Ant-

arctica, 2019. 
 

Results from laboratory testing of the sys-
tem shall be presented alongside lessons 
learned from the first Antarctic deployment of 
the drill.  
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After 15 years in orbit Mars Express remains one of 

ESA’s most scientifically productive Solar System mis-
sions whose publication record now exceeds 1200 pa-
pers. Characterization of the geological processes on a 
local-to-regional scale by HRSC, OMEGA and partner 
experiments on NASA spacecraft has allowed con-
straining land-forming processes in space and time. 
Recent results suggest episodic geological activity as 
well as the presence of large bodies of liquid water in 
several provinces (e.g. Eridania Planum, Terra Chi-
meria) in the early and middle Amazonian epoch and 
formation of vast sedimentary plains north of the Hel-
las basin. Mars Express observations and experimental 
teams provided essential contribution to the selection 
of the Mars-2020 landing sites and supporting charac-
terization of potential landing sites for the Chinese HX-
1 mission. Recent discovery by the subsurface radar 
MARSIS of subglacial liquid water underneath the 
Southern polar layered deposits has proven that the 
mission science potential is still not exhausted. The 
radar will continue searching for subsurface water 
pockets using its high resolution mode.  

More than a decade-long record of the atmospheric 
parameters such as temperature, dust loading, water 
vapor and ozone abundance, water ice and CO2 clouds 
distribution, collected by SPICAM, PFS, OMEGA, 
HRSC and VMC together with subsequent modeling 
have provided key contributions to our understanding 
of the martian climate. Spectroscopic monitoring of the 
global dust storm in 2018 revealed dust properties, 
their spatial and temporal variations and atmospheric 
circulation.  

Recently PFS has reported a firm detection of 15.5 
± 2.5 parts per billion by volume of methane in the 
Martian atmosphere above Gale crater on 16 June 
2013, just one day after the in-situ observation of a 
methane spike by the Curiosity Rover. Numerical simu-
lations of the Martian atmosphere, using stochastic gas 
release scenarios, identified a potential source region 
east of Gale crater. Most importantly, independent geo-
logical analysis also pointed to the same region, where 
faults of Aeolis Mensae may extend into proposed 
shallow ice of the Medusae Fossae Formation and epi-
sodically release gas trapped below or within the ice.   

More than 10,000 crossings of the bow shock by 
Mars Express allowed ASPERA-3 to characterize 
complex behavior of the magnetic boundary topology 
as function of the solar EUV flux. Observations of the 
ion escape during complete solar cycle revealed de-
pendencies of the atmospheric erosion rate on parame-
ters of the solar wind and EUV flux and established 
global energy balance between the solar wind and es-
caping ion flow. This led to important conclusion that 
the ion escape at Mars is production rather than energy 
limited. The analysis showed that ion escape can be 
responsible for removal of about 10 mbar over Mars 
history that implies existence of other more effective 
escape channels.    

The structure of the ionosphere sounded by the 
MARSIS radar and the MaRS radio science experiment 
was found to be significantly affected by the solar ac-
tivity, the crustal magnetic field, as well as by the in-
flux of meteorite and cometary dust. MARSIS and 
ASPERA-3 observations suggest that the sunlit iono-
sphere over the regions with strong crustal fields is 
denser and extends to higher altitudes as compared to 
the regions with no crustal anomalies. Several models 
of the upper atmosphere and plasma environment are 
being developed based on and in support of the col-
lected experimental data. The models aim at creating 
user-friendly data base of plasma parameters similar to 
the Mars Climate Database that would be of great ser-
vice to the planetary community. 

A significant recent achievement was the flawless 
transition to the “gyroless” attitude control and opera-
tions mode on the spacecraft, that would allow mitigat-
ing the onboard gyros aging and extending the mission 
lifetime. The mission operations are now confirmed till 
the end of 2020 and the mission is notionally extended 
till the end of 2022. The talk will give the Mars Ex-
press status, review the recent science highlights, and 
outline future plans focusing on synergistic science 
with TGO.  

 

6061.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



MARS LOW ALTITUDE POLAR CLOUDS AS A DIAGNOSTIC TO POLAR PROCESSES. T. N. Titus1, 
K. E. Williams1, and G. E. Cushing1. 1 U.S. Geological Survey Astrogeology Science Center, 2255 N. Gemini Dr., 
Flagstaff, AZ 86004, US.

Introduction:  Mars polar processes are dominated 
by the exchange of the predominately CO2 atmosphere 
and the seasonal CO2 ice caps (e.g. [1-4]). This process 
is generally referred to as the CO2 cycle. H2O, even 
though it only comprises ~100 ppmv, also cycles in 
and out of the seasonal polar caps. The H2O is cycled 
between the surface as ice and the atmosphere as both 
vapor and ice. Ice clouds are observed over the spring-
time seasonal cap. This presentation will focus on 
these observations over the northern cap. 

Background: The CO2 and H2O cycles are inti-
mately coupled as H2O can be cold trapped on top of 
colder seasonal CO2 and the H2O ice can modify the 
CO2 ice sublimation rates, primarily by changing the 
effective surface emissivity (e.g. [5-6] and references 
within).

Observations of the receding seasonal northern 
CO2 cap have shown an annulus of H2O ice that sur-
rounds the CO2 cap throughout much of the northern 
spring [7-10]. As the annulus of H2O ice sublimes, the 
H2O vapor can be transported over the CO2 cap edge 
where it is cold trapped as a layer of H2O ice [11-13]. 
This layer can be optically thick, thus hiding the spec-
tral signature of the underlying CO2 ice. This layer of 
H2O ice has been observed to extend across much of 
the interior CO2 cap [9-10], thus raising the question –
is the H2O delivered to the interior of the cap by the 
same process as near the edges?

Data:  The Mars Odyssey spacecraft is currently in 
an orbit that allows for early morning observations. 
Onboard Odyssey is the THermal EMission Imaging 
System (THEMIS) [14] which contains both a multi-
band thermal infrared imager and a multiband visible 
imager. These instruments enable us to look for morn-
ing clouds over the seasonal cap. Lee clouds are clouds 
that form near the surface and have a wave-like struc-
ture that is caused by winds blowing over a topograph-
ical obstacle. Thus, lee waves can be used to determine 
wind direction.  The lee clouds are also composed of 
H2O ice (based on THEMIS IR observations). There-
fore, the lee clouds are a tracer of H2O circulation 
above the seasonal polar caps. Examples of lee clouds
observed by the Odyssey THEMIS VIS camera are
shown in Fig. 1.

Figure 1: Topographically induced atmospheric lee 
waves. Each panel shown is ~ 18 km wide. Left 
panel shows waves in H2O clouds south of Escorial 
crater. Right panel shows waves in possible CO2 ice 
clouds northeast of Koralev crater. Credit: [15] Fig 
3.

Results: THEMIS observations of clouds were 
categorized by type. The lee clouds were used to iden-
tify wind direction. Figs. 2 & 3 show the clouds ob-
served by THEMIS during the northern spring of Mars 
Year (MY) 33. The location of the CO2 seasonal cap 
edge and the H2O annulus edge are shown for refer-
ence. Near surface fog and ice-clouds are wide spread 
suggesting the H2O vapor source is regional and not 
local. 

Morning observations. Fig. 2 summarizes the 
morning observations. Wind directions, as indicated by 
the lee clouds show a general southward flow, which is 
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consistent with polar sublimation winds. The clouds 
are not only along the cap edge but also deep in the 
interior. Since the clouds indicate a southward flow, 
what was the source of the H2O that formed the 
clouds? CO2 seasonal ice is still on the ground at a 
temperature ~148 K. H2O ice surface layer tempera-
tures would be buffered by the underlying CO2 ice, 
which makes vigorous sublimation of the H2O ice un-
likely. If the H2O source is not from below and the 
winds are blowing outward towards the cap edge, not 
from the cap edge, then the source is mostly likely 
atmospheric. A polar cell (similar to the Hadley or 
Farrell cells but focused in the polar regions) could be 
bringing H2O vapor from the lower latitudes (e.g. sea-
sonal cap edge) and depositing that vapor over the 
interior of the cap where the atmosphere is sufficiently
cold to form new ice-clouds.

Figure 2: MY 33 northern spring morning clouds 
observed by THEMIS VIS. Red asterisks indicate 
ice-fog. Triangles indicate lee clouds. The arrow 
indicates the direction the cloud is moving based on
a 360-degree azimuth. Diamonds indicate cloud
streets. Lone “+” signs indicate stratocumulous 
clouds. The red line indicates the edge of polar day. 
The blue line indicates the average cap edge lati-
tude (Titus, 2005) while the green line indicates the 
average annulus edge [16]. 

Afternoon observations. Fig. 3 shows the after-
noon observations. Far fewer lee clouds are observed 
suggesting that the afternoon atmosphere is not condu-
cive for lee cloud formation but that other near surface 
clouds and ice- fog can still form.   

Conclusions: THEMIS observations of early
morning clouds show a general southward flow from
the seasonal cap interior towards the cap edge. The
timing and wide-spread locations of these low-altitude
clouds also suggest that the source of the H2O vapor is
a polar cell. Far fewer lee clouds are observed suggest-
ing that the afternoon atmosphere is not conducive for

lee cloud formation but that other near surface clouds
and ice- fog can still form.   

A polar cell, depositing H2O vapor from the mid-
latitudes, could also explain the source of the H2O that
forms an optically thick layer that obscures the spectral
signature of the underlying CO2 ice (Brown et al.,
2012)

Figure 3: MY 33 northern spring afternoon clouds 
observed by THEMIS VIS. Legend is the same as in 
Fig. 2.
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SEASONAL CO2 CAP RETREAT IN THE NASA AMES MARS GLOBAL CLIMATE MODEL.  R. A. Urata1, 
M. A. Kahre2 and R. J. Wilson2, 1Bay Area Environmental Research Institute (richard.a.urata@nasa.gov, Moffett 
Field, CA), 2NASA Ames Research Center (Moffett Field, CA). 

 
 
Introduction:  The CO2 condensation and 

sublimation cycle is one of the major processes 
governing the climate of Mars. The existence of the 
polar caps was first theorized in 1966 [1], and 
subsequently observed by multiple telescopes and 
spacecrafts [2], [3], [4] [5]. In any given year, up to 30% 
of the atmosphere can condense to form a seasonal cap 
at the north or south poles, making the understanding of 
this cycle a key element in any study of the Martian 
climate. 

The amount of CO2 condensation that occurs 
depends on the surface energy budget, and various 
optical and thermal properties of the surface material, 
which will be solid CO2 if condensation has already 
happened, or bare ground. In the case of Mars, the 
contributing elements to the surface energy budget 
include the incoming radiation flux, sensible heat flux, 
soil heat flux, emission from the surface, and the latent 
heat from CO2 condensation and sublimation. 

Model Description:  In this study we use the latest 
version of the NASA Ames Mars general circulation 
model (GCM), which is supported by the Agency’s 
Mars Climate Modeling Center. This version of the 
model represents an overhaul and evolution of the 
modeling capabilities at NASA Ames. Based on the 
NOAA/GFDL Finite Volume Cubed Sphere dynamical 
core, the new model has many advantages over the 
legacy model. The cubed sphere grid is designed to 
avoid the converging meridians issue that is present in a 
traditional latitude-longitude rectangular grids. It was 
also constructed with modern computing capabilities in 
mind, being highly parallelizable, allowing for high 
resolution simulations to be done in practical lengths of 
time. The model is typically run at a horizontal 
resolution of 24x24 grid points per cube face, which 
corresponds to approximately 4 x4  at the equator. The 
vertical grid uses a hybrid pressure coordinate, and 
typically has 28 layers. The model is highly scalable 
both in horizontal and vertical resolution. 

The surface temperatures are predicted from a fully 
implicit soil heat diffusion scheme, with soil thermal 
properties assumed to be a mixture of dry soil and water 
ice, with the latitudinal distribution of water ice 
prescribed by observations from the Neutron 
Spectrometer on Mars Odyssey [6]. A dust climatology 
map from Mars Year 24 assuming a Conrath-nu vertical 

distribution is used for the radiative contributions from 
dust, and the radiative contributions from water-ice 
clouds have been neglected, due to the complications to 
the climate that the clouds introduce. For this study, 
condensed CO2 at the surface is assumed to be in exact 
balance with the incoming and outgoing energy fluxes, 
performing any necessary phase changes to maintain 
this balance. 

Expected Results: We will present results from the 
last year of a multi-year Mars year simulation. The 
primary metrics we will use for tracking CO2 in the 
model are the condensed mass and surface area 
coverage of the north and south seasonal caps as a 
function of time (Ls). 

Smith et al. [7] estimated the seasonal cap masses 
from gravity field changes measured by the Mars Global 
Surveyor (MGS) spacecraft. The estimated maximum 
masses of 4x1015 kg and 5x1015 kg for the north and 
south polar caps respectively. The MGS observations of 
the cap edges [4] showed a maximum extent of the 
northern polar cap to be approximately 1.8x107 km2, and 
approximately 1.95x107 km2 for the southern cap. 

Both sets of data in addition to other measurements 
such as the annual pressure cycle from the Viking 
Landers or the Mars Science Laboratory characterize 
annual the polar cap formation. The CO2 cycle in the 
model is mainly regulated by the prescribed thermal and 
optical properties of the CO2 ice and the subsurface soil. 
The real values are not well constrained and could differ 
from the prescribed values for physical reasons. For 
example, the albedo could be less than the prescribed 
value if the dust content of the ice is more. Emissivity 
may also vary depending on the grain size of the CO2 
ice, introducing an additional complication to the issue. 

Conclusions:  Current model simulations form 
seasonal CO2 caps more massive than the data suggests. 
The issues may be resolved by better approximations of 
the thermal and optical properties of CO2 ice in the two 
hemispheres, and the soil depth to ice table. 
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Introduction: The geology and geomorphology of 
Mars indicate that there was a large body of liquid wa-
ter on the surface [1]. In contrast to the ancient watery 
environment, the surface of Mars today is relatively 
dry. Since the loss of water due to atmospheric escape 
to space has induced the selective dissipation of hydro-
gen, oxygen left behind has progressively oxidized the 
Martian surface [2]. The progressive surface oxidation 
resulted in the formation of highly oxidized minerals 
such as perchlorate (ClO4

-) and sulfate (SO4
2-). Mars 

exploration missions (e.g., Mars Express and Mars 
Science Laboratory) have indicated that perchlorate 
and sulfate minerals are globally distributed on the 
surface [e.g., 3, 4]. On the other hand, these oxidized 
phases rarely occurs in shergottites [6, 7] and some of 
them have been suspected of the result of terrestrial 
contamination because of their occurrences; these sec-
ondary phases occur in the grain boundaries. Thus, we 
focus on impact glasses that definitely formed on the 
surface of Mars to search for indigenous Martian sul-
fate components in meteorites.

This study conducted micro (μ) X-ray absorption 
near-edge structure (μ-XANES) analysis of impact 
glasses in three shergottites with distinct Mars ejection 
ages (i.e., derived from different launching sites), aim-
ing at less geologically biased information on Martian 
surface environment. We employed a newly developed 
visualization technology to effectively search for sul-
fate in impact glasses based on X-ray fluorescence 
(XRF) maps of sulfide and total-sulfur [8]. The super-
position of these two maps visualized distribution of 
sulfur species (as S2–

tain XANES spectra indicating sulfate signatures from 
impact glasses of the Martian meteorites [8] (Figs. 1
and 2).

Samples and Methods: This study chose Larkman 
Nunatak (LAR) 06319, Elephant Moraine (EETA) 
79001, and Dhofar 019). LAR 06319 is an olivine-
phyric shergottite with crystallization and cosmic ray
exposure (CRE) ages of 193±20 Ma and 3.3 Ma, re-
spectively [9, 10]. EETA79001 is a shergottite meteor-
ite that was crystallized at 173±3 Ma and has a CRE 
age of 0.73±0.15 Ma [11, 12]. Dhofar 019 is an oli-
vine-phyric shergottite found in the desert of Oman 
[13] with crystallized and ejected ages of 575±7 Ma 

[14] and 19.8±2.3 Ma [15], respectively. We employed 
an indium-mounted polished section of LAR 06319, 50 
[16], a thin section of EETA79001, 20 from lithology 
C, and a thin section of Dhofar 019.

Sulfur K-edge (2472 eV) XANES analyses were 
performed at BL27SU of SPring-8 (Hyogo, Japan). 
The X-ray beam was focused using a K-B mirror to a 
final spot size of 15 (vertical) × 15 (hori 2.
The X-ray energy was calibrated with peak maximum 
of haüyne at 2480 eV. Prior to the XANES measure-
ments, XRF maps b-
tained to determine analytical spots with referring to
back scattered electron and X-ray images. Following 
[8], two XRF maps were obtained for each analytical 
area at 2480 eV (peak maximum of S(VI)) and at 2468 
eV (peak maximum of S(–II)).

Figure 1. BSE and XRF images of impact glass of 
EETA79001. A: BSE image. Impact glass is located within 
the yellow dashed lines. Green crosses indicate XANES 
points shown in Fig. 3. B: Superimposed XRF (blue: sulfide; 
red: total S) image of Fig. 1A.

Figure 2. BSE and XRF images of impact glass of LAR 
06319. A: BSE image. Impact glass is located within the 
yellow dashed lines. Green crosses indicate XANES points 
shown in Fig. 3. B: Superimposed XRF (blue: sulfide; red: 
total S) image of Fig. 2A.
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Results and discussion: LAR 06319 shows
XANES spectra that have characteristics for both S(-II)
and S(VI), while Dhofar 019 shows only S(VI) signa-
ture (Fig. 2). EETA79001 is variable depending on the
μ-XANES spots. The contributions of S(VI) was calcu-
lated by linear combination fitting of reference materi-
als and confirmed to be less than 12%. A previous 
study on the S K-edge XANES analysis of 
EETA79001 only showed the occurrence of S(-II) spe-
cies in the impact glass [17], in contrast to our current 
study and precedent studies [8]. The discrepancy could 
be explained by the heterogeneous distribution and low 
abundance (<12%) of S(VI) species in EETA79001.
Since superimposed XRF maps show that S(VI) spe-
cies are strongly localized in the EETA79001 impact 
glasses (Fig. 1B), the previous study using a large X-
ray beam (200×200 2; [17]) could not observe S(VI) 
signature.

Because the impact glass formed on the surface of 
Mars, the distribution of both S(VI) and magmatic S(-
II) signatures in the individual impact glasses of LAR 
06319 and EETA79001 indicate mixing of non-
terrestrial sulfide and sulfate phases on the Martian 
surface. In contrast, the XANES spectra of two impact 
glasses of Dhofar 019 only showed S(VI) signatures.
Rare earth element patterns of bulk rock and 
maskelynites of Dhofar 019 show Ce anomaly, which 
is indicative of terrestrial weathering [18]. Thus, the 
evident sulfate signature of Dhofar 019 (Fig. 3) may 
reflect terrestrial alteration.

Water is essential for the formation of sulfate min-
erals. – 2000 ‰), suggestive of 
ancient (~4 Ga) Martian surface components, were 
observed from impact glasses of these meteorites [6].
The presence of both Martian hydrogen and S(VI)
components in the impact glasses suggest that the bed-
rocks of these meteorites were partially altered by crus-
tal fluids with lower than the present Martian 
atmosphere (~5000 ‰) [19]. The crustal fluids should 
have preferentially altered grain boundaries and voids 
to form alteration veins and pods. These altered areas 
are prone to melt by impact relative to the other silicate 
parts, resulting in impact glasses as observed in EETA 
79001 and LAR 06319. This scenario is consistent with 
a weathering experiment that demonstrated that sulfate 
phases (gypsum and hexahydrate) are produced by the 
interaction of water with reduced magmatic phases of 
olivine, pyroxene, and pyrrhotite [20].
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Figure 3. Representative spectra of Dhofar 019, LAR 
06319, and EETA79001 and spectra of reference ma-
terials, haüyne and FeS reagent.
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ExoMars is a cooperative programme between ESA 

and Roscosmos, with NASA contributions.  Exo-Mars 
includes two missions, one in 2016 and another in 
2020.  The 2016 Trace Gas Orbiter is in operation. 

The ExoMars 2020 launch period opens on 26 July 
2020 and extends until 11 August.  On 19 March 2021 
the mission will deliver two science elements to the 
martian surface: (1) a lander instrumented to conduct 
environment and geophysics measurements, and (2) a 
310-kg rover tasked with conducting a search for signs 
of life. 

The rover—named after Rosalind Franklin—will 
use a drill to collect samples from outcrops and at 
depth.  The drill can reach down to 2 m below the 
surface; such depth range has never been probed on 
Mars before.  ExoMars’ subsurface sampling capability 
will provide the best chance yet to access and analyse 
sedimentary deposits, possibly containing molecular 
biosignatures, that may have been shielded from the 
ravages of ionizing radiation prevailing at the 
surface [1]. 

The rover’s Pasteur payload includes:  panoramic 
instruments (PanCam [2] wide-angle and high-
resolution cameras; ISEM [3], an infrared spectrometer; 
WISDOM [4], a ground-penetrating radar; and 
ADRON [5], a neutron detector); a subsurface drill to 
acquire samples; contact instruments for studying rocks 
and collected material (CLUPI [6], a close-up imager; 
and Ma_MISS [7], an infrared spectrometer in the drill 
head); a Sample Preparation and Distribution System 
(SPDS); and the analytical laboratory, the latter 
including MicrOmega [8], a visual and infrared 
imaging spectrometer; RLS [9], a Raman spectrometer; 
and MOMA [10], a Laser-Desorption, Thermal-
Volatilization, Derivatization, Gas Chromatograph 
Mass Spectrometer (LD + Der-TV GCMS). 

The ExoMars 2020 mission will land at Oxia 
Planum [11], an ancient location interpreted to possess 
strong potential for past habitability and for preserving 
physical and chemical biosignatures (as well as 
abiotic/prebiotic organics). 

Oxia Planum is situated on the eastern margin of 
the Chryse basin, along the martian dichotomy border, 
and at the outlet of the Coogoon Valles system.  At 
present, the coordinates for the nominal touchdown 
location are 18.159ºN, 24.334ºW. 

The approximately 100 km x 9 km dispersion 
ellipse lies in the lower part of a wide basin, where 
extensive exposures of Fe/Mg-phyllosilicates (> 80% of 
the ellipse surface area) have been detected with 
OMEGA and CRISM hyperspectral and multispectral 
data [12].  The Fe/Mg-rich clay detections are 
associated with early/middle- to late-Noachian layered 
rocks (with layering thickness ranging from a few 
meters to < 1 m for several tens of meters).  They may 
represent the southwestern expansion (lowest member) 
of the Mawrth Vallis clay-rich deposits, pointing to a 
geographically extended aqueous alteration 
environment. 

A 10-km wide, 80-km long, low thermal inertia 
feature interpreted as a delta, bearing hydrated silica 
signatures in its stratum, is observed at the outlet of 
Coogoon Valles.  The putative delta waterline suggests 
the presence of a standing body of water after the 
formation of the clay-rich unit over the entire landing 
ellipse area [11]. 

A 20-m-thick, dark, capping unit that covered both 
the layered formation and the fluvial morphologies is 
interpreted to be Amazonian lava material.  Crater 
counts yield ages of 4.0 Ga for the clay-rich unit, 3.9 Ga 
for the delta, and 2.6 Ga for the capping unit. 

The region has undergone extensive aeolian erosion, 
as attested by scarp retreats, remnant buttes and 
anomalies in crater density, forming geologic windows 
to fresh exposures (< 100 Ma) where material has been 
recently removed [11]. 

The ExoMars 2020 flight model is being assembled 
and tested, with the aim to deliver a complete spacecraft 
to Baikonur by end 2019. 

This presentation will discuss the mission’s 
preparation progress, with a focus on the ExoMars 
rover and its strategy to search for biosignatures. 
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Introduction:  Bright slope streaks are elusive  in-

creased albedo surface features found on Martian 
slopes in low thermal inertia regions [1, 2]. These 
elongated features are thought to result from the more 
common dark slope streaks [3, 4], which gradually 
fade or brighten with time [5]. Several hypotheses at-
tempt to explain dark slope streak origin. Dry-based 
models encompass dust mass wasting, avalanching or 
granular flows [1, 6-7]. Aqueous models include sub-
surface aquifers, lubricated dust flows and ground 
staining from saline fluids [8-12]. Various properties 
of dark slope streak populations were studied in detail 
to address their origin [13-15]. However, previous 
global surveys of bright slope streaks relied on Mars 
Orbiter Camera images, and so were limited by resolu-
tion, lighting conditions and color [e.g. 5]. Here, using 
The Colour and Stereo Surface Imaging System (CaS-
SIS) [17] onboard the ExoMars Trace Gas Orbiter 
(TGO) we report observations of possibly fresh bright 
slope streak candidates in Arabia Terra. To provide 
context for our measurements, we map bright slope 
streak distributions in Arabia Terra using a high cover-
age mosaic of Mars Reconnaissance Orbiter (MRO) 
Context Camera (CTX) images.  

Data & Methods: TGO is in a circular orbit with 
an inclination of 74°. Hence, unlike MRO and other 
orbiters, which are in Sun-synchronous orbits, CaSSIS 
can monitor surface changes at varying local solar 
times (LST), several times per Martian season. We 
acquire multiple morning observations of bright slope 
streaks in Arabia Terra and compare them with data 
acquired by MRO’s CTX and the High Resolution 
Imaging Science Experiment (HiRISE).  

A global CTX mosaic [18] was used within 
ArcGIS to extensively map the Arabia Terra region. 
We applied a grid mapping technique [19] to map 
bright slope streak distributions on a grid of ~16,000 
hexagons, each 20 km in diameter.  

Results: Our study reveals plausibly fresh bright 
slope streaks in several locations in Arabia Terra. For 
example, two images taken by CTX show a region 
with several dark slope streaks, but bright slope streaks 
in this location are only visible in CaSSIS (see Fig. 1). 
However, some bright slope streaks can be seen in 
both CTX frames, outside of the area shown in the 
figure. Important image details are shown in Table 1. 

The mapped spatial distribution of bright slope 
streaks within Arabia Terra showed that they are more 
common than reported by [5]. The majority of streaks 
are found clustered on crater walls and rims as well as 
on steep slopes within channels. Some bright slope 
streaks are observed to be originating within isolated 
outcrops inside craters (Fig. 1). We also report more 
streaks on west facing slopes.  A map of bright slope 
streak distributions in Arabia Terra will be presented at 
the conference.  

Discussion: Our study suggests that some bright 
streaks are not genetically linked to the origin of dark 
slope streaks and can form separately. This implies 
differences in either composition or particle size. 
Stains left by saline fluids in Antarctic Dry Valleys 
have been shown to be likely analogs for dark slope 
streaks [11] and a similar analog for bright slope 
streaks could likely point to compositional origin. 
Bright slope streaks have been hypothesized to not 
penetrate the entire dust layer and expose only an indu-
rated surface layer [1]. This hypothesis is unsatisfacto-
ry because bright slope streaks have been shown to be 
deeper than dark slope streaks [20-21]. Lastly, it was 
observed that some bright slope streak surfaces exhibit 
different morphological structure in comparison to 
surrounding material [22]. However, this photometric 
effect explains only observed brightness differences in 
and outside the streak and cannot explain the invisible 
streaks in the CTX data (see Fig. 1c). 

 It appears that local solar time (LST) could play a 
role in the bright slope streak detection. For example, 
in Fig. 1 CTX images were taken in the afternoon 
(~15:30 LST), while the CaSSIS image was acquired 
during late morning (11:25 LST). However, our survey 
in Arabia Terra revealed that bright slope streaks in 
CTX images are visible under various local lighting 
conditions. Further, we observed bright slope streaks in 
shadows and on well illuminated slopes.  

We also identified several locations in Arabia Terra 
where dark slope streaks are undergoing albedo 
change. At the apexes the streaks are bright, they begin 
to darken towards the middle, and at the distal ends it 
is indistinguishable from a dark slope streak. The fad-
ing rate of dark slope streaks has been shown to be 
around 40 years [15] but the contrast reversal rate is 
unknown. These locations will be studied in greater 
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detail with subsequent CaSSIS and HiRISE observa-
tions. 
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Figure 1. Dark and bright slope streaks observed at three different local solar times in Arabia Terra. A) and B) CTX 
images P07_003799_1961_XN_16N311W and P19_008282_1982_XN_18N311W, respectively. C) CaSSIS image 
MY34_005562_162. Several new bright slope streaks originating at the northern and southern outcrops are visible in 
the CaSSIS image. One especially large bright slope streak (1 km in length) can be observed pointing N45°E, which 
is only visible in C). Location  coordinates (lat, lon): 18.30°, 48.91°. 
 
Table 1. Additional Image Information.  

Image ID Local Solar 
Time (LST) 

Solar Longitude 
(°) 

Martian 
Year (MY) 

Incidence An-
gle (°) 

Resolution 
(m/px) 

Image Acq. 
Time 

P07_003799_1961_
XN_16N311W 

15:28 
 

240.9 28 61.4° 5.5 2007-05-19 

P19_008282_1982_
XN_18N311W 

15:16 66.6 29 44.3° 5.6 2008-05-02 
 

MY34_005562_162 11:25 344.5 
 

34 26.4 
 

4.7 2019-02-21 
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Introduction: We study the circulation at Gale 

crater from the comparison between model and obser-
vations. The novelty of this work comes with the in-
volvement of a global reanalysis to provide boundary 
conditions for a mesoscale model and the use of the 
Singular Spectrum Analysis (SSA) decomposition for 
accomplishing the comparison. The (correlative) ei-
genvectors extracted from the time series of observa-
tions and predictions show perfect agreement in the 
first two signals (diurnal and semidiurnal); an expected 
feature provided that a reanalysis is driving the 
mesoscale fields. The (noncorrelative) principal com-
ponents show a larger amplitude for the REMS obser-
vations in comparison to model predictions. Hence the 
matching eigenvectors are simply amplified incorrectly 
by the model predictions. The rest of the SSA compo-
nents (containing the remaining variance of the time 
series, i.e. terdiurnal correlations, quadiurnal correla-
tions, etc) show an increased discrepancy between 
model and observations.  

Motivation: As Gale Crater is close to the equator, 
its location motivate [1] to analyse atmospheric tides 
using a mesoscale model designed for Mars (namely 
the MarsWRF) in comparison to the atmospheric data 
from the Rover Environmental Monitoring Stations 
(REMS). The landing site of Curiosity, unlike the Vi-
king landing sites, is ideal for studying atmospheric 
tides. This comes from the low latitudes of Curiosity 
which inhibits the REMS instrument from observing 
baroclinic waves (in contrast to the high latitude Vi-
king landers). Instead, the meteorology of the region is 
actively locked to tides. This diurnal variability is al-
tered by the rich and tight topography of Curiosity's 
landing site, making REMS valuable for studying the 
effects of topography on the regional atmospheric cir-
culation, and for studying the smaller scale meteorolog-
ical effects, such as orographic gravity waves, small 
scale convection, effects on the planetary boundary 
layer (PBL) and many others ([2][3][4] and more). 
Other studies focused on more direct effects of the 
crater, such as comparing the atmospheric tides in and 
outside the crater, and concluding that the topography 
simply amplifies the influence of the circulation outside 
the crater [5]. And many papers focused on the clima-
tology that REMS observes, to try and simulate the 
environment that the rover encounters [3][6].  

Methodology: The models. In order to accurately 
render Mars' general circulation and exotic planetary 
boundary layer (PBL) a realistic model was needed, 

with the best candidate being the UK version of the 
 Laboratoire de Météorologie Dynamique (LMD) 
Mars GCM (which will be abbreviated MGCM) for its 
ability to assimilate satellite data. To deliver as much 
detail as computationally possible for comparison with 
REMS, we opted to embed the LMD Mars Mesoscale 
Model (abbreviated as MMM) into the output from the 
MGCM centred around Gale Crater, to spatially 
downscale the assimilated reanalysis. For such a feat, 
the MGCM was updated to assimilate satellite data at 
the spectral resolution T170L25 so that its output is 
feasible for driving the MMM by the provision of high 
resolution boundary conditions. The interface between 
the MGCM and MMM automates the use of both mod-
els, reducing the time spent on producing a full 
MGCM+MMM reanalysis to only computational (thus 
eliminating the time spent on cumbersome manual 
connections between the models). The embedded simu-
lations from the MGCM+MMM configuration were 
carried out for 4 typical Martian seasons around Gale 
Crater, at a resolution of 80x80x60 grid-boxes of 5km 
side-lengths, covering a 400(km)x400(km) region sur-
rounding the crater. Ulteriorly, the assimilated analysis 
was interpolated to the location of the Curiosity rover 
(situated in the crater floor) for comparison with in situ 
measurements.  

The comparison. The REMS observations were re-
binned to match the MGCM+MMM 2-hourly output 
and both time series were decomposed into eigenvec-
tors and principal components, using the SSA method. 

Results: The eigenvectors from the SSA method 
showed almost perfect correlations between the reanal-
ysis and REMS observations in the diurnal and semidi-
urnal tidal components. The principal components 
were showed a larger amplitude for the REMS time 
series, proving that the differences in the first two tidal 
components between the reanalysis and REMS is al-
most completely noncorrelative. As the correlations are 
virtually identical between model and observations, we 
proved a previous result by [5], that the differences 
come from amplification effects from the crater topog-
raphy. Taking previous studies into account [1][7], we 
connected the differences in the principal components 
to atmospheric dust and aerosol loading. An SSA anal-
ysis of REMS dust observations would be a practical 
addition to our analysis, however, the response of the 
first two tidal components to atmospheric dust and aer-
osol loading is so efficient that the amplitude of the 
semidiurnal tide was even used in estimating the global 
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mean aerosol loading [7][8]. The other tidal compo-
nents were influenced by local meteorological effects 
and their matching between model and observations 
was situational (in the spring season), but certainly not 
perfect. 

Overall, the superposition of the diurnal, semidiur-
nal and terdiurnal tides offer an explanation to the evo-
lution of the surface pressures and temperatures detect-
ed by REMS, and the local meteorology simulated by 
the reanalysis does seem to be periodic and correlated 
to the tides as well. 

 
Figure 1: The SSA decomposition of temperatures 

from the MMM and Curiosity-REMS from the start of 
northern spring. The first two colour maps are MMM 
velocities (top left plot) and temperatures (top right) 
taken from a terrain-following interpolated layer, which 
is 5m above the local surface. The following 4 plots 
contain SSA reconstructions of REMS observations 
(black lines) and MMM values (red lines). The blue 
vertical line shows the frame from which the two color 
maps were extracted. 
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Introduction: The Alpha Particle X-ray Spectrom-

eters (APXS) on the Mars Exploration Rovers (MER) 
Spirit and Opportunity as well as the Mars Science 
Laboratory (MSL) rover Curiosity were designed to 
precisely quantify rock-forming elements through prin-
ciples of X-ray spectroscopy [1-3]. In addition to spec-
tral lines sourced from a target on the Martian surface, 
background signals from the APXS instrument exist, as 
do argon (Ar) Kα and Kβ peaks [4] from the ~2% v/v 
Ar in the Martian atmosphere [5]. 

Ar peaks are visible in every spectrum due to the 
unavoidable air column between the APXS instrument 
face and the solid sample being interrogated. The mag-
nitude of the Ar signal depends on the separation be-
tween the APXS and its target [4]. The APXS can also 
acquire spectra when stowed, resulting in measure-
ments entirely of the atmosphere.  

 
Figure 1: APXS spectra acquired by the MER rover Oppor-
tunity. Atmospheric spectrum (red) corresponds to a meas-
urement duration of 16 hours. Geologic spectrum (blue) 
corresponds to a measurement duration of 11.5 hours. The 
argon peak is visible around channel 100, especially in the 
atmospheric spectrum [4]. 

 
Given the APXS method directly measures ele-

ments with Z>11, the only atmospheric signal expected 
is from Ar (see Figure 1). Without any variability in air 
column length, changes in Ar peak area are representa-
tive of changes in the density of Ar in the Martian at-
mosphere. Such measurements provide low-latitude 
ground-truthed data for climate models through the use 

of Ar as a tracer for the condensation flow of noncon-
densable gases (NCGs). 

Since early in their respective missions, both MER 
rovers acquired dedicated measurements of the Martian 
atmosphere with the APXS. Recently, the MSL APXS 
has adopted a similar cadence. Here we summarize the 
end-of-mission (EOM) results of the MER APXS at-
mospheric monitoring campaign and present ongoing 
work from MSL that will combine data from the APXS 
with other instruments (REMS, SAM) designed, at 
least in part, to monitor the Martian atmosphere.  

Method and Results: A post-flight calibration and 
model test was conducted using high-frequency 
long-duration measurements by Spirit conducted while 
it was stuck and had ample spare power. A channel 
sum over background model produced stable results 
with smaller uncertainties than models that relied on 
least-squares fitting [4]. This model was applied to 
monitor the change in Ar peak area on both MER and 
MSL. When corrected for temperature, the Ar peak 
area is proportional to the Ar partial pressure (pAr). 

 
Figure 2: Opportunity APXS argon partial pressure meas-
urements reduced through summation by similar Ls. A peri-
odic least-squares fit is applied. A short-term deviation is 
observed around Ls 155. A parallel observation was made by 
MSL REMS on MY 32. 
 

Atmospheric measurements prior to sol 1200 were 
excluded from the analyses of MER atmospheric spec-
tra due to the increased background associated with 
active Mössbauer instrument sources [4]. Data ac-
quired at temperatures warmer than -50oC were also 
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excluded to ensure the Ar peaks were well resolved. Of 
the 2230.5 hours of atmospheric data acquired by Op-
portunity during its 5111 sol mission, 1764.8 hours 
were of sufficient quality for this study. The results are 
presented in Figure 2. A periodic function has been fit 
to the acquired data. Deviation from the periodic trend 
is outlined in Figure 3. Individually, the strongest 
spikes in Ar density were observed on Mars Year 
(MY) 29 and 32. A sharp rise in pAr was not observed 
on MY 33. MY 30, 31, and 34 were inconclusive. 

 
Figure 3: Deviation from a periodic curve of Opportunity 
APXS argon partial pressure measurements reduced through 
summation by similar Ls. A short-term deviation is observed 
around Ls 155.  
 

Atmospheric measurements with the MSL APXS 
follow a similar trend to those of MER presented in 
Figure 2. Recent measurements were acquired centered 
around MY 35 Ls 0 to provide a normalization point. 
However, Curiosity has climbed over 400 m in eleva-
tion during its traverse to, and ultimately up, Mt. 
Sharp. Thus, Ar measurements with the MSL APXS 
will be subject to variation as a result of elevation. 
These corrections will be applied using a model in 
combination with absolute pressure data acquired by 
the MSL REMS pressure sensor. 

 Interpretation: The short-term enrichment in pAr 
around Ls 150 is consistent in timing with a migrating 
air mass sourced from the southern polar cap similar to 
that observed by [6] from orbit at high-latitudes. As 
CO2 is deposited at the south winter pole, a global 
pressure gradient drives circulation southward. NCGs, 
such as Ar, are enriched in the air above the polar cap 
[6]. As CO2 sublimates from the southern cap the sub-
sequent spring, the pressure gradient drives the 
now-Ar-enriched air to lower latitudes.  

The Opportunity Ar-enrichment observation is par-
alleled by MY32 REMS measurements that capture a 
~0.5% non-periodic change in absolute pressure 
around Ls 150 (Figure 2, inset), consistent with a ~10% 
enrichment in NCGs that comprise ~5% of the atmos-

phere. Likewise, work by [7] shows a spike in the ar-
gon volume mixing ratio in their global climate mod-
els. The authors are currently working on a higher fi-
delity model that may potentially resolve this feature 
further and demonstrate its nascence. NCG enrichment 
due to southward tracer flux would be expected to 
manifest around Ls 320, albeit weaker given the more 
prominent southern winter. Evidence of an enrichment 
is present in Figure 2 around Ls 320, but would have 
benefited from improved statistics.  

Mars Year 34 Global Dust Storm: A global dust 
storm (GDS) encompassed Mars in early 2018, ulti-
mately leading to the EOM for Opportunity. During 
this time, Curiosity, not dependent on solar illumina-
tion for power generation, acquired several APXS at-
mospheric measurements. The atmospheric measure-
ments acquired during the MY 34 GDS do not display 
any spectral signatures of dust – the only differences 
are instrument effects (e.g., source decay). This is con-
sistent with the density of dust expected in the atmos-
phere, even during the peak of the MY 34 GDS. 

Outlook: The MSL APXS will continue to acquire 
atmospheric measurements. In addition to facilitating 
the demonstrated science, atmospheric measurements 
also provide engineering value for monitoring instru-
ment performance. A typical cadence of approximately 
one atmospheric measurement per month will be sus-
tained outside of the Ls 150 and Ls 320 enrichment 
periods observed by Opportunity – an increased fre-
quency will be utilized during these times. Collabora-
tion with SAM and REMS will continue. Work is 
planned in concert with the authors of [7] where results 
may guide changes to the current MSL APXS Ar ca-
dence. 

Conclusions: The results presented herein would 
not be possible without the remarkable endurance of 
the MER mission. The MER legacy lives on through its 
acquired data and scientific results, as well as through 
the professionals and subsequent missions they in-
spired. MER’s APXS atmospheric investigations live 
on through an international collaboration involving 
multiple instruments on MSL and in climate models. 
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PTAL MULTI-SPECTRAL DATABASE OF PLANETARY TERRESTRIAL ANALOGUES: RAMAN 
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PTAL Database: The Planetary Terrestrial Ana-
log Library (PTAL) [1] is a database in which spec-
troscopy scientists have gathered spectroscopic data 
with Raman, LIBS, NIR and XRD techniques, of sam-
ples relevant for the analysis and data exploitation of 
planetary missions such as ExoMars. Thus, the purpose 
of the PTAL project is to enhance the scientific out-
comes that could derive from the study of terrestrial 
analogues relevant to planetary exploration by provid-
ing an extensive multi-spectral database of terrestrial 
analogues to the scientific community. The PTAL web-
site will provide the opportunity to request physical 
access to samples, up to 1.3 kg of material was sam-
pled for each analogue. In this way, sample accessibil-
ity will enable future users to combine PTAL spectro-
scopic data with further laboratory analysis. For this 
purpose, both laboratory and spacecraft-simulator in-
strumentations have been used to analyse: 1) a large 
collection of natural geological samples collected from 
terrestrial analogues sites and 2) artificial samples rep-
licating Martian protoliths composition and altered in 
the laboratory under controlled physical-chemical con-
ditions.

Raman data, together with the complementary NIR 
and LIBS analysis, will be supported by XRD data and 
thin section observations to provide an exhaustive geo-
chemical and mineralogical characterization of the se-
lected samples.

On the technical perspective, the PTAL is designed 
as presented in Fig. 1. On one hand, the database in-
cludes the spectral information that can be accessed via 
web. On the other hand, the SpectPro tool is an appli-
cation developed in the framework of the development 
of the RLS Raman instrument of the ExoMars mission 
that provides an analytical set of tools capable of ana-
lysing the scientific and housekeeping data received 
from the RLS instrument but also from other sources, 
with a set of available functions for the comprehensive 
analysis of spectroscopic data, including operations 
such as binning of images, baseline removal, filtering, 
SNR calculation, normalization, a spectra calculator, 
automated peak detection... 

Figure 1. The PTAL DB technical design

The SpectPro and PTAL teams have worked to-
gether to facilitate a direct access from SpectPro to the 
PTAL database, using the same credentials for access 
to the PTAL web interface. This connection will boost 
the capability of the scientist working in a planetary 
mission (but not only) to perform a fast and compre-
hensive characterization and identification of the min-
eral phases present in a sample by comparing the data 
obtained from the sample with the extensive spectral
information included in the PTAL database. This will 
be possible by profiting from the navigation pane in-
cluded in SpectPro. 

Raman analysis results of the PTAL samples:
The interpretation of the over 4500 Raman spectra 

summarized in this work was mainly focused on the 
identification of the mineral groups composing the 
analysed analogue materials (i.e. feldspar, pyroxenes, 
olivines). Indeed, the PTAL project foresees to pro-
mote the use of SpectPro software by the users that will 
be able to carry out a more refined spectra interpreta-
tion by using the SpectPro data processing tools and by 
performing comparative analysis with standard spectra.
As detailed below, the PTAL samples are organized in 
three main categories:

Hydrate sulphate minerals:The mineralogical data 
collected by the XRD system on board of the Oppor-
tunity/NASA rover proved the presence of jarosite 
(KFe3(OH6(SO4)2) on Meridiani Planum [2]. The 
identification of hydrous sulphate minerals is one of the 
strongest evidences in support of the past presence of 
water on Mars. In this light, the PTAL database in-
cludes terrestrial analogue samples collected from geo-
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logical sites rich in hydrated sulphates that will help 
deepen the knowledge about the conditions favouring 
their mineralization.

Martian protoliths analogues: The PTAL database 
also includes an extensive collection of gabbros and 
basalts collected from analogue sites with a lithology 
comparable to Martian protoliths. The comprehensive 
characterization of these samples will play a crucial 
role in the selection of the optimal materials to be em-
ployed for laboratory alteration experiments. These 
tests, based on the exposition of the sample to con-
trolled atmospheric conditions, will help obtaining out-
standing inferences about the alteration processes that 
have occurred or are occurring on Mars.

Impact craters: The Martian surface shows more 
than 43000 craters produced by the impact of extrater-
restrial bodies with the planetary crust. The mineralog-
ical study of the stratigraphic units composing craters 
walls and basins can provide important clues regarding 
the evolution of Martian geology and environment. In 
the light of the forthcoming ExoMars and Mars2020 
missions, five terrestrial craters were considered for the 
PTAL project so as to evaluate the scientific capabili-
ties of spectroscopic systems in detecting impact-
related alteration products [3].

Conclusions: This work presents the whole set of 
Raman data (over 4500 spectra) that have been collect-
ed to feed the PTAL database. In a general perspective, 
it was confirmed that Raman spectroscopy is able to 
reveal the complex mineralogical composition of a 
wide variety of terrestrial analogues, providing results 
in accordance with analytical studies presented in pre-
vious works. 

Besides the multispectral database, the PTAL pro-
ject will also provide users with spectra-treatment tools 
and physical access to the 94 terrestrial analogues. In 
this sense the PTAL information system aims to be-
come a cornerstone tool for the scientific community 
interested on deepening the knowledge of geological 
processes occurred on Mars and other extraterrestrial 
bodies.

Beyond the PTAL project, the data summarized in 
this works also helps to shed light on the potential con-
tribution of Raman spectroscopy to the mineralogical 
characterization of extraterrestrial bodies. On one 
hand, the characteristic vibrational Raman spectra pro-
vided by minerals (and potential biomarkers) are char-
acterized by the presence of very sharp and well sepa-
rated peaks, which facilitate the proper characterization 
of the analysed material even in the presence of com-
plex mixtures. On the other hand, being the spot of 
analysis of micrometric size, a multipoint procedure 

enables the detection of minor and trace compounds 
that cannot be easily detected by other techniques.
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The orbital period of Mars around the axis is close 

to the Earth's value: a little more than 24 hours. This 
value indicates the real possibility of the formation of 
a magnetic field for this planet. And although now the 
average value of the magnetic field near the planetary 
surface is about 40 nTl, but in a dozen areas, several 
hundred kilometers in length, multidirectional mag-
netic fields are registered, the strength of which ex-
ceeds 400 nT [10].  

With such a magnitude of the magnetic field, the 
chances of saving a possible life on Mars from the 
influence of the hard radiation of a highly active Sun 
were much greater. On the surface of Mars, areas with 
young volcanic rocks have been found, which are 
formed only in the presence of a significant magnetic 
field. Therefore, the relics of the past life must be tried 
to be found in places with the presence of water in 
those days.  

That is, in the rocks that were formed in the Phyl-
locian geological epoch in the first 700 million years. 
Indeed, the only so far known to us form of life is pro-
tein, and it does not exist without the presence of wa-
ter. Therefore, after the "Vikings" the search for life 
on Mars began with a search for water.  

According to the latest data, liquid water periodi-
cally flows on the surface of Mars and now [9, 16]. 
Hydrated perchlorate salts were detected in the cur-
rents on the walls of Martian craters using spectral 
methods [2]. Apparently, it is they who do not allow 
the liquid to freeze at a temperature even below 200 
K. Such water may be in underground reservoirs, and 
these brines are a possible place for living forms of life 
that could arise on cold Mars and, having adapted, 
survive there. Or, the embryos of possible life could 
get to the surface of the planet as a result of 
panspermia, when fragments of cometary nuclei and 
asteroids fell.  

Already in the 21st century, a small amount of 
formaldehyde and methane was found on Mars [3]. 
This fact may indicate a possible proof of the existence 
of life there.  

It is generally accepted that a large asteroid collid-
ed with the planet, and such a catastrophe formed the 
greatest astrobleme of Hellas [1, 5, 6]. At the same 
time millions of tons of soil were thrown on thousands 
of kilometers. They covered a substantial part of the 

surface layer of Mars. And beneath it could well be 
possible samples of life that began to emerge there. 
And even if the primary life could not survive after 
such a global catastrophe, then we assume that these 
simplest forms of life could well have been conserved, 
being sprinkled with soil ejected by this astrobleme.  

Thus, if life was before the catastrophe on Mars, 
then the mentioned cataclysm could erase its traces. 
But it is also possible that if life on Mars once ap-
peared there, it could not disappear from the surface of 
the planet without a trace, but could move into its 
depths and be preserved in fossils there. Although 
there remains some possibility that some simplest 
forms could be preserved to this day, being sprinkled 
with thick layers of soil.  

In this regard, it is most advisable to look for trac-
es of it in thrown on thousands of kilometers of dumps 
of million tons of soil on the slopes around the Hellas 
Plain in the newly formed impact craters [12, 14]. 
Therefore, relic traces of life that began to emerge 
should be sought in those deep places below the sur-
face, where water used to be, and which were formed 
in the first Phyllocian geological epoch [7, 11, 13]. It 
was at mid-latitudes of the southern hemisphere that 
water exits to the surface of the planet are now discov-
ered. And so the main search for traces of primary life 
on Mars should be carried out precisely in these plac-
es. Most of the water on Mars today exists in the form 
of ice [4, 8, 15].  

Microbes are also found in the ice of Antarctica. 
Possible life on Mars today is almost certainly micro-
bial. Such a similarity between Antarctica and Mars 
suggests that if there is life on Mars, then ice - is a 
good place to hide for germs. But we cannot be sure of 
anything until we dig it out and study it. 
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Introduction: Widespread weathering profiles have 
been observed on Noachian terrains on Mars. They are 
composed of a top layer of Al-rich clay minerals, then 
Al,Fe-rich clay minerals and a bottom layer composed 
of Mg,Fe-rich clay minerals [1]. More recently car-
bonates have been identified in the middle part of the 
stratigraphy [2] (Fig. 3). By analogy with Earth, such 
weathering sequences form by the interaction of acidic 
solutions in equilibrium with the atmosphere and the 
parental rock. Thus, the aqueous solution composition 
leading to the above mineral description allows to 
evaluate the atmosphere composition. Geochemical 
modelling [3] and closed systems experiments studies 
[4] have proposed that acidic weathering driven by 
H2SO4 fluids is the process leading to the martian stra-
tigraphy. Nevertheless, such aqueous chemical compo-
sition is fluids would argue for a SO2,3 rich atmosphere 
which do not sustain liquid water [5] and it cannot ex-
plain the recent carbonate detections. Experimental 
work are necessary to constraint the mineralogical as-
semblage formation on Mars [6]. Therefore, the exper-
imental reproduction of the martian weathering profiles 
will allow to better understand the aqueous fluid(s) and 
as a consequence the composition of the martian at-
mosphere during the formation of the weathering pro-
files. 
 
Material and methods: We set up an experimental 
column system with three levels containing basaltic 
glass rock (Fig. 1). Four aqueous solutions were inject-
ed in the column and passed through the three levels. 
The four aqueous solutions consist of H2SO4 at pH 3 in 
equilibrium with N2 atmosphere, pure water in equilib-
rium with 0.1 and 1 atmospheric pressure CO2 leading 
to pH values of 3.9 and 4.4, respectively. The experi-
ments were run with a flow rate of 0.05 mL.min-1 for 
20 days at 150°C to decrease the reaction time. Each 
day, the output solution was collected and then pH 
measurements and cationic composition by chromatog-
raphy and ICP-MS were performed. At the end of the 
experiments, the reacted basaltic rocks were analyzed 
by XRD and NIR measurements. 

 
Figure 1: Simplified representation of the experi-

mental setup. 
 

Results: The pH of the output solution decrease with 
the increase of pCO2 (Fig. 2). The release of Al and Fe 
were negligible compare to Si and solely Mg were re-
leased for the 1 pCO2 experiments. For each experi-
ments, clay minerals of various nature have been 
formed. The content of Al-rich clay minerals decrease 
from bottom to the top of the column. Also, the content 
of Al-rich clay minerals increase with the increase of 
pCO2 (Fig. 3). A transition from Al-rich to Al,Fe and 
Fe,Mg rich clay minerals was solely observed for the 1 
pCO2 experiment. While carbonates have been formed 
in the three levels of the water and 0.1 pCO2 experi-
ment, carbonates have been formed only in the last 
level for the 1 pCO2 experiment. 

 
 

Figure 2: pH measurements of the initial and output 
solutions. 
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Discussion: The results can be explained as follow: 
with increasing pCO2, the system is shifted towards the 
CO2 - basalts buffered alteration system and it requires 
more time to dissolved basaltic glass to reach pH val-
ues >8 [7]. This phenomenon lead to lower pH values 
with the pCO2 increase. Hence, the aqueous solution in 
reaction with the basaltic rock is more acidic with the 
pCO2 increase which lead to an increase of Al-rich clay 
minerals with increasing pCO2 [6]. Due to the too acid-
ic conditions, carbonates were not formed in the two 
first levels of the 1 pCO2 experiment.  
 
Martian implications: The content of Al-rich clay 
minerals and the evolution from Al, Al,Fe to Fe,Mg-
rich clay minerals observed on Mars are better repro-
duced with an originally high pCO2 (Fig 3). Hence, 
acidic weathering driven by a dense CO2 atmosphere 
can reproduce the Martian clay mineral evolution. The 
experiments with CO2 led to the formation of car-
bonates. The presence and their position in the martian 
stratigraphy are in accordance with the recent detection 
of carbonates in the martian weathering profiles (Fig. 
3). In addition, the carbonates signature in the NIR 
spectra is weak and the strongest band is at 3.95 μm 
which is out of the CRISM NIR range. Therefore, our 
results suggest that even more carbonates can be found 
on Mars. Finally, the Martian weathering profiles 
should have formed under a dense CO2-rich atmos-
phere. This is coherent with climate models suggesting 
that such dense atmosphere could allow sustain liquid 
water on the Martian surface at least episodically [8]. 

Figure 3: The experimental measurements represents 
the evolution of the dioctahedral and trioctahedral clay 
minerals as a function of the level number and pCO2. 

#The Al/(Fe + Mg) ratio represents the adsorption band 
ratio in the NIR range between the octahedral Al3+ and 
the Fe2+ and Mg2+ in octahedral position. The purple 

strokes represent the presence of carbonate. The obser-
vations made on Mars show the mineralogical evolu-

tion of the weathering profiles based on the studies of 
[1, 2]. Of note, Al-rich, Al,Fe-rich and Fe,Mg-rich are 
acronyms for Al-rich, Al,Fe-rich and Fe,Mg-rich clay 

minerals. 
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Introduction: The concept of Recurring slope 

lineae (RSL) has been formally introduced in a 2011 
Science publication [1]. It refers to small-scaled dark 
slope flows, identified in HiRISE data, that progres-
sively lengthen and then fade each year [1]. RSL were 
reported to occur “in the late southern spring and 
summer […] favoring equator-facing slopes […] with 
peak surface temperatures from ~250 to 300 kelvin” 
[1], which leads to conclude that “Liquid brines near 
the surface might explain this activity, but the exact 
mechanism and source of water are not understood” 
[1]. A growing body of evidence now indicates that 
RSL are actually not related to liquid water. 

Summary of previous claims: The first RSL re-
port [1] emphasized major differences between RSL 
and slope streaks, another larger-scaled class of transi-
ent dark slope flow. This was considered as supporting 
a fundamentally different formation mechanism, that is 
to say, briny for RSL [1], versus dry for slope streaks 
[2]. Initially, a “lack of consistency” with “Dry dust 
avalanche or grain flow” was emphasized for 7 over 15 
observed properties of RSL [1]. Several studies have
then directly focused on understanding the origin of
liquid water at RSL, some e.g. firmly concluding that 
RSL are formed by “freshwater subsurface flows” [3].
In 2014, the 8th International conference on Mars syn-
thesis presentation classifies RSL as a “Major Discov-
ery” and concludes that “RSL suggest generation of 
liquid water (brines) today over a surprisingly large 

number of places on Mars” [4]. Evidence for hydrated 
salts that “strongly support the hypothesis that recur-
ring slope lineae form as a result of contemporary wa-
ter activity on Mars” were then reported in 2015 [5]. 
This publication was accompanied by a press release
entitled “NASA Confirms Evidence That Liquid Water 
Flows on Today’s Mars” [6]. In 2016, it was still con-
sidered that “a significant amount of near-surface wa-
ter might be present” at RSL [7]. 

Meanwhile, studies however pointed out that ex-
pected evidence for water at the surface was missing
[e.g., 8]. In 2017, a correlation between a dry gas-
triggered granular flows mechanism and the seasonali-
ty of one equatorial RSL site has been revealed [9]. 
This finding supported the idea that RSL could be dry 
despite their link with warm temperatures, in agree-
ment with some considerations about their geomorpho-
logical properties [9]. However, this mechanism was 
not shown to fit RSL behavior at the most typical, 
southern mid-latitudes sites, suggesting some limita-
tions to its universality. Another study then acknowl-
edged that RSL properties may in fact be “inconsistent 
with models for water sources”, while maintaining 
“some role for water in their initiation” [10]. 

Results: The signatures of hydrated salts reported 
in 2015 have been derived using CRISM spectral data 
[5]. We demonstrate in [11] that these spectral signa-
tures actually result from instrumental artefacts: spec-
tral features misinterpreted as evidence for hydrated

 
Figure 1: Evaluation of the reliability of the “magnesium perchlorates” detection by [5] at Hale crater (CRISM observation 
#FRS00029F84). The spectrum shown by [5] is in red (ratio between “RSL” position #335/96-98 over a non-RSL denominator
#355/54-60). In black, we divide the same RSL numerator by another similar denominator at #335/75-81, which reduces the ~ 
1.47 µm feature described as “strong” and “narrow” by [5] to the depth of other noisy spurious features (e.g., at ~ 1.28 µm). 
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Figure 2: Rauna crater (35.2°N, 327.9°E) is a well-studied northern hemisphere RSL site [13]. On the right panel, two zoom 
observations at LS 2° and LS 125° illustrate RSL activity. This crater is actually located (left panel, arrow) within an area of 
known mesoscale linear wind streaks [14]; various windblown dust features are indeed visible in that area. Adapted from [11]. 

salts are linked to well-known systematic column arte-
facts typical of the CRISM instrument, sometimes 
combined with random noise. We provide in [11] de-
tailed example figures for three (Palikir, Horowitz, and 
Coprates) of the four sites discussed by [5]. Here, we 
detail the 4th site (Hale crater) in Figure 1. The spectral 
identification of “magnesium perchlorate” at Hale
crater by [5] relies on two features at “1.48” (in fact 
1.47) and 1.9 µm observed on a single spectrum. This 
spectrum was calculated by doing a ratio between a 
RSL location and a “neutral” denominator. If we re-
place the denominator selected by [5] by another near-
by one, we observe that the spectral feature at  ~ 1.47
µm is reduced to noise level (Fig. 1). This band was 
artificially deepened by a reverse denominator spike. 
This spectrum can thus not be attributed to “magnesi-
um perchlorate”, as the 1.9 µm band alone is common 
on Mars and not specific to salts (see [11]). Publication 
[11], submitted in 2017, underwent a lengthy review 
process (500 days) related to unconvinced reviewers’ 
comments. Yet, recently, a consistent study referring to 
our work presented a “new artifact” at 2.1 µm that sim-
ilarly challenge the reliability of RSL perchlorates de-
tection [12]. Note however that the Hale detection is
attributed to “perchlorates” by [5] but does not contain 
any 2.1 µm feature: it is thus not related to this arte-
fact. Coprates RSL CRISM spectra, associated with 
“precipitation of salts” by [5] and invalidated by [11],
contains no 2.1 µm feature either. 

While the initial reported timing of RSL lengthen-
ing/fading was clear-cut and related to warm/cold tem-
perature/slope [1], we observe (1) that RSL do length-
en during local winter or fall and do not favor warm 
equator facing slopes at several locations and (2) that
RSL disappearance can be concomitant with RSL for-
mation during the warm season [11]. Thus, available 
observational constraints about RSL are in fact poorly 
consistent with brine surface or subsurface flow. On 

the other hand, the timing of RSL activity is well relat-
ed to the seasonality of dust activity [11]. 

It has been argued that “The gradual settling of at-
mospheric dust is not a likely mechanism for the fad-
ing” and that “removal of dust during RSL formation 
would cause a strong color change that is not ob-
served” [1]. Actually, we show in [11] that morpholog-
ical, time-related and spatial properties of RSL are 
fully consistent with RSL resulting from the progres-
sive removal of dust revealing an underlying darker 
surface. We e.g. illustrate in Figure 2 the spatial con-
nection between RSL activity and known windblown 
dust features (see [11] for details). 

Conclusions: In this work and its associated publi-
cation [11], we reviewed former observational con-
straints consistent with a contribution of liquid water to 
the formation of RSL. Previously published “detec-
tions” of hydrated salts using CRISM data are actually 
linked with well-known column artefacts combined 
with random noise issue. RSL activity timing and loca-
tion are found to be difficult to reconcile with liquid 
water while RSL properties are in fact fully consistent 
with surface-atmosphere exchanges of dust. 
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Introduction:  The observations of methane on 

Mars over the last 15 years have been highly contro-
versial. The detection of 15.5 ± 2.5 ppbv of methane 
above Gale Crater on 16 June 2013, by the Planetary 
Fourier Spectrometer (PFS) onboard Mars Express was 
recently reported [1]. This detection was recorded one 
day after the observation of a spike (5.78 ± 2.27 ppbv) 
by Curiosity and constitutes the first independent con-
firmation of the presence of methane on Mars. In this 
context, we developed a statistical approach of GCM 
simulations of methane emissions to search for the 
most probable source locations of the gas detected by 
the two instruments. 

Previous model studies:  Several model studies 
[e.g. 2, 3] demonstrated the capabilities of GCMs to 
understand processes forming atmospheric plumes of 
methane (e.g., the plume observed in 2003 by Earth-
based telescopes [4]) from local outgassing events. 
Nevertheless, those investigations are largely inconclu-
sive because many combinations of release locations 
and release scenarios can explain the observations. 
Indeed, such problems are weakly constrained given 
the sparsity of observational data. In addition, the re-
lease patterns (either instantaneous or continuous) used 
in previous studies are not supported by patterns of 
methane emission (strength and duration) on Earth, 
which are known from various types of terrestrial ana-
logs, including faulted areas, springs, mud volcanoes, 
and areas with diffuse low levels of gas release called 
microseepage [5]. The information from terrestrial ana-
logs can provide guidance for GCM simulations [6, 7], 
so that values used are within reason for the geological 
systems on Mars in the vicinity of any methane detec-
tions. 

Statistical analysis of release experiments:  In 
this context, instead of supporting the available CH4 
observations with one consistent numerical experiment, 
we developed an innovative statistical approach con-
sidering a large number of realistic release scenarios 
and applied a statistical analysis to this sample [1]. 
Such a study is made possible taking advantage of the 
additivity of tracers. Methane emission events can be 
viewed as a sequence of stochastic gas fluxes generated 
by combining tracers released successively and scaled 
randomly in order to mimic the time variability of typi-
cal methane seepage observed on Earth. Hence, a 

probability can be attributed to the given emission site 
in terms of the ratio between the number of scenarios 
consistent with the observations and the size of the 
statistically representative sample. As a result, compar-
ing the probabilities associated with all potential emis-
sion sites within a predetermined region indicates the 
most plausible sites from the standpoint of the atmos-
pheric circulation. 

Application to the release event detected by Cu-
riosity and PFS in Mid-June 2013:  A preliminary 
analysis of the observations (including upper limits) 
recorded by PFS and Curiosity in a 14-sol time window 
suggests strongly that the two instruments detected the 
same CH4 release event, which took place over a few 
sols and most likely outside Gale Crater. 

 

 
Figure 1. Location map and regional setting [1]. The 
black outline around Gale Crater is the envelope of 
PFS footprints. The yellow triangle shows the location 
of the Curiosity rover. The white grid shows the area of 
interest from atmospheric modelling. Each block is 
considered as a potential source of methane. 

 
Simulations performed using the GEM-Mars GCM 

[8], a model already applied to study the time evolution 
of methane in the atmosphere after surface release [9], 
was used to form a large sample of release scenarios 
that was constrained by the available observational 
data in order to determine the most likely source re-
gions around Gale Crater. 30 model grid cells within a 
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24°×20° area centered at Gale Crater were considered 
as potential emission sites (see Fig. 1). 

From each of them, a series of 30-min-long me-
thane pulses was applied for a total duration of 5 sols. 
Exploiting the linear additivity of the methane tracers, 
the tracers were linearly combined by random numbers 
to produce release scenarios composed of stochastic 
fluxes. A total of 106 different combinations were gen-
erated for each of the 30 considered release sites. For 
these patterns, the initial times and durations of emis-
sion were also generated randomly. As a result, the 
constructed episodic emission scenarios last from 30 
minutes to 5 sols. The large number (106) of emission 
scenarios considered in each of the model grid cells 
forms a statistically representative sample of all of the 
possible release scenarios from a specific site. 

 

 
Figure 2. Probabilities estimated for the 30 emission 
sites [1]. For each grid cell, the probability of being a 
source location is defined as the number of release sce-
narios consistent with the observations divided by the 
sample size. 

 
The simulated scenarios were then compared with 

the observational constraints. The result of the statisti-
cal analysis is shown in a probability map (see Fig. 2). 
Sites to the north, west and south-west of Gale Crater 
have no significant probability of being source loca-
tions. Sites to the east and south-east of Gale Crater 
yield the highest probabilities as source locations, es-
pecially blocks E8 and ESE, with probabilities of 
42.4% and 54.0%, respectively, meaning that about 
half of all the generated emission patterns released 
from these sites can reproduce the available set of ob-
servations. The total mass of methane released from E8 
(ESE) in 95% of scenarios fitting the observations is 
1,170–2,740 tons (1,590–4,050 tons), which corre-
sponds to an enhancement of ~0.1–0.3 ppbv (0.2–0.4 
ppbv) to the global mean mixing ratio, after the gas is 

well mixed around the planet. These abundances can 
be considered as upper limits for the mass released, 
given the coarse resolution of the GCM. 

A geological analysis of the area covered by the 30 
blocks was independently conducted to search for 
structures that could be associated with methane re-
lease. This analysis points to a source in the same re-
gion east of Gale Crater, where faults of Aeolis Mensae 
may extend into proposed shallow ice of the Medusae 
Fossae Formation (MFF) and episodically release gas 
trapped below or within the ice (see Fig. 3). 

 

 
Figure 3. Geological context of grid blocks [1]. Black 
dots represent sites with water-equivalent hydrogen > 
26%. The dark red line shows the outline of the lower 
member of the MFF. The green line shows aligned 
knobs. Black arrows highlight Aeolis Mensae outcrops 
within the MFF. The yellow triangle is the Curiosity 
rover location. 
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Introduction:  The area between Isidis and Hellas 

basins exposes a region diverse in alteration 
mineralogy composition, including phyllosilicates and 
other hydrated silicates indicative of metamorphic 
alteration. In the neighboring Nili Fossae region, the 
low-calcium pyroxene-bearing basement Noachian 
materials have experienced varied metamorphism, 
resulting in metamorphic grades from diagenesis to 
prehnite-pumpellyite facies and evidence of past 
hydrothermal activity [1-4]. Here we intend to 
constrain the extent to which the large basins 
themselves modify the preexisting bedrock and 
produce the conditions necessary for potentially 
extended hydrothermal environments. Mars impact 
basins create zones of fluid flow and enhanced thermal 
gradients for timescales on the order of 10s of millions 
of years [5]. We have mapped the presence and 
mineralogy of alteration exposed at the surface 
between Isidis and Hellas as a means to interrogate this 
alteration history. 

 

Methods: Here we report the analysis of CRISM 
targeted and mapping data for the presence of 
metamorphic- and hydrothermally-related alteration 
phases in the greater Tyrrhena Terra region between 
Isidis and Hellas Basins (Fig. 1), where past studies 
indicate similar assemblages may be present [6,7]. 
Several hundred new prototype MTRDR calibrated 
images [8] (through 06/2008) and updated spectral 
parameters [9] were analyzed within this region to 
allow for more complete mapping of phases (e.g., Fig. 
2).  Multispectral mapping data across this region (~88 
CRISM 5x5-degree ‘tiled’ data) used to map and 
examine the distribution of alteration (metamorphic 
vs. hydrothermal) and determine potential associations 

with Isidis and Hellas basins.  Over 300 targeted 
observations were used to verify those identifications 
in the mapping data.  

Results: Alteration phases, including Mg-
smectite, chlorite/prehnite, hydrated silica, kaolinite, 
illite/muscovite, analcime and other zeolites, Mg-
carbonate, and possible talc, appear throughout the 
region. Kaolinite and Al-smectites are widespread in 
the CRISM targeted observations analysed.  Illite, 
chlorites, and zeolites (including analcime) are 
prevalent throughout the Tyrrhena Terra and Nili 
Fossae region as well. Trioctahedral and dioctahedral 
smectites transition to chlorites and illites, 
respectively, during diagenesis. The presence of these 
minerals thus indicates low-temperature diagenetic 
processes.  Zeolite-bearing outcrops signify that 
zeolite-facies metamorphic grades were reached. 
Prehnite, which forms at 200-400°C, provides clear 
evidence for higher temperature alteration (prehnite-
pumpellyite facies [e.g., 1]) and appears only in the 
region between the two basins in mapping thus far and 
not near the basin margins. No prehnite has been 
observed south of -20°N in the study region.  

Discussion: There is a distinct lack of prehnite and 
significantly fewer chlorite-bearing deposits in regions 
most proximal to Isidis basin.  As these regions have 
experienced equivalent (if not higher) temperatures 
and pressures than the prehnite-bearing crust present 
further from the basin centers, this observation could 
be a result of 1) the ancient crust exposed in regions 
near the basins experienced temperature-pressure 
conditions exceeding prehnite-pumpellyite facies 

Figure 1.  Alteration mapping in study area 
represented as point locations. 

Figure 2.  Example region in Tyrrhena Terra showing 
alteration highly associated with impact craters. (left) 
CRISM mapping data RGB composite showing diversity in 
the 2.3-μm band associated with Fe/Mg-OH. (right) 
Mineral mapping. 
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(even melting), and/or 2) the protolith material near 
the basin rim is compositionally unlike materials 
exposed in the crust between the basins. To further 
examine the variability in metamorphic grade across 
the region we analyze spatial trends associated with 
proximity to the basins to test three scenarios (Fig. 3):  

Scenario I: Isidis-induced metamorphism. In this 
scenario, Isidis creates a metamorphic gradient in the 
crust that would reveal a trend with increasing distance 
from the basin.  To preliminarily test this scenario, we 
use latitude as a substitute for distance and show that 
it is more common to identify chlorite and/or prehnite-
bearing deposits proximal to the basin, whereas 
Fe/Mg-smectites are statistically less likely to be at 
higher latitudes (near Isidis) (Fig. 3, left panel). 

Scenario II: Pre-Isidis burial diagenesis. In this 
scenario, alteration and diagenesis generally occur 
prior to the Isidis impact, and the impact itself has little 
influence the surrounding crust.  To test this scenario, 
we reconstruct mineral stratigraphy (elevation) in the 
crust using crater excavation depth relationships. We 
ignore those Fe/Mg-smectites most proximal to Isidis 
as we describe earlier they likely represent different 
protolith material close to the basin.  This showed that 
the original (reconstructed) elevation of the Fe/Mg-
smectite and chlorite/prehnite are not significantly 
different from one another (Fig. 3, center panel). 

Scenario III: Post-Isidis burial diageneis. In this 
scenario, alteration and diagenesis are occurring after 
the impact takes place.  The depth of materials from 
the near-present day crust should approximate the 
extent of metamorphic alteration it has undergone. We 
use crater excavation depth relationships to calculate 
the depth of excavation from present-day surface.  
These results show that statistically, chlorite is 
excavated from lower depths in the crust than Fe/Mg-
smectite. 

Conclusions: An analysis of the alteration 
materials between Isidis and Hellas basins reveal that 
the distribution of materials within the crust are 
consistent with a higher metamorphic grade towards 
the Isidis basin, as well as diagenesis within the crust 
post-dating the basin.  We intend to present these 
findings and the final results after the completion of 
mapping in the northern Hellas region. 
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Figure 3.  Model scenarios and their associated tests to understand the distribution of alteration between Isidis and Hellas 
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P. Martin1, 1European Space Agency, European Space Astronomy Center, Camino Bajo del Castillo s/n, Villanueva 
de la Cañada, E-28692 Madrid, Spain (martin.voelker@esa.int), 2German Aerospace Center, Institute of Planetary 
Research, Rutherfordstr. 2, D-12489 Berlin, Germany. 

 
Introduction: As a part of a global study [1-6], we 

applied the so-called grid-mapping method to quantify 
the geography of given landforms on Mars’ southern 
hemisphere. The study areas comprise Terra Cimmeria 
(TC, presented here, Fig. 1), as well as Noachis Terra 
(NT) [7], and Terra Sirenum (TS, TBD). 

Grid-mapping allows to map extensive areas with 
efficiency and an increased level of objectivity [2-5], 
revealing relations between spatial distribution and 
morphologies which are only visible from a wider per-
spective. Thus, we studied the distribution of possibly 
water- and ice-related landforms over a 100 km-wide 
area extending from the equator to the south pole to 
derive information about the latitude-dependence of 
landforms and the responsible climatic control. 

Methods: The grid-mapping approach is based on 
a tick box system, overlaying various remote sensing 
datasets. It requires a multi-layer GIS-environment in 
order to combine both remote sensing imagery and a 
polygonal vector shapefile containing the grid boxes 
(each 20×20 km; Cassini-projected map). Every box is 
being investigated for the presence or absence of 28 
pre-selected landforms. This approach is able to in-
crease the level of intersubjectivity, as it is based on 
simple “Yes” and “No” decisions of the mapper. Hence 
it is possible for every reader to follow each of the 
mapper’s decisions. Mapping scale was 1:25,000 and is 
based on CTX imagery [8] and TES for albedo [9]. 

The research area is a 100 km wide swath extend-
ing from the equator (centered along 135°E, Fig. 1) to 
the south polar cap. The study area has been selected as 
it consists of a representative portion of the southern 
cratered highlands without any other significant large 
topographical or geological feature in its vicinity that 
might influence the distribution of landforms. 

Results: We were able to detect 26 of the 28 pre-
selected landforms. Due to the large number of land-
forms we are focusing on the results of 16 landforms, 
which can be generally classified into aeolian, fluvial, 
periglacial, and glacial features/processes. The selec-
tion focuses on landforms being formed by exogenic 
processes, and hence, being climatic indicators, e.g., 
wind or precipitation. 

Aeolian: Landforms being formed by wind: dunes, 
transversal aeolian ridges (TARs), ripples, dust. These 
landforms are mainly found in the lower latitudes 
(≤45°S; Fig. 2), and rarely at higher latitudes. 

Fluvial: Landforms being formed by liquid water: 
dendritic channels [10]. Due to the possibly ambiguous 
origin of some channel types (e.g., lava vs. water), we 
only classified dendritic channels as fluvial. They are 
mainly found in low to mid latitudes (Fig. 2); south of 
70°S they lack entirely. 

Periglacial: Landforms that are likely related to 
(sub)surface ice deposits [11-14]: latitude-dependent 
mantle (LDM), scalloped terrain, viscous-flow fea-
tures, polygons, gullies, pedestal craters, palimpsests. 
They are mostly found within the mid-latitudes (30-
60°S, Fig. 2) but also in the high latitudes (60-85°S), 
albeit to a smaller extent. 

Glacial (polar): Landforms that are being formed 
and characterized by surface ice deposits (both H2O 
and CO2 ice) [15,16]: polar deposits, polar pits, dark 
material/spiders. They only occur south of 65°S 
(Fig. 2). In contrast to NT [7], we could not detect two 
distinctive polar deposit layers in TC. 

Sublimation: Besides the four geomorphologic do-
mains, the dataset also allowed a reclassification into 
other processes, like sublimation [17] (Fig. 3). This 
class considers all landforms that are assumed to be 
formed by sublimation processes of H2O and CO2 de-
posits (scalloped terrain, small pits, polar pits, dark 
material/spiders). It reveals general information about 
current climatic conditions that do not allow H2O and 
CO2 ice to be stable on the surface. Within the latitudes 
from 30°S to 70°S, sublimation features occur on ~8% 
of all grids; above 70°S they increase to 38-58%. 

Discussion: Like in NT we were able to identify 
three different environments in TC (Fig. 2); (1) a dry 
zone (aeolian > periglacial) mostly devoid of volatiles 
within the low latitudes (0° to ~37°S); (2) a volatile-
rich transitional zone (aeolian < periglacial > polar; 
probably dominated by water-ice) ranging from 37° to 
72°S, showing slight sublimation activities; (3) a polar 
volatile-rich zone (polar > periglacial) probably domi-
nated by permanent surface CO2 ice deposits) extend-
ing from 72° to the pole. These environmental zones 
are similar in latitudinal extent to those found in NT. 

In contrast to NT, the distribution of sublimation 
features is far more even; they occur on any latitude 
where volatiles exist in TC, however, in a generally 
lower density than in NT. Albedo has no influence on 
the distribution of sublimation features (Fig. 3). No 
albedo-temperature feedback has been detected based 
on the distribution of sublimation features. Sublimation 

6060.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



activities in TC show two distinctive intensity levels 
(Fig. 3); lower where LDM predominates (>30°S), and 
higher where polar deposits occur (>70°S). This might 
be caused by a larger influence of CO2 at high lati-
tudes, and its active cycle of deposition during winter, 
and removal during summer [18,19]. 

Future work: The third study area of TS will com-
plete this project, and allow a final synthesis of all 
three study areas, and hence, the southern hemisphere 
in general. Thus, it is possible to quantify the land-
forms on a global scale, by juxtaposing the distribution 
of landforms from the southern hemisphere to the re-
sults obtained in the northern hemisphere [3-5]. 

References: [1] Ramsdale J.D. et al. (2017) PSS 
140, 49-61. [2] Voelker M. et al. (2018) Icarus 307, 
116. [3] Orgel C. et al. (2018) JGR. [4] Ramsdale J.D. 
et al. (2018) JGR. [5] Séjourné A. et al. (2018) JGR. 
[6] Voelker M. and Ramsdale J.D. (2019) in: Planetary 
Cartography and GIS, Ed. Hargitai H. [7] Voelker et 
al. (2019) 50th LPSC, #1776. [8] Malin M.C. et al. 
(2007) JGR 112, E05S04. [10] Carr M. (1996) Water 
on Mars, p.248. [11] Mustard J.F. et al. (2001) Nature 
412, 411-414. [12] Kreslavsky M.A. and Head J.W. 
(2002) GRL 29 (15), 14-1-14-4. [13] Kostama V.-P. et 
al. (2006) GRL 33, L11201. [14] Conway S.J. and 
Balme M.R. (2014) GRL 41, 5402-5409. [15] Bibring 
J.-P. et al. (2004) Nature 428, 627-630. [16] Byrne S. 

(2009) Ann. Rev. Earth and Planet. Sci. 37, 535-560. 
[17] Mangold N. (2011) Geomorphology 126, 1-17. 
[18] Hess S.L. et al. (1979) JGR 84, 2923-2927. [19] 
Bierson C.J. et al. (2016) GRL 43, 4172-4179. 
 

Fig. 1. Study area (red box) in Terra Cimmeria, locat-
ed along 135°E (MOLA). 
 
 

Fig. 2. Suggested envi-
ronmental zones in Ter-
ra Cimmeria. The pre-
sented %-values are 
averaged numbers of 
multiple landforms in-
dicative for each geo-
morphological domain 
(see text for details) 
 
 
 
 
Fig. 3. Distribution of 
volatile-rich layers 
(LDM, polar deposits; 
blue), and related subli-
mation features (green). 
Note that albedo (right 
axis, grey) has no influ-
ence of the distribution 
of sublimation features. 
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INVESTIGATION OF MgCl, MgF, CaCl AND CaF EMISSION IN LIBS FOR THE QUANTIFICATION 
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Schröder1, K. Rammelkamp1, P.B. Hansen1, S. Kubitza1, H.-W. Hübers1,2, 1Deutsches Zentrum für Luft- und 
Raumfahrt (DLR), Institut für Optische Sensorsysteme, Berlin, Germany. 2Humboldt-Universität zu Berlin, Institut 
für Physik, Berlin, Germany. (David.Vogt [at] dlr.de). 
 

 
Introduction:  Laser-Induced Breakdown 

Spectroscopy (LIBS) is an increasingly important tool 
in the exploration of Mars. The first LIBS instrument 
in space is the highly successful ChemCam instrument 
on board of NASA’s Mars Science Laboratory, which 
continues to provide valuable geological data of the 
Martian surface [1-3]. In 2020, two more missions to 
Mars that will feature LIBS instruments are scheduled 
to launch: NASA’s Mars 2020 mission with SuperCam 
[4], the successor of ChemCam, and the Chinese HX-1 
mission with the Mars Surface Compound Detector 
(MarsCoDe) [5]. 

The detection of chlorine and fluorine in Martian 
targets has been a challenge for ChemCam due to their 
low-intensity emission lines in the UV/VIS/NIR 
spectral range. The detection via molecular emissions 
of simple molecules that form inside the plasma has 
been proposed as a way to enhance the level of 
detection (LOD) for halogens [6]. Molecular emissions 
of CaCl and CaF have already been useful for the 
identification of chlorine and fluorine in ChemCam 
spectra [7]. Their strongest bands are the A-X bands at 
618 nm (CaCl) and at 605 nm (CaF). The dependence 
of the intensities of these molecular emissions on 
compositional changes of the samples has not yet been 
investigated extensively, however. We previously 
reported that the concentrations of both elements inside 
the plasma were found to have a big influence on the 
intensity of the molecular bands [8]. 

The molecular emissions of MgCl and MgF have 
also been considered as potential signals for the 
detection of chlorine and fluorine [6]. Their strongest 
bands are located at 377 nm (MgCl A-X) and at 
357 nm (MgF A-X), respectively, which is outside of 
ChemCam’s spectral range, but could be in the spectral 
range of future LIBS instruments on Mars. 

 

In this study, the molecular emissions of CaCl, 
CaF, MgCl, and MgF in LIBS are investigated in 
laboratory studies in simulated Martian atmospheric 
conditions and in plasma simulations using the 
equilibrium model. The dependence of the CaCl and 
CaF emissions on the reactant concentrations is 
analyzed theoretically based on chemical rate 
equations in the plasma. The intensities of the MgCl 
and MgF emissions are compared to those of the 
atomic emission lines of Cl and F in order to determine 
whether they can also be used to improve the LOD of 
the two halogens in samples with a high magnesium 
concentration. Furthermore, spatially and temporally 
resolved measurements of the CaCl emission and of 
the CaF emission are made in order to gain a better 
understanding of molecular formation in the laser-
induced  plasma. 

Materials and methods:  We have examined pure 
samples of chloride and fluoride salts as well as 
mixtures of salts of varying composition. MgCl2·6H2O 
and MgF2 were used for the detection of the MgCl and 
MgF emissions. For the CaCl and CaF emissions, test 
series were made in which the concentrations of Ca 
and Cl and the concentrations of Ca and F were anti-
correlated, respectively. For the CaCl series mixtures 
of KCl, K2SO4, and CaCO3 were used, and for the CaF 
series mixtures of MgF2, K2SO4, and CaCO3 were used 
at varying concentrations. For the spatially resolved 
measurements, samples of CaCl2·2H2O and CaF2 were 
used as well as one mixed sample of NaCl and 
CaSO4·2H2O at a 4:1 ratio. 

Two LIBS setups at DLR Berlin were used for this 
study. The first setup uses an echelle spectrometer 
(LTB Aryelle Butterfly) to achieve a high spectral 
resolution of 30-90 pm and a high spectral range of 
270-850 nm. An ICCD camera (Andor iStar) detects 
the LIBS spectrum, allowing for time gating of the 

Fig. 1: LIBS spectra of the most intense MgCl band (left) and the most intense MgF band (right). 
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signal with a precision of about 10 ns. A Q-switched 
Nd:YAG laser (Continuum Inlite) with λ = 1064 nm 
and a pulse width of 6 ns is used to generate the 
plasma. The maximum laser energy of 100 mJ/pulse 
inside the simulation chamber is reduced to 
20 mJ/pulse for the measurements in this study with 
filters in the optical path. The second setup allows for 
time-resolved plasma imaging and is described in 
detail by Schröder et al. (this conference). 

Results:  The MgCl and MgF bands in the LIBS 
spectra of samples containing MgCl2 and MgF2 are 
very weak (Fig. 1). The Cl(I) line at 837.6 nm and the 
F(I) line at 685.6 nm are more intense, so that these 
molecular emissions cannot be used to improve the 
LOD. They will also likely be too weak to be observed 
in any Martian LIBS spectra. Equilibrium plasma 
simulations show that the explanation is a low 
population density of the excited levels. 

In the anti-correlated test series made for the 
investigation of CaCl, the CaCl band shows a strong 
asymmetrical behavior despite the symmetrical 
changes of the Ca and Cl concentrations (Fig. 2 top). 
The maximum is skewed towards low Cl 
concentrations and high Ca concentrations, suggesting 
that the formation of more CaCl at higher Cl 
concentrations is reduced because of the formation of 

CaCl2 in the low-temperature regions of the plasma.  
The effect is much weaker in the case of the CaF band 
intensity (Fig. 2 bottom), which is almost symmetrical 
around the center at 10 at% Ca and F. This could 
indicate that the higher dissociation energy of CaF 
(5.5 eV instead of 4.1 eV for CaCl) leads to a more 
stable CaF concentration in the plasma. The 
equilibrium model fails for these results, but our 
reaction model can be used to describe the curve of the 
band intensity accurately. 

In the spatially resolved measurements of the 
sample mixed from NaCl and CaSO4·2H2O, the CaCl 
emission appears after about 700 ns (Fig. 3). It is 
located directly in the plasma center, which is 
surprising because the plasma center was considered to 
be too hot for stable molecules. This indicates that the 
plasma temperature distribution is more complex than 
initially thought and might be very low at the center in 
later stages of the plasma, likely because of strong 
dynamic effects and radiative losses. 

 

Conclusion:  The CaCl and CaF bands are well-
suited for quantification, but the dependence on the 
reactant concentrations strongly affects the intensity 
and needs to be considered in calibration curves. The 
MgCl and MgF bands are not suited for the analysis of 
Cl and F due to their low intensity. Plasma imaging 
can offer important insights that improve our 
understanding of molecular formation in the laser-
induced plasma. 

References: [1] Maurice et al. 2012. Space Sci. 
Rev. 170: 95–166. [2] Wiens et al. 2012. Space Sci. 
Rev. 170: 167–227. [3] Maurice et al. 2016. JAAS 
31: 863-889. [4] Wiens et al. 2017. Spectroscopy 32: 
50-55. [5] Ren et al. 2018. EPSC 2018: idEPSC2018-
759. [6] Gaft et al. 2014. Spectrochim. Acta B 98: 39-
47. [7] Forni et al. 2015. Geophys. Res. Lett. 42: 1020-
1028. [8] Vogt et al. 2018. Icarus 302: 470-482. 

Fig. 2: Top: CaCl band intensity for different Ca and Cl 
concentrations. Bottom: CaF band intensity for different Ca 
and F concentrations. Both are fitted by the same reaction 
model. 

Fig. 3: Spatially resolved spectrum of NaCl and 
CaSO4·2H2O showing the CaCl A-X band and Ca(I) lines. 
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Introduction: The North Polar Layered Deposits 
(NPLD) on Mars are thought to harbor a record of past 
climate [1-6]. Establishing a correlation between 
orbital element variation, climate, and the observed 
stratigraphy has remains an outstanding goal [1, 4-8]. 
Observation of layers and measurements of isotopic 
composition in ice cores on Earth reveal the past 
climate conditions and condensation temperatures [9], 
but additional effects exist due to factors such as 
distance from the shore, altitude and season [9]. 
Previous work [10] showed that on Mars temperature 
differences and the source reservoirs control the 
NPLD D/H ratio, thus the isotopic composition of an 
ice core reveals information not present in layer 
thicknesses alone. These findings motivate us to 
investigate and quantify processes that influence the 
D/H ratio in ice on Mars. We use the Laboratoire de 
Météorologie Dynamique (LMD) General Circulation 
Model (GCM) to study the effect of geography and 
past orbital elements on the fractionation coefficient 
via its temperature dependence.
 
Methods: Our GCM simulations track the full martian 
water cycle [11, 12].  Ice can precipitate from clouds 
or condense directly on the surface. The ice cap albedo 
is set to 0.4 to reproduce TES water vapor distribution. 
The model’s spatial resolution is 64x64 (or 128x128 in 
select cases) with 28 vertical layers that span 100 km 
in altitude. The dust opacity is set 0.15, and we 
investigate variations with respect to this value. Ice is 
initially emplaced in the tropics and we allow the 
model run for 5 Mars years to reach steady state. The 
temperature dependent equilibrium fractionation 
coefficient  [13] is given by: 
 

. 
 
Results: Figure 1 shows a map of the surface 
temperature at the North polar region averaged during 
times of net ice accumulation. This “condensation 
temperature” varies in space.  Condensation 
temperatures are generally lower for ice accumulating 
on top of the bright NPLD deposits compared with ice 
accumulating off the cap, and smaller variations are 
also seen across the cap. This variations are expected 
to be reflected in the fractionation coefficient at the 
time of deposition, and thus the D/H fluctuations.  At 
the relevant temperature, a 10° difference corresponds 
to approximately a 10% variation in . 
 
 

 
The dependence of the surface fractionation 
coefficient  on obliquity is shown is Figure 2, for 
different perihelion positions parameterized by the 
solar longitude at perihelion, . The typical values of 

 for ice depositing at the pole are higher by ~30% 
than that for ice accumulating in equatorial regions. 
The fractionation ratio depends strongly on the 
perihelion longitude, as well as on obliquity (and 
eccentricity, not shown). For lower obliquities and 
summer perihelion (longer, colder winters are coming) 
the value of  is larger. These effects may be 
understood because of both the reduction in polar 
temperatures due to reduced insolation, and the change 
in the season of condensation at different orbital 
configurations. 
 
 

 
Figure 1: Average condensation temperature at times 
of ice accumulation in the North pole for an example 
past orbital configuration with 

. White contour indicates the 
approximate topographic boundary of the cap for 
reference. The GCM grid points have been 
interpolated to produce this smooth representation. 
Significant temperature variations are seen for ice 
accumulating at different locations.  
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Figure 3 shows ice accumulation in the North Pole as 
function of  for different obliquities and constant 
eccentricity. This illustrates the significance of 
different solar longitudes at perihelion, as more ice 
accumulates during long winters distant from the Sun. 
Further variation with obliquity is seen. 
 
Discussion: Our results indicate that in addition to 
source reservoir and average polar temperature effects 
as predicted previously by Vos et al. [10], more factors 
influence the D/H composition expected for NPLD 
ice. These effects include orbital elements 
configuration at time of deposition (particularly the 
perihelion season), as well as geographic location. The 
polar ice is deposited at colder temperatures and hence 
with a substantially higher fractionation factor than 
that of equatorial deposits, reaffirming the 
assumptions of past models [10]. We also expect that 
condensation at the surface to differ from precipitation 
from clouds in its isotope composition, an effect which 
has not been studied here but should be included in 
future models. Variations in the D/H ratio of different 
reservoirs exchanging with atmosphere may also 

influence the atmospheric values observed on present-
day Mars from both spacecraft and Earth. 
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112(E6).  [9] Alley, R.B. (2014) The Two-Mile Time 
Machine: Ice Cores, Abrupt Climate Change, and our 
Future.: Princeton University Press. [10] Vos, E.A., 
O.; Schorghofer, N (2019) Icarus, 2641-7.  [11] 
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Research: Planets, 104(E10): p. 24155-24175.  [12] 
Montmessin, F., et al. (2004) JGR, 109(E10).  [13] 
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Figure 2: Average  at times of ice accumulation 
in the North Pole and in the equatorial region. 
Significant difference in  is seen between the two 
regimes, as well as variations within reservoirs 
deposited at different times. 
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Figure 3: Ice accumulation at the North Pole as a 
function of  for different obliquities and 

. A dominant factor is the solar longitude 
at perihelion.  
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NITRATE AND PERCHLORATE FORMATION BY LASER ABLATION OF SODIUM CHLORIDE IN 
SIMULATED MARTIAN ATMOSPHERES. IMPLICATIONS FOR THEIR FORMATION IN DUST 
DEVILS BY ELECTRICAL DISCHARGES. X. Walls1, R. Navarro-González1, P. U. Martínez-Pabello1, J. de la 
Rosa, P. Molina. 1Laboratorio de Química de Plasmas y Estudios Planetarios, Instituto de Ciencias Nucleares, Uni-
versidad Nacional Autónoma de México, Circuito Exterior, Ciudad Universitaria, Apartado Postal. 70-543, Coyoa-
cán, Ciudad de México 04510, México. (xwallsp@gmail.com & navarro@nucleares.unam.mx).  

 
 
Introduction:  Nitrates and perchlorates have been 

found in the Martian surface by the Mars Science La-
boratory (MSL) Curiosity rover using the Sample 
Analysis at Mars (SAM) instrument [1,2]. The pres-
ence of nitrates on the Martian soil implies that nitro-
gen in the atmosphere was either fixed in the past when 
liquid water flowed on Mars or that it is currently being 
fixed under present Martian conditions. This kind of 
nitrogen bearing-salts could be an important nitrogen 
source for past or present life on Mars. It has been 
demonstrated that some important pathways for nitro-
gen fixation may have been the collision of bolide im-
pacts and electrical discharges producing gaseous ni-
trogen oxides [3].  

Perchlorates are important chemical species on 
Mars as they have been found widespread across the its 
surface. They were found on the Martian Artic soil by 
the Phoenix mission [4]. Its presence is inferred at the 
Viking landing sites by the detection of chlorinated 
hydrocarbons [5]. They were found on the Gale crater 
by the SAM instrument [1]. And it has been suggested 
that Recurring Slope Lineae (RSL) show evidence of 
oxychlorine salts in their IR spectra [6]. Several mech-
anisms for their formation have been suggested such as 
photochemistry and radiolysis [7, 8, 9]. 

Mars currently has an intense aeolian activity in-
volving the production of sandstorms and dust devils 
[10]. It has been theorized that triboelectricity forms 
inside of them by frictional activity producing charged 
particles [11]. The electric fields produced by this phe-
nomena may produce electrical discharges oxidizing 
atmospheric nitrogen and chloride salts [12].  

The aim of the present study is to test if nitrate and 
perchlorate can be produced at the same time by a 
mechanism involving electric discharges simulating 
triboelectricity in dust devils. This could demonstrate 
that electrification of Martian dust could be an addi-
tional mechanism for the oxidation of chlorine and 
nitrogen on Mars. 

Methods: A pure sodium chloride plate was placed 
inside of a glass reactor. The gases were evacuated and 
the reactor was refilled with two simulated Mars at-
mospheres: 66% CO2, 33% N2, 1% Ar and 96% CO2, 
2% N2, 2% Ar. The sodium chloride plate was impact-
ed by a pulsed laser (Nd:YAG source). The condensed 
dust was analyzed by a wide set of analytical tech-

niques: Fourier transform infrared spectroscopy 
(FTIR), visible spectroscopy using azo dyes, simulta-
neous thermal analyses (TGA/MS/DSC), powder Xray 
diffraction (PRXD), and ion chromatography (IC). The 
results were compared with a thermochemical model. 

Results and Discussion: The main component of 
the condensed dust was sodium chloride (NaCl 
≥91.5%) which means that the process was unable to 
transform sodium chloride efficiently. Sodium nitrate 
and sodium perchlorate were produced in minor quan-
tities (NaNO3 = 1.6-6.0%),  (NaClO4 = 0.2-0.3% re-
spectively). The experimental NO3

-/ ClO4
- ratio was 

estimated to vary between 5.0 to 30.0 meaning that 
nitrates were formed in a greater abundance than per-
chlorates. The experimental ratio represents a high 
value compared to that found on Mars where perchlo-
rates prevail over nitrates [13].     

Conclusions: The salts were directly formed with-
out the presence of water which suggests that this 
mechanism could be relevant for the present Martian 
conditions (dry, cold and dusty). The high experi-
mental ratio suggests that the species formed by triboe-
lectricity inside dust devils may not be directly linked 
to the source of perchlorates found in Mars. This 
mechanism may be a source for perchlorate formation 
where metal chlorides are injected to the atmosphere 
by a sudden heating of the dust in the discharge chan-
nel, followed by their photochemical oxidation. 

Acknowledgments: We gratefully acknowledge 
the Universidad Nacional Autónoma de México 
(PAPIIT IN111619 and PAPIME PE102319) for fi-
nancial support. 

References: [1] Glavin D. et al. (2013). JGR-P 
118(10), 1955-1973. [2] Stern J. et al. (2015). PNAS 
112(14), 4245-4250. [3] Navarro-González R. et al. 
(2019). JGR-P 124, 94-113. [4] Hecht M. et al. (2009). 
Science 325, 64-67. [5] Navarro-González R. et al. 
(2010). JGR 115, E12010. [6] Ojha L. et al. (2015). 
Nat Geosci.8(11), 829-832. [7] Catling D. et al. JGR 
115, E00E11. [8] Smith M. et al. (2014). Icarus 231, 
51-64. [9] Wilson E. et al. (2016). JGR-P 121, 1472-
1487 [10] Cantor, B. (2007). Icarus 186(1), 60-96. 
[11] Tennakone K. (2016). Astrobiol. 16(10), 811-816. 
[12] Rao, B., et al. (2012). WASP. 223(1), 275-287. 
[13] Stern, J. et al. (2017). GRL. 44, 2643-2651. 

6015.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)
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Introduction:  The Mapping X-ray Spectrometer 

(MapX) is an arm-deployed, in-situ contact instrument. 
MapX produces 2.5 X 2.5 cm2 elemental images and 
compositional Regions of Interest (ROI) with ~100 μm 
lateral spatial resolution, yielding elemental chemistry 
at a scale where many relict physical, chemical, or bio-
logical features can be imaged and interpreted.  The 
instrument has no moving parts and a depth of field of 
±5 mm with minimal loss of resolution (so that regolith 
surfaces can be imaged without sample preparation).  
MapX can utilize 244Cm radioisotope fluorescence 
sources in place of X-ray tubes, reducing instrument 
complexity, mass and risk. 

The MapX Instrument:  MapX can be positioned 
on soil or regolith with touch sensors, or held at a fixed 
working distance of ~25 mm from an object to be im-
aged. During an analysis, an X-ray source (tube or ra-
dioisotope) bombards the sample with X-rays or -
particles / -rays, resulting in sample X-ray Fluores-
cence (XRF).  X-rays emitted in the direction of an X-
ray sensitive CCD imager pass through a 1:1 focusing 
lens (X-ray -pore Optic (MPO)) which projects a spa-
tially resolved image of the X-rays onto a CCD. The 
CCD is operated in single photon counting mode so 
that the energies and positions of individual X-ray pho-
tons are recorded. In a single analysis, several thousand 
images are both stored and processed in real-time.  The 
MapX concept is illustrated in Fig. 1. 

 

 
Fig. 1. (Left): Schematic representation of MapX. 
(Right): Rendering of the arm mounted instrument in a 
flight like configuration (X-ray tube version). 

Higher-level data products include single-element 
maps and quantitative XRF spectra from instrument- 
selected Regions of Interest (ROI). XRF spectra from 
ROI can be compared with known rock and mineral 

compositions to extrapolate the data to rock types and 
putative mineralogies. 
Proof-of-Concept Prototypes:  Earlier prototypes [1-
2] demonstrated proof-of-concept using COTS compo-
nents. MapX-II (Fig. 2a) utilizes an Andor iKon M 
camera with 1024x1024 back illuminated CCD. Two 
30kV-4W Au X-ray tubes (Moxtek) illuminate the 
sample. An MPO X-ray focusing lens (PHOTONIS) is 
placed equidistant between the sample and the CCD. 
The lens derives from “lobster-eye” multichannel op-
tics used for X-ray astronomy [3]. It is implemented 
here in a flat geometry for 1:1 focusing. This lens pro-
vides a much improved aperture when compared to 
pin-hole camera optics having similar spatial resolu-
tion, and true focusing when compared to polycapillary 
collimating optics also used for X-ray mapping. The 
camera is driven at up to 3 frames per second, and the 
X-ray sources are shuttered during read cycles. 

Fig. 2 a), MapX-II. b), optical image of a thin section 
of an ultramafic xenolith (field of view 1 cm). c), ele-
ment map from commercial EDAX-Orbis instrument 
(30 μm resolution) Red = Fe, Green = Ca, Blue = Cr.  
d), element map from MapX-II (~200 μm resolution), 
same color scheme as in (c).  e), ROI selected by ele-
mental correlation cluster analysis. f), XRF spectra 
from individual ROI identified as mineral types. 
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Refining the MapX geometry:  Improvements in 
resolution are obtained through: 1), optimization of 
sample-MPO-CCD geometry, and 2), deconvolution of 
the Point Spread Function (PSF) of the lens.  Ray-
tracing simulations and experimental measurements of 
the MPO at the Stanford Synchrotron Radiation Labor-
atory (SSRL) were used to refine the MapX geometry 
and characterize the PSF.  Fig. 3 shows the relationship 
between sample-to-MPO distance and image resolution 
for the MPO used in MapX-II. 100μm resolution is 
achieved with a distance of 25 mm, and that resolution 
degrades from 100 μm to ~225 μm over sample-to-
MPO working distances of ±5 mm from optimum.  

 
Fig. 3, Relationship between sample-MPO distance and 
lateral spatial resolution.  Optimum resolution achieved 
is 100 μm at ~25 mm focus.  Resolution is degraded to 
~225 μm at a focus defect of ±5 mm. 

Fig. 4  illustrates the effect of the PSF on image 
resolution. Rutile needles emerge from the polished 
surface of the quartz effectively as point sources of Ti.  
Deconvolution of the PSF results in an accurate image 
of Ti distribution in the sample. 

a� b�
c� d�

Fig. 4.  Example PSF deconvolution, rutile needles 
(TiO2) in quartz (SiO2); a).  Optical image of rutilated 
quartz (scale bar = 1 cm);  b).  Ti K image (Ti = green), 
EDAX Orbis μ-XRF instrument (~30 μm resolution);  c).  
Ti K image (Ti = white) MapX-II showing the effect of 
the PSF on the image;  d).  Ti K image (Ti = white), 
MapX-II, PSF deconvolution using modified AIDA 
software package [4].  

Element Quantification: With sufficient 
knowledge of the instrument geometry and the physics 
of the detector, it is possible to simulate spectra based 
on element composition. Simulations using GEANT4 
and XMIMSIM are used to predict the detection and 
quantification limits of MapX (Figure 5) [5]. We calcu-
late the significance level k as the number of counts in 
a characteristic peak divided by the square root of the 
background below the peak.  k>2 signifies successful 
detection at the 95% confidence level, k>10 signifies 
successful quantification. 

 

  Work is ongoing to quantify spectra from ROI using 
the fundamental parameters program PyMca [6], an 
open source program that performs both XRF quantifi-
cation and elemental image analysis.   A TRL-6 MapX-
IV  instrument and a flow-down of engineering re-
quirements will be complete by Oct. 2020.   
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Introduction:  We have reported [1] a new atmos-

phere-surface interaction, the Electrostatic Discharge 
(ESD) during martian dust events (dust storms and 
dust devils), which, when comparing the oxidation 
power per electron with that per UV-photon, would be 
more likely responsible for the abundance of perchlo-
rate observed during the Phoenix mission [2].  We also 
reported [3,4] that a similar mechanism may have in-
duced the amorphization of Mg- and Fe-sulfates and 
the oxidation of Fe species in martian surface materi-
als, as observed by several Mars surface exploration 
missions.  

In this study, we report experimental evidence of 
Cl release from common chlorides during similar ESD 
processes induced by dust events. This study shows 
that the atmosphere-surface interaction can play an 
essential role in the circulation of martian volatile 
components, i.e., Cl, and possibly, S.  

ESD and ESD products in martian atmosphere: 
Lofted sand and dust particles can frictionally electrify 
during martian dust events. It is commonly understood 
that a tendency of triboelectric charge would result in 
negative charges on smaller grains and positive charg-
es on larger grains of similar composition [6,7]. The 
convective aeolian processes (dust storms and dust 
devils) would lift up the negatively charged lighter 
grains, while positively charged heavier grains remain 
closer to the surface. Therefore, a large-scale-charge-
separation, i.e., an active electric field (E-field), can be 
generated. For example, E-fields of up to 60 kv/m and 
166 kv/m were detected during 
the passage of terrestrial dust dev-
ils [8] and grain saltation [9], re-
spectively.  

Electrostatic discharge (ESD) 
is expected to occur when a local 
E-field accumulates beyond the 
breakdown electric field threshold 
(BEFT). Mars has a very low 
BEFT because of its thin atmos-
phere, i.e., ~ 20-25 kv/m by mod-
eling [10] and ~ 25-34 kv/m by 
measurements in Mars chambers 
[11,12]. The Mars’ BEFT is ≤ 1% 
of Earth’s BEFT (~ 3000 kv/m); 
i.e., ESD occurs much more easily 
on Mars than on Earth. Among 
three types of ESD, Townsend 

dark discharge (TDD) and normal glow discharge 
(NGD) would more likely occur on Mars.  

ESD generates an electron avalanche,  i.e.,  a flux 
of electrons with a relatively high drift speed. When 
these electrons collide with martian atmospheric mole-
cules, CO2, O2, N2, Ar, and H2O, they readily cause 
molecular ionization or dissociation, resulting in posi-
tive and negative ions, plus new neutral species and 
chain electron avalanches.  

In the ESD experiments we conducted in a Mars 
Chamber [5] (Fig. 1), we used an in situ plasma emis-
sion spectroscopic probe to collect the plasma photons 
generated during a normal glow discharge (ESD-NGD) 
in simulated Mars atmosphere. The following free rad-
icals were identified: CO2

+, CO+, OI, HIII, HII, OH, ArI, 
N2, N2

+, and O3, but not excluding O2, NO, and O+  
because of plasma line overlapping [1].  

Atmosphere-surface interactions: These charged 
or neutral particles with high kinetic energy would 
stimulate multiple redox plasma chemical reactions in 
the atmosphere and at the martian surface.  The oxida-
tion of chlorides to oxychlorines (chlorates and per-
chlorates) [1], the amorphization and dehydration of 
Mg- and Fe-sulfates,  and the oxidation of Fe-species 
[3, 4] are among the phase transformations that we 
found hitherto. 

Evidence of Cl-release from common chlorides 
during ESD:  when using common chlorides as the 
starting phases (Fig. 2), we observed the release of Cl 
through two types of observations: (1) the in situ, di-

rect detection of Cl-release during 
ESD, and (2) new mineral phases 
formed and coated at the UPPER 
electrode.  

Using a plasma probe in-
stalled next to ESD electrodes 
inside of the Mars chamber 
(green colored probe in Fig.1), 
the emission line 837.8 nm of 
chlorine at the first excited state 
(ClI) was observed in the plasma 
spectra of MgCl2, FeCl2·4H2O, 
FeCl3·6H2O, and AlCl3·6H2O 
during ESD processes. Figure 3 
compares the plasma spectrum 
collected during an ESD when the 
lower electrode was empty (red 
spectrum) with that when the 
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lower electrode was filled with 
FeCl2·4H2O (Fig. 2) (blue spec-
trum).  

In our ESD experimental 
setup, the electron flux is 
1.42 1020 s-1m-2, which is at a 
moderate level between the 
estimated (based on modeling 
[13]) electron flux of 9 1016 
s-1m-2 for TDD and of 1.5 1024 

s-1m-2 for NGD on Mars [1]. 
Although we did not observe 
the ClI line (837.8 nm) in the 
ESD-generated plasma from 
NaCl and CaCl2, we cannot rule 
out the possibility of finding that 
line from those chlorides, if there 
was a higher electron flux during 
a stronger ESD process.  

After an ESD process with 
FeCl2·4H2O filling the lower 
electrode (Fig. 2), a thin film of 
dark gray color formed on the 
UPPER electrode (Fig. 4). We 
would emphasize that the dis-
tance between the two electrodes 
was kept at 6 mm for all our ESD 
experiments, thus the released ClI 
traveled 6 mm to reach the upper 
electrode. 

Raman and XRD analyses 
were made on the gray-colored 
film after its removal from the 
upper electrode. Raman data sug-
gest that the film does not contain 
H2O, whose major Raman peaks 
(280, 329, 616, 1093 cm-1) do not 
match with the known Raman 
spectra of Fe, Cl -bearing species, 
nor with the known Fe-
oxides/hydroxides.   

The three intense narrow XRD lines of this phase 
(Fig. 5) match with the major lines of CuCl (pdf-04-
007-2951), supporting a reaction product of:  
 ClI (gas) + Cu (electrode) = CuCl        
There are nine additional XRD lines with much wider 
line widths in three 2  ranges of 9-18 , 31-41 , and 48-
54  (yellow highlights in Fig. 5). Candidates for con-
tributing these lines are listed in Figure 5, akaganeite 
(FeO0.833(OH)1.167Cl0.167) seems having a higher  prob-
ability because of its two sets of doublets in 31-41 . 
The widened XRD lines, however, may indicate the 

formation of poorly crystalline 
phases, whose lines are generally 
difficult to match.   

Implications: Considering the 
extremely large areal coverage 
and very long temporal coverage 
of martian dust events today, and 
possibly throughout the Amazo-
nian period, the Cl-release from 
common chlorides induced by a  
moderate strength ESD process as 
revealed by our experiments, may 
signify a large amount of Cl 
“traveling” repeatedly from sur-
face to atmosphere, and then back 
to the surface again; i.e., the at-
mosphere-surface interaction 
induced by martian dust events  
could play an important role in 
the Cl cycle in Mars history. 

A logical follow up question 
is in what form would the Cl most 
likely travel? Experimental [14] 
and theoretical (based on experi-
ments) [15] studies of moderately 
volatile elements (MVEs) suggest 
that besides K and Na, the next 
element with moderate volatility 
is Fe. With the available ClI  and 
atmospheric free radicals, CO2

+, 
CO+, OI , O3, HIII, HII, OH, the list 
of possible Fe-phases (many 
could be amorphous) can be quite 
long. 
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Introduction:  The Mars Orbital Data Explorer 

(ODE, https://ode.rsl.wustl.edu) is a web-based search 
tool developed and maintained at NASA’s Planetary 
Data System (PDS) Geosciences Node (https://pds-
geosciences.wustl.edu, [1]). Mars ODE provides 
search, display, and download functionality for PDS 
archives of orbital data products from multiple Mars 
missions. The Mars ODE is part of the Geosciences 
Node's ODE suite of web-based tools which can re-
trieve PDS archived data for Mars, the Earth’s Moon, 
Mercury, and Venus [2,3]. Currently, 364 terabytes of 
PDS data are accessible through Mars ODE. 

Mars ODE Data Inventory: Mars ODE provides 
access to orbital data from 5 Mars missions and 16 
individual instruments as listed in Table 1. Those mis-
sions include the ongoing MRO (Mars Reconnaissance 
Orbiter), Odyssey, ESA’s (European Space Agency) 
MEX (Mars Express), as well as completed MGS 
(Mars Global Surveyor) and Viking Orbiter missions. 
ODE is updated for active missions as new and accu-
mulating data sets are released by PDS. A total of 13.7 
million PDS products are currently cataloged in Mars 
ODE. A detailed list of current Mars data holdings can 
be found at https://wufs.wustl.edu/ode/odeholdings/ 
Mars_holdings.html. 

Table 1. Mars ODE Data Holdings 
Mission Instrument 

MRO 

Shallow Radar Instrument (SHARAD), Compact 
Reconnaissance Imaging Spectrometer for Mars 
(CRISM), High-Resolution Imaging Science Exper-
iment (HiRISE), Context Camera (CTX), Mars Cli-
mate Sounder (MCS) and Radio Science Subsystem 
(RSS). 

MEX 

High Resolution Stereo Camera (HRSC), Mars Ad-
vanced Radar for Subsurface and Ionosphere Sound-
ing (MARSIS), OMEGA (Observatoire Mineralogie, 
Eau, Glaces, Activite) Visible and Infrared Miner-
alogical Mapping Spectrometer, and Planetary Fouri-
er Spectrometer (PFS). 

MGS 

Mars Orbital Laser Altimeter (MOLA), Thermal 
Emission Spectrometer (TES), Mars Orbiter Camera 
(MOC) Narrow Angle (NA) and Wide Angle (WA) 
cameras. 

Odyssey Gamma Ray Spectrometer (GRS).and Thermal Emis-
sion Imaging System (THEMIS) 

Viking 
Orbiter 

Visual Imaging Subsystem Camera A/B 

Mars ODE Primary Features:  The major func-
tions of Mars ODE are listed below. 

Data searching.  Mars ODE supports searches and 
retrieval of Mars data products across multiple mis-
sions and instruments. It offers form- and map-based 
searches of cataloged orbital data for named features 

and user-defined regions [4]. Form-based searches can 
be filtered by mission, instrument, processing level, 
observation type, location, time, observation angle, and 
PDS product identifier. Fig. 1 shows an example of 
product search by selected filters. More user friendly 
product type names are displayed in the data product 
search page, rather than product type abbreviations. 

 
Figure 1. Form-based Product Search Grouped by Missions, 

Instruments, and Processing Levels in Mars ODE  
Web Interface. 

The map-based search supports the display of 
footprint coverage for data products on a number of 
user selectable basemaps. A user can graphically speci-
fy a search area and then receive a list of data products 
that intersect the specified region [3]. Fig. 2 is the dis-
play of map-based search results at Jezero Crater. This 
example made a cross-mission and instrument search of 
MRO HiRISE, CTX, CRISM, Odyssey THEMIS, and 
MEX HRSC data at Jezero Crater using the Mars ODE 
map interface. Data product footprints (color coded by 
product type) are overlain on a Mars global mosaic 
map generated by MSSS (Malin Space Science Sys-
tems) and ASU (Arizona State University) using MGS 
MOC WA red images. 
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Figure 2. Map-based Search Results at Jezero Crater 
Data presentation.  Search results are displayed as 

a list of PDS products. Each product detail page pro-
vides access to product information such as browse 
products, metadata, the PDS label, related products, 
and map context. Associated data files, metadata la-
bels, format files, and documentation can be down-
loaded directly or through the website’s cart functional-
ity. ODE supports multiple browse images for select 
instrument data, such as MRO CRISM TER (Targeted 
Empirical Record), MTRDR (Map-Projected Targeted 
Reduced Data Record), and HIRISE browse products, 
which are available on the product detail page. ODE 
also provides CTX browse data with versions pro-
cessed by the ASU Mars Space Flight Facility and 
downloadable from their Mars Image Explorer. 

Granular data search.  A granular data database is 
a database that stores individual data records from the 
PDS data products. Mars ODE supports a Mars granu-
lar database with a specialized query tool for subsetting 
MGS MOLA science data at specified regions [5]. The 
MGS MOLA instrument produced along-track data 
products with limited cross-track coverage. The ODE 
granular search tool extracts the portion of data cover-
ing the user’s desired search area from the along-track 
products. It then packages the data in a format appro-
priate for the user’s needs and presents the formatted 
data for the user to download. Currently, Mars ODE 
supports granular-level searches for the 595 million 
point MOLA PEDR (Precision Experiment Data Rec-
ord) data set. 

Coordinated observation.  A coordinated observa-
tion is a planned observation involving multiple in-
struments at a given location and time. Mars ODE pro-
vides an MRO coordinated observation search tool, 
which allow users to find and view related products 
from HiRISE, CRISM, MCS, and CTX. 

Data download.  All data archived in the PDS is 
freely available. ODE supports downloading many 
PDS files at one time through its cart system. The cart 
ordering system retrieves data from host PDS nodes 
and data nodes, adds related files, and provides down-

load information to the user. The ODE cart request 
download page provides a convenient and fast option 
to download the entire cart request with a single click 
using the free Aspera Connect web browser plug-in, 
which employs the FASP (Fast Adaptive Secure Proto-
col) data transfer technology to better utilize the user’s 
available bandwidth [6]. HTTP and FTP links are pro-
vided on the page for users who prefer to download the 
files through a client application, a different web 
browser plug-in, a local script, or directly through the 
web browser. 

Additional features.  ODE generates product type 
coverage KMZ (zipped file of Keyhole Markup Lan-
guage, KML) files and shapefiles for use with GIS 
tools. Additionally, a Representational State Transfer 
(REST) interface (https://oderest.rsl.wustl.edu/, [7]) 
allows external users, scripts, and applications to ac-
cess the ODE metadata and data products without us-
ing ODE web interfaces. 

Future Work: Newly released data from the ongo-
ing MRO, MEX, and Odyssey missions will continue 
to be added to Mars ODE. As data archives are migrat-
ed to the PDS4 standard, ODE will be updated to re-
flect the archive changes. Additional updates to support 
PDS4 products through the ODE website will be made 
as they are identified. We will continue to provide sup-
port for ODE website users and ODE REST API users. 
We plan to make updates to further simplify ODE’s 
PDS data product search to assist non-expert users. We 
will provide additional information for interacting with 
data products through online tutorials. 

Contact Information: The PDS Geosciences Node 
welcomes questions and comments for additional ODE 
functions from the user community. Please send email 
to ode@wunder.wustl.edu or post on the Geosciences 
Node forum https://geoweb.rsl.wustl.edu/community/. 
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Fig 2- Paleopressure histo-
ries allowed by existing data. 
Solution density plots of 
pressure histories for 10,000 
combinations of k1–k4. Grey 
areas do not match data.  
log10(# solutions) = all solu-
tions pass through point.  a) 
lowest constraint at 3.8 Ga 
is [15]b b) [16]b. Constraints 
as for Fig 1.  Washed out 
region - no paleopressure 
estimates exist 3.6 Ga - pre-
sent, solutions not well con-
strained. 

MULTI-GYR HISTORY OF MARS' CO2-DOMINATED ATMOSPHERE: NEW DATA AND A NEW 
SYNTHESIS.  A. O. Warren1, E. S. Kite1, J-P. Williams2, B. Horgan3, 1University of Chicago, 
(aowarren@uchicago.edu), 2UCLA, , 3Purdue University 

 

Integrating new paleopressure results: Changes in 
Martian atmospheric pressure over time are an important 
control on Mars’ climate evolution [1]. Most constraints 
for Martian atmospheric pressure over time are indirect. 
A direct method uses minimum crater size to estimate an 
upper limit on atmospheric pressure [2,3]. Thin plane-
tary atmospheres allow small objects to reach the surface 
at high velocities, forming hypervelocity impact craters 
[4]. This method is useful for constraining atmospheric 
pressure during deposition/alteration of ancient sedimen-
tary rocks on Mars with evidence for surface liquid wa-
ter, as demonstrated by [2] for channel deposits in Aeo-
lis Dorsa. However, finding paleopressure estimates for 
sites of multiple ages gives us better temporal coverage 
of paleopressure evolution. Here we report paleopres-
sure data for 2 new sites in Mawrth Vallis and Meridiani 
Planum. 

The Mawrth phyllosilicates are the oldest known hy-
drously altered sedimentary rocks in the Solar System 
(4-3.8 Ga [5]), and suggest surface temperatures >273K 
[6]. The phyllosilicates overlie an even more ancient (>4 
Gyr) paleosurface [5] with a high density of exhumed 
craters. This paleosurface may record a signal of chang-
ing impactor population over time. Our Meridiani 
Planum site (~3.8 Ga [7]) features sedimentary units 
indicative of the presence of surface liquid water during 
their deposition (e.g. [8]). We use HiRISE orthoimages, 
anaglyphs, and digital terrain models (DTMs) to identify 
exhumed ancient craters at our 2 sites and compare the 
size-frequency distribution of measured crater popula-
tions to predictions from an atmosphere-impactor inter-
action model [9] for atmospheres of different pressures 
[2]. Assuming pressure to be constant over the duration 
of crater population accumulation, our new upper limits 
on paleopressure are <(1.9±0.1) bar at/before 4 Ga 

(Mawrth paleosurface), and <(1.5±0.1) bar at ~3.8 Ga 
(Mawrth phyllosilicates and Meridiani) (Fig 1). 

Fig 1 - Updated paleopressure constraints for Mars. Numbers 
correspond to reference list. Superscripts:  a – constraints 
from exhumed ancient craters, b remote sensing, c - all other 
methods. [17]c (since superseded by experimental results, see 
[18]), modernb - annual mean modern atmospheric pressure. 
Modern MAVEN O loss rates [20]b (assumed all due to CO2) 
extrapolated backwards in time. Colored bars - approximate 
temporal extent of methods for constraining paleopressure. 
Upward/downward facing triangles indicate lower/upper 
bounds. Circles – estimates of absolute atmospheric pres-
sure/direct measurements. Bars with an arrow indicate peri-
ods of time (rather than points) for which pressure had to be 
continuously below a certain value. 

Fi 1 U d d l i f M N b
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Fig 3 – Schematic illustration of 3 possible end-member 
cases for Mars’ atmospheric pressure history for ~4-3.8 Ga 
(yellow area). Dotted lines: pressure not directly con-
strained. 

Bridging direct measurements, meteorites and 
modelling: Detailed Mars atmospheric evolution models 
rely on balancing fluxes from processes such as impact 
delivery/erosion, outgassing, and loss to space, for which 
many assumptions are necessary. We used a basic 2-
component model starting at present day annual mean 
atmospheric pressure (including CO2 in ice caps as esti-
mated from SHARAD data [19]b) and measured 
MAVEN/MEX O loss rates [20]b. Our paleopressure 
upper limits are 2 points among many others that come 
from meteorite isotope data [11,12], rover sedimentolo-
gy [15,16], and modelling results [11,12,13,14,17]. To 
integrate our results with existing knowledge, we built a 
basic, 2-component, process-agnostic model for Mars’ 
paleopressure evolution constrained by existing data. We 
gather sources and sinks into 1 term, expressed as either 
a powerlaw (ΔPsource/sink = k1/3t^(−k2/4)) or an exponential 
(ΔPsource/sink = k1/3exp(−t/k2/4)) with free parameters k1, k2 
(sinks), k3 & k4 (sources). Parameters {k1, k2,… k4} are 
found using upper limits of existing paleopressure esti-
mates (excluding [12]a, [13]c & [2]b – Fig 1) as hard 
constraints on permitted pressure histories. Our model is 
sensitive to the lowest implemented pressure constraint 
([15]b or [16]b

; Fig 2). However, most solutions cluster 
around initial atmospheric pressures <1 bar irrespective 
of the minimum paleopressure constraint. This is con-
sistent with upper limits on atmospheric pressure from 
atmospheric evolution models based on the isotopic 
compositions of noble gasses in ALH84001 ([11]a). 

Climate implications from ~4–3.8 Ga:  It is possi-
ble for atmospheric pressure to vary on both short and 
long timescales through atmospheric collapse via con-
densation into CO2 ice sheets at pressures <0.5 bar (e.g 
[21]) and 100 Myr-timescale processes such as outgas-
sing, impact erosion/delivery of volatiles, atmospheric 
escape to space, and carbonate formation [24]. Addi-
tionally, small craters are preferentially obliterated by 

sedimentation due to their reduced topographic ex-
pression, are less likely to be exposed by erosional cuts 
through a cratered volume [25], and are more likely to 
be missed in crater counts due to insufficient 
DTM/anaglyph resolution.  

It is possible to reproduce our measured CSFDs by 
modifying CSFDs for time-varying atmospheric pressure 
to preferentially remove small craters, provided that the 
minimum atmospheric pressure is less than our upper 
limits. To reproduce the number of 15.6-22.1m diameter 
craters at our Meridiani site, a minimum of 50kyrs must 
be spent at pressures <<0.1 bar. Therefore, our results 
suggest 3 end-member paleopressure histories from ~4-
3.8 Ga (Fig 3). Maximum pressure <0.5 bar with 
episodes of condensation of CO2 into ice caps,  pres-
sure persistently below our upper estimates,   pressure 
changes of several bar due to changes in atmospheric 
sources/sinks.  

Future science objectives: More paleopressure es-
timates are needed. For example, there are few paleo-
pressure constraints 3.6 to <<1 Ga (Fig 1). More precise 
chronologies for climate-altering events such as the end 
of the Martian dynamo and the growth of Tharsis, would 
constrain the feasibility of scenario #3. Additionally, 
improved absolute dating of sedimentary deposits would 
reduce the uncertainty on the ages of our sites and better 
constrain the intervals in which Mars had rivers. 

Acknowledgements:  J. Sneed produced the HiRISE 
DTMs (pipeline: [25]). Grants: NASA (NNX16AJ38G). 
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IMF direction determines which Martian crustal magnetic field cusps are open to the solar wind:  Tristan 
Weber1, David Brain1, Shaosui Xu2, David Mitchell2, Jared Espley3, Jasper Halekas4, Robert Lillis2, 1Laboratory 
for Atmospheric and Space Physics, University of Colorado, Boulder, Colorado, USA, 2Space Sciences Laborato-
ry, University of California, Berkeley, USA, 3NASA Goddard Space Flight Center, Greenbelt, Maryland, USA, 
4Department of Physics and Astronomy, University of Iowa, Iowa City, USA 

 
 
Abstract: The Martian magnetic field environ-

ment is complex. Locked into the planet’s surface are 
crustal magnetic fields, remaining from a time when 
Mars possessed a global magnetic dynamo. As the 
interplanetary magnetic field (IMF) encounters the 
planet, it interacts with these crustal fields, producing
a dynamic topological system that in turn constrains 
the motion of charged particles. As a result, the in-
flow of energetic electrons and the outflow of iono-
spheric particles are both channeled through regions 
of vertically oriented field referred to as magnetic 
“cusps”. These cusp regions are consequently host to 
a range of energetic processes including field-aligned 
currents and aurora, and may be the source of sub-
stantial quantities of ion escape at Mars.  

Here we present an analysis of variability in crus-
tal cusps, using electron pitch angle distributions and 
energy spectra measured by MAVEN to study how 
cusp topology varies with the direction of the incom-
ing IMF [1] [2]. We find that changes in upstream 
IMF direction control which cusps preferentially open 
to the solar wind, with a dependence on the radial 
direction of the cusp magnetic field. 

We attribute this affect to reconnection occurring 
throughout they Martian magnetotail, and use our 
results to show that open cusp fields on the nightside 
of Mars frequently reconnect with other open fields, 
producing large-scale closed loops that have been 
previously observed connecting the dayside and 
nightside of the planet [3]. A simplified diagram is 
included to the right. 

 
References:  
[1] Xu, S., Weber, T., Mitchell, D. L., Brain, D. 

A., Mazelle, C., DiBraccio, G. A., & Espley, J. 
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gion. Journal of Geophysical Research: Space Phys-
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[2] Weber, T., Brain, D., Mitchell, D., Xu, S., Es-
pley, J., Halekas, J., Lillis, R., Jakosky, B. (2019). 
The Influence of Solar Wind Pressure on Martian 
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 [3] Xu, S., Mitchell, D., Liemohn, M., Dong, C., 
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8884. 

 

 

6322.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



6410.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



6410.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



DETERMINING THE UNIQUENESS OF LICUS VALLIS THROUGH REGIONAL AND LOCAL 
GEOLOGIC MAPPING.  A. R. Weintraub1 and C. S. Edwards1, 1Department of Physics and Astronomy, Northern 
Arizona University, arw366@nau.edu 

 
Introduction: The history of water on Mars 

remains one of the most pressing questions in 
planetary science. Studying valley networks formed 
during a period of broad climatic change presents a 
crucial opportunity to understand the fluvial history 
at the time. This opportunity comes from studying 
fluvial terrace structures, which mark specific 
changes in fluvial system conditions, and therefore 
constrain the valley networks best suited for such 
studies. Licus Valley is an ideal site for investigation 
because it contains the best preserved terraces from 
a valley network of this time period (See Figure 1). 
We propose to construct a geologic map to study the 
local and regional scale geology of Licus Vallis. 
Thermophysical and compositional analyses will 
then be conducted on Licus Vallis to study the 
terraces within the region of interest.  This novel 
incorporation of thermophysical data with geologic 
mapping will identify reasons for the geomorphic 
uniqueness (i.e., terrace preservation) of Licus 
Vallis, which will in turn shed light on the 
environmental conditions present during its 
formation.  

Background: Licus Vallis ceased formation during 
the Noachian/Hesperian transition approximately 3.7 
Gya [1]. The channel is connected to a series of three 
open basins which provided fill-and-spill conditions [2] 
leading to catastrophic flooding. Tributary development 
along with the high stream order lead to evidence of 
precipitation-fed fluvial activity. Recent investigations 
have found that Licus Vallis was most likely formed 
through incision from both precipitation and 
catastrophic flooding [3].  

Aiding to Licus Vallis’ morphologic uniqueness is 
the presence of a valley network ~150 km to the 
northwest which lacks terraces. The geographic 
proximity and contemporary formation implies these 
valley networks might have experienced similar 
environmental conditions. And yet, Licus Vallis has 
terraces extending much of its length while the unnamed 
valley network centered at 123° East and 0° North 
contains almost no terraces. 

Terraces form when a river channel experiences 
enough fluvial system changes to abandon its floodplain 
and form a new floodplain at a lower elevation. This 
effectively disconnects the abandoned floodplain from 
any fluvial processes within the active channel, forming 
the terrace structure. Therefore, studying the 
morphology and thermophysical character of the terrace 
structures sheds light onto the fluvial history active at 
the time of floodplain abandonment (i.e., terrace 
formation), as explained below. 

 
Figure 1: Longitudinal profile of Licus Vallis. The thick black 
line represents a smoothed average of the channel elevation. 
Red marks indicate terrace treads. Note the extensive nature 
of the terraces 

Thermal inertia, or the resistance of a material to 
change in temperature, has been shown to be closely 
linked with grain and particle size [4]. Based on the 
formational mechanism of a specific terrace, the 
morphology (in particular grain size) should differ or 
match that of the valley wall. For example, a terrace 
formed by deposition should present loosely 
consolidated material compared to the valley wall, as 
it formed by filling a pre-excavated valley with 
alluvial fill. The morphologic constitution of an 
erosional terrace should match that of the valley 
wall, as it formed by cutting into preexisting 
material. Licus Vallis presents an opportunity to study 
the best preserved terraces on Mars and identify the 
processes leading to their formation. 

Methodology: To determine causes for such terrace 
preservation within Licus Vallis, a geologic map will be 
constructed encompassing Licus Vallis, the nearby and 
contemporary valley network centered at 123 E and 0 
N, as well as the local topographic highs and lows that 
may be connected to the sediment source and sinks for 
Licus Vallis. We recognize that geologic mapping does 
not definitively solve all inquiries into a region of 
interest. However, we will use the FGDC Digital 
Cartographic Standard for Geologic Map 
Symbolization as a guide [5]. Geologic mapping is 
performed using the Esri ArcGIS suite [6], at a scale of 
1:1,500,000 and cover approximately 525,000 square 
kilometers (See Figure 2). A controlled mosaic map of 
THEMIS Day IR will be used as a base map. An 
HRSC/MOLA Blended elevation map and uncontrolled 
CTX mosaic will act as supplemental maps to assist in 
unit identification. Geologic mapping began by 
identifying crater units and ejecta. The next stage 
was to establish the different units within Licus 
Vallis itself. This differentiated between channel 
floor, terraces, and valley walls. Alluvial fans will be 
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specifically investigated as they have been shown to 
act as buffers for terrace preservation [11].  

 
Figure 2: HRSC/MOLA Blended Colorized Relief of mapping 
area. Cool colors indicate low elevation, warm colors indicate 
high elevation. Red lines highlight valley networks. The black 
box indicates the region depicted in Figure 3. 

Once the geologic map is complete thermophysical 
data will be overlaid for additional analyses. This will 
be accomplished following the methods of [7]. Surface 
brightness temperatures will be obtained using band 9 
(12.57 m) nighttime images from the Thermal 
Emission Imaging System [8]. Nighttime temperatures 
will be used to reduce the effect of topography, 
specifically from albedo and slope. The thermal 
numerical model known as KRC [9] will then be used 
to model the thermal inertia of terraces structures within 
Licus Vallis.  

Once the thermophysical analysis is finished, 
compositional data will be incorporated into the map 
using CRISM. The main goal of this portion of the 
project is to determine if the material on the terrace 
treads were deposited in situ (authigenic) or transported 
from elsewhere (detritus). This is important because 
terraces act as traps for the material being transported at 
the time of formation. However, if the overlying 
material is from another source, this mineralogy will 
provide no information to the alteration products on 
their surface. Mineralogy will be studied through 
spectral parameter maps of terrace treads and their 
potential sediment sources and sinks. This analysis will 
lead to a first order approximations for the genesis of the 
material [10]. 

Results: Preliminary investigations searched a 
dataset of valley networks from the Noachian/Hesperian 
transition with well-established age-dates [1]. That 
study showed Licus Vallis is the only valley network of 
the Noachian/Hesperian transition with well-preserved 
terrace structures. Well-preserved terraces are 
characterized in this work as continually extending 
along the channel. Licus Vallis terraces cover almost 
half of the length of the valley network, while the valley 
network with the next best preserved terraces cover 9 
km of a nearly 350 km channel.  

Geologic mapping has begun in a small region 
between the two valley networks. At this stage, only one 
alluvial fan has been identified within Licus Vallis, 

indicating such features were not critical in terrace 
preservation. Figure 3 below shows the beginning stage 
of mapping. The units within Licus Vallis represent the 
first order distinction of terrace units and will guide the 
focus of thermophysical and compositional analysis in 
the future.  

 
Figure 3: This unit THEMIS Day IR base layer shows a 
portion of the mapped region. Yellow units indicate craters 
and ejecta, while tans and blue indicate levels of Licus Vallis 
terraces. 

The goal of this project is not to distinguish between 
terrace structure types, and if the characterization of 
terrace types are ambiguous, the final geologic map will 
still reveal new insights into an unmapped area near the 
topographic dichotomy of the northern and southern 
hemispheres. The distinction between erosional and 
depositional terraces would provide new and 
pertinent insight into the fluvial activity during a 
widely regarded period of climatic change on Mars 
[1]. If depositional terraces are discovered, the 
implications are that valley networks were not 
exclusively erosional but rather underwent radical 
conditional changes which resulted in completely 
opposing fluvial processes. 
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EVIDENCE FOR HESPERIAN ACIDIC ALTERATION IN IUS CHASMA.  C. M. Weitz1, J. L. Bishop2, J. 
Flahaut3, C. Gross4, A.M. Saranathan5, Y. Itoh5, and M. Parente5, 1Planetary Science Institute (1700 E Fort Lowell, 
Suite 106, Tucson, AZ 85719, weitz@psi.edu), 2SETI Institute (Carl Sagan Center, 189 Bernardo Ave., Mountain 
View, CA 94043), 3CRPG (15 rue Notre Dame des Pauvres, BP 20 54500 Vandœuvre les Nancy, France), 4Free 
University of Berlin (Berlin, Germany), 5 University of Massachusetts Amherst (Dept. Electrical & Computer Engi-
neering, University of Massachusetts, 151 Holdsworth Way, Amherst, MA 01003). 
 

Introduction: Recent studies of Ius Chasma, Me-
las Chasma, Noctis Labyrinthus, and Mawrth Vallis 
have revealed unique surface materials that could be 
related to acidic alteration [1-7]. These mystery phases 
exhibit a “doublet” absorption in CRISM spectra be-
tween 2.2 and 2.3 μm that occurs in a variety of pat-
terns, but is distinct from the commonly observed min-
eral bands attributed to Al- and Fe-rich phyllosilicates. 
This “doublet” unit is typically characterized by a pair 
of bands at 2.21-2.23 and 2.25-2.28 μm (attributed to 
OH combination vibrations). This “doublet” deposit 
also exhibits an absorption near 1.9 µm due to the H2O 
stretch plus bend combination mode. The band centers 
and relative intensity of the doublet features vary 
greatly, suggesting a process such as acid weathering 
could be acting on OH-bearing minerals to produce 
altered phases that differ depending on the type of sub-
strate, water/rock ratio, solution chemistry, and dura-
tion of aqueous processes.  

In this study, we focused on the “doublet” deposit 
observed within central Ius Chasma, specifically along 
Geryon Montes (Fig. 1), which is a central horst brack-
eted to the north and south by graben. We examined 
CRISM, HiRISE, CTX, and HRSC images to deter-
mine what morphology and materials correlate to the 
“doublet” deposit. We also utilized HRSC Digital Ter-
rain Models (DTMs) to explore the stratigraphy and 
elevation associated with the doublet type materials.   

 
Figure 1. CTX mosaic of central Geryon Montes. 
CRISM spectral parameter images are overlain in color 
(R=BD1900R2, G=D2200, B=D2300) and show the 
doublet material (yellow-green) and hydrated sul-
fate+smectite material (magenta) correlate to light-
toned deposits along the Geryon Montes wallrock.  

CRISM results:  CRISM spectra taken from sev-
eral images across the doublet unit show there are vari-
ations in the strength and location of the 2.2-2.3 µm 
absorptions. As shown in Figure 2, some doublet spec-
tra have equal strength absorptions at 2.22 and 2.27 
µm (b), whereas others have a much stronger 2.22 µm 
absorption relative to the 2.27 µm (c) or a stronger 
2.27 µm relative to the 2.22 µm (d). These results indi-
cate that a simple mixture cannot explain the observed 
shifts and intensity of spectral features, and at least two 
types of doublet materials are present. The lab spec-
trum that most closely matches the doublet material in 
spectrum b is an acid leached Fe-smectite (Fig. 2e) [8]. 
The lab spectrum that most closely matches the dou-
blet material in spectrum c is a soil with mixtures of 
jarosite, Ca-sulfate, and montmorillonite (j) [9]. The 
spectrum from d must have more jarosite to explain the 
stronger 2.27 µm band. Similar doublet materials at 
Mawrth Vallis showed a wider variety of doublet 
properties with bands near 2.21-2.23 and 2.25-2.28 µm 
[4,6,10]. 

 
Figure 2. CRISM spectra (a-d) from image FRTA202. 
Spectrum ‘a’ is a hydrated sulfate+smectite. Spectrum 
‘b’ has equal strength absorptions at 2.22 and 2.28 µm. 
Spectrum ‘c’ has a stronger absorption at 2.22 relative 
to 2.28 µm. Spectrum ‘d’ has a stronger 2.28 µm ab-
sorption relative to the 2.22 µm. Spectra e-j are labora-
tory spectra, where e=acid leached smectite, 
f=magnesium polyhydrated sulfate, g=jarosite-gypsum 
mixture, h=jarosite, i=butlerite, and j=soil with jaro-
site, Ca-sulfate, and montmorillonite. 
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Samples collected in Rio Tinto, Spain exhibit a doublet 
type spectrum that is attributed to a mixture of Al-
phyllosilicates and jarosite that also matches the Ius 
Chasma doublet [7].  

We also show a material with hydrated sulfate and 
Fe/Mg-smectite signatures corresponding to different 
and older materials than the doublet (Fig. 2a).  

Morphology:  HiRISE and CTX images of the 
doublet material are complex and reveal much variabil-
ity within the deposit. Figure 3a shows a clean and 
bright doublet exposure surrounded by slightly higher 
and darker doublet material, producing a brecciated 
appearance in the outcrop. Given that the doublet de-
posit occurs along steep slopes, it is plausible that 
downslope movement of the deposit due to gravity has 
created the observed brecciated appearance, with the 
cleaner, lower exposure representing the intact deposit 
and the darker upper materials representing the dis-
placed doublet deposit that has moved downslope.  
Rounded and curvy ridges associated with the upper, 
darker doublet materials could represent flow struc-
tures produced during this downslope movement.  

Another doublet exposure lower in elevation (Fig. 
3b) has fine scale fracturing, producing a blockier ap-
pearance than observed in Fig. 3a. These morphologic 
differences in the doublet deposit are consistent with 
the CRISM spectra that show spectral variations within 
the doublet deposit. The hydrated sulfate+smecite ma-
terial (Fig. 3c) exhibits lineations and color variations 
that are not observed in the doublet materials.  

 
Figure 3. Blowups of HiRISE enhanced color images. 
(a) Clean and brighter exposure surrounded by slightly 
darker and higher-standing materials. (b) Doublet ma-
terial with fine scale fracturing and blocky appearance. 
White arrows show where a darker floor unit overlies 
the doublet materials. (c) Lineations and color varia-
tions within the hydrated sulfate+smectite deposit. 

 
Stratigraphy: We used a HRSC DTM to deter-

mine the stratigraphy of the doublet material. Figure 4 
shows where the doublet material drapes along the 
slope of Geryon Montes wallrock and extends across 
~1.3 km in elevation. These observations indicate the 
doublet material formed after Geryon Montes and it is 
likely an airfall deposit. Younger eolian debris and 
mass wasting material from the wallrock have covered 
much of the doublet deposit throughout western Valles 

Marineris, which is why the deposit appears patchy in 
distribution.  

 
Figure 4. HRSC image 931 DTM perspective view 
(4X vertical exaggeration) of doublet material (white 
arrows) draping the wallrock of Geryon Montes in Ius 
Chasma. Colors are the same as in Figure 1. 

 
Conclusions: Acidic surface water or groundwater 

was proposed [1] to explain the formation of the Ius 
doublet deposit as either altered Fe/Mg-smectites or 
precipitated poorly crystalline Fe-SiO2 phases. How-
ever, the draping nature of the doublet material and its 
occurrence at high elevations along the Geryon Montes 
wallrock, which lacks evidence for fluvial flow, is not 
consistent with either a groundwater or surface source 
for the water that caused the acidic alteration.  

A similar doublet material draping the southern 
wallrock of western Melas Chasma was proposed to be 
airfall material, either atmospheric dust or volcanic 
ash, that was altered by ice/snow accumulation along 
the wallrock slopes [3]. We hypothesize that ice/snow 
accumulation along the Geryon Montes wallrock 
slopes influenced and controlled sedimentary deposi-
tion by trapping and subsequently altering the ash/dust 
into the hydrated doublet materials. Local differences 
in the content of sulfur and/or iron in the deposit or 
changes in pH and redox conditions of the water would 
result in different amounts of each mineral assemblage, 
which in turn would explain the spectral and morpho-
logic variations observed in the doublet deposit.  

The age of the doublet deposit must be middle to 
late Hesperian because it overlies Geryon Montes, 
which formed as part of the Valles Marineris system 
during the Late Noachian to Hesperian [11,12]. 
References: [1] Roach, L.H. et al. (2010) Icarus 206, 253-
268. [2] Weitz, C.M. et al. (2011) Geology 39, 899-902. [3] 
Weitz, C.M. et al. (2015) Icarus 251, 291-314.  [4] Bishop, 
J.L. et al. (2016) LPSC 47, #1332. [5] Flahaut, J. et al. (2014) 
8th Mars, #1411. [6] Bishop, J.L. et al. (2019) 9th Mars, this 
volume. [7] Kaplan et al. (2016) Icarus 275, 45-64; [8] 
Madejova, J. et al. (2009) Vib Spec. 49, 211-218. [9] Perrin 
et al. (2019) LPSC 50, #1903; [10] Danielsen et al. (2019) 
LPSC 50, #3017; [11] Tanaka, K.L. (1986) JGR 91, E139-
158.  [12] Tanaka, K.L. et al. (2014) USGS SIM 3292.  
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THE HISTORY OF WATER ON MARS: HYDRATED MINERALS AS A WATER SINK IN THE MARTIAN 
CRUST.  L. J. Wernicke1,2 and B. M. Jakosky1,3, 1Laboratory for Atmospheric and Space Physics, University of 
Colorado Boulder. 2Liza.Wernicke@colorado.edu. 3Bruce.Jakosky@lasp.colorado.edu. 

 
 
Introduction:  The ancient landscape of Mars pro-

vides morphological and mineralogical evidence that 
significant amounts of liquid water once flowed on its 
surface.  Previous research has identified the amount of 
water stored in the polar caps and in high latitude sub-
surface ice [1].  The amount of water lost to space has 
also been constrained [2].  But how much water is stored 
in Martian rocks?  

Chemical alteration hydrates Martian minerals, stor-
ing water within Martian rocks.  A large variety of hy-
drated minerals have been detected on the surface of 
Mars [3,4], and a significant abundance of hydrated 
minerals has been detected inside Martian craters [5,6].  
We use published surveys of the global distribution and 
abundance of hydrated minerals to calculate the total 
volume of water stored in hydrated minerals within the 
Martian crust. 

 

Hydrated Mineral Surveys:  Crater surveys pro-
vide a glimpse into the Martian subsurface, and the cra-
ters in the Southern Highlands (SH) and Northern Low-
lands (NL) contain different abundances of hydrated 
minerals [5,6].  Therefore, the amount of water stored in 
the surface, the SH subsurface, and the NL subsurface 
were calculated separately.   
 Surface [4] – An OMEGA and CRISM global hy-
drated mineral survey reports that hydrated minerals 
are detected on 1.8% of the Martian surface, or 3.4% 
of the dust-free Martian surface. 
 SH subsurface [5] – A global crater survey analyzed 
the central peaks of craters using CRISM and HiRISE 
to determine their mineralogy and related morphol-
ogy.  Analysis of survey data suggests that 24% of cra-
ters contain hydrated minerals in uplifted central 
peaks. 
 NL subsurface [6] – A northern lowlands crater survey 
using CRISM data determined that 7.75% of craters in 
the NL contain hydrated minerals.  
 

Calculation:  All hydrated minerals used in this cal-
culation can be found in a list provided in [4].   

Oxygen mass/thickness:  The empirical formula for 
each hydrated mineral was used to determine the per-
centage of its molecular mass that is comprised of oxy-
gen from either water or hydroxyl (or SO4, in the case 
of sulfates).  The oxygen mass/thickness (kg/m) was 
calculated for each mineral detected in each survey by 
multiplying the mineral’s percentage of oxygen from 
water by the mineral’s density and the surface area of 
Mars.   

As Fe/Mg phyllosilicates are the most abundant hy-
drated mineral on Mars, nontronite will be used for an 

example calculation.  Nontronite’s empirical formula 
and all other values used in the example calculation can 
be found in Table 1.  Nontronite has 6 oxygen atoms 
from water and hydroxyl, which comprises 19.36% of 
its molecular mass.  The oxygen mass/thickness of  
nontronite is: 

0.1936 * 2300 kg/m3 * 1.449×1014 m2  
=6.45×1016 kg/m 

 

Nontronite - Na0.3Fe3+
2Si3AlO10(OH)2•4(H2O) 

Molecular mass (kg) 0.4959 
Oxygen from water 19.36% 

Density (kg/m3) 2300 
Surface area of Mars (m2) 1.449×1014 
Oxygen Mass/thick (kg/m) 6.45×1016 

Table 1 – Values used in example calculation of the 
oxygen mass/thickness of nontronite 

 

In other words, if Mars were covered in nontronite 
to a depth of 1 meter, the mass of oxygen from water 
within that layer would be 6.45×1016 kg. 

Abundance determination:  The overall abundance 
of each mineral depends on the reported mineral detec-
tion abundances, along with the abundance of hydrated 
minerals per detection.  Each survey reports the abun-
dance of detected hydrated minerals in spectral or min-
eral groups.  The oxygen mass/thickness of each group 
was averaged and then multiplied by its reported detec-
tion abundance. 

The abundance of hydrated mineral per detection is 
not reported in the global surveys used.  However, stud-
ies modeling mineral abundances suggest that concen-
trations of hydrated minerals ranging from 40-60% exist 
in Mawrth Vallis [7,8].  This is likely an upper limit.  A 
more recent, more comprehensive modeling study [9] 
created global hydrated mineral abundance maps and 
determined that areas with hydrated mineral detections 
have an average water content of 2.5 wt.%.  This is 
equivalent to 13.5% hydrated mineral abundance per 
detection, on average.  The total oxygen mass/thickness 
was multiplied by the appropriate hydrated mineral 
abundance per detection. 

Thickness determination:  Finally, the total oxygen 
mass/thickness was multiplied by an estimate of the 
thickness to produce a total mass of oxygen from water, 
converted to global equivalent layer (GEL) water.  Rea-
sonable thickness estimates are substantially different 
for the surface, the SH subsurface, and the NL subsur-
face. 
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  Lower 
Limit 

Lowest 
Plausible 

Best 
Estimate 

Highest 
Plausible 

Upper 
Limit 

Surface 

Thickness 0.1m 1m 5m 50m 300m 
Abundance/detection 1% 7% 13.5% 25% 50% 
Global Abundance 1.8% 1.8% 3.4% 3.40% 3.4% 

GEL water 8.4×10-6m 5.9×10-4m 0.011m 0.20m 2.4m 

Northern 
Lowlands 
Subsurface 

Thickness 1km 1.5km 3km 4.5km 6km 
Abundance/detection 1% 7% 13.5% 25% 50% 

GEL water 0.16m 4.8m 6.6m 18.4m 49.0m 

Southern 
Highlands 
Subsurface 

Thickness 1km 2km 5km 6km 7km 
Abundance/detection 1% 7% 13.5% 25% 50% 

GEL water 0.78m 17.0m 52.5m 117m 272m 
 Total 0.9m 22m 59m 135m 324m 

Table 2 –The total volume of water stored in hydrated minerals in the Martian crust is presented by area, in-
cluding parameters used in the calculation 

 

 Surface – An upper limit of 300 m is based on an ap-
proximate average thickness of large crustal outcrops 
in Western Arabia Terra [10], Mawrth Vallis [11],Val-
les Marineris [12,13] and Nili Fossae [13].  A better 
estimate of 5 m is based on 120 weathering sequences 
of Fe/Mg clays overlain by Al clays with an average 
thickness on the order of several meters [14]. 
 Subsurface – Data provided by the crater surveys al-
lowed for the performance of simple statistical analy-
sis.  For the SH subsurface [5], the percent of craters 
with hydrated minerals was plotted vs. uplifted central 
peak depth, and the full width at half maximum 
(FWHM) of the distribution is 5 km.  For the NL sub-
surface [6], the number of craters with hydrated min-
erals was plotted vs. elevation relative to MOLA, and 
the FWHM is 3km.  A reasonable thickness estimate 
of hydrated minerals in the SH subsurface ranges from 
2-6 km, whereas the NL subsurface reasonable thick-
ness estimate ranges from 1.5-4.5 km. 
 

Preliminary results and uncertainties:  The total 
volume of water stored in hydrated minerals in the Mar-
tian crust is detailed in Table 2.   
 While curiosity confirmed a CRISM detection of 
hydrated minerals in the upper Murray formation at 
Gale Crater [15], the accuracy of CRISM and OMEGA 
is not very well constrained by ground-truthing.  Addi-
tional uncertainties include:  survey spatial sampling, 
CRISM and OMEGA detection limits, Martian dust 
cover, the possibility of hydrated minerals in craters 
forming due to hydrothermal alteration, and the possi-
bility that the empirical formulas of hydrated minerals 
are different on Mars than on Earth. 

 

Conclusions:  The calculation of the volume of wa-
ter stored in hydrated minerals in the Martian crust re-
sults in a best estimate of 59m GEL, a realistic range of 
22-135m GEL, and absolute (hard) limits of 0.9m GEL 
and 324m GEL.  This  further constrains the range of 

GEL water reported for a similar calculation of water 
sequestered in hydrated minerals, performed using as-
sumptions regarding the wt.% water and the thickness 
of the altered crust [16].  

Including hydrated minerals as a sink increases the 
total inventory of water lost from Mars or stored in Mar-
tian sinks to more than 100m GEL.  As Table 3 demon-
strates, a significant amount of water may be stored in 
hydrated minerals within the Martian crust. 

Water lost or stored GEL water 
(m) 

Upper atmosphere loss to space [2] 23 
Stored in polar caps [1] 22 

Stored in high latitude ground ice [1] 10 
Stored in hydrated minerals 59 

Total 114 
Table 3 – Inventory of Martian water 
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wards (2014) Annu. Rev. Earth Planet. Sci., 42, 291-
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Viviano, C. E., & J. E. Moersch (2013) Icarus 226, 497–
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Constraining Environmental Conditions for Dune-Alcove Formation in the Northern Mid-Latitude Region of 
Mars.  J. M. Widmer1 and S. Diniega2, 1University of Maryland (jwidmer@terpmail.umd.edu), 2Jet Propulsion La-
boratory, California Institute of Technology. 
 

 
 
Introduction: Dune-alcoves are triangular shaped 

erosional features formed through mass-wasting on the 
brinks of sand dunes; downslope there may be a depo-
sitional apron (see Figure 1). These geologic features 
have been found in dune fields throughout the North 
Polar Region (NPR) [1] and Northern Mid-Latitude 
Region (MLR), defined as 30ᵒ-65ᵒ N [2]. Similarities 
in shape, size, and the appearance of new dune-alcoves 
during the autumn/ winter season suggest the same 
formation mechanism is present among NPR and MLR 
dune-alcoves [2]. The formation mechanism is not yet 
known but has been hypothesized as an interaction of 
early snowfall with early seasonal frost on dunes [3]. 
Recently, an anti-correlation of dune fields with al-
coves and large amounts of shallow subsurface H2O ice 
was proposed, potentially placing an environmental 
constraint on where alcoves can form [4].  

Thus far, the locations of dune fields with alcoves 
appear to be randomly scattered throughout the NPR 
and MLR. To better understand the mechanism(s) driv-
ing alcove formation, we will compare specific envi-
ronmental conditions that may be related to an alcove 
formation mechanism, within MLR dune fields with 
and without alcoves.  

Environmental Conditions: Previous studies have 
suggested connections between alcove formation and 
environmental conditions such as seasonal frost [1-4], 
brink degradation [1], elevation [2], and subsurface 
H2O ice [4], but no correlations have been conclusively 
identified yet. Additionally, sand dune morphologies 
reflect the environmental conditions in which the dunes 
were formed [5]. Together, these conditions are used 
for a preliminary comparison of MLR dune fields.  

Latitude and longitude coordinates mark the loca-
tions of dune fields being tested but can also be used 
with recent studies of seasonal frost to better under-
stand if and when frost is present in a given dune field 
location [6]. Brink degradation state is categorized as 
either sharp (i.e. appearing fresh/ recently active) or 
rounded (i.e. degraded), with brink appearance used as 
a proxy for how active a given dune may be under cur-
rent atmospheric conditions [7]. Minimum elevation 
values are calculated using map sampling of the lowest 
elevation value encountered in the 128ppd MOLA ele-
vation map under a dune field polygon in JMARS [8]. 
The presence of H2O ice within the topmost meter of 
ground under a dune field is given as the max number  

 
Figure 1: HiRISE image PSP_007640_ 2440 shows 
several alcoves of varying sizes that have formed on 
the brink of a sand dune in field NML043 (63.76ᵒ N, 
292.12ᵒ E). Downslope extends toward the bottom of 
the image, where interdune ground is visible.  

 
of counts from neutron spectrometer (NS) epithermal 
observations [9]. For this parameter, a lower count 
value is interpreted to mean a higher amount of subsur-
face H2O ice is present within the uppermost meter of 
the ground [10]. Dune types present in each field are 
categorized based on the Mars Global Digital Dune 
Database (MGD3) naming scheme [11]. 

Preliminary Test Location: A subset of mid-
latitude dune fields chosen for preliminary study in-
cluded three fields with alcoves and three fields with-
out alcoves from a region north of Chryse Planitia and 
west of Acidalia Planitia. This region contains a higher 
amount of dune fields with alcoves than any other por-
tion of the MLR [4] so we can control for broad re-
gional environmental conditions and focus on field-
specific conditions. Figure 2 shows this region and the 
six chosen dune fields.  

Results and Discussion: Preliminary results for the 
environmental condition tests are recorded in Table 1. 
Thus far, the tested conditions are not noticeably dif-
ferent between dune fields with and without alcoves. 
For the six fields tested, the variation in the NS data is 
not consistent with the anticorrelation of alcove loca-
tions and subsurface H2O ice proposed in [4]. This 
inconsistency may be due to the use of a higher resolu-
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tion NS map used for this study [9] or that a range of 
NS epithermal counts (i.e. variety of subsurface H2O 
ice thicknesses) can be present without effecting alcove 
formation.  

 
Figure 2: Six MLR dune fields were chosen for prelim-
inary study of environmental conditions conducive to 
alcove formation. Stars indicate the locations of dune 
fields with alcoves (green) and without (yellow).  
 

Interpretation of the preliminary results suggests 
that the tested conditions are not individually responsi-
ble for the presence or lack of alcoves in the six dune 
fields tested. This would indicate that the environmen-
tal condition(s) associated with an alcove formation 
mechanism fall into one of two categories.  

1) A single environmental condition is associated 
with alcove formation but has not yet been 
considered in this study. 

2) A combination of environmental conditions are 
associated with alcove formation and may in-
clude one or more of the conditions identified 
in Table 1.  

Future Work: Future work will include the addi-
tion of more alcove and non-alcove dune fields from 
the MLR. Additional inquiries into environmental con-
ditions conducive to alcove formation may include the 
presence of CO2 snowfall over or near dune fields and 
the timing seasonal CO2 frost is present on dune fields 
(when possible).  

Dune-Alcoves and Martian Science: If the alcove 
formation mechanisms are determined, then the pres-
ence of alcoves can serve as proxy indicators of local- 

scale environmental conditions on the martian surface, 
in the present-day climate. Since alcove formation 
seems to be driven by specific frost conditions, dune-
alcoves provide ideal targets for understanding cross-
cutting relationships among atmospheric and surface 
processes. Thus, the investigation of environmental 
conditions surrounding alcove formation ties into high 
priority science goals such as Goal III A3.1-3 of the 
MEPAG goals document [12] which is focused on 
identifying and understanding the formation of geolog-
ic features active in the present-day martian environ-
ment. Alcoves provide a record of the interaction be-
tween the surface and atmosphere which directly con-
tributes to the focus of Goal III A4.2, the characteriza-
tion of these interactions by erosional processes. Last-
ly, the hypothesized interaction between snowfall and 
seasonal frost (i.e. volatiles) and sand dunes (i.e. sur-
face) links alcove formation with Goal II A4.1-2, 
which involves understanding aspects of the martian 
climate through characterizing the exchange of vola-
tiles between the surface and atmospheric reservoirs as 
well as the processes by which this occurs.  
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Dune 

Field ID 
Alcoves 
(Y or N) 

 

Lat (N) 
 

Lon (E) 
 

Dune Type Brink  
(Sharp/ Round) 

Min 
Elev (m) 

Max Counts 
from NS Data 

NML009 Y 64.542 315.913 Bd Sharp -5913 4.68 
NML019 Y 56.699 322.629 B, Bd, S Sharp -6085 7.03 
NML043 Y 63.755 292.120 B, Bd, S, D Both -5770 3.90 
NML023 N 59.330 302.537 B, Bd, S, T, D Sharp -5969 5.58 
NML026 N 55.907 293.921 Bd, S, D Both -4859 5.76 
NML087 N 63.175 339.364 B, Bd, T, D Round -5572 3.85 

Table 1: Preliminary results comparing environmental conditions between dune fields with and without alcoves.   
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HETEROLITHIC BOULDER-STREWN UNITS OVERLYING MURRAY AND STIMSON 
FORMATIONS: A RECORD OF ACTIVITY IN GALE CRATER SUBSEQUENT TO 
EXPOSURE OF THE STIMSON FORMATION 
R.C. Wiens1, K. Edgett2, K. Stack3, N. Mangold4, P. Gasda1, S. Maurice5, O. Gasnault5, W.E. Dietrich6, A. Bryk6, L. 
Thompson7, and the MSL Science Team (1LANL; rwiens@lanl.gov; 2MSSS, 3JPL/Caltech, 4LPG Nantes; 5IRAP, 
Toulouse; 6UC Berkeley; 7U. New Brunswick) 

Overview: Along the lower north slope of Aeolis 
Mons (Mt. Sharp), HiRISE images show geologic units 
containing apparent light- and dark-toned boulders. 
The Curiosity rover team investigated three such units 
named Blackfoot, Brandberg, and Bimbe (Fig. 1) be-
tween Sols 1099 and 1410. They consist of unconsoli-
dated sediment, including cobbles and boulders of sed-
imentary rock. Each deposit overlies eroded Murray 
formation surfaces. Blackfoot also overlies Stimson 
formation rocks, an eolian sandstone that significantly 
postdates the lacustrine deposition of the Murray for-
mation. These units are thus among the youngest 
coarse sedimentary deposits seen by Curiosity to date. 

 
Fig. 1. Locations of the three heterolithic units exam-
ined by Curiosity. The rover path (right to left) is 
shown in white. (MRO/HiRISE mosaic from [2]). 

 

Description: Blackfoot comprises an elliptical area 
62 x 26 m at an elevation of -4433 m. Its gravels, cob-
bles, and boulders are in contact with both an eolian 
cross-bedded facies of the Stimson formation and with 
Murray formation mudstones. The largest boulders are 
1.5-2.5 m in size. On the basis of color, tone and sedi-
mentary texture and structure, the boulders are inter-
preted as sandstones. A few cobbles are pebble con-
glomerates or pebbly sandstones. Boulder and cobble 
shapes include angular clasts; the angular shapes may 
have formed through eolian abrasion, fragmentation 
during weathering, or may indicate limited transport 
from their bedrock source. None of the boulders and 
cobbles observed at Blackfoot resembles or is a lithic 
fragment of the fine-grained Murray formation. 

Brandberg has a near-circular (50 x 55 m) form at -
4433 m elevation. It is also unconsolidated. Some 

boulders and cobbles exhibit fine lamination with frac-
tures (and veins) cutting across laminae; some surfaces 
are rougher than nearby eolian sandstone surfaces, and 
are similar to those of nearby Murray formation out-
crops. Brandberg also contains boulders with cross-
stratification, laminated at mm scales as well as stones 
containing concretions, both resembling known Stim-
son formation facies.  

Bimbe (Fig. 2) is by far the largest of the 3 units, at 
~17k m2, near -4420 m elevation, just north of the 
Murray Buttes. Bimbe contains many dark-toned cob-
bles and small boulders, but other textures are also 
found. They include faintly layered textures (but unlike 
the distinct Stimson and Murray layered expressions) 
and conglomerates [1]. Some conglomerates are bed-
ded, especially along a low ridge (Fig. 2). Sockets (Fig. 
4, rt. panel) indicate that larger clasts may have been 
removed from conglomerates. At Bimbe, in addition to 
Navcam, Mastcam, and MAHLI images, ChemCam 
acquired data on 16 targets and APXS observed two.  

Compositions: Massive and apparently well-
cemented sandstones at Bimbe (Fig. 4 left panel) ap-
pear morphologically similar to a number of notable 
float rocks on Bradbury Rise, such as Jake_M (Fig. 4 
center; [3]). However, the Bimbe massive sandstones 
are compositionally distinct from the Bradbury rocks 
with the exception of one APXS target, Oscar (Sol 
516). On the other hand, a compositionally similar pair 
of fine-grained Bimbe sandstones (e.g., Fig. 3 left) are 
identical in composition and morphology to Bath-
urst_Inlet (Fig. 3 center) near Yellowknife Bay (Fig. 3b 
[4,5]) and surrounding bedded and float clasts [5]. Ad-
ditionally, Pyramid_Hills (Fig. 3 right), observed on a 
plateau north of Hidden Valley (Sol 692), also matches 
the composition and morphology of these sandstones. 
It is not clear if Pyramid_Hills is part of a larger group 
of bedded sandstones or is a lone piece of float. Ap-
proximately 15 km separate these geochemically simi-
lar sandstones. Finally, the conglomerates at Bimbe 
match the range of Stimson compositions well, suggest-
ing that their clasts were sourced from the same mate-
rial and that the Stimson formation likely includes a 
conglomeratic facies that was not seen in an intact out-
crop along Curiosity’s traverse. 

Observations and Implications: 
1. Timing: Overlying both Stimson and Murray for-

mations implies that these units postdate the lacus-
trine period and subsequent burial, lithification, and 
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return to the surface by erosion of the Murray for-
mation, and that they also post-date the burial, lithi-
fication, and subsequent exposure of the Stimson 
formation. 

2. Identification of layered sandstone clasts in Bimbe, 
that have an identical chemical composition as 
rocks observed earlier in the mission between Sols 
55 and 692, suggests the earlier existence of a strat-
igraphically higher lithologic unit above the Stim-
son formation, that extended all the way to near 
Yellowknife Bay (other explanations are also cur-
rently under consideration). 

3. Massive sandstones in Bimbe have different com-
positions from similar-appearing clasts and small 
boulders on Bradbury Rise, potentially suggesting a 
similar cementing agent may have bound material 
from differing source regions. 

4. The circular nature of Brandberg, the appearance of 
possible Murray and Stimson clasts within the unit, 
and a slight rim on its south side suggest it is the 
eroded remains of an impact crater into which near-
by rocks fell (fallback breccia and scarp retreat as 
the crater eroded away).  

5. The occurrence of bedded conglomeratic boulders 
along a low ridge on the south side of the Bimbe 
unit might indicate the remains of an inverted 
stream channel.  
References: [1] Wiens et al. (2017) LPSC XLVIII, 

2573. [2] Calef, F. J. III, & Parker, T. (2016) NASA PDS 
Annex, U.S. Geological Survey. http://bit.ly/MSL_Basemap. 
[3] Stolper E. et al. (2013) Science 341, 
DOI:10.1126/science.1239463. [4] Schmidt M.E., et al. 
(2014) JGR 119, 64-81. [5] Mangold N., et al. (2015) JGR 
120, 452-48. 

 
Fig. 2. Main region of the Bimbe heterolithic unit that was observed by Curiosity. Murray bedrock can be seen to the left. 
Dashed line delineates a low ridge along which Stimson-composition conglomerates were found. 

   
Fig. 3. Fine-grained sandstone targets Oranjemund (Sol 1409, left) at Bimbe, Pyramid Hills (Sol 692, center) north of Hid-
den Valley, and Bathurst_Inlet (Sol 55, right) from near Yellowknife Bay all have identical compositions and similar mor-
phologies. Image widths = 32 cm (left), 22 cm (center), 37 cm (right). Ellipses indicate ChemCam analyses regions. 

   
Fig. 4. Ventifact targets Seeis (left) from Bimbe and Jake_M (center) from Bradbury Rise have generally similar appearanc-
es but differ in composition. Right panel shows Bimbe conglomerate Balombo (Fig. 2). Image widths = 24, 28, 69 cm. 
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MODELING SURFACE TEXTURE FORMATION OF THE MARTIAN NORTH POLAR RESIDUAL 
CAP.  A. X. Wilcoski and P. O. Hayne, Laboratory for Atmospheric and Space Physics, University of Colorado, 
Boulder CO 80309 (andrew.wilcoski@lasp.colorado.edu). 

 
 
Introduction:  The North Polar Residual Cap 

(NPRC) and North Polar Layered Deposits (NPLD) 
together represent one of the largest water-ice reser-
voirs on Mars. The NPLD consists of layers of ice of 
varying thickness and dust content, and has the poten-
tial to be used as a record of climate oscillations on 
Mars over the last 4-5 Myr [1]. The NPRC has been 
postulated to be the top most layer of the NPLD, as 
opposed to a disparate deposit [2]. If this is the case, 
an understanding of the mechanisms that control the 
formation of the NPRC will be valuable in the inter-
pretation of the record preserved in the NPLD. 

The NPRC surface is characterized by mounds and 
depressions that frequently form linear chains of 
ridges and troughs (Fig. 1). These mounds typically 
have heights of ~1 m and widths of ~10 m. The domi-
nant wavelengths of these features have some de-
pendence on elevation and latitude, suggesting that 
insolation-driven processes may control their for-
mation [3,4]. However, wind-driven ero-
sion/deposition and reorientation due to ice flow have 
also been suggested as mechanisms [4,5]. It is likely 
that the surface texture is shaped by some combina-
tion of processes, though it is not clear which pro-
cesses dominate and over what timescales these fea-
tures form. 

We aim to constrain the effects of one of these 

processes by modeling the evolution of the NPRC 
surface texture in the regime where ice accumula-
tion/ablation is driven only by insolation. We model 
the change in roughness of a perennial ice surface 
over time and note the emergence of dominant wave-
lengths in surface roughness. In addition, we investi-
gate the timescales over which these features form. 
This work investigates the plausibility of insolation as 
the dominant mechanism controlling the NPRC sur-
face texture, and may be useful in determining the age 
of this surface. 

Methods:  We use a coupled thermal and atmos-
pheric mixing model to explore the evolution of a 2D 
surface (height and length) of perennial ice caused by 
insolation-driven accumulation/sublimation. The 
thermal model calculates surface temperatures by bal-
ancing energy flux due to solar radiation modified by 
atmospheric effects, reradiated and reemitted visible 
and infrared radiation from nearby surfaces, and 1D 
vertical heat conduction. The model tracks accumula-
tion/ablation of CO2 frost, and surface temperatures 
are held at the frost point when CO2 frost is present. 
Surface temperatures are validated using data from 
the Mars Climate Sounder (MCS) onboard the Mars 
Reconnaissance Orbiter [6]. The atmospheric mixing 
model calculates water vapor densities above the sur-
face, similar to [7] using an upper boundary set by 
vapor mixing ratio estimates from the Mars Climate 
Database [8]. Surface temperatures and vapor densi-
ties are used to calculate accumulation/sublimation 
rates at each point on the 2D surface, which vary due 
to local slope, radiation from nearby surfaces, and 
shadowing effects.

The model is initialized with a relatively flat sur-
face with small-scale roughness and a uniform power 
distribution across all wavelengths. The 2D surface is 
oriented North-South, and was chosen over a 3D sur-
face for the sake of computational efficiency. The 
model is run for a period of 1 Mars-year over which 
the cumulative ice mass flux at each point on the sur-
face is calculated. This ice mass flux is used to update 
the position of each point on the surface. In order to 
improve computation speed, it is assumed that this 
flux remains constant on timescales of ~10-100 Mars-
years, and the model is advanced in 10-100 Mars-year 
increments. After the surface elevations have been 
updated, the process is repeated.

Results:  The ice mass flux at any point on the 
model surface depends strongly on the modeled water 
vapor pressure above the surface. The surface tends 
towards accumulation when the vapor pressure is 

Figure 1. Example of North Polar Residual Cap sur-
face texture. Image shows a ~0.5 km by 0.5 km area 
at ~86° N latitude. HiRISE image ESP_036777_2660 
(NASA/JPL/University of Arizona). 

6129.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



high, and ablation when it is low. However, in both 
the accumulation and ablation regimes the model pre-
dicts an increase in surface roughness with time. This 
is due to the fact that regardless of the regime, the 
mass flux across all points on the surface is not uni-
form and still depends on local slopes and energy 
fluxes. In both regimes, dominant wavelengths 
emerge from initially uniform power distributions.  

Figure 2 shows the evolution of a surface in the 
accumulation regime over time. While the initial sur-
face is relatively flat, the final surface shows clear 
increases in roughness at longer wavelengths. There is 
a general migration of slopes northward, and numer-
ous cases where slopes merge together as time pro-
gresses. Figure 3 shows the change in power spectral 

density (PSD) of the same surface over the model run. 
The initial PSD of the surface is uniform by design. 
Power increases at all wavelengths relative to the ini-
tial PSD. The final surface has a dominant wavelength 
on the order of 10 m. The dominant wavelength tends 
to increase as the model progresses. If this trend con-
tinues indefinitely, then it is possible that the current 
dominant wavelengths on the NPRC are indicative of 
the ages of those surfaces. 

Future Work: We will continue to explore sur-
face evolution on longer timescales to determine 
whether dominant wavelength increases indefinitely 
or comes to some equilibrium wavelength with time. 
This may allow us to estimate the timescales required 
to form such terrain. We will also investigate the pa-
rameters that may control the wavelengths of these 
features, such as latitude and atmospheric water vapor 
content. We plan to utilize additional MCS data to 
constrain the thermal and atmospheric models using 
atmospheric profiles of temperature and aerosol 
opacity. Eventually, this model will be extended to 
3D in order to more realistically reproduce NPRC 
surface textures. 

References: [1] Levrard B. et al. (2007) JGR, 
112, E06012. [2] Tanaka K. L. (2005) Nature, 
437(7061), 991-994. [3] Parra S. A. et al. (2018) 
LPSC 49, #2272. [4] Milkovich S. M. et al. (2012) 
LPSC 43, #2226. [5] Fisher D. A. et al. (2002) Icarus, 
159, 39-52. [6] McCleese D. J. et al. (2007), JGR, 
112(E5). [7] Bapst J. et al. (2018) Icarus, 308, 15-26. 
[8] Navarro T. et al. (2014) JGR, 119(7), 1479-1495. 

Figure 2. Evolution of a surface over a 104 Mars-year model run in the accumulation regime. A 20 m section of a 
60 m long surface at 85° N latitude is shown. The surface is oriented such that south is in the positive x-direction. 
The color gradient represents the time evolution of the surface, with the dark blue being the original surface and 
yellow being the final surface. 

Figure 3. Power spectral densities of the surface in 
Fig. 2 over time. PSDs are shown at 2000 Mars-year 
increments. The initial PSD is uniform by design. As 
the model progresses, the power peaks at longer 
wavelengths.  

6129.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



REMOTE SENSING TECHNIQUES TO INVESTIGATE POTENTIAL RECENT EXPOSURE ON MARS  
FOR HIGH BIOSIGNATURE PRESERVATION POTENTIAL. J.M. Williams1, T.P. Nagle-McNaughton1, H.E.
Newsom1, Z.E. Gallegos1, H.A. Wilkie1, D.C. Martinez1, L.A. Scuderi1, 1 University of New Mexico, Albuquerque, NM 
87131, USA (jwilliams4@unm.edu).

Introduction: The Jezero crater has been selected to 
be the destination for the Mars 2020 rover in early 2021. 
One of the primary goals of the Mars 2020 mission is to 
identify locations within or near the landing ellipse that 
could have high biosignature preservation potential.
The rover would then seek these locations and cache
samples for  return and analysis on the Earth. It is there-
fore vital to locate areas near or in the landing ellipse 
utilizing orbitally derived imagery. Solar and cosmo-
genic radiation destroys organic molecules after pro-
longed exposure at the Martian surface, however fresh 
outcrops (<100ma) re-exposed by aeolian dominated 
erosion provide potential sites where biosignatures 
could have been protected and made recently available 
for sampling. This and previous work [1] tests the par-
allel scarp retreat model that would expose fresh out-
crops. Previous work on analyzing aeolian dominated 
erosion by mapping meter-scale scarp orientation [1] re-
turned a distribution of scarp orientations not signifi-
cantly different from random, and bearing little corre-
spondence with the wind directions elsewhere inter-
preted for these regions from long- and short-term indi-
cators. However, coupled with further study of possible 
scarp retreat indicators such as a detailed analysis of 
boulders shedding, [2] and Infrared Red Blue (IRB)
color stretch analysis [1] might help yield locations with 
relatively fresh outcrops that were previously shielded 
from solar and cosmogenic radiation and may be useful
to identify samples with potential biosignatures.

Scarp Orientation in Jezero: Williams, J. M. et al.
[1] utilized 25cm/pixel imagery obtained from the High
Resolution Science Experiment (HiRISE) onboard the 
Mars Reconnaissance Orbiter (MRO) to map scarp ori-
entations found in and near the landing ellipse within the 
Jezero crater. Scarps were mapped using this imagery to
investigate (1) if scarp orientations aligned normal to 
eroding wind direction indicating that scarp orientations 
are perpendicular to that of the formative wind stepped 
back uniformly or (2) scarps become parallel to the form-
ative eroding winds, (3) scarps orient in bimodal distri-
butions of parallel and perpendicular to the formative 
winds, and (4) scarp orientation does not correlate with 
wind direction [1]. Unfortunately this investigation did 
not yield a statistically significant result and therefore 
meter-scale scarp orientations in Jezero do not appear to 
correlate with erosive wind directions and therefore can-
not help to predict locations of active or most active ero-
sion.

Boulder Identification and Quantifying positions
in Jezero: We developed an automated methodology [2] 

Figure 1: Study area in Jezero crater including the delta deposit and 
western margin of the crater floor. Yellow lines outline the area inside 
of which the scarps and boulders were mapped. Green indicates the 
approximate position of the Mars 2020 landing ellipse. Blue points 
indicate the >440,000 boulders detected within the study area. 
(PSP_002387_1985_RED and D14_032794_1989_XN_18N282W.
HiRISE images provided by NASA/JPL/University of Arizona).

for identifying boulders in and near the landing ellipse at                             
Jezero crater utilizing images from the HiRISE instru-
ment. Parallel scarp retreat; softer material below ero-
sion resistant bedforms within a scarp is removed 
through aeolian processes allowing the erosion resistant 
layer(s) to fail, creating cleaved blocks or boulders. This 
process repeats over time causing the scarp to retreat
and step back in the direction of the scarp face. Scarps 
with abundant boulder shedding could indicate in-
creased erosion. These scarps could be eroding quickly  
enough to allow boulders to accumulate without being 
destroyed by erosion. This procedure was applied to the 
Jezero delta/fan and surrounding areas (~64km2) (Fig. 
1) and correlated with the manually digitized scarps [1] 
(Fig. 1) covering the southern portion of the Jezero  
delta/fan. Over 440,000 were identified correlating with  
boulder-like features over 170,000 meter-scale scarps 
on the western delta/fan formation (Fig. 1, 2). The den-
sity  on the western delta/fan was heterogeneous and 
varied by three orders of magnitude [2]. The Jezero
delta/fan elevation histogram (Fig.2) shows a clustering 
of boulders at the -2400 m to -2435 m.

Fig. 3

6413.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



Figure 2: (Left) Elevation histogram, 200 bins, x-axis shows eleva-
tion, y-axis shows boulder count. (Center) Legend with corresponding 
elevations, red to green. (Right) Color coded DEM elevations of the 
Jezero western delta/fan, mapped scarps (black), and mapped boulders 
(blue). 

Enhanced Hues in HiRISE IRB: Martian dust 
(red) contains Nanophase ferric-oxide usually covering 
silicate-bearing bedrock and sand [3, 4], the latter ap-
pearing more neutral or ‘‘blue” when exposed in 
HiRISE false-color images. This study utilized HiRISE 
false-color infrared-red-blue (IRB) (observation 
ESP_046060_1985_COLOR) imagery of the eastern 
portion of the Jezero west delta/fan. This region was 
used to help identify scarp faces with relatively little  
dust-cover, which may indicate ongoing aeolian abra-
sion [5]. Many portions of the western/delta distal end 
with bluer hues also coincided with large amount of 
boulders shedding. Portions of the western delta/fan
showing scarps with a redder hues, indicating less active 
modern aeolian erosion appear to have less accumula-
tion of boulder below, however this is not always the 
case along the western delta/fan. 

Discussion: Prior to landing the Mars 2020 rover 
mission will be completely dependent on remote sens-
ing analysis to assess point of interests within the mis-
sion area. The scarp orientation study did not reveal 
scarp orientation patterns or preferential orientations in-
dicative with retreating scarps related to eroding winds. 
This indicates that the erosive wind directions are either 
not the driving force behind scarp evolution or that the 
combined formative winds occurred at a multitude of 
different directions. However, there clearly is scarp re-
treat, exposing newly unshielded terrain that will be 
suitable for sampling. The boulder study within the 
western delta/fan yielded a multitude of boulders in 
close proximity to scarps associated with the delta/fan 
complex. These scarps are assumed to be derived from 
a silica indurated channel floor and would be a good as-

trobiologic target. With further study a correlation be-
tween these scarps and boulders could help identify 
scarps that could be more actively eroding than others 
found in the area. This would be useful for identifying 
locations that could have recently exposed surface ma-
terials and therefore help to identify locations with high 
biosignature preservation potential. The largest popula-
tions of boulders are between -2400 m to -2435 m ele-
vations, this appears as orange on the color coded DEM 
(Fig. 2) and are almost entirely located on top of the 
delta/fan. This could be due to erosion shelters from 
high standing terrain found on the delta/fan (Fig. 1, 2).
The IRB HiRISE imagery gives a possible snapshot of 
the modern erosive wind regimes in Jezero. This also 
aids in the search for freshly exposed surface materials . 
A strong correlation between scarp orientation, scarp 
boulder shedding, and color analysis might provide a 
critical insight into the erosion mechanism and relative 
ages of exposed Martian surface material in the Jezero  
delta/fan.

Further Study: Boulder analysis, TARs and small 
Crater identification and statistics to help infer rela-
tive ages: Further work will be done to correlate 
stretched IRB color images of scarp faces and boulder 
accumulation utilizing ArcMap and python scripts
within the Jezero west delta/fan area. This will allow a 
statistical analysis to check if there is a relationship be-
tween them. Relic aeolian landforms including Trans-
verse Aeolian Ridges (TAR’s) appear to be surrounding 
the Jezero delta/fan complex, and to some extent, the 
heavily cratered mafic crater floor material. TARs are 
extremely prevalent west (up drainage) and east across 
the crater (down drainage) and therefore could be help-
ful in constraining post-aqueous evolution. Analysis of 
the TAR formation [6] could yield wind dynamics in the 
area during the relative formation age of the TARs. The 
interdune playas may also represent areas that have only 
been intermittanly unshielded from cosmic rays, further 
study on the location of the TARs relative to the scarps 
on the western delta/fan could provide insight on which 
scarp segments have gone through more extensive ero-
sion compared to others. Small crater statistics and da-
ting of the mafic crater floor could also help to narrow 
the relative ages of these morphologic features.

References: [1] W i l l i a m s  J . M . et al. (in review) I c arus.
[2 ]  Nagle-McNaugh to n T .  P. et a l. (th is con feren ce). [ 3 ]  
So d e r b l o m ,  L . A . ,  T h e  U n i v e r s i t y  o f  A r i z o n a  
P r e s s ,  p p .  5 5 7 – 5 9 3  ( 1 9 9 2 ) .  [ 4 ]  B e l l  I I I ,  J . F .  e t  
a l . ,  C a m b r i d g e  U n i v e r s i t y  P r e s s  ( 1 9 9 3 ) .  [5]
Delamere W. A. et a l . ,  I C A R U S 2 0 1 0 .  [ 6 ] Sc u d e r i ,  L .  
e t  a l . ,  R e m o t e  Se n s i n g  2 0 1 9  ( i n  p r e s s ) .
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ASSESSING MARTIAN THERMAL FORCING FROM SURFACE PRESSURE DATA: THE MY34 
MAJOR DUST STORM.  R. J. Wilson1, T. Bertrand1, and M. A. Kahre1, 1NASA/Ames Research Center, Moffett 
Field, CA. (Robert.J.Wilson@nasa.gov). 

 
 
Introduction: 
Thermal tides are a global-scale atmospheric re-

sponse to the diurnally varying component of thermal 
forcing resulting from aerosol heating within the at-
mosphere and radiative and convective heat exchange 
with the surface. The thermal tide includes ‘migrating’ 
westward propagating (sun-synchronous) waves driven 
in response to solar heating, as well as ‘nonmigrating’ 
(non-sun-synchronous) waves arising from longitude 
structure in the thermotidal forcing resulting from vari-
ations in surface topography and surface thermal prop-
erties and the distribution of radiatively active dust and 
water ice clouds. The migrating tides provide the most 
direct insight into the zonally averaged thermal forcing. 
The surface pressure observations from the Rover En-
vironmental Monitoring Station (REMS) aboard the 
Mars Science Laboratory (MSL) rover in Gale Crater 
are yielding a multiyear record of the diurnally-
resolved surface pressure from which it becoming pos-
sible to derive a climatology of the pressure component 
of the thermal tide [1]. Tide theory provides a frame-
work for relating aspects of the observed response of 
individual diurnal harmonics to the corresponding forc-
ing frequencies. In particular, the migrating semidiur-
nal surface pressure variation (SW2) is expected to be 
an efficient measure of global thermal forcing during 
major dust storms. This was prominently evident dur-
ing the two global dust storms observed by Viking in 
Mars Year 12 [2]. Tide theory also suggests a signifi-
cant response by higher frequency migrating tides, in-
cluding the terdiurnal, quaddiurnal and hexadiurnal 
harmonics.  

Figure 1 shows the seasonal variation of the diurnal 
and semidiurnal harmonic components of the diurnal 
variation of surface pressure observed by REMS. The 
tide amplitudes have been normalized by the diurnal 
mean surface pressure. The two tide harmonics are 
referred to as S1 and S2. There are two striking features. 
First, there is a very well defined seasonal variation in 
the amplitude and phase for these harmonics. Second, 
the response to the global dust storm of MY34 stands 
out very prominently. Though not shown, these fea-
tures are also present in higher tide harmonics: S3 to S8. 
In general, the interpretation of the tide response at a 
single lander is complicated the possible presence of 
additional nonmigrating tides whose response is not 
simply related to the planetary-scale thermal forcing. 
For example, the S1 response at a given location is 
dominantly influenced by both the diurnal migrating 

tide (DW1) and a resonantly enhanced diurnal period 
Kelvin wave (DE1). In addition, it has been found that 
S1 within a crater (like Gale) has additional contribu-
tion that is evidently localized to the crater and is dis-
tinct from the global-scale thermal tide. Mars global 
climate models (MGCMs) include detailed physical 
parameterizations (radiative transfer, convection) that 
yield the thermal forcing due to dust and water ice 
clouds. Atmospheric temperature and surface pressure 
are then self-consistently simulated in response. The 
extent to which the simulated diurnal variation of at-
mospheric temperature and surface pressure corre-
spond to observations provides insight into how well 
the thermal forcing field is represented in the model  

For this presentation, we have employed the NASA 
Ames MGCM to relate the observed pressure response 
within Gale crater to an evolving dust distribution. We 
have examined the tide responses to a range of dust 
scenarios in order to assess the sensitivity of the sur-
face pressure field to different aspects of the aerosol 
forcing. As a starting point, we have been using the 
V3.2 column dust opacity scenario for MY34 provided 
by Luca Montabone, based on the most recent version 
of the dust profile retrievals by the MCS team [3]. This 
basic derivation of this kind of daily-varying dust sce-
nario is described in [4]. A further description of our 
MY34 dust storm simulations appear in a companion 
presentation [5]. One notable aspect of some of our 
simulations that they are carried out at very high spatial 
resolution (0.25°x0.25°) so that we can address issues 
related to the tide response in craters [6].  

A brief summary of our results follows.  The semi-
diurnal and higher frequency tides are indeed dominat-
ed by their respective migrating tide components and it 
is fairly straight-forward to obtain good agreement 
between simulations and observations. The detailed 
response of S1 is more complicated. In addition to the 
expected increase in amplitude of the diurnal migrating 
tide (DW1), there is a rapidly changing contribution 
from the Kelvin wave (DE1) that is responding to the 
zonal wave 2 component of the evolving dust distribu-
tion. A further complication is the localized crater re-
sponse, which appears to be influenced by the dust 
loading within the crater. Changes in these influences 
account for rapid variations in S1 during the developing 
stage of the dust storm. These influences on S1 are also 
present during regional storms, particularly in the post-
solstice season.   
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Figure 1.  Amplitudes (top row) and phases (bottom row) of the diurnal (left column) and semidiurnal (right) 
column surface pressure harmonics derived from the time series of surface pressure observations observed by 
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AN EDDY-DIFFUSIVITY/MASS-FLUX TURBULENCE PARAMETERIZATION FOR THE MARTIAN 
CONVECTIVE BOUNDARY LAYER.  M. L. Witek1 , M. I. Richardson2, C. E. Newman2 and N. G. Heavens3, 
1Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Drive, Pasadena, CA 91109, 
USA, 2Aeolis Research, 600 N. Rosemead Blvd., Suite 205, Pasadena, CA 91107, USA, 3Hampton University, 
154 William R. Harvey Way, Hampton, VA 23668, USA. 

 
 

Introduction:  The Eddy-diffusivity/Mass-flux 
(EDMF) parameterization has been extremely suc-
cessful in simulating the evolution of terrestrial at-
mospheric boundary layers. It is particularly suited for 
representing strong and moderate convection, where 
turbulence organizes in coherent structures and trans-
ports heat, humidity and pollution throughout the ex-
tent of the boundary layer. The EDMF’s ability to 
explicitly represent turbulent updrafts and associated 
fluxes is key to a proper depiction of the thermody-
namic structure of the atmosphere. It is the most ap-
propriate tool currently available to address the out-
standing issues in representation of boundary layer 
mixing in Mars atmosphere models on a global and 
regional scale.  
Model Features: For the reason mentioned above, we 
developed an integrated turbulent kinetic energy 
(TKE) based EDMF closure for the Martian convec-
tive boundary layer. The main model features include: 
a) the intensities of both mass-flux and eddy-

diffusivity turbulent transports depend on the sim-
ulated TKE, which allows for a consistent and 
physically-based formulation of parameters in the 
model,  

b) the mass-flux component includes contribution 
from organized downdrafts, in addition to orga-
nized updrafts,  

c) the realistic simulation of TKE is achieved 
through the use of EDMF approach to the vertical 
transport of TKE, and  

d) surface sensible heat flux and near surface infrared 
radiative heating contribute to updraft initializa-
tion. 
In this investigation we capitalize on the results by 

[1] and develop an EDMF parameterization for the 
Martian convective boundary layer based on a terres-
trial analog developed by [2] and [3]. It is a one-
dimensional TKE-based EDMF closure with an addi-
tional mass flux transport of TKE [3] and a simplified 
parameterization of downdrafts. 
Results: The scheme is implemented in a one-
dimensional model and its performance compared to 
large-eddy simulation (LES) results for a variety of 
surface conditions. The simulated mean profiles, tur-
bulent fluxes, updraft characteristics, and boundary 
layer evolution are in very close agreement with LES 
(Figure 1). The synergistic integration of all the mod-

el features allows for a realistic depiction of the Mar-
tian convective boundary layer. 
 

 
Figure 1 MarsWRF LES simulation and 1D model 
results for Olympus Mons (~13 km height, psurf=146 
Pa, flat domain). LES setup includes 1600×1600×120 
grid points, Δx=Δy=30 m, variable Δz up to ~22 km, 
and the Smagorinsky SGS scheme. The 1D model can 
very realistically represent the evolution of an ex-
treme case of the convective boundary layer on Mars. 
 
References: [1] Colaïtis A., Spiga A., Hourdin F., 
Rio C., Forget F., and Millour E. (2013) JGR:Planets, 
118, 1468–1487. [2] Witek M. L., Teixeira J. and 
Matheou G. (2011) J. Atmos. Sci., 68, 1526–1540. 
[3] Witek M. L., Teixeira J. and Matheou (2011) J. 
Atmos. Sci., 68, 2385–2394. 
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MAVEN RADIO OCCULTATION SCIENCE EXPERIMENT (ROSE) OBSERVATIONS OF THE 
IONOSPHERE OF MARS.  P. Withers1 and M. Felici1, 1Boston University, 725 Commonwealth Avenue, Bos-
ton, MA 02215, USA (withers@bu.edu, mfelici@bu.edu). 

 
 
Introduction:  Since July 2016, the MAVEN Ra-

dio Occultation Science Experiment (ROSE) has 
measured approximately 300 vertical profiles of iono-
spheric electron density. These profiles are distributed 
across all latitudes and cover solar zenith angles from 
55 to 125 degrees. Vertical resolution is on the order 
of 1 km and electron density uncertainty is on the or-
der of 2000/cm3. MAVEN ROSE performs two-way 
radio occultations at X-band frequencies on occulta-
tion ingress and egress. Initially, these observations 
occurred during dedicated Deep Space Network com-
munications tracks using MAVEN's High Gain An-
tenna. This limited the observing cadence to two pairs 
of observations per week. Recently, additional ingress 
observations have been acquired using MAVEN's Low 
Gain Antenna, which improves the observing cadence 
at modest cost in data quality. 

Context:  ROSE electron density profiles comple-
ment MAVEN’s other ionospheric measurements, 
such as LPW electron densities, by covering altitudes 
below MAVEN’s periapsis. The main ionospheric 
peak is usually below MAVEN’s periapsis altitude and 
the lower ionospheric layer is always below 
MAVEN’s periapsis altitude. Furthermore, these ob-
servations can provide an independent calibration for 
MAVEN’s in situ density measurements. The 
MAVEN ROSE electron density profiles can be inter-
preted and analyzed in the context of simultaneous 
MAVEN observations of the solar irradiance, solar 
wind, and magnetospheric conditions, which will en-
hance research into how the state of the ionosphere is 
affected by these highly-variable external forcings. 
The topside ionosphere is of particular interest as a 
reservoir of escaping volatiles. 

Scope:  This presentation will provide an overview 
of these ionospheric observations. It will highlight: 
variations with solar zenith angles over a range 3 
times greater than sampled by Mars Global Surveyor, 
including observations on the deep nightside; compar-
ison to near-simultaneous density measurements by 
MAVEN's in situ instruments; rare instances of low-
altitude plasma layers; ionospheric responses to large 
and small dust events; and the ability to acquire ob-
servations using MAVEN's Low Gain Antenna. 
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THERMAL INERTIA ANALYSIS: THE NEXT LEVEL.  Stephen E. Wood, Planetary Science Institute 
(swood@psi.edu). 

 
 
Introduction: While numerous detailed and so-

phisticated studies of Mars thermal inertia have been 
conducted over the past 50+ years, yielding a wide 
array of valuable insights regarding the Martian sur-
face, there is still considerable room for improvement. 
One of biggest handicaps for past work has been the 
lack of a mechanistic, theoretical model capable of 
quantitatively relating the effective thermal conductivi-
ty (ETC) (and therefore the thermal inertia (TI)) to 
specific physical properties of the surface material, e.g. 
bulk porosity, particle size, shape, and composition, 
etc.   

Most previous studies have interpreted thermal in-
ertia values only qualitatively – by comparing them to 
laboratory measurements of regolith analog materials 
under simulated planetary conditions. An empirical 
model proposed by Presley and Christensen [1] – 
based on their extensive set of high-quality laboratory 
measurements – is often used to convert ETC(TI) to 
particle size. However, the inherent uncertainty of this 
conversion is usually acknowledged given that the lab 
measurements were conducted using spherical glass 
beads at room temperature, while the effects of particle 
shape, composition, and temperature on ETC were not 
well known. There is also potential ambiguity in the 
interpretation of moderate to high TI values as due 
either to large particles or lightly-cemented fine parti-
cles, in which case imagery can provide additional 
information such as evidence of the presence or ab-

sence of particle cohesion. 
Perhaps as a consequence of the long-standing 

qualitative nature of Mars thermal inertia studies, there 
has also been a tendency to ignore some factors whose 
effects are known. One of the other components of TI, 
the specific heat capacity (SHC), is strongly tempera-
ture-dependent for most geologic materials, varying by 
a factor of ~2 over the range of Mars temperatures. Yet 
in nearly all studies where ETC is calculated from TI 
values, a single constant SHC is used. Similarly, the 
bulk density (BD) or planetary regolith is a function of 
composition as well as porosity, which is known to 
vary widely from 30% for poorly graded sand or gravel 
to nearly 80% for fine dust. But again, a single BD or 
nominal porosity of 40% is usually assumed, even in 
cases where a low TI indicates fine-grained material in 
which cohesion can sustain high porosity. 

Regolith ETC Model:  The author has developed a 
new, general, mechanistic model for calculating the 
ETC of planetary regolith [2-4], which has been exten-
sively tested and validated by comparisons to a wide 
variety of laboratory data and similar recent models [5-
8].  Dubbed “MaxTC”, this is an analytic (not numer-
ic) model based on the Maxwell-Eucken expressions 
for the upper and lower bounds for the conductivity of 
heterogeneous, isotropic material [9-11]. It calculates 
ETC for loose or cemented regolith as a function of 
intrinsic properties of the components (the solid parti-
cles, gas/fluid, and cement), the porosity, gas pressure 

(or vacuum), and temper-
ature. It is the first such 
model to account for the 
effects of cohesive sur-
face forces, compressive 
forces, non-spherical par-
ticle shapes, and particle 
composition. 

The existence of 
MaxTC, and other similar 
models developed in re-
cent years, provides the 
long-missing, quantitative 
tool necessary for making 
a significant advance in 
the analysis and interpre-
tation of planetary ther-
mal data. But additional 
motivation comes from 
some of the results and 
predictions of these mod-

Figure 1 – Plots of MaxTC model-calculated values (black lines) of thermal con-
ductivity (left) and thermal inertia (right) as a function of particle size for angular 
basalt particles in comparison to values computed from the Presley & Christensen 
[1] empirical formula (red lines). Significant changes as a result of differences in 
temperature (T) and porosity (ϕ) are shown. The upturn at small particle sizes is due 
to cohesion having a greater relative effect on interparticle contact sizes. 
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els, particularly those of MaxTC. These include: 
Temperature-dependence. The ETC of uncemented 

regolith on Mars is expected to be strongly T-
dependent. This T-dependence is greater than predicted 
by the Piqueux & Christensen model [5,12], due to the 
fact that they assumed point contact between particles 
when in reality there is a finite area of contact due to 
elastic, Hertzian, deformation and driven by van der 
Waals forces between the particle surfaces and by 
gravitational force on the overburden [3,4,6-8]. 

Composition dependence. Contrary to what is 
commonly thought, both the ETC and its temperature 
dependence are significantly affected by particle com-
position because of the finite contacts mentioned above 
and the fact that the intrinsic thermal conductivity 
(ITC) of most minerals is T-dependent. In general the 
ITC of crystalline minerals decreases with T, while the 
ITC of amorphous materials (e.g. glass) increases with 
T [13]. Mineral ITC values also differ from each other 
at a fixed temperature, ranging from ~1 W/m/K for 

silica glass to >8 W/m/K for quartz. Therefore mineral 
composition must be considered as part of any thermal 
inertia analysis. 

Shape dependence. The ETC of uncemented rego-
lith also has a significant dependence on particle shape, 
as shown by results of the MaxTC model [3,4]. This is 
because the ETC depends on the size of the contact 
areas between particles, which is in turn a function of 
the local radius of curvature near the contact. So for a 
non-spherical and/or angular particle, that radius will 
be less than the overall particle radius, resulting in a 
lower ETC. Particle shape is parameterized in the 
MaxTC model in terms of its sphericity and roundness 
– standard, well-defined measures which are used ex-
tensively in terrestrial sedimentology and have been 
measured for particles on Mars [e.g., 14]. 

Each of these findings will be described in more 
detail, but they all provide strong impetus to refine 
thermal inertia analysis and interpretation techniques. 

References: [1] Presley M. A. and Christensen P. 
R. (1997) JGR, 102, 6551–
6566. [2] Wood S. E. (2011) 
42nd LPSC, Abstract #2795. 
[3] Wood, S. E. (2013) 44th 
LPSC, Abstract #3077. [4] 
Wood, S. E. (2019) in prep. 
[5] Piqueux S. and Christen-
sen P. R. (2009) JGR 114, 
E09005. [6] Gundlach B. 
and Blum J. (2012) Icarus, 
219, 618-629. [7] Ferrari C. 
and Lucas A. (2016) Astron. 
& Astrophys., 588, A133. 
[8] Sakatani N. et al. (2017) 
AIP Advances 7(1), 015310. 
[9] Maxwell J. C. (1892) A 
Treatise on Electricity & 
Magnetism, Vol. 1, Claren-
don Press, Oxford. [10] 
Hashin Z. and Shtrikman S. 
(1962) J. Appl. Phys. 33, 
3125-3131. [11] Carson J. 
K. et al. (2005) Int. J. Heat 
& Mass Transfer, 48, 2150-
2158. [12] Piqueux S. and 
Christensen P. R. (2011) 
JGR, 116, E07004. [13] 
Birch F. and Clark H. 
(1940) Am. J. Sci, 238(8), 
529-558. [14] Yingst R. A. 
et al. (2008) JGR, 113, 
E12S41. 

Figure 2 – Results of thermal model calculations using temperature-dependent 
(black), or constant (red and blue), values of thermal inertia for 26.4°S latitude. 
Note that although average thermal inertias at each season provide a good fit to pre-
dawn temperatures, the relevant thermal inertias to compare with lab data obtained 
at 300K such as Presley & Christensen [1] is the noon-time value at Ls 270, which 
is 50-100 Jm-2s-1/2K-1 higher. 
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ENABLING MARTIAN HABITABILITY WITH SILICA AEROGEL VIA THE SOLID-STATE 
GREENHOUSE EFFECT.  R. Wordsworth1, L. Kerber2 and C. Cockell3. 1School of Engineering and Applied Sci-
ences, Harvard University, Cambridge, MA, USA (rwordsworth@seas.harvard.edu), 2Jet Propulsion Laboratory, Pas-
adena, USA, 3University of Edinburgh, Edinburgh, Scotland, UK. 
 
Introduction: The low temperatures [1,2] and high ul-
traviolet (UV) radiation levels [3] at the surface of Mars 
today currently preclude the survival of life anywhere 
except perhaps in limited subsurface niches [4]. Several 
ideas for making the martian surface more habitable 
have been put forward previously [5-7], but they all in-
volve massive environmental modification that will be 
well beyond human capability for the foreseeable future 
[8]. Here we present a new approach to this problem 
based on the physics of the solid-state greenhouse effect 
[9-11]. We demonstrate via experiments and modelling 
that under martian environmental conditions, a 2 to 3-
cm thick layer of silica (SiO2) aerogel [12] will simulta-
neously transmit sufficient visible light for photosynthe-
sis, block hazardous ultraviolet radiation, and raise tem-
peratures underneath permanently to above the melting 
point of water, without the need for any internal heat 
source. Placing silica aerogel shields over sufficiently 
ice-rich regions of the martian surface could therefore 
allow photosynthetic life to survive there with minimal 
subsequent intervention (Figure 1). This regional ap-
proach to making Mars habitable is much more achiev-
able than global atmospheric modification. In addition, 
it can be developed systematically starting from mini-
mal resources, and can be further tested in extreme en-
vironments on Earth today. The astrobiological risks as-
sociated with this approach to enabling martian habita-
bility will need to be weighed carefully against the ben-
efits to Mars science and human exploration in future. 

 
Methods: Our experimental setup consists of a layer of 
silica aerogel particles / tiles on a low reflectivity base 
surrounded by thermally insulating material (Figures 
2-3). The apparatus is exposed to visible radiation from 
a solar simulator. The broadband flux incident on the 
layer is measured with a pyranometer, and temperature 
is recorded by calibrated glass-bead thermistors. We 
also performed coupled radiative-thermal calculations 
for the evolution of martian subsurface temperatures in 
the presence of a solid-state greenhouse silica aerogel 
layer. Our model includes aerogel radiative transfer, 
thermal conduction both in the aerogel and the rego-
lith, and the latent heat associated with melting/freez-
ing of regolith ice, and includes seasonal variations in 
insolation based on the Mars Climate Database v5.3 
Climatology scenario [2,13]. 
 
Results: Figure 4 shows the experimental results for 
both aerogel particle and tile layers vs. received visible 

flux in the 100-200 W/m2 range. For comparison, 
Earth's global mean received flux is 342 W/m2, while 
that of Mars is 147 W/m2. As can be seen, temperature 
differences of over 45 K  are achieved for aerogel par-
ticle layers of thickness 3 cm receiving a flux of 150 
W/m2. Aerogel tiles, which have higher visible trans-
mission, cause temperature differences that are around 
10 K higher, reaching >50 K at just 2 cm thickness. 
Our experimental results show that under Mars-like in-
solation levels, warming to the melting point of liquid 
water or higher can be obtained under a 2-3 cm thick 
silica aerogel layer. The peak obtainable warming is 
likely even higher, because we performed the experi-
ments at 1 atm pressure and heat is lost in our experi-
mental setup via sidewall and base thermal losses. We 
also measured the transmission of the aerogel particles 
and tiles in the ultraviolet and found strong attenuation 
of UV-AB, and near-total attenuation of the most haz-
ardous UV-C radiation. Finally, our one-dimensional 
simulations for Mars at locations where surface ice is 
known to be present show that given an assumed 2.5-
cm thick aerogel layer, near-surface temperatures are 
high enough to allow liquid water continuously after a 
few years (Figure 5).  
 
Discussion: Our results show that via the solid-state 
greenhouse effect, regions on the surface of Mars could 
be modified in the future to allow life to survive there 
with much less infrastructure than via other approaches. 
Additional habitability constraints due to internal pres-
sure variations, nutrient availability and dust deposition 
are important but likely manageable [14]. In future 
work, we plan to investigate the ease with which tradi-
tional aerogel manufacturing techniques can be adapted 
to conditions on Mars. More speculatively, it is also in-
teresting to consider the extent to which organisms 
could eventually contribute to sustaining martian habit-
able conditions themselves. On Earth, multiple species 
already exist that utilize silica as a building material.  
Diatom phytoplankton in particular can grow up to sev-
eral mm in length, produce frustules from 1-10 nm di-
ameter amorphous silica particles (smaller than the 
mean pore diameter in silica aerogel networks) [15] and 
are already known to have high potential for bionano-
techology applications in other areas [16]. It will there-
fore be interesting in the future to investigate whether 
high visible transmissivity, low thermal conductivity 
silica layers could be produced directly via a synthetic 
biology approach. If this is possible, in combination 
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with the results described here it would allow a step to-
wards the development of self-sustaining habitable re-
gions on Mars.  

References: [1] Martinez G. et al. (2017) Space Science 
Reviews, 212(1-2):295, 338. [2] Forget F. et al. (1999) 
JGR, 104:24155-24176. [3] Cockell C. et al. (2000) Ic-
arus, 146(2):343-359. [4] Michalski J. et al. (2018) Na-
ture Geoscience, 11(1):21. [5] McKay C.  et al. (1991) 
Nature, 352:489-496. [6] Zubrin R. and  McKay C. 
(1993) In 29th Joint Propulsion Conference and Ex-
hibit, p. 2005. [7] Gerstell M. et al. (2001) PNAS,
98(5):2154-2157. [8] Jakosky B. and Edwards C. (2018) 
Nature Astronomy, 2(8):634. [9] Brown R. and Matson
D. (1987) Icarus, 72(1):84-94. [10] Pilorget C. et al. 
(2011) Icarus, 213(1):131-149. [11] Kaufmann E. and 
Hagermann A. (2017) Icarus, 282:118-126. [12]
Dorcheh A. and Abbasi M. (2008) Journal of Materials 
Processing Technology, 199(1-3):10-26. [13] 
http://www-mars.lmd.jussieu.fr/mars/. [14] Words-
worth R., Kerber L. and Cockell C. (2019) Nature As-
tronomy, under review. [15] Kroger N. and Poulsen N.
(2008) Annual Review of Genetics, 42:83-107. [16] Nas-
sif N. and Livage J. (2011) Chemical Society Reviews,
40(2):849-859. 

 
Figure 1. Schematic of the silica aerogel solid-state 
greenhouse habitability concept for Mars. A thin 
translucent layer of low thermal conductivity material 
transmits visible light but blocks ultraviolet and 
infrared, directly replicating the radiative effects of 
Earth's atmosphere.  

 

 
Figure 2. Image of the silica aerogel used in the exper-
iments. (left) Silica aerogel particles with radii between 

700 um and 4 mm; (right) Large homogenous silica aer-
ogel tiles (10 cm × 10 cm × 1 cm). 

Figure 3. Schematic of the experimental setup. 
 

Figure 4. Results of the silica aerogel solid-state green-
house warming experiments. Temperature differences 
between the surface and top of the layer are shown, for 
aerogel particles (left) and tiles (right), as a function of 
the layer thickness. Colors indicate different incident 
visible fluxes. For reference, the annual mean flux on 
Mars between 45S and 45N varies from about 130 to 
170 W/m2, with diurnal mean values from 50 to 250 
W/m2 over the course of the martian year. Error bars in-
dicate the standard deviations of the measurements due 
to a range of error sources [14]. 

Figure 5. Simulated warming underneath a solid-state 
greenhouse habitat on Mars. Contours show  
temperature vs. time in an ice-rich regolith underneath 
a 2.5-cm silica aerogel layer on Mars in the Arabia Terra 
/ Deuteronilus Mensae region (40N, 340W).  
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DAYSIDE PHOTOELECTRON BOUNDARY PROPERTIES AT MARS.  Shaosui Xu1, David Mitchell1, Tris-
tan Weber2, David Brain2, Mehdi Benna3, James McFadden1, Jasper Halekas4, Christian Mazelle5, and Jared Es-
pley3, 1Space Sciences Laboratory, University of California, Berkeley, USA (shaosui.xu@ssl.berkeley.edu), 
2Laboratory for Atmospheric and Space Physics, University of Colorado, Boulder, Colorado, USA,  3NASA God-
dard Space Flight Center, Greenbelt, Maryland, USA, 4Department of Physics and Astronomy, University of Iowa, 
Iowa City, USA, 5IRAP, CNRS – University of Toulouse – UPS – CNES, Toulouse, France 

 
 
Introduction:  Mars does not have an intrinsic 

global dipole field but rather possesses localized strong 
crustal magnetic fields, which give rise to a more com-
plex interaction with the solar wind than at Venus. One 
of the key differences between Mars and Venus is the 
upper boundary of the ionosphere. At Venus, especial-
ly during solar maximum, a well-defined boundary, or
“ionopause”, forms to separate the draped interplane-
tary magnetic fields (IMF) and the Venusian iono-
sphere. In contrast, at Mars, the existence of such an 
ionopause is controversial because of Mars’ weaker
ionosphere as well as the presence of crustal magnetic
fields, which in some locations are strong enough to 
stand off the solar wind by themselves. One persistent 
boundary measured by both Mars Global Surveyor and 
MAVEN, is the “photoelectron boundary” (PEB), 
which topologically separates magnetic field lines 
connected to the ionosphere from the draped IMF. In 
this study, we investigate the properties of PEB, and its 
relation to other plasma boundaries observed in the 
Mars environment. We suggest that the PEB can be 
considered as a separator between the ionosphere and 
the solar wind flow at Mars. 

  
Methodology:  We use comprehensive plasma and 

magnetic field data measured by the Mars Atmosphere 
and Volatile EvolutioN (MAVEN) spacecraft to inves-
tigate changes in properties across the PEB. In this 
study, we determine the location of the PEB for each 
inbound and outbound segment by examining magnet-
ic topology. Magnetic topology is determined by ap-
plying the method described by Xu et al. [2019]. We 
use superthermal electron measurements from the So-
lar Wind Electron Analyzer (SWEA), magnetic field 
measurements from the Magnetometer (MAG), ther-
mal electron density measurements from the Langmuir 
Probe and Waves (LPW) experiment, and ion meas-
urements from the Solar Wind Ion Analyzer (SWIA) 
and the SupraThermal And Thermal Ion Composition 
(STATIC)  instrument. 

  
Results: We find that: (1) the local magnetic pres-

sure at the PEB is roughly 1.7 times the local dynamic 
pressure; (2) the electron and ion scale heights near 

PEB are on average 20-30 km, whereas below the 
PEB, the ion scale height is commonly 50-60 km. This
reveals an increased plasma density gradient across the 
PEB; (3) from detailed examination of several orbits, 
we find that the PEB is located where the solar wind 
flow decreases to near zero.  

Discussion and Conclusions: Large density gradi-
ents across the PEB suggest that it coincides with the
ion composition boundary (ICB), which has been
thought to be associated with the magnetic pileup
boundary (MPB). The PEB is located where the solar
wind flow towards the planet is slowed to near zero
and diverted around the planet. Our study suggests that
PEB/ICB are likely to be the inner boundary of the
magnetic pile region. The figure below summarizes
our findings.  

 
References:  
[1] Xu, S., Weber, T., Mitchell, D. L., Brain, D. 

A., Mazelle, C., DiBraccio, G. A., & Espley, 
J. ( 2019).  Journal of Geophysical Research: Space 
Physics, 124, 1823–1842. https://doi.org/10.1029 
/2018JA026366 
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UNDERSTANDING MARTIAN ALTERATION PROCESSES BY COMPARING IN-SITU CHEMICAL 
MEASUREMENTS FROM MULTIPLE LANDING SITES.  A. S. Yen1, R. Gellert2, R. V. Morris3, J. W. Ash-
ley1, J. A. Berger2, B. C. Clark4, B. A. Cohen5, D. W. Ming3, D. W. Mittlefehldt3, C. D. O’Connell-Cooper6, M. Sal-
vatore7, M. E. Schmidt8, C. Schröder9, L. M. Thompson6, S. J. VanBommel10, 1JPL/Caltech, 2University of Guelph, 
3NASA-JSC, 4Space Science Institute, 5NASA-GSFC, 6University of New Brunswick, 7Northern Arizona University, 
8Brock University, 9University of Stirling, 10Washington University in St. Louis. 

 
Introduction: Characterizing the history of aque-

ous activity at the martian surface has been an objec-
tive of the Mars Exploration Rovers (MER) and the 
Mars Science Laboratory (MSL). Although the geolog-
ic context of the three landing sites are different, com-
parisons across the datasets can provide greater insight 
than using data from one mission alone. The Alpha 
Particle X-ray Spectrometer (APXS) is common to all 
three rovers (Spirit at Gusev crater, Opportunity at 
Meridiani Planum, and Curiosity at Gale crater) and 
provides a consistent basis for these comparisons.  

Soil and Dust: Fine grained basaltic soils and dust 
are remarkably uniform in chemical composition across 
multiple landing sites. These similarities in the concen-
trations of major, minor, and a few trace elements (Fig. 
1) are indicative of planet-wide consistency in the 
composition of source materials for the soils. S and Cl 
vary by a factor of two in the soil and dust, but there is 
no clear association with any bulk cation (e.g., no cor-
relation between S and total Ca, Mg, or Fe in soils). 
These volatile elements, however, are clearly associat-
ed with the nanophase-ferric iron component in the soil 
established by Mössbauer spectroscopy [1,2]. S and Cl 
likely originated as acidic species from volcanic out-
gassing and subsequently coalesced on dust and sand 
grain surfaces, possibly with an affinity towards Fe3+ 
sites. Importantly, given the mobility of S and Cl in 
aqueous exposures, soil samples maintaining the typi-
cal molar S/Cl ratio of ~3.7:1 indicate minimal interac-
tions with liquid water after the addition of S and Cl. In 
contrast to this well-established baseline, soil samples 
have been discovered at all three landing sites with 
atypical S/Cl ratios (e.g., subsurface soils), indicative 
of a more complex aqueous history. 

 
Fig. 1: Average chemical composition for basaltic 
soils shown on an S-Cl-Br-free basis (some values 
scaled; Nsamples>30 for each landing site). 

Unaltered Samples: In conjunction with the ap-
propriate geologic context, Fe/Mn ratios calculated 
from APXS data can help identify unaltered rocks and 
soils. Fe2+ and Mn2+ have nearly the same ionic radii 
and distribute similarly in primary igneous rocks, main-
taining a consistent Fe/Mn ratio for unaltered samples. 
Upon exposure to alteration environments, higher oxi-
dation states of Fe and Mn are commonly formed. Dif-
fering mobility of these species results in elemental 
fractionation. The average molar Fe/Mn ratio for unal-
tered materials is 48±3 (Fig. 2), representing units such 
as the Gusev basalts, the Stimson sandstone (Gale), and 
basaltic soils at all landing sites. Note that the APXS 
measures total Fe (Fe2+ and Fe3+), so the unaltered 
Fe/Mn ratio will have some variability with the oxygen 
fugacity of the igneous system. Variability in the 
Fe/Mn ratio for other samples (Fig. 2) is indicative of 
aqueous alteration and mobility of Fe and/or Mn away 
from the unaltered baseline (e.g. Meridiani spherules). 

 
Fig. 2. Molar Fe/Mn ratio versus Fe. Samples along 
the dashed line maintain an unaltered Fe/Mn ratio. 

Surface Coatings: Rocks at the surface of Mars, 
especially those which appear to have been exhumed, 
exhibit surface coatings rich in S and Cl, and occasion-
ally Zn and Ni (Fig. 3). These enhancements are not 
simply due to insufficient removal of dust accumula-
tions as the S/Cl ratios or other chemical characteristics 
are inconsistent with a layer of dust. The formation of 
these rock coatings may involve water thin-films mobi-
lizing S and Cl from dust and soil at near-subsurface 
cold-traps, such as the surfaces of high thermal-inertia 
rocks, during diurnal/seasonal cycling of water vapor. 
These coatings are observed at all three landing sites 
and likely represent a planet-wide alteration process.  

6373.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



 
Fig. 3: Average ratios of brushed surfaces to rock inte-
riors. Meridiani data excludes Burns formation (high 
SO3), and Gale data excludes samples with >5 wt% 
Ca-sulfate measured by CheMin X-ray diffraction.  

Sulfates: Sulfur is ubiquitous on the surface of 
Mars. Only ~25 of the >1500 MER and MSL APXS 
analyses have less than 2 wt% SO3. Elemental correla-
tions with sulfur indicate the presence of Ca- (Fig. 4) 
and Mg-sulfates. Identifications of Fe-sulfates and hy-
droxysulfates have also been made in conjunction with 
other rover instruments [2,3]. Cross-cutting Ca-sulfate 
veins at Meridiani and Gale indicate late-stage fluid 
infiltration of lithified sediments. Ca-sulfates at Gusev 
may be associated with other hydrothermal deposits in 
the environs of Home Plate.  

 
Fig. 4. Molar Ca versus S showing that Ca-sulfates are 
found at Gusev, Meridiani, and Gale. Dashed line 
(Ca:S = 1:1) represents pure CaSO4▪nH2O. 

High Silica Deposits: The average SiO2 content of 
primary rocks on the Gusev plains and of basaltic soils 
is approximately 46 wt%; however, numerous samples 
analyzed by the APXS at each of the landing sites ex-
hibit >55 wt% SiO2. Pathways for achieving elevated 
SiO2 concentrations in martian samples include detrital 
accumulations of differentiated silicic igneous rocks 
[4], acidic leaching of other rock-forming elements 
resulting in Si-rich residue [5], and precipitation of 
silica from the influx of Si-rich fluids [6].  

Comparisons of the high-silica samples at the three 
rover landing sites indicate two distinct trends (Fig. 5). 
Many of the sample groups maintain a fairly constant 
Si/Ti ratio despite large increases in Si, which is a 
characteristic of acidic leaching. A subset of the sam-
ples from the Home Plate region of Gusev crater, on 
the other hand, follow a dilution trend consistent with 
the addition of silica to a basaltic precursor.  

 
Fig. 5: Molar Si/Ti versus Si for selected samples. The 
dashed line represent the expected trend for the addi-
tion of silica (dilution of Ti) while flat Si/Ti ratios are 
consistent with acidic leaching. 

Elemental Mobility: In addition to the chemical 
signatures of alteration described above, there is clear 
evidence for aqueous mobility of numerous other ele-
ments (Mn, K, Ge, Zn, Ni, P, Br) at two or more of the 
rover landing sites. While the same geologic conditions 
may not have been active for each element, comparing 
the circumstances of elemental enrichments/depletions 
across samples and missions fuel hypotheses for the 
nature of the aqueous episodes.  

Using APXS data in conjunction with mineralogical 
instruments (Mössbauer for MER and CheMin for 
MSL), it has been discovered that certain samples with 
nearly identical chemistry have substantially different 
mineralogy. Isochemical alteration processes, likely at 
low water-to-rock ratios, have also been active at all 
three rover landing sites.  

Summary: The ability to compare and contrast 
three cross-calibrated elemental chemistry datasets 
from different locations on Mars provides substantially 
more insight than using the data from one mission 
alone. Various degrees of aqueous alteration ranging 
from “minimal” to “extensive” have been established 
using rover geochemical data. 

References: [1] Yen, A. S. et al. (2005) Nature, 
436, 7047. [2] Morris, R. V. et al. (2006) JGR, 111, 
E03S13. [3] Yen, A. S. et al. (2008) JGR, 113, 
E06S10, [4] Morris, R. V. (2016) PNAS, 113, 7071-
7076. [5] Yen, A. S. et al. (2017) EPSL, 471, 186-198. 
[6] Ruff, S. W. et al., (2011), JGR, 116, E00F23.  
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ASSIMILATION OF OBSERVATIONS FROM ACS/TIRVIM ON BOARD EXOMARS TGO INTO THE 
LMD MARS GCM.  R. M. B. Young1, S. Guerlet1, E. Millour1, F. Forget1, T. Navarro1,2, L. Montabone3, N. 
Ignatiev4, A. Grigoriev4, A. Shakun4, A. Trokhimovskiy4, F. Montmessin5, and O. Korablev4, 1Laboratoire de 
Météorologie Dynamique (LMD/IPSL), Sorbonne Université, Centre National de la Recherche Scientifique, École 
Polytechnique, École Normale Supérieure, Paris, France (ryoung@lmd.jussieu.fr), 2Department of Earth, Planetary, 
and Space Sciences, University of California, Los Angeles, CA, USA, 3Space Science Institute, Boulder, CO 80301, 
USA, 4Space Research Institute (IKI), 84/32 Profsoyuznaya, 117997 Moscow, Russia, 5LATMOS/IPSL, UVSQ 
Université Paris-Saclay, UPMC Univ. Paris 06, CNRS, Guyancourt, France. 

 
Introduction:  The ExoMars Trace Gas Orbiter 

(TGO), a collaborative project between the European 
Space Agency (ESA) and Roscosmos (Russia), was 
successfully inserted into Mars orbit on 19 October 
2016, and reached its final 400km science orbit on 7 
April 2018. TGO began taking observations as part of 
commissioning operations in March 2018. At the 
Laboratoire de Météorologie Dynamique (LMD) we are 
responsible for data assimilation of observations from 
the Atmospheric Chemistry Suite (ACS) thermal 
infrared channel (TIRVIM) on board TGO into the 
LMD Mars Global Climate Model (GCM) [1]. 

Observations:  ACS/TIRVIM is a thermal infrared 
spectrometer with spectral range 1.7–17μm, whose 
main purpose is to continuously monitor the Martian 
environment in nadir in support of solar occultation 
measurements by ACS’s near-infrared and mid-infrared 
channels [2]. ACS/TIRVIM measures radiance spectra 
from which can be retrieved vertical profiles of 
atmospheric temperature, as well as surface 
temperatures and vertically-integrated amounts of dust, 
water ice, and other aerosols, at various local times, 
latitudes and seasons. 

 

Figure 1: Available atmospheric temperature profiles 
retrieved from ACS/TIRVIM observations between 13 
March and 15 July 2018, showing the local time of day 

and latitude for each profile. 
 

This work focuses on atmospheric temperatures 
retrieved from nadir thermal emission spectra taken 

between 13 March 2018 (MY34 Ls = 142.88) and 15 
July 2018 (MY34, Ls = 211.43). These have been 
calibrated and then retrieved using a line-by-line 
radiative transfer model [3]. The observations cover 
various local times of day with full coverage in 
longitude every 7-10 days, over +/- 75 degree latitude, 
with vertical coverage between 3-45 km altitude (Fig. 
1). A first for Mars data assimilation is the systematic 
coverage of all local times of day over a 55 Martian day 
cycle, which has not been possible hitherto, but which 
TGO's orbit was designed for. 

 

Figure 2: Schematic of the LMD Mars data 
assimilation cycle using the LETKF [4]. 

 
Model and assimilation:  The LMD Mars GCM is 

a detailed model of Mars’ atmosphere that includes 
representations of the dust cycle, water cycle, boundary 
layer, subsurface, aerosols, upper atmosphere, and other 
parametrizations relevant to the Martian environment 
[1].  

The data assimilation scheme is based on the Local 
Ensemble Transform Kalman Filter (LETKF) [5, 6]. 
The LETKF is an ensemble-based assimilation scheme 
where we typically use 16 ensemble members and 
multiplicative inflation to adjust the background 
ensemble error covariance (Fig. 2). 
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Assimilation of Martian atmospheric data provides 
a significant challenge for ensemble-based data 
assimilation schemes [6]. Not only are the observed 
quantities available to assimilate – temperature, dust, 
and water ice – strongly inter-dependent, but Mars' 
atmosphere is markedly less chaotic than the Earth's. 
This means the problem of filter divergence can be 
severe; at certain places and times of year the ensemble 
converges rather than diverges over time, and so model 
bias comes to dominate the background ensemble in a 
way that cannot be alleviated by synoptic variability; 
often the ensemble spread does not enclose new 
observations as they become available. 

Results:  We focus on the MY34 Global Dust 
Storm (GDS), which began in early June 2018. The 
GDS has a significant effect on the atmospheric state, 
particularly its thermal state (Fig. 3) and meridional 
circulation, which is revealed via assimilation. The 
diurnal and semi-diurnal tide are also strengthened.  

 

Figure 3:  Temperature at 100Pa at 3PM local mean 
time before and during the MY34 GDS. Top: LETKF 
analysis. Middle: Free-running GCM using the Mars 

Climate Database 'climate' dust scenario (representative 
of a non-GDS year). Bottom: Mars Climate Sounder 

temperatures at the same time and place (not 
assimilated). 

 
We shall report on the differences between the 

assimilation and a free-running model, particularly at 
local times of day that have not been observed prior to 
TGO.  

We shall also report on progress combining 
assimilation of ACS observations with profiles from 
Mars Climate Sounder on board NASA’s Mars 
Reconnaissance Orbiter, to fill in anticipated gaps in 

the ACS observational record and to sample the local 
time of day more fully.  
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of ESA and Roscosmos. The ACS experiment is led by 
IKI Space Research Institute in Moscow. The project 
acknowledges funding by Roscosmos and CNES. 
Science operations of ACS are funded by Roscosmos 
and ESA. Science support in IKI is funded by Federal 
agency of science organizations (FANO). 
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RedWater: Approach for Mining Water from Mars’ Ice Deposits Buried 10s of meters Deep. K. Zacny1, Z. 
Mank1, M. Buchbinder1, D. Sabahi1, M. Hecht2, N. E. Putzig3, P. van Susante4, 1Honeybee Robotics (zac-
ny@honeybeerobotics.com), 2Haystack Observatory, Massachusetts Institute of Technology, 3Planetary Science In-
stitute, 4Michigan Technological University. 

 
Introduction: In the past decade orbital measure-

ments revealed that a third of the Martian surface con-
tains shallow ground ice. MRO’s SHARAD sounder 
has revealed the presence of ice-rich materials in sev-
eral non-polar terrains, including debris-covered glaci-
ers and ground ices extending down to latitudes of 37° 
[1]. These deposits are up to several 100 m thick and 
many appear to consist of nearly pure water ice. The 
ability of the radar to resolve shallow layering is lim-
ited to ~20 m .Thus, to reach ice and extract water, a 

system would need to penetrate through at most 20 m 
of regolith. The discoveries of nearly pure ice deposits 
in mid latitudes on Mars enable implementing two 
proven terrestrial technologies: Coiled Tubing (CT) for 
drilling and Rodriquez Well (RodWell) for water ex-
traction.  

CT rigs use a continuous length of tubing (metal or 
composite) that is flexible enough to be wound on a 
reel and rigid enough to withstand drilling forces and 
torques. The tube is pushed downhole using so-called 
injectors (for example, a set of actuated rollers that 
pinch the tube and advance it downward). The end of 
the tube has a Bottom Hole Assembly (BHA) – a motor 
and a drill bit for drilling into the subsurface. To re-

move drill cuttings, compressed air (or other drilling 
fluid) is pumped down the tube. A hole is drilled by 
advancing coiled tubing deeper into the subsurface 
while blowing cuttings out of the way. A commercial 
CT rig, such as RoXplorer, weighs 15 tons and drills to 
500 m at 1 m/min in hard rock.  

RodWell is a technology where a hole is drilled in 
ice, which is melted and pumped to the surface. It has 
been developed and tested in Antarctica in the 1960s 
and used at the South Pole station since 2002 [2].  

RedWater: The RedWater system combines the two 
technologies into one (Figure 1, Figure 2, Figure 3). 
It uses the CT approach to create a drill hole. Once the 
hole is made, the coiled tubing is left in the hole and 
used as conduit for water extraction. The BHA con-
tains a rotary-percussive drill subsystem (similar to the 
one used in Honeybee Robotics Deep Drill [3]), a 
downhole pump, and heaters. The tube houses an insu-
lated and heated hose as well as wires for downhole 
motors and heaters. During drilling, compressed gas is 
sent downhole through the hose [4, 5, 6]. The gas es-
capes through the annular space between the tube and 
borehole wall and removes cuttings that can be collect-
ed and analyzed for science. Upon reaching an ice lay-

 
Figure 1. RedWater with all the subsystems.  
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er, the drill continues for another ~3 m and then stops 
advancing forward, but the bit continues to spin. Heat-
ers are turned on to melt the surrounding ice. Once ice 
starts to melt, the peristaltic pump starts pumping a 
fraction of the melted water up the same hose that was 
used for the compressed gas, and into a storage tank on 
the surface via a three-way heated valve, which switch-
es between the gas tank and the water tank. The re-
maining water passes through a downhole heater and is 
pumped into the rotating bit for water jetting. This con-
tinuous stirring and the injection of hot water speeds up 
the melting process. After melting a section of ice, the 
CT is reactivated to drill further into the underlying ice 
and the melting process continues. 
 

  
Figure 2. RedWater in Stored Configuration. 

 
Since atmospheric pressures and temperatures in 

the Martian northern plains extends above water’s tri-
ple point, liquid water can exist at the surface. Howev-
er, it is unstable and will boil off very quickly. For this 
reason, it is desirable to seal off the hole. This can be 
achieved via active means (e.g., a packer can expand in 
the hole and seal off the annular space between the 
tube and the borehole) or passive means (e.g., water 
vapor would re-condense on the cold borehole wall and 
seal it; this in fact has been observed). In the latter 
case, the tube would have to be heated to free itself up 
before continuing further down, when needed.  

Our pneumatic excavation tests at 7 torr showed 
penetration rates of 1 m/min in regolith. The mass ratio 
of gas used to material removed out of the hole was 
1:500. Assuming a 5 cm diameter hole (current base-
line for RedWater), the required mass of gas to achieve 
20 m depth would be 10 kg. Most of the sources of 
compressed gas are at high Technology Readiness 
Level (TRL). Gas can be brought from the Earth (Mars 
2020 mission brings a tank of compressed N2 to blow 
dust off rocks), Helium pressurant can be used from 
landed systems, rocket fuel can be burned and turned 
into gas, and ISRU gasses (H2, O2) could also be used. 
Finally, a compressor could compress Martian air. For 
example, MOXI on Mars 2020 has a compressor that 
would take 100 hours to compress 10 kg of CO2 from 
7 torr to 760 torr.  

Meeting NASA ISRU Goals: To extract 16 tons of 
water needed to produce 30 metric tons of oxygen and 
methane for ascent propulsion for Mars human surface 
missions [7], a pool of approximately 3.1 m in diame-
ter has to be created, which is feasible. The process of 
water extraction would take several weeks. Our thermal 
models using MathCad show that require heat for melt-
ing is ~1.5 kW and for keeping the water hose warm 
along the 25 m length is ~1 kW. These power levels 
are within the limits of the ISRU power system envis-
aged for human missions [8]. 

 
Figure 3. Bottom Hole Assembly. 
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AN ANCIENT INVERTED VALLEY NETWORK PRESERVED BY OLIVINE-RICH VOLCANIC INFILL.
H. F. Zigo1 and C. S. Edwards1, M. R. Salvatore1, 1Department of Physics and Astronomy, Northern Arizona Univer-
sity, 527 South Beaver Street, Flagstaff, AZ 86001; hfz3@nau.edu 

Introduction: Olivine is an abundant mineral in 
the Solar System, with its presence being observed on 
objects like Earth, the Moon [e.g. 1], Mars [e.g. 2], and 
asteroids [e.g. 3]. A notable feature of olivine is its 
susceptibility to chemical alteration under most aque-
ous conditions [4]. The presence of olivine still on the 
surface of Mars indicates an extensive period of dry 
processes [4]. The distribution and identification of 
olivine on Mars is complicated by a variety of geologic 
processes including latitude-dependent mantling [5], 
making these observations most common towards the 
equator and more scarce near the poles [6][7]. Of im-
portance for mars, olivine appears to be detected in 
early Noachian, Hesperian and Amazonian terrains, 
entailing that there has not been enough fluid move-
ment to weather the olivine so that it is no longer visi-
ble from orbit [7]. To better understand the distribution 
and location of olivine, we began to create a global 
map of olivine exposures using the highest resolution 
data to date (100m/pixel). As a part of the construction 
of this global map, we found evidence for a new and 
unique type of deposit: olivine-bearing material with a 
sinuous and branching appearance. This feature is lo-
cated at 347.582E, -24.967N, southwest of Novara 
Crater. The goal of this effort is to determine the ori-
gin, structure, processes, and timeline of this unique 
mineralogical and morphological feature.  

Methods: Using thermal infrared data from the 
2001 Mars Odyssey Thermal Emission Imaging Sys-
tem (THEMIS), we use a red-green-blue decorrelation 
stretch (DCS) on a 10-band daytime thermal infrared 
images using bands 8 (11.79 µm), 7 (11.04 µm), and 5 
(9.35 µm). In this DCS band combination, olivine ap-
pears as a bright purple/magenta color on the surface 
due to its relatively low emissivity near 11 , making 
it easily identifiable in these products [8]. Using the 
Java Mission-planning and Analysis for Remote Sens-
ing program (JMARS), we began creating a global 
map of olivine exposures at a 256 pixels per degree 
using a new DCS THEMIS mosaic [9]. THEMIS im-
ages were processed following the methods described 
[10], where drift and wobble were removed to correct 
for focal plane temperature variations, “plaid” was 
removed to correct for line and column-detector read-
out noise, and “salt and pepper” white noise was also 
removed to enhance our ability to identify small-scale 
compositional features [11]. Following the standard 
THEMIS image correction routines, images were mo-

saicked using the methods outlined in [10] where a 
local or “running” decorrelation stretch is used to help 
maximize the expression of spectrally differentiable 
surface units. 

Figure 1. THEMIS DCS 8-7-5 of valley network with 
olivine bearing material. Image centered at 347.582E, 
-24.967N which depicts the purple signature of olivine 
(red arrow) following a sinuous and dendritic pattern. 

Figure 2. MRO CTX with mapped outline of the pro-
posed valley network. Red box indicates location of 
Figure 3. The blue outlines the smooth, featureless 
central portion. The yellow indicates the olivine-rich, 
rubbly material surrounding the central portion.

Figure 3. MRO CTX image of a pixel/degree of 8192. 

μ m
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The distinct morphological properties can be observed 
at this scale. The rough, rubbly terrain is olivine-rich, 
while the smooth central feature is olivine-poor.   
decorrelation stretch is used to help maximize the ex-
pression of spectrally differentiable surface units.  

Results: The observed pattern of olivine exposures 
in this location is branching and dendritic in nature 
with unique morphological, spectral, and thermophysi-
cal properties. The distinctive purple signature of 
olivine present in the branching network is concentrat-
ed towards the geographic center of this feature and 
fades towards both the east and west away from this 
central location. (Figure 1). While the central feature is 
discontinuous and only the portion we mapped con-
tains observable olivine exposures surrounding the 
central feature (as this is the diagnostic criteria for 
mapping), it is likely that this feature may be more 
extensive and continuous than its spectral signatures 
indicate.  

Within this geologic unit are two distinct mor-
phologies and compositional properties: an olivine-free 
central feature with lower thermal inertia and an 
olivine rich rubble pile on/surrounding the central fea-
ture on either side that is topographically higher and 
exhibits higher thermal inertia. The central portion of 
the feature is characterized by lower thermal inertia, 
and an olivine-poor and relatively smooth, featureless, 
slight topographic depression. The terrain surrounding 
the main feature is topographically higher, has higher 
thermal inertia than the surrounding terrain and the 
central feature, and shows spectral evidence of olivine 
enrichment in THEMIS data. In order to assist with 
differentiating units, we used mapping techniques to 
identify the features not only by their olivine abun-
dance but by their morphology, thermal inertia, and 
composition.  We mapped the main channel (outlined 
in blue, see Figure 2) and surrounding rubble pile (out-
lined in yellow, Figure 2) using projected Mars Recon-
naissance Orbiter Context Camera (MRO CTX) im-
ages as a base-map at 8192 pixels per degree to differ-
entiate the geologic units from one another (Figure 2).   

Discussion: The origin of the olivine is not imme-
diately clear and is still under investigation, but may be 
related to several different formation mechanisms: (1) 
an ancient valley network infilled with olivine-en-
riched materials which has since been eroded resulting 
in inverted topography, (2) an ancient branching lava 
tube system or (3) another unknown geologic process. 
At the moment, most evidence supports this first for-
mation mechanism (an ancient infilled valley network), 
due largely to the sinuosity of the feature and the evi-
dence for extensive surface erosion throughout the 

region. This erosion likely removed any confining 
topographic valley and the central portion of the chan-
nel and, instead, resulted in the relative resistance of 
the high thermal inertia and olivine-rich marginal 
ridges. While not ruling out an eroded lava tube origin 
for this feature, it is unlikely because of its highly den-
dritic nature, which is uncommon in martian lava tubes 
[12]. Future work will focus on gathering additional 
morphological, spectral, and thermophysical informa-
tion to further test these formation hypotheses.  

Summary and Future Work: If this feature is in 
fact a valley network that has been infilled by an 
olivine-enriched basaltic material, buried and subse-
quently exhumed, it maybe be one of the oldest valley 
networks identified to date. The stratigraphic relation-
ship of this feature is straightforward as other fluvial 
features clearly superpose this proposed valley net-
work and are formed in the unit that would have fully 
buried this proposed valley network. While we are still 
determining the origin and processes which formed 
this feature, we have a clear idea of the structure from 
careful mapping of the main channel and surrounding 
olivine-rich rubble pile. While datasets over this site 
are somewhat limited, CTX derived digital terrain 
models will be created if suitable and CRISM compo-
sitional data (though primarily Mapping products ex-
ist) will be used to further strengthen the observation 
set. As more detailed analysis is carried out, we will 
continue to refine our hypotheses, maps, and incorpo-
rate new datasets. 
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