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Monday, June 13, 2016 

INTRODUCTION, PROGRAMMATICS, AND TECHNICAL METHODS 

8:30 a.m.   Building 3 Conference Room 
 

Chair: David Williams 
 

8:30 a.m. Skinner J. A. Jr. * 

Welcome and Logistics 

 

8:45 a.m. Williams D. A. * 

Remarks from the Geologic Mapping Subcommittee (GEMS) Chair 

 

9:00 a.m. Skinner J. A. Jr. * 

Remarks from the USGS Map Coordinator 

 

9:15 a.m. Noble, S. * 

Remarks from NASA HQ 

 

9:30 a.m. Hare T. * 

Updates on GIS and Community Data Sets 

 

9:45 a.m. Nass A. *   van Gasselt S.   Hargitai H.   Hare T.   Manaud N.   Karachevtseva I.   Kersten E.   

Roatsch T.   Wählisch M.   Kereszturi A. 

Planetary Cartography as Integral Discipline in Planetary Sciences:  From Planetary Mapping 

to Map Production [#7021] 

Cartography is one of the most important communication channels between users of spatial 

information and laymen as well as the open public alike. We invite colleagues to discuss concepts and 

topics for joint future collaboration and research. 

 

10:00 a.m. BREAK / POSTERS 

 



 Monday, June 13, 2016 

INNER PLANET DELIGHT:  MERCURY AND THE MOON 

10:30 a.m.   Building 3 Conference Room 
 

Chair: David Williams 
 

10:30 a.m. Kinczyk M. J. *   Prockter L. M.   Byrne P. K.   Denevi B. W.   Ostrach L. R.   Head J. W. III   

Fassett C. I.   Whitten J. L.   Thomas R. J.   Buczkowski D. L.   Hynek B. M.    

Blewett D. T.   Ernst C. M. 

Preparing the First Global Geological Map of Mercury [#7027] 

Previous to the MESSENGER spacecraft mission to Mercury, only half the globe was mapped using 

the Mariner 10 spacecraft imagery. Preparation of the new global geological map is discussed. 

 

10:45 a.m. Buczkowski D. L. *   Goosmann E.   Denevi B. W.   Ernst C. M.   Fasset C. I.   Byrne P. K. 

A Geologic Map of the Caloris Basin, Mercury [#7039] 

We present a geologic map of the Caloris basin, which will serve to synthesize the results of previous 

studies into a contextual framework for quickly viewing the thematic research that has been performed 

on this interesting region. 

 

11:00 a.m. Hynek B. M. *   Robbins S. J.   Mueller K.   Gemperline J.   Osterloo M. K.   Thomas R. 

Unlocking Mercury’s Geological History with Detailed Mapping of  

Rembrandt Basin:  Year 2 [#7023] 

We have completed a draft geologic map of the Rembrandt basin on Mercury to reveal the impact, 

tectonic, and volcanic histories in this complex region of Mercury. 

 

11:15 a.m. Ostrach L. R. *   Mest S. C.   Prockter L. M.   Petro N. E.   Byrne P. K. 

Creation of a New Geologic Map of the Borealis Quadrangle (H-1) on Mercury [#7019] 

Introduction to our selected PDART15 proposal that will create a new Borealis Quadrangle (H-1) map 

of Mercury, for which mapping will begin in FY17. 

 

11:30 a.m. Yingst R. A. *   Chuang F. C.   Berman D. C.   Mest S. C. 

Geologic Mapping of the Planck Quadrangle of the Moon (LQ29) [#7008] 

As part of a new systematic lunar geologic mapping effort, we have submitted a 1:2,500,000-scale 

geologic map of the lunar Planck Quadrangle (lunar quadrangle 29). 

 

11:45 a.m. Mest S. C. *   Berman D. C.   Petro N. E.   Yingst R. A. 

Update on Geologic Mapping of the Lunar South Pole Quadrangle (LQ-30) [#7045] 

We are using recently acquired image, spectral, and topographic data to map the geology of the lunar 

south pole quadrangle (LQ-30). 

 

12:00 p.m. BREAK / POSTERS / LUNCH 

 



 Monday, June 13, 2016 

MARS POTPOURRI I: SMALL- AND INTERMEDIATE-SCALE MAPPING OF  

VOLCANIC PROVINCES AND THEIR PERIPHERY 

1:30 p.m.   Building 3 Conference Room 
 

Chair: David Williams 
 

1:30 p.m. Crown D. A. *   Berman D. C.   Chuang F. C.   Platz T. 

Geologic Mapping of Volcanic Regions on Mars:  Investigations of Southern Tharsis Lava Flow 

Fields and the Alba Mons Summit [#7031] 

This research examines styles of volcanism and the geologic histories in two parts of the Tharsis 

volcanic province on Mars, southern Tharsis lava flow fields and the summit region of Alba Mons. 

 

1:45 p.m. Garry W. B. *   Williams D. A.   Bleacher J. E. 

Geologic Mapping of Arsia and Pavonis Montes, Mars [#7028] 

We will update the progress on mapping the geology of Arsia and Pavonis Montes on Mars. 

 

2:00 p.m. Mohr K. J. *   Williams D. A.   Bleacher J. E.   Garry W. B. 

Geologic Mapping of Ascraeus Mons, Mars [#7015] 

Preliminary geologic mapping of Ascraeus Mons shows diverse lava flow morphologies on the flanks, 

rift aprons, and plains of the volcano. 

 

2:15 p.m. Mouginis-Mark P. J. *   Hamilton C. W. 

1:175K Mapping of Hrad Vallis, Mars [#7005] 

Our high resolution mapping of Hrad Vallis implies a complex history for the region, alternating 

between episodes of aqueous flooding and volcanic eruptions. 

 

2:30 p.m. Weitz C. M. *   Berman D.   Rodriguez A.   Bishop J. L. 

Geologic Mapping and Studies of Diverse Deposits at Noctis Labyrinthus, Mars [#7029] 

We are mapping the western portion of Noctis Labyrinthus (-6 to -14°N, -99.5 to -95.0°W), which 

includes some of the most diverse mineralogies identified on Mars using CRISM data. 

 

2:45 p.m. Berman D. C. *   Palmero Rodriguez J. A.   Weitz C. M.   Crown D. A. 

Geologic Mapping in Xanthe Terra, Mars [#7032] 

We present the current version of our geologic map of MTM quadrangles 00042 and 00047. 

 

3:00 p.m. Fortezzo C. M. *   Gullickson A. L.   Rodriguez J. A. P.   Platz T.   Kumar P. S. 

Year 3 Geologic Mapping in Central Valles Marineris, Mars [#7038] 

In year 3 we mapped the west side of central Valles Marineris, Mars. We split landslide orientations 

into typical terrestrial categories including flows, slides, spreads, and falls. We continued work on the 

ILD using bedding orientations and CRISM. 

 

3:15 p.m. Chojnacki M. *   Hynek B. M.   Black S. R.   Hoover R.   Martin J. R. 

Geology Mapping of the Coprates Chasma (MEM -15057), Mars:  Year 2 [#7042] 

The primary objective of this effort is to produce a geologic map of the Coprates chasma quadrangle 

(MTM-15057) at the 1:500,000-scale to be submitted for peer-review and publication by the USGS. 

 

3:30 p.m. Anderson R. C. *   Dohm J. M.   Robbins S.   Schroeder J. 

Completion and Submission of the Terra Sirenum Map Project [#7014] 

We have completed and plan to submit a detailed 1:5,000,000-scale geologic map of the Terra Sirenum 

region, which includes mapping stratigraphic units and identifying tectonic, erosional, depositional, 

and impact structures. 

 

3:45 p.m. BREAK / POSTERS 

 



 Monday, June 13, 2016 

COMMUNITY DISCUSSION I 

4:15 p.m.   Building 3 Conference Room 
 

Open Panel for the Discussion of Status, Issues, and Concerns of the Planetary Geologic Mapping Community. 

 



 Tuesday, June 14, 2016 

MARS POTPOURRI II: SMALL- AND INTERMEDIATE-SCALE HIGHLAND,  

HIGHLAND-LOWLAND TRANSITION, AND BASINS 

8:30 a.m.   Building 3 Conference Room 
 

Chair: David Williams 
 

8:30 a.m. Weitz C. M. *   Wilson S. A.   Irwin R. P. III   Grant J. A. 

Geologic Mapping to Constrain the Sources and Timing of Fluvial Activity in Western 

Ladon Basin, Mars [#7025] 

We are mapping two quadrangles in Margaritifer Terra (–15032 and –20032) to define the evolution of 

the western Ladon basin region as it relates to fluvial/alluvial events occurring on 

surrounding surfaces. 

 

8:45 a.m. Wilson S. A. *   Grant J. A. 

Geologic Mapping in Southern Margaritifer Terra on Mars:  Constraining the Timing of Fluvial 

Activity in Nirgal Vallis [#7034] 

This study investigates the nature and volume of the deposit on the floor of Uzboi Vallis at the mouth 

of Nirgal Vallis using MOLA and HiRISE data. 

 

9:00 a.m. Seelos K. D. *   Seelos F. P.   Buczkowski D. L.   Viviano-Beck C. E. 

Mapping Laterally Extensive Phyllosilicates in West Margaritifer Terra Mars [#7043] 

Clay minerals found in stratigraphic sequences have been used to support the idea of widespread 

precipitation and pedogenic weathering during a warmer, wetter climate era on early Mars. 

 

9:15 a.m. Mest S. C. *   Crown D. A.   Michalski J.   Chuang F. C.   Price Blount K.   Bleamaster L. F. 

Dissection of Volcanic and Sedimentary Plains Around Upper Dao and Niger Valles, 

Northeast Hellas, Mars [#7044] 

The eastern rim of Hellas and the surrounding highlands have been modified by numerous processes 

that provide a record that spans most of the Martian time-scale. 

 

9:30 a.m. Burr D. M. *   Jacobsen R. E.   Lefort A.   Borden R. M.   Boyd A. S. 

Continuing to Characterize the History of a Diverse Inverted Landscape:  Mapping of the Aeolis 

Dorsa Region, Mars [#7013] 

Continued mapping of the Aeolis Dorsa region, Mars, is revealing a myriad of geological 

paleoprocesses, including fluvial, aeolian, and tectonic. Mapping of the inverted fluvial landforms is 

complete; upcoming work will focus on aeolian and tectonic. 

 

9:45 a.m. Anderson R. C.   Parker T. J. *   Schroeder J. F. 

Conversion of Seven Completed Maps into ArcGIS for Publication [#7036] 

We plan to convert seven 1:500K maps of East Acidalia and Argyre Planitia as two 1:1M scale maps 

of these regions, begun in the early and mid 90s, in two years. We will start with East Acidalia the first 

year and conclude with Argyre during year two. 

 

10:00 a.m. Hargitai H. I. *   Gulick V. C.   Glines N. 

A Global Survey of the Fluvial Islands of Mars [#7011] 

We map streamlined landforms on Mars globally. 

 

10:15 a.m. BREAK / POSTERS 

 



 Tuesday, June 14, 2016 

MARS POTPOURRI II: LARGE-SCALE MAPPING OF  

LANDING SITES AND STRATIFIED UNITS 

10:30 a.m.   Building 3 Conference Room 
 

Chair: David Williams 
 

10:30 a.m. Fortezzo C. M. *   Skinner J. A. Jr. 

High-Resolution Geologic and Stratigraphic Mapping in Olympia Cavi, 

Planum Boreum, Mars [#7037] 

We began mapping in Olympia Cavi, Planum Boreum, Mars using MRO CTX and HiRISE scales 

images. Nine HiRISE DEMs provide topography for us to measure and detail the stratigraphy from 

three separate map areas to detail the changes in units over the areas. 

 

10:45 a.m. Thomson B. J. *   Crumpler L. S.   Seelos K. D.   Buczkowski D. L. 

Linking Exposed Stratigraphic Sequences Across Gale Crater:  Update on an 1:60K Geologic Map of 

Western Aeolis Mons [#7022] 

Here we present an update on our 1:60,000-scale geologic mapping of the western portion of the 

Aeolis Mons, the central mound in Gale crater. 

 

11:00 a.m. Okubo C. H. * 

High-Resolution Geologic Mapping in East Candor Chasma:  2016 Status Report [#7009] 

This abstract summarizes current results and planned activities from an ongoing initiative to construct 

a series of high-resolution structural and geologic maps in the east Candor Chasma region of Valles 

Marineris, Mars. 

 

11:15 a.m. Skinner J. A. Jr. *   Fortezzo C. M. 

Status of 1:24,000-Scale Geologic Mapping of Basin Strata Exposed in Central 

Hadriacus Cavi, Mars [#7041] 

We describe a "type" cross-section of the major groups of stratified units in central Hadriacus Cavi, 

Mars, discuss the range of potential stratigraphic interpretations, and review how these details will 

translate to the final 1:24,000 scale map. 

 

11:30 a.m. Calef F. J. III *   Dietrich W. E.   Edgar L.   Farmer J.   Fraeman A.   Grotzinger J.   

Palucis M. C.   Parker T.   Rice M.   Rowland S.   Stack K. M.   Sumner D.   Williams J. 

Geologic Mapping of the Mars Science Laboratory Landing Ellipse [#7040] 

The MSL project “crowd sourced” a geologic mapping effort of the nominal landing ellipse in 

preparation for tactical and strategic mission operations. This map was used as a strategic guide for 

identifying science locales during the nominal mission. 

 

11:45 a.m. Crumpler L. S. * 

The First Field Geologic Maps on Another Planet [#7035] 

Field geologic maps have been prepared from in situ ("field") observations during the traverse of Mars 

Exploration Rovers Spirit and Opportunity. These maps are the first tests of field geologic mapping 

methods at the human scale on another planet. 

 

12:00 p.m. BREAK / POSTERS / LUNCH 

 



 Tuesday, June 14, 2016 

ONE STEP BEYOND:  OUTER PLANETS, ASTEROIDS, AND SATELLITES 

1:30 p.m.   Building 3 Conference Room 
 

Chair: David Williams 
 

1:30 p.m. Williams D. A. *   Buczkowski D. L.   Mest S. C.   Scully J. E .C. 

Geologic Mapping Campaign for Ceres from NASA Dawn Mission [#7006] 

We discuss the geologic mapping campaign for dwarf planet Ceres as part of NASA's Dawn mission. 

 

1:45 p.m. Platz T. *   Nathues A.   Ruesch O.   Sizemore H. G.   Schaefer M.   Hoffmann M.   

Crown D. A.   Mest S. C.   Yingst R. A.   Williams D. A.   Kneissl T.   Schmedemann N.   

Naß A.   Preusker F. 

Geological Mapping of the AC-H-10 Rongo Quadrangle of Ceres [#7030] 

The geological map of the Ac-H-10 Rongo Quadrangle of Ceres will be presented and discussed in the 

light of the broader geology of the dwarf planet. 

 

2:00 p.m. Malaska M. J. *   Lopes R. M. C.   Schoenfeld A.   Williams D. A.   Birch S. B. D.   Hayes A. G. 

Geomorphologic Map of the Afekan Crater Region, Titan [#7007] 

We mapped the equatorial and mid-latitude region near Afekan Crater on Titan. 

Hummocky/mountainous and labyrinth are the oldest terrains, dunes are the youngest. Labyrinth, 

plains, and dunes units are consistent with organic materials. 

 

2:15 p.m. Birch S. P. D. *   Hayes A. G.   Malaska M. J.   Lopes R. M. C.   Schoenfeld A.   Williams D. A. 

Geomorphologic Map of Titan's Polar Terrains [#7020] 

Titan’s lakes and seas contain vast amounts of information regarding the history and evolution of 

Saturn’s largest moon. To understand this landscape, we created a geomorphologic map, and then used 

our map to develop an evolutionary model. 

 

2:30 p.m. White O. L. *   Moore J. M.   Stern S. A.   Weaver H. A.   Olkin C. B.   Ennico K.   Young L. A.   

Cheng A. F.   New Horizons GGI Theme Team 

Geological Mapping of the Encounter Hemisphere on Pluto [#7001] 

We present mapping of Pluto’s encounter hemisphere performed to date (focusing on Sputnik Planum 

and the immediately surrounding area) and offer preliminary descriptions of terrains further afield that 

will be the subject of future mapping. 

 

2:45 p.m. Singer K. N. *   White O. L.   Schenk P. M.   Moore J. M.   Spencer J. R.   McKinnon W. B.   

Howard A. D.   Stern A. S.   Cook J. C.   Grundy W. M.   Cruikshank D. P.   Beyer R. A.   

Umurhan O.   Howett C. J. A.   Parker A. H.   Protopapa S.   Lauer T. R.   Weaver H. A.   

Young L. A.   Olkin C. B.   Ennico K. 

Pluto's Putative Cryovolcanic Constructs [#7017] 

New Horizons imaged two large mounds with deep central depressions on Pluto. Both features appear 

constructional, and have relatively young surfaces. This mapping is part of effort to characterize and 

assess the age and origin of the mounds. 

 

3:00 p.m. Robbins S. J. *   Spencer J. R.   Beyer R. A.   Schenk P.   Moore J. M.   McKinnon W. B.   

Binzel R. P.   Buie M. W.   Buratti B. J.   Cheng A. F.   Grundy W. M.   Linscott I. R.   

Reitsema H. J.   Reuter D. C.   Showalter M. R.   Tyler G. L.   Young L. A.   Olkin C. B.   

Ennico K.   Weaver H. A.   Stern S. A.   New Horizons GGI Theme Team   

New Horizons Pluto Encounter Team   New Horizons LORRI Instrument Team   

New Horizons MVIC Instrument Team 

Geologic Map of New Horizons' Encounter Hemisphere of Charon [#7026] 

Well, besides craters / Stuart can do mapping! Join / Us: Explore Charon. 

 

3:15 p.m. BREAK / POSTERS 

 



 Tuesday, June 14, 2016 

COMMUNITY DISCUSSION II 

4:00 p.m.   Building 3 Conference Room 
 

Open Panel for the Discussion of Status, Issues, and Concerns of the Planetary Geologic Mapping Community. 

 



POSTERS 
 

Aftabi P. 

Kinematics Mapping and Monitoring of ''Swiss Cheese'' Features in the Polar Icy Regions Over Two Martian Years 

Base on HIRISE-MOC (NASA) Images [#7002] 

The mapping and monitoring of ‘‘swiss cheese’’ feature example of this paper achieved by pixel markers 

measurements pro-posed by author. This monoring suggest high amount of displacements in pits of Martian 

polar areas. 
 

Borden R. M.   Burr D. M. 

Wrinkle Ridges in Aeolis Dorsa, Mars:  Preliminary Mapping [#7024] 

Previous work has interpreted wrinkle ridges as compressional landforms caused by movement along blind thrust 

faults. Our preliminary mapping in the Aeolis Dorsa, Mars has identified widely distributed wrinkle ridges, 

suggesting episodic contraction. 
 

Boyd A. S.   Burr D. M. 

Mapping of Sand Types and Dune Morphologies in the Aeolis Dorsa Region, Western Medusae Fossae 

Formation, Mars [#7033] 

Preliminary mapping of low- and high-albedo sand deposits in the Aeolis Dorsa region, Medusae Fossae Formation 

(MFF), suggests sand transport from the north, consistent with sand source(s) in Elysium Mons, the Cerberus plains, 

or the MFF itself. 
 

D?bniak K. T.   Kromuszczy?ska O. 

Glacial landforms in Ius Chasma, Mars — Indicators of Two Glaciation Episodes [#7003] 

Results of geomorphological mapping of glacial landforms in Ius Chasma, Valles Marineris, Mars are presented. 

The results indicate at least two episodes of glaciations which occurred in the trough system. 
 

Edgar L. A.   Skinner J. A. 

1:75K-Scale Geologic Mapping of Southwestern Melas Chasma, Mars [#7016] 

The goal of this work is to document the geologic evolution of southwestern Melas Chasma, and to place localized 

observations into a broader, standardized context for comparison to other similar regions within the Valles Marineris 

basin system. 
 

Kromuszczy?ska O.   D?bniak K. T. 

Distribution of Dunes in Ius Chasma, Mars [#7004] 

Outcome of cartographic investigation in Ius Chasma, one of Valles Marineris troughs on Mars. Distribution of sand 

dunes and their characteristic is presented. 
 

Lang N. P.   Nypaver C.   Baker E.   Thomson B. J. 

Year Two Progress Report on Geologic Mapping of the Mahuea Tholus Quadrangle (V-49), Venus [#7010] 

We present our year two progress report on mapping the geology of the Mahuea Tholus quadrangle (V-49), Venus. 
 

Lopes R. M. C.   Malaska M. J.   Solomonidou A.   LeGall A.   Janssen M. A.   Neish C. D.   Turtle E. P.   

Birch S. P. D.   Hayes A. G.   Radebaugh J.   Coustenis A.   Schoenfeld A.   Stiles B. W.   Kirk R. L.   

Mitchell K. L.   Stofan E. R.   Lawrence K. J.   Cassini RADAR Team 

Nature, Distribution, and Origin of Titan's Undifferentiated Plains [#7012] 

The undifferentiated PPlains on Titan are vast expanses of terrains that appear radar-dark and fairly uniform in 

Cassini SAR images. We concluded that these plains are sedimentary/aeolian in origin. 
 

Scully J. E. C. *   Buczkowski D. L.   Williams D. A.   Mest S. C.   Raymond C. A.   Combe J-P.   

Neesemann A.   Pasckert J. H.   Hughson K.   Kneissl T.   Ruesch O.   Frigeri A.   Russell C. T.    

Naas A.   Ermakov A.   Jaumann R.   Hoffmann M.   Nathues A.   Park R.   Pieters C. M.   Platz T.   

Preusker F.   Roatsch T.   Schaefer M. 

Geologic History of the Ezinu Quadrangle of Ceres, Derived from a Geologic Map Based on Data from the 

Dawn Mission [#7018] 

We present a geologic history of the Ezinu quadrangle of dwarf planet Ceres, derived from a geologic map based on 

Dawn spacecraft data. We investigate whether there is ice-related mass wasting, and provide context for the Occator 

crater bright spots. 



KINEMATICS MAPPING AND MONITORING OF ''SWISS CHEESE'' FEATURES IN THE POLAR ICY 
REGIONS OF MARS OVER TWO MARTIAN YEARS BASE ON HIRISE-MOC(NASA)IMAGES   

P.Aftabi*(Pedram.Aftabi@gmail.com) 

 
Fig-  a) The by scientists and NASA.This landscape explained as a features expand several 
meters per year. b,c)The MOC images of  NASA[1]8 m-deep pit(scf) at 86.9,353.3E separated by two Martian 
years.M09/00609(Fig b,Ls 237 degrees,1.4m/px and R08/01050(Fig c Ls 241 degrees,1.5 m/px) used for the monitoring. 
d,e)Same thermal images of the Fig b,c after 0 days and 1374 days respectively. The thermal color mapping STD gamma III) 
showed by blue-orange-yellow color. The orange colors and yellows are different in temperature with blue colors suggests that 
blue areas may be subsides but the brine flow upward.   f) Displacement map and monitoring pit of Fig b,c base on pixel base 
morphologic features. g)The Northern polar cap of mars and its spreading shoed by arrows in 3D.Original Fig from NASA[1]. 
h,i)The ice polar caps(PDMS in exps.) are evolved from a plastic cone shape. j)Ice caps formed viscous-plastic semi conical 
sheet after 10 mins. Spreading. K,l)The ice cap finally  spread as droplet shape sheet after 20 mins. 

The wiss chee  sci-
entists and NASA in last decade[e.g. 
1,9,15,16,17,18,20] .This landscape (Fig a) ex-
plained as a features expand several meters per 
year before by modeling[9].The mapping and 
mon Swiss ature(scf) ex-
ample of this paper(Figb,c[1]) achieved by pixel 
markers and morphologic features and this type 
of mapping and measurements proposed by au-
thor. The research in this paper is spatially lim-
ited to a 300×300m data frame surrounding the 
pit(scf) and the country rock around it (Figs 
b,c,d,e&f) and is limited by data availability to 
temporally integrate all deformations occurring 
between two Martian years(Figa,b,c,d,f)or anoth-
er words in 1374 days. A Martian year is about 
687 days. My processing methods as pixel mor-

phologic marker monitoring, reveal strain pat-
terns and displacements by vectors. The direction 
of vectors are from yellow circle to red circle 
from center to center in  
ture (scf-Figf). The MOC images of  NASA[1]8 
m-deep pit(scf) at 86.9,353.3E separated by two 
Martian years(Figs b,c).M09/00609(Fig b,Ls 237 
degrees,1.4m/px and R08/01050(Fig c Ls 241 
degrees,1.5 m/px) used for the monitoring. The 
Figs b,c first illustrated as example MOC image 
by Herkenhoff et al at 2006[2].Gridline spacing 
in Figs a,b&f are about 50 m and the expansion of 
pit  mapped and monitored relative to fixed 
grid(Fig f).The orbital errors and determination of 
a reference phase level are very low according to 
high amounts of displacements. The changes in 
the spreading(expansion) rates showed by differ-
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ent vectors(Figf).I applied a simple time-series 
analysis on the chain of  marker mapping  in or-
der to estimate surface deformation of some se-
lective pixels in this Swiss 
ture(scf,Figf).I used also morphologic features to 
determine the displacements. The  vector map 
showed high deformation areas in the rims of pit 
and low deformation areas in the center of 
pit(Figf).The low amount of movements in the 
center of pits suggest subsidence in this area by 
upward flow of brine (H2O or CO2 or mixtures 
of H2O-CO2 and salty water). Using high-
resolution Mars Observer Camera (MOC) images 
from two separate years of MOC observa-
tions,Malin et al. [21,22] showed that the Swiss 
cheese has retreated on the order of 1-3 meters 
per Martian years. More recently, a similar rate of 
retreat has also been observed for the third Mar-
tian year of MOC observations ,Malin et al. 
[21,22].My mapping and monitoring showed that 
one of the pits on Mars expanded between 0.5m 
to 10 m per year(Fig d here).The research here 
suggest some of the pits may expand as flowing 
structures more described by other scientist[e.g. 
21,22].The flow of brine and thermal changes in 
and around the pit(Figs d,e )generated by remote 
sensing as thermal color mapping STD gamma 
III. These pictures (Figs d,e)showed thermal 
changes  as blue, orange and yellow  colors. The 
changes in the colors suggest not only the thermal 
changes in and out of the pit but also flow of 
brine in and out. The orange colors and yellows 
are different in temperature with blue colors sug-
gests that blue areas may be subsides but the 
brine flow upward (Blue areas in Figd,e). I sug-
gest the readers to see original Figs in HiRISE[5] 
and MOC on the [3,4]web and descriptions by 
Herkenhoff et al(2006)[2]www.NASA.Gov[1]and 
other references[6,7].The morphological features 
also changes between 0 days to 1374 days. An 
unexpected result of doing systematic pixel 
marker mentoring and mapping analysis for pits 
is the discovery that most of the pits (scf) and 
their related ice sheets are actively deform and 
spread.  
sideways(Figs m.n,o,p,q) suggest that most of the 
ice sheets in the polar areas are spreading .The 
spreading of ice sheets illustrated before[e.g. 
8,10,11,12] in the polar areas of Mars .the ice 
caps on mars explained before [e.g. 

8,10,11,12,16,19].The Northern polar cap of 
Mars [1]showed in Fig g.[NASA,1].The vectors 
in this Fig show the flow directions in this ice cap 
illustrated before base on author experi-
ments[8,12]  .The models by author by 
PDMS[14,15] confirm the finding and suggest 
that the ice polar caps are evolved from a plastic 
cone shape(Figh,i) form to viscous-plastic semi 
conical sheet(Figj) and finally as spread droplet 
shape ice cap or spread ice sheets(Figk,l).The 
''Swiss cheese'' features and pits spread radials in 
both sides related to the location in the ice 
sheets(Figs m,n,o,p,q,r).The ice sheets can be as 
indenters(Fig not included here) but the most of 
the sheets formed roll over folds with overturned 
to recumbent folds repeated in the ice sheet(in 
exps. By author-figs p, q, r).The pattern of strain 
markers by the author experiments (Fig o) com-
pared with Hans  experiments [13, Fig, 
m, n here].All the experiments done base on 

methods [13].The displacements and 
changes radials in the pits and the models here in 
this paper suggest that the spreading of ice sheets 
and flow of brines in the polar areas of Mars. The 
flow of water and ice in polar areas of Mars is 
very important for human missions in future. For 
the rates of expansions see fig f  by using scale 
key bar. For the better looking of pictures and 
references use Zoom in object. 
References: 
[1]www.NASA.Gov.  
[2] Herkenhoff, K., et al.,2006, Fourth mars polar science confer-
ence,2pp,pdf8009.[3]http://marsoweb.nasa.gov/hirise[4]http://hirise.seti.org/epo
[5]McEwen,A.,etal.,2006,J.Geophys.Res.[6]Gulick,V.C.,McEwen,A and the 
HiRISE team,2005,Eos Trans,AGU 86(52),Fall meet,Suppl,Abstract P23A-
0172. [7]Gulick, V.C., and the HiRISE science team, 2005, AAS DPS meeting 
37, abstract 12-03. [8]Aftabi, P., 2006, Fourth Mars Polar Science Conference, 
22pp, PDF 8059. [9]Byrne, S., &Zuber, M.T., 2006, Fourth Mars Polar Science 
Conference, 22pp, PDF 8035. [10]Durham, W.B et al., 2006, Fourth Mars 
Polar Science Conference, 22pp, PDF 8104. [11]Kreslavsky,M.A & 
Head,J.W.,2006, Fourth Mars Polar Science Conference,22pp,PDF 
8028.[12]Aftabi,P.,2008,Science of Solar System Ic-
es,2pp,PDF.9011.[13]R
Crust,Academic press London. [14]Weijermars,R.,1986,Natur wissens 
chafen,Vol.73,p33.[15]Talbot,C.J.&Aftabi,P.,2004,GSL,V.161,p321-334.[15] 
Betz,E.O et al., 40th Lunar and Planetary Science Conference (2009),2pp,PDf 
1363.[16]Byrne,S. & Ingersoll,A.P.,2003, Geophysical  Research Letters, Vol. 
30, NO. 13, 1696. [17] Kadish,S.J., et al.,2008, Geophysical  Research Letters 
,Vol. 35, L16104.[18] Campbell,J et al.,2015 ISPRS Working Group IV/8 
Planetary Mapping and Spatial Databases Meeting.[19] MacClune,K.L. et 
al.,2003, Journal of Geophysical Research, Vol. 108, No. E4, 5031. [19] 
Tanaka, K.L &Fortezzo, C.M, 2012, Geologic Map of the North Polar Region 
of Mars, Prepared for the NASA by USGS, 11pp. [20] Becerra, P. et al., 2014, 
Eighth International Conference on Mars, 2pp, PDF1013. [21] Malin M. C. 
(2001) Science, 294, 2146-2148.[22] Malin M. C. et al. (2003) MGS MOC 
Press Release No.MOC2-367 at www.msss.com    
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Completion and Submission of the Terra Sirenum Map Project Robert. C. Andersona, James M. 
Dohmb, S. Robbinsc, and J. Schroedera, aJet Propulsion Laboratory, California Institute of Technology, Pasadena, 
CA 91109, bThe Museum, The University of Tokyo, Hongo 7-3-1, Bunkyo-ku, Tokyo 113-0033, Japan, cLaboratory 
for Atmospheric and Space Physics, University of Colorado, Boulder, Colorado USA. 

Introduction: The Terra Sirenum region, which is 
located to the southwest of Tharsis, records not 
only the development of the Tharsis magmatic 
complex, at least since the Middle Noachian [1-3] 
up to present-day, but just as importantly, contains 
some of the oldest stratigraphic units of the 
western hemisphere region of Mars.  Detailed 
examination of the structures and units within this 
region provided an excellent window into 
identifying the tectonic processes that influenced 
the ancient (pre-Tharsis) phase of the geologic 
evolution of Mars. Here, we present an overview 
from our mapping effort detailing the status of our 
mapping project. 

Mapping Status: We have completed a detailed 
1:5,000,000-scale geologic map of the Terra 
Sirenum region (referred to hereafter as the 
Memnonia-Sirenum region), which includes 
mapping stratigraphic units and identifying 
tectonic, erosional, depositional, and impact 
structures (see Figure below). We followed the 
procedure for mapping surface units defined by [4] 
and [5]. Stratigraphic units were differentiated 
based on both stratigraphic (crosscutting, overlap, 
and embayment) and contact relations and 
morphologic characteristics. High resolution MOC, 
NA, CTX, HiRise, and HRSC data were utilized to 
compile the geologic map information. 

Crater statistics have been completed for our map 
units of the Terra Sirenum region using a new 
global impact crater database [6-7]. In addition, all 
impact craters with diameters ≥ 3 km were 
manually examined to identify only those 
superposed on the most recent resurfaced terrains 
(those impact craters that display pristine rims and 
ejecta blankets and well-defined, bowl-shaped 
basins with little to no infill that have no visible 
evidence of volcanic, fluvial, and tectonic 
resurfacing). The superposed impact craters were 
verified through ConTeXt camera images where 
there was coverage [8].  

Hypothesized Geologic History of the Memnonia-
Sirenum Region: Dynamic geologic activity 
identified within this region includes the formation 
of large (hundreds to over a thousand kilometers 
long) north trending, structurally controlled basins 

and ranges; the basin and ranges are similar to 
those of the Basin &  Range, southwest United 
States [9, 10]. In the case of the Earth, both 
magmatic upwelling and plate tectonism are 
hypothesized to have contributed to the Basin &  
Range.  

The basins and ranges of the Memnonia-Sirenum 
region are interpreted to have formed pre-Tharsis 
and/or early Tharsis magmatic upwelling [9, 10]; 
pre-Tharsis activity would have occurred during an 
early phase of Martian evolution when the dynamo 
and associated magnetosphere were still in 
operation, based on stratigraphy, cross-cutting 
relations, crater statistics, and paleomagnetic data. 
Subsequently, the basins have acted as a long-term 
catchment of water and rock materials, evidenced 
through the geomorphology and CRISM-based 
geochemistry. Evidence of this includes Mangala 
Valles sourcing from a Tharsis-centered fault of 
Memnonia Fossae and the identification of 
phyllosilicates and chloride salt deposits. Highly 
degraded massifs with well-developed valley 
networks have been identified and interpreted to be 
ancient volcanic constructs formed during the early 
development of the rift systems. 

The formation of Tharsis contributed significantly 
to the geologic history of the Memnonia-Sirenum 
map region, including the emplacement of lava 
flows prominent in the region’s northeast and east-
central parts.  To the east and northeast of the map 
region, the evolution of Tharsis included the 
formation of igneous plateaus, volcanoes, lava 
flow fields, and fault, rift, and ridge systems, 
dating back to the Middle Noachian.  

Ensuing growth of Tharsis and related inundations 
in the northern plains contributed to the present-
day, Basin &  Range-like topography, including a 
subsequent stage of basin formation and 
subsidence. The latest stage of basin formation, for 
example, is pronounced through the central basin, 
with subsidence linked to the formation of 
Mangala Valles at the basin’s northern end and 
contemporaneous in time with major Stage 4 (Late 
Hesperian-Early Amazonian) Tharsis activity; the 
central basin is the lowest standing part of the map 
region and contains the lowest density of impact 
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craters of any of the north-trending, structurally 
controlled basins. Similar to the prominent 
Mangala Valles, which sources at a Tharsis-
centered fault of Memnonia Fossae, aqueous 
activity including the formation of valley networks, 
collapse depressions, pit-crater chains, and vent 
structures such as candidate mud volcanoes 
manifested along the Tharsis-centered fault 
systems even into geologically recent time (Late 
Amazonian). 
 
References. [1] Dohm, J.M., et al., 2001.  J. 
Geophys. Res. 106, 32 943-32 958. [2] Anderson, 
R.C., et al., 2001.  J. Geophys. Res. 106, 20,563-
20,585. [3] Dohm, J.M., et al., 2007. In 

Superplumes: beyond plate tectonics. D.A Yuen, S. 
Maruyama, S-I Karato, and B.F. Windley (eds.). 
Springer, London, 523-537. [4] Scott, D.H., and 
Tanaka, K.L. (1986) USGS Misc. Inv. Ser. Map I-
1802-A (1:15,000,000). [5] Tanaka, K.L., et al., 
2014. USGS Map Scientific Investigations Map 
3292. [4] Dohm, J.M.et al. (2002) Lunar Planet. 
Sci. XXXIII, 1639 (abstract). [6] Robbins, S.J., 
2011. Ph.D. Thesis, CU, Boulder.  Robbins, S., 
and Hynek, B., [7] Robbins, S.J.; and Hynek, B.M., 
2011. Submitted to JGR-Planets. doi: 
10.1029/2011JE003966. [8] Malin, M.C., et al., 
2007. J. Geophys. Res. 112, doi: 
10.1029/2006JE002808. [9] Karasözen et al., 2015, 
in review.  [10] Anderson et al., 2015 in review. 
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ANhb3  Amazonian Noachian highland basin 3

HNhb2  Hesperian Noachian highland basin 2

HNhb1r  Hesperian Noachian highland basin 1 rough

HNhb1s  Hesperian Noachian highland basin 1 smooth

Nh3  Noachian highland 3

Nh2  Noachian highland 2

Nh1 Noachian highland 1

AHThv  Amazonian Hesperian Tharsis volcanic

eHThv  Early Hesperian Tharsis volcanic

C2  Young crater materials

C1  Old crater materials

Cfs  Smooth crater floor materials

Cp  Central peak

D1  Dome, member 1

D2  Dome, member 2

Figure 1. Mars Orbiter Laser Altimeter Map showing the nomenclature and general locations
of features of interest. An approximate location of the highland-lowland boundary is also
shown (dashed line), with the northern plains located to the north of the Memnonia-Sirenum
map region (black outline) and the Tharsis to the east-northeast.  Also distinct is Claritas rise
of the northwestern part of the Himalayas-long mountain range, Thaumasia highlands. In the
Memnonia-Sirenum region, note that Mangala Valles sources from a Tharsis-centered fault
of the Memnonia Fossae which cuts the northern part of the central basin of the north-
trending, Basin & Range-like (i.e., southwestern United States) system of basin and ranges.
The Sirenum Fossae is yet another Tharsis-centered system of faults that transect the basins
and ranges, also marking structurally-controlled, aqueous activity in the form of valley
networks, collapse depressions, and pit crater chains. 

Figure 6. Terra Sirenum area of detail located along the southwestern flank of Tharsis.SCALE: 1:5,000,000

           EXPLANATION OF MAP SYMBOLS
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Figure 2. Merged Daytime THEMIS with MOLA topography using Geographic Information
Systems detailing north-trending basins and ranges many of which are aligned by faults
(black lines), including hypothesized stages of basin formation including subsidence
(white 1-4). Note that Mangala Valles (M.V., 4, white arrow indicates direction of flooding)
sources from a Tharsis-centered fault of the Memnonia Fossae (8A), which cuts the northern
part of the central basin (2-3) of the north trending, Basin & Range-like (i.e., southwestern
United States) system of basin and ranges. Stage 3 subsidence of the central basin, and
possibly 2, may be linked to outflow flooding Mangala Valles, with subsidence particularly
evident through the violet color in both the central basin and the smaller structurally-controlled
basin in the west-central part of the figure. The Sirenum Fossae is yet another Tharsis-
centered system of faults that transect the basins and ranges, also marking structurally-
controlled, aqueous activity in the form of valley networks, collapse depressions, and pit
crater chains (8T and 8B).

Figure 3. (Top) THEMIS IR daytime image detailing Mangala Valles sourcing from a fault of
Memnonia Fossae (white arrow), as well as narrow ridges (green arrow) which could mark
dikes that underpin the fault or remnants of floor materials of the central basin exposed by
Mangala Valles flooding and associated differential erosion. In addition, elongated depression
and fracture systems (red arrows) are interpreted to be collapse features resulting from
structurally controlled subterranean migration of volatiles including evacuation related to
Mangala Valles flooding. These points to water-enrichment including groundwater aquifers
associated with the north trending basins. (Bottom) THEMIS IR daytime image detailing
elongated depressions and pit crater chains (red arrows), and valley networks along Sirenum
Fossae (blue arrow), including rough infill deposits such as in the case of the largest central
elongated basin. The highlighted interaction among Tharsis-induced faulting and the
north-trending central basin indicates water-enrichment in the subsurface including the
potential for groundwater systems related to the structurally-controlled, north-trending basins.

Figure 4. Close up region showing two set of graben intersecting. Although the crater counts
of these units are incomplete, Trend 1 is stratigraphically younger than Trend 2 by its
crosscutting relationship. 

Figure 5. Magnetic data overlain on MOLA topography with the geologic units defined by
Anderson et al., in preparation. Magnetic highs can be seen associated with the older
basement structures. The basins and their associated infill deposits are generally in
agreement with gravity lows indicating the presence of low density materials, whereas
some of the ranges are in general agreement with gravity highs suggesting a degree of
flexural support.

NASA, JPL, USGS, DLL, UoA, ASU, CU, OSU, Brown University, Goddard, AMES,
PDS,
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CONVERSION OF SEVEN COMPLETED MAPS INTO ARCGIS FOR PUBLICATION.  R. C. Anderson, T. 
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ert.c.anderson@jpl.nasa.gov, timothy.j.parker@jpl.nasa.gov, jeffrey.f.schroeder@jpl.nasa.gov. 

 
 

Introduction:  Seven completed geologic quadrangles 
for Mars previously funded by the Planetary Geology 
and Geophysics program (PGG) and awarded to Tim 
Parker have been compiled in various formats (e.g. 
Canvas, Claris Draw, Photoshop, etc.) These maps 
need to be converted into ArcGIS and submitted to the 
United States Geological Survey (USGS) for final re-
view and map publication. Parker completed each of 
these maps in these older programs prior to the USGS 
switch to standard ArcGIS format. Each of the Mars 
base maps are compiled from older Viking Orbiter data 
in west areographic latitude/longitude coordinates. The 
USGS has since replaced the Viking based maps and 
coordinate system with the newer Themis daytime IR 
global mosaic and MOLA 2000 areocentric system. 
Because there were no requests for additional funds to 
meet these new requirements by the PI, the maps be-
came inactive. With the recent push by NASA and the 
USGS to get all previously awarded maps completed 
or returned back to the queue, our goal is to get these 
completed maps into production for access by the sci-
ence community.  

We plan to complete conversion of the seven 
1:500,000 scale maps of East Acidalia and Argyre 
Planitia as two 1:1,000,000 scale maps of these regions 
in two-years.  East Acidalia will be converted the first 
year, and Argyre will be converted during the second 
year.  

We emphasize that the goal of this project is not to 
start from scratch and remap these seven quadrangles, 
but to retrace and adapt these seven completed quad-
rangles into two 1:1,000,000- scale new maps based on 
the mapping completed Parker onto the newer Themis 
IR base maps, produce these new maps through the 
USGS, and make them accessible to the greater plane-
tary science community for use.  

East Acidalia Planitia/West Deuteronilus Men-
sae:  To create a single map for East Acidalia Plani-
tia/West Deuteronilus Mensae, the following three 
USGS quadrangles will be joined and seamlessly com-
bined at their shared borders: MTM-45357, MTM-
45352, and MTM-45347 (Figure 1). We are proposing 
to import into ArcGIS three 1:500,000-scale geologic 
maps of east Acidalia Planitia and convert them into a 
single digital map on a new 1:1,000,000-scale photo-
mosaic base map. This set of maps has already gone 
through Phase 1 of the external review by the USGS (J. 
Plescia and J. Moore, reviewers).  The review com-
ments are being incorporated into each quadrangle and 
the DOMU for all three maps. 

 

 
Figure 1 Completed East Acidalia Planitia/West Deu-
teronilus Mensae map by T. Parker. 
 

Components Necessary to Complete East Acidalia 
Planitia Map: In order to get this map ready for USGS 
production, the map will require:  
1. Assuring that all corrections/comments from the 
previous USGS review have been incorporated into the 
maps.   
2. Converting all geologic mapping units and symbols 
digitally in an ArcGIS database and reference to 
THEMIS Day IR base map. This includes creating in 
ArcGIS: GeoContacts, GeoUnits, Location Features, 
Linear Features, Surface Features, and Nomenclature. 
These digital attributes will then be used to create a 
digital map layout following USGS standards using 
GIS software (Figure 2).  Minimal effort will be re-
quired to adapt the original three quadrangles to the 
new 1:1,000,000-scale map.   
3. Creating a Description of Map Units (DOMU) sec-
tion describing each of the GeoUnits represented on 
the map. A hard copy of the DOMU also exists for this 
map and will require transcribing digitally. The 
DOMU will be formatted into a chart following USGS 
guidelines.  

Central and Southeast Argyre Planitia:  To cre-
ate a single map for Central and Southeast Argyre 
Planitia, the following four USGS quadrangles will be 
joined seamlessly at their corresponding borders: 
MTM-50036, MTM-50043, MTM-55036, and MTM-
55043 (Figure 2). Four 1:500,000-scale geologic maps 
of central and southern Argyre were produced in the 
early to mid 90s, and received a preliminary (non for-
mal) review at that time. We are proposing to import 
the four quadrangles into ArcGIS and convert them 
into a single, new 1:1,000,000-scale photomosaic base 
map.  
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Figure 2 Completed Central and Southeast Argyre 
Planitia map by T. Parker. All four quadrangles are 
mapped and completed.  
 

The Following Components are Necessary to com-
plete the Central and Southeast Argyre Planitia Map: 
In order to get this map properly formatted for produc-
tion, this map will require:  
1. Minor amounts of time to verify the units across 
boundaries and reference Viking-based contacts to the 
THEMIS Day IR base map.  

2. Converting all geologic mapping components digi-
tally in a GIS database. This includes creating in 
ArcGIS: GeoContacts, GeoUnits, Location Features, 
Linear Features, Surface Features, and Nomenclature. 
These digital attributes will then be used to create a 
digital map layout following USGS standards using 
GIS software (Figure 5). As can be seen from Figure 5, 
there is excellent correlation between the original map 
units defined by Parker on the Viking mosaics to those 
same units project through ArcGIS onto the new The-
mis IR base map. Minimal remapping effort will be 
required to adapt Tim Parker’s four Argyre quadran-
gles to the new 1:1,000,000-scale map.   
3. Creating a Description of Map Units (DOMU) sec-
tion describing each of the GeoUnits. A hand written 
hard copy of the DOMU exists for this map and will 
require transcribing digitally. The DOMU will need to 
be formatted into a chart following new USGS guide-
lines.   
4. Creating a Correlation of Map Units (COMU) sec-
tion describing the time period and classification of the 
GeoUnits does currently exists for this map (Figure 2). 
The COMU will be formatted into a chart following 
new USGS guidelines (Figure 6).   
Creating an Explanation of Map Symbols (EOMS) 
section defining all map symbols used in this map does 
not currently exists for this map. Just like the DOMU, 
a hand written hard copy of the EOMS does exist and 
will require transcribing digitally into ArcGIS format. 
The EOMS will be formatted into a chart following 
new USGS guidelines.  
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GEOLOGIC MAPPING IN XANTHE TERRA, MARS. Daniel C. Berman, J. Alexis Palmero Rodriguez, Cathy 
M. Weitz, and David A. Crown; Planetary Science Institute, 1700 E. Ft. Lowell Rd., Suite 106, Tucson, AZ 85719; 
bermandc@psi.edu. 

 
Introduction: We are currently producing a 

1:500,000-scale geologic map of MTM quadrangles 
00042 and 00047 in the Xanthe Terra region of Mars 
(2.5°S - 2.5°N, 310° - 320°E) (Fig. 1). This region has 
been extensively modified by outflow channels and  
chaotic terrains and includes vast highlands deformed 
by subsidence [e.g., 1]. The main goal is to develop an 
understanding of how regionally integrated hydrologic 
systems have been affected by (1) impact crater 
formation, (2) generation of subsurface cavity space 
leading to subsidence, and (3) the types and ages of 
erosional and depositional flooding events. 

Here we present preliminary results of our mapping 
(Fig. 1), in particular the southeastern portion of the 
study region (Fig. 2). Our results indicate that intrusive 
magmatism may have been an important causative 
factor in the history of catastrophic flooding in Ravi 
Vallis, an immense outflow channel that extends to the 
northeast from Aromatum Chaos. Some previous 
geologic models evoke intrusive magmatic dikes as 
triggers for catastrophic floods into nearby Shalbatana 
Vallis [2,3].  

Results: The floor of Ravi Vallis includes 
topographically pronounced grooves and streamlined 
landforms, characteristic of the higher channel levels 
of the southern circum-Chryse outflow channels [3]. 
The formation of these types of bedforms likely 
occurred as a consequence of episodic catastrophic 
flooding and glacial erosion [4] during the Late 
Hesperian [1] and Middle Amazonian [4] Epochs. The 
source of the floods likely included water-filled 
conduit networks generated by the melting of ice-rich 
sedimentary deposits, which connected to an elevated 
water table in Valles Marineris [5]. 

Geologic mapping combined with geomorphic 
analyses using CTX and HiRISE images have revealed 
that flooding inundated highland surfaces above the 
margins of the grooved floor (Fig. 2), where the floods 
deposited widespread smooth deposits, locally marked 
by small-scale streamlined landforms. 

We find that while Shalbatana and Ravi Valles 
extend from the same area of subsidence [3,5], the 
excavation of the outflow channels was the result of 
intermittent discharges, of which only the higher 
dissectional levels in Shalbatana Vallis  and the lower 
levels in Ravi Vallis (Fig. 2) exhibit surface erosional 
morphologies consistent with either catastrophic floods 
or glacial erosion. Some channel floors appear to have 
formed mostly as a result of sedimentation and without 

significant fluvial bedform formation. In Ravi Vallis, 
these smooth floors flank the lower scoured sections 
and their origin may be related to earlier floods that 
were not topographically constrained within a channel 
and thus spread (and thinned out) over the intercrater 
plains, rapidly losing velocity, indicating a possible 
transition from non-catastrophic floods (depositional) 
to catastrophic (erosional) floods in time. The lowest 
floors of Shalbatana Vallis also lack bedforms; 
however, this could be the result of mantling by mass 
wasting from the steep-sided canyon flanks or aeolian 
debris. 

Volcanic and hydrologically resurfaced terrains 
in Aromantum Chaos: Our mapping shows that 
Aromantum Chaos is unique in that it forms the source 
area of both a lava flow and an outflow channel. The 
lava flow (Fig. 3) likely erupted from a fissure parallel 
to the southern margin of the chaotic terrain that was 
subsequently destroyed during ongoing collapse and 
retreat of the canyon wall. Craters impacted into the 
lava flow exhibit high thermal inertia ejecta blankets 
with large boulder deposits (Figure 4). Close 
examination of the southern wall of Aromatum Chaos 
in HiRISE images reveals evidence for possible buried 
lava flows that form low-albedo bouldery outcrops. 
Episodic volcanic activity in the region could have 
provided high geothermal conditions conducive to 
potential melting of subsurface ice and groundwater 
outburst leading to catastrophic flooding.  

Age dating: Crater count analyses have been 
performed on three units, the Ravi Vallis lower floor, 
the northern Ravi Vallis upper bank, and the lava flow 
to the south. Size-frequency distributions (Fig. 5) for 
craters larger than 250 m in diameter show ages for 
upper and lower Ravi Vallis of 3.3 Ga and 2.8 Ga 
respectively, although statistically they overlap. The 
surface lava flow shows an age of ~1 Ga. For craters 
below 250 m in diameter the SFD converge for the 
upper Ravi floor and the lava flow at approximately 
the 2.4 Ga isochron, suggesting contamination by 
secondary craters from a single impact event. The 
lower Ravi floor exhibits a steeper rolloff of small 
craters, suggesting continued erosion, perhaps by 
subsequent minor flooding events. 

References: [1] Tanaka et al. (2014) USGS SIM-
3292. [2] Cabrol et al. (1997) Icarus, 125, 455-464. [3] 
Rodriguez et al. (2003) GRL, 30, 1304.  [4] Rodriguez 
et al. (2015), Icarus, 257, 387-395. [5] Rodriguez et al. 
(2015), Nature Scientific Reports, 5, 13404. 
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Figure 1. Preliminary geologic map of MTM quadrangles 00042 and 00047 as of 5/12/2016. 
 

 
Figure 2. Preliminary geologic mapping for the Ravi 
Vallis region (from Figure 1), showing the upper and 
lower units as well as Aromatum Chaos and the lava 
flow.  
 

 
Figure 3.  Lava flow exhibiting central channel and 
levees. CTX images G22_026891_1768 and 
D22_035884_1783. 

 
Figure 4. Close-up of lava flow surface, showing 
bouldery ejecta deposits. HiRISE image ESP_ 
043572_1785. 

 
Figure 5. Crater SFD for Ravi Vallis and lava flow. 
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Malaska2, R.M.C. Lopes2, A. Schoenfeld2, D.A. Williams3. 1Department of Astronomy, Cornell University, 
Ithaca, NY 14850. 2Jet Propulsion Laboratory / California Institute of Technology, 4800 Oak Grove Drive, 
Pasadena, CA 98109. 3School of Earth and Space Exploration, Arizona State University, Tempe, AZ 
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Introduction: Titan’s lakes, seas and 

surrounding hillslopes contain vast amounts of 
information regarding the history and evolution 
of Saturn’s largest moon. With an atmospheric 
pressure at the surface of 1.5 bars and a surface 
temperature of 91-95 K, methane and ethane are 
both able to condense out of the atmosphere and 
rain to the surface [1], where the fluid runoff 
concentrates, incises channels and transports 
sediment [2]. Landforms common to Earth are 
found across Titan, and include lakes and seas 
[3], river valleys [4], fans and deltas [5] and 
mountains [6]. Yet under Titan conditions, these 
familiar landforms have all formed and evolved 
under vastly different environmental and 
physical conditions from Earth. Of particular 
interest are the fluvial and lacustrine features 
clustered in Titan's polar regions, features not 
found elsewhere in the Solar System. To 
understand this landscape, we have created a 
geomorphologic map. We then use the relative 
elevations of the mapped geomorphological units 
and their contact relationships to suggest 
possible stratigraphic relationships that might 
form the basis for a geological model. 

Methodology:  Our geomorphologic maps 
(Figure 1) are centered about Titan's polar 
regions at latitudes greater than ±60°. We use a 
combination of the Cassini SAR images along 
with topographic data in the form of SARTopo 
[7], altimetry [8] and sparsely distributed Digital 
Terrain Models [9]. All of our mapping is carried 
out using the ArcGISTM cartography software 
where we were able to combine individual, 
rasterized SAR swaths with the topographic 
information, using a polar stereographic 
projection. Mapping uses the incidence angle 
corrected SAR swaths so as to minimize any 
geometric variations, giving us as consistent a 
dataset as possible. After defining our 
geomorphologic units, mapping is conducted 
systematically at a scale of 1:200,000. 

Morphological units and interpretation: In 
areas with a high coverage of topographic data, 
we define five bulk geomorphologic units as: 
mountains &  SAR-bright dissected terrains, 
dissected uplands, mottled plains, uniform 
plains, and superposed units. These units are 

subdivided according to their morphology, 
topography, and degree of desiccation 

Mountains &  SAR-Bright Dissected Terrains: 
These two units are mapped as distinct units 
because of their differences in topographic relief. 
Yet the similarity in morphology, dark 
appearance in ISS images, and altimetry 
backscattering suggest a similar formation and 
water ice-rich composition. Across the poles, we 
see plains units at higher elevations than the 
SAR-Bright Dissected Terrains, which suggests 
a mantling of the plains units on top. In many 
locations, it appears that the SAR-Bright 
Dissected Terrains are outcropping from the 
plains units, appearing as exposed regions of the 
underlying bedrock 

Dissected Uplands: These scarp-bounded 
units are highly dissected, with a higher channel 
density than the lower-lying plains. The 
dissected uplands (both SAR-bright and dark) 
are topographically emplaced lower than the 
mountains, though stratigraphically, they are 
younger, situated above the mountains. The 
defining characteristic of the dissected uplands is 
their backscattering behavior at nadir. With 
altimetry data, we find that the scattering is not 
dominated by roughness, but instead may be the 
result of a different composition or subsurface 
structure that causes absorption at all incidence 
angles 

Mottled Plains:  Mottled plains have a radar 
signature that can be highly variable. 
Topographically, this unit varies in elevation 
though always situated below the mountains and 
the dissected uplands. Most often, these plains 
are in contact with the dissected uplands. 

Uniform Plains: There are four types of 
plains units in our mapping. Elevated, SAR-dark 
plains contain the majority of the empty and 
filled lake depressions on Titan, suggesting that 
their composition is conducive to the formation 
of these features. A topographically low 
counterpart of these dark plains borders the large 
seas and contains canyons. A third plains unit 
appears exceptionally dark, interpreted to be 
locations where liquids are ponded at or near the 
surface. The fourth plains unit appear SAR-
bright. This terrain unit is distinctively SAR-

7020.pdfAnnual Planetary Geologic Mappers Meeting (2016)



bright, with a uniform radar signature at our 
mapping resolution, lacking any discernible 
valley networks.  

Superposed Units: Superposed units include 
filled and empty lakes, alluvial fans, fluvial 
valleys, and filled and empty seas.  

Interpreted geologic history. Despite the 
difference in the distribution of lake depressions 
and seas [10], Titan's north and south polar 
regions have similar morphologies. Accordingly, 
we propose that the processes that formed their 
surfaces were similar. Uniform, SAR-dark plains 
are interpreted as sedimentary deposits that 
themselves are bounded by moderately dissected 
uplands. These plains contain the highest density 
of filled and empty lake depressions, and 
canyons. These units overlay, unconformably, a 
basement rock that outcrops as mountains and 
SAR-bright dissected terrains at various 
elevations across both poles. All these units are 
then superposed by surficial plains units that 
slope towards the seas, suggestive of subsequent 
overland transport of sediment. From the depths 
of the embedded empty depressions and 
canyons, the thicknesses of all of the SAR-dark 
plains can be up to 600 m. However, the true 
thickness of these deposits likely varies across 
the poles. At the lowest elevations of each polar 
region, there are large seas, which are currently 
liquid methane/ethane filled at the north and 
empty at the south. Using the relative elevations 

of units, we suggest a possible stratigraphic 
relationship where upon there was sedimentation 
in putative polar oceans. Sedimentation was 
subsequently followed by erosion and 
redistribution of those sediments within the polar 
regions of Titan. Formed over multiple time 
scales, the now dissected sedimentary units 
would have formed as layered sedimentary 
deposits. Coupled with vertical crustal 
movements, the resulting layers would be of 
varying solubilities and rheologies, resulting in 
the complex landscape that we observe.  

Acknowledgements: SPDB, and AGH, were 
funded by a NASA Cassini Data Analysis 
Program: Grant NNX13AG03G. DAW was 
funded for Titan geologic mapping under grant 
NNX14AT29G from the Outer Planets Research 
Program.  
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A.G. et al. (2008) JGR, 35, L09204. [4] Burr 
D.M. et al. (2013) GSA Bulletin, 125, 299-321. 
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584-598. [8] Zebker, H.A. et al. (2009) Icarus, 
200, 240-255. [9] Kirk, R.L. et al. (2012) LPSC 
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(2009) Nat. Geosci., 2, 851-854. 

 

       
      

     
     

     
      

       
     
      

     
       

  
      

      
     

     
     
      

     
  

7020.pdfAnnual Planetary Geologic Mappers Meeting (2016)



WRINKLE RIDGES IN AEOLIS DORSA, MARS: PRELIMINARY MAPPING.  R. M. Borden1 and D. M. 
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Introduction: The global geology of Mars shows 

many interesting tectonic features. Whereas the largest-
scale features are related to Olympus Mons and the 
Tharsis Montes [1], smaller tectonic features may relate 
more to local deformation, enabling the interpretation of  
local stratigraphic relationships and localized past tec-
tonic stress histories. As part of a funded mapping pro-
ject, we are applying this approach in the Aeolis Dorsa 
(AD) region, where prior work has already identified 
fluvial deposits, mainly inverted fluvial features [2]; im-
pact craters, some with rampart ejecta blankets; dunes 
from Aeolian deposition [3]; and yardangs from Aeolian 
erosion. The Aeolis Dorsa are located within the Me-
dusa Fossae formation, which is hypothesized to be 
comprised of a volcanic ignimbrite [4]. 

The AD region of Mars exhibits tectonic features at 
both global and local scales. First, the shape of the 
global dichotomy boundary in this region has been mod-
eled as suggestive of lower crustal flow [5]. At the same 
time, deformed surficial fluvial deposits are most con-
sistent with lithospheric flexure [6]. The Medusa Fossae 
Formation also has rectilinear troughs, potentially 
formed by tectonic fractures [7], which appear in the 
southwest part of the AD mapping area. Other tectonic 
features in the area include possible extension along the 
dichotomy boundary between the northern lowlands and 
southern highlands. More locally, several small-scale 
tectonic features have been observed, including wrinkle 
ridges [8]. This work focuses on mapping and analysis 
of these smaller features and using these features to de-
rive a better understanding of the regional geologic re-
lationships and history of localized stresses in the re-
gion. The wrinkle ridges are distributed throughout the 
mapping area. Local stratigraphic relationships can be 
inferred using cross-cutting relationships of wrinkle 
ridges and fractures with fluvial and Aeolian deposits.  

Background: Wrinkle ridges in the Solar System: 
Wrinkle ridges consist of three major geomorphologic 
parts: an underlying rise with relatively low relief, a 
broad arch, and a narrow ridge (see Figure 1). The wrin-
kle ridge overall is asymmetric. Wrinkle ridges also 
commonly have en echelon lobes with curvilinear ge-
ometry [1]. Wrinkle ridges are found on terrestrial plan-
etary bodies, including Mercury, Venus, Earth, Mars, 
and the Moon [9,10]. Their morphology has been exten-
sively studied and described in the literature. Plescia and 
Golombek described wrinkle ridge morphology and 
compared several potential terrestrial analogs to Lunar 
and Martian wrinkle ridges [9]. Wrinkle ridges have 
also been analyzed more recently to infer the magnitude 

of crustal shortening and the geometry of the underlying 
thrust faults [11-13]. 

Wrinkle ridges are interpreted as evidence of con-
traction by blind thrust faults that do not break the 
ground surface. Wrinkle ridges are thought to be the 
topographic expression of fault-related folds developed 
with the thrusts, for which the motion along the fault 
decreases to zero at the tip of the fault some distance 
below the surface. This displacement gradient along the 
thrust fault results in fold formation in the hangingwall, 
creating the wrinkle ridge [14].  

Wrinkle ridges in AD: Wrinkle ridges are found 
throughout the mapping area in AD. For example, Kite 
et al. identified several wrinkle ridges interacting with 
alluvial fan deposits [8]. Several more have been iden-
tified and mapped for this work (see Figure 2). 
 

 

 

 

 

 

 

 

 

 

 

Figure 1: Example of a wrinkle ridge located at ~22.16 N, 
79.30 W (outside study area). Elevation profile is from A to 
A’ . Blue arrows and line denote edges of topographic rise, red 
arrow denotes broad arch, black arrow denotes narrow ridge.  

Hypothesis: Based on the observations of wrinkle 
ridges in the AD, we hypothesize that the AD episodi-
cally underwent local contraction. 

Data and Methods: ESRI ArcMap software for GIS 
analysis is used for the mapping and analyses for this 
project. The base map is a mosaic from the Context 
Camera (CTX) [15]. This layer is overlain with Mars 
Orbiter Laser Altimeter (MOLA) [16] topographic data 
to get elevations for various features. General mapping 
of wrinkle ridges in AD is accomplished at the 1:85,000 
scale and wrinkle ridge lines are created as polyline 
shapefiles.  
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We are mapping wrinkle ridges using three classifi-
cations: certain, probable, and possible. Criteria used for 
mapping are that wrinkle ridges include: a topographic 

rise, a broad arch, a narrow ridge, en echelon lobes, cur-
vilinear overall shape, and asymmetry [adapted from 
10]. For a wrinkle ridge to be classified as certain, it 
must have clearly visible at least four of the six criteria. 
To be classified as probable it must have at least three 
of the criteria. To be classified as possible it needs only 
to have two of the criteria.  

Analyses and Preliminary Results: Preliminary 
mapping in the study area has identified a number of 
wrinkle ridges with the certainty levels defined by the 
morphologic criteria. These wrinkle ridges appear to be 
scattered throughout the AD region, instead of concen-
trated in one particular area (see Figure 2). This scat-
tered distribution suggests that contraction was widely 
distributed spatially.   

Future Work: Continued detailed mapping of wrin-
kle ridges will be completed in the AD, followed by var-
ious analyses. The geographic orientation of each of the 
wrinkle ridges will be recorded and collectively ana-
lyzed to infer any directionality of the former compres-
sional stresses that gave rise to the wrinkle ridges. Topo-
graphic profiles for each wrinkle ridge will also be ob-
tained from DEMs, where stereo pairs are available 
[17], and used to infer the amount of crustal shortening 

in the AD. Lastly, analysis of the elevation and strati-
graphic context of these wrinkle ridges will be done to 
infer information on their distribution in time. 
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al. (2008) JGR, 113, E12011. [5] Nimmo F. (2005) Ge-
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ogy, 240, 121-136. [7] Irwin R. P. et al. (2004) JGR, 
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223-242. [9] Watters T. R. (1988) JGR, 93, 10236-
10234. [10] Plescia J. B. and Golombek M. P. (1986) 
GSA Bulletin, 97, 1289-1299. [11] Okubo C. H. and 
Schultz R. A. (2004) GSA Bulletin, 116, 594-605. [12] 
Golombek M. P. et al. (2001) JGR, 106, 23811-23821. 
[13] Montesi L. G. J. and Zuber M. T. (2003) JGR, 108, 
E65048. [14] Brandes C. and Tanner D. C. (2014) 
Earth-Science Reviews, 138, 352-370. [15] Malin M. C. 
et al. (2007), JGR, 112, E05S04. [16] Smith D. E. et al. 
(2001) JGR, 106, 23689-23722. [17] Moratto Z. M. 
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MAPPING OF SAND TYPES AND DUNE MORPHOLOGIES IN THE AEOLIS DORSA REGION, 
WESTERN MEDUSAE FOSSAE FORMATION, MARS. A. S. Boyd1 and D. M. Burr1, 1Department of Earth 
and Planetary Sciences, University of Tennessee, Knoxville, TN. (aboyd21@utk.edu) 

 
Introduction: One of the great questions in 

Martian geology is the origin of sand, its temporal 
persistence on the Martian surface, and its deposition 
and transport mechanisms [e.g., 1]. Sand dunes occur 
globally on Mars [e.g., 2], and can provide clues 
regarding the source of dune sands via recording the 
direction from which sand is being transported [e.g., 
3, 4]. Other aeolian deposits, as well as abrasional 
features like yardangs, can also provide clues in 
determining the sources of sand and its transport 
characteristics. 

Numerous and pervasive aeolian features are 
located within the Medusae Fossae Formation (MFF), 
a laterally extensive sedimentary deposit just north of 
the highland-lowland boundary between the Tharsis 
and Elysium Mons regions [5,6].  The MFF is 
covered in many places by high-albedo dust or low-
albedo sand, often in dunes. The Aeolis Dorsa (AD) 
region is located within the western MFF (wMFF) 
south of Elysium Mons. Aeolian, fluvial, and tectonic 
activity has shaped the morphology of this region; 
aeolian features in the AD include dunes, yardangs 
[7], and scour marks [cf., 8]. Discontinuous dark sand 
occurs both within and outside of yardang troughs, 
providing clues regarding variation in transport 
speeds and directions [9, 10]. Various sand deposits 
and surficial feature morphologies will be mapped 
and characterized to include as surficial deposit units 
for a funded map of the AD region.  

This aeolian mapping effort is part of both the 
ongoing AD mapping project [11] and a newly 
funded effort to characterize the source(s) of sand in 
the wMFF. The determination of wind emplacement 
directions, localized wind speed variations, and of 
distributions of light and dark sand, will shed light on 
the source(s) of sand on Mars. 

Background: The MFF covers 1.4 x 106 km3, has 
an estimated volume of 1.4 x 106 km3, and consists of 
layered deposits of fine-grained, light-colored 
material [5, 6]. Surface textures and features vary 
from smooth, thick deposits on the eastern side of the 
MFF to rougher, thinner deposits on the west side, 
which includes the AD study area.  

MFF crater counts on the highly abraded surface 
date much of the surface to the middle Amazonian 
[12], but as the MFF records substantial post-
depositional reworking [13], crater counts at lower 
elevations have dated the emplacement of regions 
within the unit to the late- to mid- Hesperian [13]. 
This extensive post-depositional reworking of the 
MFF complicates interpretation of its formation. 

Although the formation of the MFF is  unresolved, 
lines of evidence point toward a volcaniclastic 
deposit of material from an explosive eruption [6], 
and more specifically as a hypothesized ignimbrite 
deposit [14]. Among these lines of evidence are that 
the MFF blankets underlying topography rather than 
being preferentially deposited in low-elevation areas 
and that it exhibits yardang morphologies consistent 
with yardangs formed in ignimbrites [6].  

Volcanic and magmatic features surround the AD 
region. Elysium Mons lies to the north of the AD 
region and the Cerberus plains lavas bound its the 
northern and eastern sides; the Southern Highlands 
border the region to the south. Weathering of 
materials within each of these regions could generate 
significant amounts of dark sand that may have been 
subsequently transported to the AD region.  

Hypotheses: The proximity of the AD region to 
Elysium Mons, the Cerberus plains, and the Southern 
Highlands allows for these three possible sources of 
sand; the interpretation that the MFF is volcaniclastic 
in origin provides a fourth possibility. Thus, our four 
hypotheses for the source(s) of sand in the AD region 
are: 1) in situ weathering of the MFF; 2) eruptive 
materials from Elysium Mons to the north; 3) 
comminution of Cerberus plains lavas to the 
northeast; 4) transport of preexisting sand from the 
Southern Highlands. 

Data and methods: Our current preliminary 
work focuses on mapping aeolian deposits. The 
basemap for this project is comprised of images from 
the Context Camera [CTX; 15], which have a 
resolution of 6 m/pixel and cover almost the entire 
map area. Mapping on the CTX image mosaic will 
provide distributions of dark and dust-covered sand 
(Fig. 1), and, where higher-resolution data are 
unavailable, will be used to derive dune 
morphologies.  Where they are available, we will use 
Mars Orbiter Camera [MOC; 16] narrow angle (NA) 
images, and High Resolution Imaging Science 
Experiment [HiRISE; 17] images for more precise 
morphology identification, as their respective 
resolutions of 2-20 m/px and 0.25 m/px allow for 
analysis of individual dune morphologies in high-
dark bedform-density regions. Mapping will be 
conducted in ArcGIS, and sand deposits and dune 
morphologies will be recorded. Local wind directions 
will be inferred and mapped on the basis of dune and 
sand deposit morphologies, and used as input for the 
ArcGIS tool ‘ linear mean direction’ , which will 
provide a mean flow direction for the region. 
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Preliminary results: Preliminary mapping 
efforts highlight three distinct types of sand deposits: 
i) dark sand found within yardang troughs, ii) dark 
sand found outside of yardang troughs, and iii) light-
colored (dust-covered) sand (Figs. 1b, d). Dark sand 
dominates the surface of a deep structural depression 
in the southwest corner of the study area (Fig. 1a).  
Yardangs with dark sand occur predominantly on the 
eastern side of the study area (Fig. 1c). Dust-covered 
sand plains exhibit scour marks indicative of 
underlying sand, as well as evidence for wind 
direction. Nearby dark sand, outcropping between 
erosional massifs, indicates funneling of wind (Fig. 
1e). The south and southeast-facing sides of dunes 
and scoured features tend to be steeper than north- 
and northwest-facing sides of the same features. 
Dune slopes and scour marks both indicate dominant 
south-southeastward wind directions [cf., 8]. This 
result is consistent with sand source(s) from Elysium 
Mons, the Cerberus plains, and/or the wMFF itself. 

Future work: High- and low-albedo sand 
deposits will continue to be mapped, and wind 
emplacement directions for dunes will be inferred 
based on morphology. Yardang morphologies will be 
mapped, and abrasion directions will be identified. 

Results of these mapping efforts will be combined 
with future spectroscopic analyses and atmospheric 
modeling to identify the source(s) of sand in the AD 
region of the MFF. 

References:  [1] Fenton L. K. et al. (2013) 
Aeolian Research, 8, 29-38. [2] Hayward R. K. et al. 
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(2009) JGR, 114, E11012. [4] Chojnacki M. et al. 
(2014) Icarus, 232, 187-219. [5] Sakimoto S. E. H. et 
al. (1999) JGR, 104, E10. [6] Bradley B. A. et al. 
(2002) JGR, 107, E8. [7] Ward A. W. (1979) JGR, 
84, 8147-8166. [8] Bishop M. A. (2011) 
Geomorphology, 125, 569-574. [9] Burr D. M. et al. 
(2011) LPS XLII, Abstract #1582. [10] Burr D. M. et 
al. (2012) LPS XLIII, Abstract #1692. [11] Burr et al. 
(2016) this meeting. [12] Tanaka K. L. (1986) JGR, 
91, E139-E158. [13] Kerber L. and Head J. W. 
(2010) Icarus, 206, 669-684. [14] Mandt K. E. et al. 
(2008) JGR, 113, E12011. [15] Malin M. C. et al. 
(2007) JGR, 112, E05S04. [16] Malin M. C. and 
Edgett K. S. (2001) JGR, Planets, 106, E10. [17] 
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Introduction: The 1,550 km-diameter Caloris ba-

sin, the largest impact structure on Mercury, is a highly 
complex geologic landform. The basin is floored by 
light-toned plains [1] that have been determined to be 
volcanic in nature, and multiple landforms, including 
volcanic vents and even a possible small shield volcano  
[e.g. 2,3], have been identified. The basin floor also 
shows a degree of tectonic diversity that is far greater  
and more complex than anywhere else on the planet 
[4]. Also, the nature of the annulus of dark-toned mate-
rial that surrounds the basin remains unclear [3]. While 
the hummocks are thought to be ejecta blocks, the 
smooth, dark, ridged plains interfingering them have 
been interpreted to be younger than the light-toned 
plains within the Caloris basin. This would imply a 
second, plains emplacement event, possibly involving 
lower albedo volcanic material, which resurfaced the 
original ejecta deposit. A geologic map of the Caloris 
basin will serve to synthesize the results of these previ-
ous studies into a contextual framework for quickly 
viewing the thematic research that has been performed 
on this interesting region. 

Caloris basin map: In the mapping scheme de-
signed for Mercury, the Caloris basin crosses four 
quadrangles: H-3 Shakespeare (21º-66°N, 90º-180°W), 
H-4 Raditladi (21º-66°N, 180º-270°W), H-8 Tolstoj 
(21ºS -21°N, 144º-216°W) and H-9 Eminescu (21ºS-
21°N, 216°-288º W). In this mapping effort, we pro-
posed to develop a Caloris basin map that ranged from 
0º-60°N, 130º-195°E. However, during mapping we 
realized that the map needed to extend from 125º-
200°E to cover both the basin and the entire surround-
ing dark annulus This current areal extent best summa-
rizes the thematic research of the Caloris basin region.  

Such region specific maps are common on Mars 
(e.g. the northern plains [5], the Chryse basin [6], etc.) 
and can truly focus understanding of a region of inter-
est. We will combining existing high-resolution maps, 
crater counts, and stratigraphic analyses into a single 
ArcGIS product to be submitted to the USGS for pub-
lication as a finished USGS map. 

Geologic Units: Two Mercury quadrangle maps 
based on Mariner 10 data cover the eastern third of the 
Caloris basin (Fig. 2): H-8 Tolstoj [7] and H-3 Shake-
speare [8]. Several terrain units associated with the 
Caloris basin were identified by [9]. Later, a rock-
stratigraphic group consisting of several formations 
was developed during the 1:5M mapping of the H-8 
Tolstoj [7] and H-3 Shakespeare [8] quadrangles and 

then formalized [10]. The formations of the Caloris 
group correspond with the morphological units recog-
nized previously [9] (Fig. 2).   

The most prominent annular feature surrounding 
the Caloris basin structure is comprised of smooth-
surfaced massifs 1-2 km high and 100-150 km wide. 
Originally referred to as “mountain terrain” [9], the 
unit was officially named the Caloris Montes For-
mation (cm) [7,8,10]. The component blocks were in-
terpreted as uplifted bedrock [9].   

The depressions between the massifs of the Caloris 
Montes are mantled by a undulating to smooth unit 
called the Nevro Formation (cn) [7,8,10]. McCauley et 
al. [10] interpreted these “intermontane plains” [9] as 
fallback material from the Caloris impact itself, but 
much of the formation may be impact melt ejected 
from the excavation cavity of the basin [11].   

An extensive plains unit, similar in appearance to 
the ps material outside of Caloris, covers the floor of 
the basin. However, the Caloris floor material shows 
more intense tectonic deformation than the exterior 
smooth plains, including abundant wrinkle ridges and 
graben with discrete basin-radial, -concentric, and -
oblique orientations [4]. In the Tolstoj and Shake-
speare quadrangles the Caloris Floor Plains Material 
(cfp) and the Smooth Plains Material (ps) are mapped 
as distinct units [7,8]. Unable to discern an unequivo-
cal formation mechanism for the cfp material, the 
quadrangle maps suggest that it is either volcanic in 
origin or a thick impact-melt sheet. 

There are two geologic units considered to be faci-
es of Caloris ejecta: the Odin formation and the Van 
Eyck formation [7-10]. The Van Eyck Formation (cvl) 
includes a lineated terrain extending radially 1000 km 
from the outer edge of the Caloris Montes and clusters 
of secondary craters identified by [7].  The long, hilly 
ridges and grooves comprising the Van Eyck are sub-
radial to the basin proper and are interpreted as ejecta 
from Caloris secondaries. 

The other Caloris ejecta unit is formally named the 
Odin Formation (co) [7,8,10]. Hummocky plains [9], 
consisting of low hills ranging from 0.3-1 km across 
and up to a few hundred meters high, encircle the basin 
in a broad annulus that extends up to many hundreds of 
kilometers from the Caloris Montes. In some places the 
Odin hills are concentric to the rim of the Caloris ba-
sin, and the spacing between hills can vary greatly. The 
outer boundary of the Odin Formation is gradational 
with the younger Smooth Plains Material (ps) exterior 
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to the Caloris basin, which is similarly surrounded by 
the older, pre-Caloris Intercrater Plains Material (pi). 

Fassett et al. [12] concluded that while the Odin 
Formation knobs are Caloris ejecta blocks, they may 
have been mostly embayed and buried by younger vol-
canic deposits. Conversely, Denevi et al. [3] found 
conflicting evidence for the origin of the circum-
Caloris plains, and determined that the crater size–
frequency distributions in these regions may not be 
meaningful discriminators of age. They suggested that 
the higher density of craters on the Caloris rim and 
ejecta deposits may be the result of non-uniform self-
secondary cratering, such as has sometimes been ob-
served on the Moon [13-16].  A second possibility is 
that a difference in target material properties between 
ejecta deposits and impact melt could also have result-
ed in a higher density of craters on the Caloris rim, 
leading to a false interpretation of greater age.  This, 
too, has been observed in lunar craters [16-19].  
Meanwhile, Buczkowski et al. [20] found that the Odin 
Formation showed two distinct sub-units: a dark sub-
unit that has a higher concentration of knobs and a (rel-
atively) bright sub-unit that has fewer and fresher cra-
ters. They suggested that the bright sub-unit represents 
a volcanic flow younger than and interfingering the 
knobs and darker flows that represent the Caloris ejec-
ta. By integrating all current data sets, analyses, and 
maps into a single map product, the persisting question 
of the nature of the Odin formation can be addressed 
definitively. 
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(left) Figure 1. Geologic map of the 
Caloris basin, Mercury.  

 
(above) Figure 2. MESSENGER mo-
saic of the Caloris basin overlain by 
portions of the H-8 Tolstoj [7] and H-
3 Shakespeare [8] quadrangles.  Odin 
Formation is light blue; Smooth 
Plains are pink. 
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CONTINUING TO CHARACTERIZE THE HISTORY OF A DIVERSE INVERTED LANDSCAPE: 
MAPPING OF THE AEOLIS DORSA REGION, MARS.  D. M. Burr1, R. E. Jacobsen1, A. Lefort 1, R. M. Bor-
den1 and A. S. Boyd1, 1 Earth and Planetary Sciences, Department, University of Tennessee, Knoxville, TN USA 
37996 (dburr1@utk.edu). 

 
Introduction:  This abstract summarizes our sec-

ond year of work on a 1:500k map of the Aeolis Dor-
sa (AD) region [1].  Located within the western Me-
dusae Fossae Formation (MFF), this region (Fig. 1) 
lies just north of Mars’  highland-lowland boundary 
(HLB), southeast of the young Cerberus plains lavas 
and ~800 kilometers east of Gale Crater.  It contains a 
long history of fluvial, aeolian, sedimentological, 
tectonic, and collapse events, recorded in substantial 
and complex stratigraphic layering that has been lo-
cally and regionally deformed.  The funded mapping 
effort covers landforms resulting from these varied 
and interleaved processes [1], and we report our pro-
gress on mapping each category of landforms.   

Fluvial landforms:  The AD fluvial history is 
recorded in an areally extensive, morphologically 
varied, and stratigraphically stacked population of 
fluvial features.  Most of these fluvial features are 
inverted, although smaller, negative-relief sinuous, 
fluviatile troughs also exist, particularly within the 
spotty dark mantling unit.  Our previous and on-going 
work in this region [2-4] has focused on identification 
and mapping of the inverted fluvial features.  This 
work in mapping inverted features is complete [4].  
Previous work has provided paleodischarge estimates 
for these inverted features [3], but we are re-
examining the techniques commonly used to make 
such estimates [5].  Upon completion of this re-
examination, we will estimate and provide new 
paleodischarge values for the inverted fluvial fea-
tures.  We also plan to map the smaller negative-relief 
troughs and estimate paleodischarges.   

While this mapping has used visible wavelength 
data to examine surface morphologies, we have also 
used the mosaic of nighttime infrared data [6] to iden-
tify a near-surface / surficial fluvial unit [7].  This 
unit appears more widespread than the surficial in-
verted fluvial deposits and so suggests more extensive 
fluvial deposition.  In our mapping to date, this unit 
appears to lie subjacent to the inverted surficial de-
posits and therefore to precede them in time, although 
a gradation between the surficial and near-suface de-
posits may be possible in some areas.  This relative 
stratigraphic relationship of the surficial fluvial units 
and the near-surface helps us to address some of the 
outstanding questions from our first-year Planetar 
Mappers Meeting abstract [1] concerning the timing 
and conditions of fluvial feature formation and how 
these fluvial features fit into the larger history of wa-

ter on Mars [7].  We plan to finalize the mapping of 
this thermally detected fluvial unit by this fall and 
provide our interpretations of its timing relative to the 
inverted fluvial deposits. 

Aeolian landforms:  Aeolian deposition and 
abrasional landforms are pervasive in the AD region, 
as in the larger MFF.  From early in the history of 
Mars exploration, aeolian abrasion was evident in the 
form of yardangs [e.g., 8].  Aeolian deposition is ap-
parent in the form of large dark dunes, which cluster 
in specific locations [9].  Our initial mapping of dune 
and sandsheet landforms [shown in 9] suggests that 
dark sand is more prevalent than is apparent from 
surface albedo.  This mapping coincides with a sepa-
rate project beginning this year to investigate the 
source(s) of sand in the wMFF [9]. 

Local-scale tectonic landforms:  The AD map-
ping region exhibits tectonic landforms at a range of 
size scales.  The HLB crosses the very southern mar-
gin of the map area, just south of a kilometer-deep 
trough.  The rectilinear troughs and mesas associated 
with this deep depression suggest an extensional tec-
tonic origin, although collapse mechanisms are also 
possible.   

At small size scales, wrinkle ridges suggest the 
opposite tectonic strain, namely, localized contraction 
[10].  Our preliminary mapping [shown in 10] shows 
a scattered distribution of these landforms, suggesting 
repeated distributed episodes of contraction.  This 
work will be another focus of our Year 3 activities. 

Potential lacustrine landforms:  In our first year 
abstract [1], we pointed out potential lacustrine land-
forms, perhaps fed by groundwater.  For example, 
large craters in the central (lower) portion of the map 
area exhibit marginal terracing suggestive of shore-
line deposits.  Lacustrine features were not proposed 
for mapping, but their identification would substan-
tially add to our understanding of the history of water 
in this region.  We will map and investigate these 
features at the end of Year 3 and in Year 4.   

Summary: The primary focus of the proposed 
maping work – namely, inverted fluvial deposits – is 
complete, and the mapping of the near-subsurface 
fluvial units is targeted for completion this fall.  
Mapping of aeolian and tectonic landforms is begin-
ning in Year 3, with investigations into potential la-
custrine feagtures slated for Years 3 and 4.  These 
disparate landforms indicate the rich history to be 
discovered in the AD region.   
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Figure 1: Context (inset upper right) and mapping area for the AD region (from [4]).  The MFF is outlined in red 
[11, 12], but smaller deposits appear throughout the region (e.g., [13]).  The background is colorized shaded relief 
topography and legend indicates the different morphologies of the inverted fluvial deposits visible on the surface.   

 
 
 
 
 
 
 
 
 
 

Figure 2.  Nighttime infrared data of the  
map area as in Figure 1, showing our  

our mapping  of the thermally detected 
near-surface fluvial unit.  For comparison, 

the inverted fluvial features are also  
shown with color-coding as in Figure 1. 
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GEOLOGIC MAPPING OF THE MARS SCIENCE LABORATORY LANDING ELLIPSE: FINAL 
PREPARATION FOR SUBMISSION.  F. J. Calef III1, W. E. Dietrich2, L. Edgar3, J. Farmer4, A. Fraeman5, J. 
Grotzinger3, M. C. Palucis2, T. Parker1, M. Rice3, S. Rowland6, K. M. Stack3, D. Sumner7, J. Williams7, and the 
MSL Science Team, 1Jet Propulsion Laboratory, Pasadena, CA, 2University of Calif., Berkeley, CA., 3Calif. Institute 
of Technology, Pasadena, CA, 4Arizona State Univ., AZ, 5Washington Univ. St. Louis, MO, 6Univ. of Hawaii, HI, 
7Univ. of Calif., Davis, CA., 7Univ. of New Mexico, NM. 

 
Introduction: The MSL project “crowd sourced” 

a geologic mapping effort of the nominal landing 
ellipse in preparation for tactical and strategic 
mission operations [1]. Seven major 
geologic/geomorphic terrains are defined within the 
landing ellipse and to the edge of Aeolis Palus [2]: 
alluvial fan, smooth hummocky plains, bright-toned 
“rugged” terrains, flat-lying cratered plains/surfaces, 
“striated” light-toned outcrops, light-toned bedded-
fractured surfaces, and cross-bedded ‘washboard’ 
unit. Initial stratigraphic models of these units have 
been proposed based on orbital observations and the 
traverse from Bradbury Landing to Pahrump Hills [3]. 

 
Geologic Unit Extent: Mapping within the 

landing ellipse to the Aeolis Palus/Murray Formation 
contact is complete. Peace Vallis fan is being 
included in the map despite being predominately 
outside the landing ellipse as it is considered a major 
contributor to the landing site geologic unit material. 

 
Map Parameters: The final map will be 

published at 1:24000 at 40 x 40 inches. Minimal 
mapping area is set at 4002 m (20 x 20 m) that is the 
approximate size of individual outcrops MSL has 
visited while remaining visible at the map scale. The 
projection will be Equidistant Cylindrical with center 
longitude = 0. A HiRISE visible basemap as well as 
digital elevation model (DEM) will be distributed 
before or with the release including a digital copy of 
the geologic units and contacts. 

 
Geology: MSL has done contact science on all 

the major geologic units, except the Peace Vallis 
alluvial fan material, including drilling on the 
‘bedded-fractured’ units in Yellowknife Bay and 
recently a sandstone unit overlying the complexly 
layered, fine-grained ‘striated’ unit. The rover has 
also reached what we believe is the ‘wash-board’ unit 
after climbing up to Marais Pass on our way towards  
Murray Buttes and up lower Mt. Sharp. A description 
from in-situ measurements will be provided for every 
major geologic unit, though some generalization will 
be necessary to fit the map scale. The geologic map 
contains 7 major units: a texturally smooth unit that 
makes up the Peace Vallis alluvial fan unit (AF) with 
many inverted channels that are several meters 
vertical, the bedded fracture unit (BF) with light-tone 
and sub-meter width fractures of variable length and 

spacing, several flat-lying more heavily cratered 
surfaces (CS), tonally-smooth though topographically 
hummocky plains unit (HP), bright-toned 
topographically variable ‘rugged’ unit (RT) 
composed of material that is not fractured, a light-
toned ‘striated’ unit (ST) made up of crossbedded 
sandstones, and the ‘wash-board’ unit (WB) also 
containing cross-bedded sandstones, but potentially 
cutting into the Murray Formation. Units for eolian 
fill/bedforms and obvious continuous ejecta blankets 
that occasionally covered the major units were also 
designated, though they are minor components. HP 
terrain was distinguished as unique and separate from 
terrain that exists between the northern crater rim and 
the fan that can contain bright smooth fill in low-
lying depressions, although the distinction between 
these terrains may be minor. RT terrain appears as 
outcrops on or up through the hummocky plains 
terrain as ridge or mesa outcrops. The majority of the 
HP terrain appears as a gravelly lag mixed with other 
centimeter-sized angular breccia fragments of 
unknown origin or as clast-supported conglomerates. 
Initial stratigraphic relationships have been proposed 
based on orbital mapping [3] and the terrains are in 
approximate stratigraphic order on the map legend. 
Stratigraphic refinements based on traverse 
observations at lower scales are expected in separate 
research efforts. 

 
Future work: A separate funded MDAP 

mapping effort will take on the challenge of 
delineating geologic units of lower Mt. Sharp. 
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GEOLOGIC MAPPING OF THE COPRATES CHASMA (MTM -15057), MARS: YEAR 2. M. Chojnacki1, B. 
M. Hynek2-3, S. R. Black2-3, R. Hoover2, and J. R. Martin2. 1Lunar and Planetary Lab, University of Arizona, Tucson, 
AZ, 85721(chojan1@pirl.lpl.arizona.edu); 2Laboratory for Atmospheric and Space Physics &  3 Dept. of Geological 
Sciences, University of Colorado-Boulder, Campus Box 600 UCB, Boulder, CO 80303. 
 
Introduction: The eastern part of the Valles 
Marineris and Coprates chasma, is fundamentally 
important to our understanding of crustal formation 
and modification processes as there is more crust 
exposed here (>11 km) than perhaps anywhere on 
Mars [1, 2]. These exposures are relatively 
unobscured, partially due to the lack of interior 
layered deposits that elsewhere mask wall contacts. 
The primary objective of this 2013 PGG-funded 
study is to produce a geologic map of the Coprates 
chasma quadrangle (MTM-15057) at the 1:500,000-
scale that will be submitted for peer-review and 
publication by the USGS.  

Datasets: A 6 m/pix visible wavelength CTX 
mosaic was used for the basemap. We supplemented 
with 100 m/pix daytime and nighttime IR data from 
THEMIS for morphology and thermophysical 
properties, respectively. HiRISE coverage (25 
cm/pix) exists for roughly 12% of the map region and 
eleven HiRISE DTMs (1 m/post) are located in key 
locales. HRSC stereo-derived DTMs (50 m/pix) 
provide additional topographic information. Finally, 
CRISM hyper- and multi-spectral cubes were 
consulted for compositional information.  

Mapping update: To date, we have drafted a 
preliminary 1:500,000-scale geologic map (Fig. 1).  

Plateau Units: Our plateau units above the canyon 
rim are fairly consistent with unit boundaries defined 
by Tanaka et al. [3] in the recent global map. These 
include numerous Middle Noachian through Early 
Hesperian units (Fig. 1). The oldest terrain occurs in 
the southwest/southcentral area of the map and 
includes a portion of an ancient volcanic edifice and 
degraded and structurally-deformed highlands. These 
are superposed by Late Noachian highlands 
exhibiting terrain of mottled albedo and varied 
topography. In places, fluviolacustrine processes 
have modified this surface. Within this unit is a light 
toned marker bed pocked with small craters and in 
places, this unit shows phyllosilicate signatures in 
CRISM data [C. Weitz, pers. comm.]. The youngest 
plateau units are smooth, lightly cratered terrains and 
are interpreted as Hesperian-aged lava flows. Most of 
the plateau units have been modified with wrinkle 
ridges, and a few larger craters, which sometimes 
show multilobate ejecta. 

Canyon Wall Units: Mapping of canyon walls was 
initiated with the construction of more than a dozen 
HiRISE-based stratigraphic columns. In these, we 

find a laterally continuous sequence (upper bedded 
unit north wall) except for in the south central portion 
where the wall rock shows a different character 
(upper bedded unit south wall), which we interpret as 
the manifestation of the ancient Coprates Rise 
mountain range intersecting the canyon from the 
south. Massive spur units and occasional stretches of 
smooth wall units dominate wall sections to the north, 
south, and those of Nectaris Montes. These override 
lower bedded units that are in contact with canyon 
interior units. Spectral observations of Coprates 
chasma wall, landslide, and dune units show several 
classes of mafic- and phyllosilicate-bearing surfaces 
[4–6]. A distinct class of alteration products, known 
as “deep phyllosilicates” , and more discrete 
occurrences of hydrous Fe-bearing amorphous 
silicates are both found within the canyon wall 
stratigraphy [4, 7]. More recently, the intriguing 
phenomena of recurring slope lineae (RSL) or 
potential salty water seeps have been detected among 
central wall units [8] and our ongoing analysis will 
attempt to correlate their occurrences with lithologic 
map units.  

Canyon Interior Units: Mapping of the interior 
has revealed a diversity of units not resolved by 
previous efforts at coarser scales [3]. The 13 floor 
units encapsulated in Fig. 1 include: (1) rough 
canyon floors with hummocky textures and a sparse 
crater distribution (> 1 km diameter); (2) smooth 
canyon floors with fractures, polygonal terrain, often 
heavily cratered; (3) rough mounds or blocks, 
possessing spurs, talus, and occasional fine-layering; 
(4) flat mounds with a smooth table-like morphology; 
(5) crater and ejecta materials; (6) crater interior 
deposits consisting of hummocky materials; (7) 
volcanic edifices with small cone like structures; (8) 
layered terrain which are light in tone, patchy, and 
distributed on canyon floors and walls; (9) landslide 
deposits of rugged, sometimes lineated materials and 
varying runout distances; (10) aeolian dune deposits 
of low-albedo sand forming slip faces and masking 
lower-lying units; (11) aeolian sand sheets of mid-
toned fine materials without prominent duneforms; 
(12) resistant mantling units of dark-toned, relatively 
thick (>5 m) flat deposits that retain small craters; 
(13) blocky deposits of concentrated, small (<500 m) 
blocks or mounds. Mapping thus far has revealed 
diverse and complex relationships within the canyon 
interior. Two classes of floor mounds are evident; 
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some possessing horizontal layering and representing 
sedimentary units that were presumably more 
extensive in the past and others with spur-and-gully 
morphology akin to wall rock. A separate class of 
sedimentary units with bright, fine layering and some 
containing hydrated sulfates [9] are present in 
topographic lows in the southwestern portion of the 
floor and maybe indicative of past aqueous processes. 
Relatively well-preserved, small volcanic edifices are 
scattered on the canyon floor and maybe signatures 
of Amazonian-aged mud volcanism [10]. Likewise, 
dark-toned, indurated mantling materials superpose 
many units in the canyon interior and their 
morphology suggests a geologically recent 
pyroclastic origin. Variable-age landslides and 
smaller fans cover many floor locations and attest to 
the canyon’s long history of mass-wasting. 

  Fine-scale map areas: Additionally, we have 
initiated two of three planned 1:25,000-scale region 
of interest maps to discern the finer-scale details of 
stratigraphic relationships within the map area (Fig. 
1). These sub-area maps provide fine scale details of 
key areas that can then be applied to the larger map 
region. One fine scale map was drafted in the 

southcentral-portion of the Coprates chasma where 
significant alteration minerals are present [11].  The 
other includes a catena (tectonic depression) that 
shows strong evidence of a paleolacustrine 
environment described in Martin et al. [12].  

In summary, the detailed mapping is revealing a 
long and complex history for the formation and 
evolution of the Coprates chasma. Full results will be 
presented at the meeting.  
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GEOLOGIC MAPPING OF VOLCANIC REGIONS ON MARS: INVESTIGATIONS OF SOUTHERN 
THARSIS LAVA FLOW FIELDS AND THE ALBA MONS SUMMIT. David. A. Crown, Daniel C. Berman, 
Frank C. Chuang, and Thomas Platz, Planetary Science Institute, 1700 E. Fort Lowell Road, Suite 106, Tucson, AZ 
85719, crown@psi.edu. 

 
 
Introduction:  This research examines styles of 

volcanism and the geologic histories in two parts of the 
Tharsis volcanic province on Mars. Geologic mapping 
southwest of Arsia Mons and in Daedalia Planum [1-
10] allows reconstruction of complex volcanic 
surfaces, including delineation of individual flow lobes 
and superposition relationships within a large expanse 
of the southern Tharsis flow fields. Geologic mapping 
of Alba Mons’  summit region was recently initiated 
[11] to examine eruptive activity, tectonism, and 
degradation in the caldera region and on the 
surrounding flanks. 

Mapping Approach and Datasets: In this study, 
we utilize a combination of imaging and topographic 
datasets. These include Thermal Emission Imaging 
System (THEMIS), High Resolution Stereo Camera 
(HRSC), and ConTeXt Camera (CTX) images and 
HRSC and Mars Orbiter Laser Altimeter (MOLA) 
DTMs. High Resolution Imaging Science Experiment 
(HiRISE) images, where available, are used to 
document the small-scale surface characteristics of the 
mapped geologic units. This project uses Geographic 
Information Systems (GIS) software and analysis tools 
for the production of both hard copy and digital map 
products. Populations of small, superposed impact 
craters are used along with stratigraphic and cross-
cutting relationships to derive relative and absolute age 
constraints. 

Geologic Mapping of Southern Tharsis: Two 
formal USGS map publications are being produced: 1) 
six MTM quadrangles (-30137, -30132, -30127,  
-35137, -35132, and -35127) in central and southern 
Daedalia Planum at 1:1M scale, and 2) two MTM 
quadrangles (-25127 and -25122) in SW Arsia 
Mons/NE Daedalia Planum at 1:500K scale. The six 
quadrangle area covers the rayed crater Zumba, the 
surrounding lava flow fields, smooth and ridged plains, 
and the highlands of Terra Sirenum to the south. The 
two quadrangle area covers a complex of elongate and 
broad flow lobes extending from the southwestern 
flanks of Arsia Mons across Daedalia Planum.  

A geologic map of MTM -35137 quadrangle has 
been completed using THEMIS IR and CTX images in 
order to establish mapping techniques for the 1:1M-
scale Daedalia Planum area; these are now being 
extended to the full map area [5-7]. The geologic 
history includes an early episode of volcanism 
(volcanic plains) that embayed the highlands in the 

Early Hesperian (~3-3.5 Gy) and recent volcanism 
emplacing vast sheet flows during the Middle 
Amazonian Epoch (0.5-1 Gy). Chuang et al. [12-13] 
published a detailed analysis of the extensive rays and 
secondary field of Zumba crater that extend across 
various lava flow units. 

Geologic mapping of MTM -25127 and -25122 
quadrangles has been completed [1-4, 8-9], and a 
manuscript is in review documenting the morphologic 
and thermophysical properties of lava flows in the SW 
Arsia Mons/NE Daedalia Planum region [10]. 
Mapping and related analyses characterize flow types 
and emplacement styles, describe flow interactions and 
flow field stratigraphy, document evidence for flow 
inflation, examine thermal data that are consistent with 
basaltic lava compositions, and attribute diurnal 
temperature changes to the the combined effects of 
rugged lava outcrops, aeolian mantling, and dust 
exposed at flow surfaces. Crater size-frequency 
distributions for a series of elongate flow lobes south 
of Arsia Mons indicate ages of ~100 My in the Late 
Amazonian Epoch. 

Geologic Mapping of Alba Mons: A 1:1M-scale 
USGS geologic map of the Alba Mons summit region 
is being produced [11]. The map area is 245-255°E, 
32.5-47.5°N and includes six 1:500,000-scale MTM 
quadrangles (45112, 45107, 40112, 40107, 35112, and 
35107). The map region is centered on the summit 
caldera complex and includes the main Alba Mons 
edifice, most of the circumferential grabens encircling 
the volcano (Alba, Ceraunius, and Tantalus Fossae), 
and parts of the mid-flank and lower flank regions 
containing lava flows and dendritic valley networks.  

Initial mapping is being done on the caldera region 
to develop a preliminary unit and symbol scheme, 
focusing on the intra-caldera flows and flows on the 
upper flanks of the volcano extending from the caldera 
complex. Geologic features along the rim and on the 
floor of a ~65 km across collapse depression have been 
mapped using THEMIS and CTX images (Figure 1). 
Based on cross-cutting relationships, this depression 
represents the last stage of caldera collapse. The 
depression rim shows diverse morphologic expression. 
Scalloped, steep-walled areas to the south presumably 
represent discrete, late-stage collapse events. Graben 
and scarps aligned with the eastern and western 
margins show the larger extent of deformation in 
summit materials related to this depression. Analysis 
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of the morphology and topography of the depression 
floor indicate: a) the most recent eruptive activity 
formed small constructs to SE; b) flows extended from 
SE to NW across the depression floor; c) floor 
materials are obscured by mid-latitude mantling 
deposits and aeolian activity. 

References:  [1] Crown, D.A. et al. (2009), LPSC 
XL, abstract 2252. [2] Crown, D.A. et al. (2010), 
LPSC XLI, abstract 2225. [3] Ramsey, M.S. and D.A. 
Crown (2010), LPSC XLI, abstract 1111. [4] Crown, 
D.A. et al. (2011), LPSC XLII, abstract 2352. [5] 
Crown, D.A. et al. (2012), LPSC XLIII, abstract 2138. 

[6] Crown, D.A. and D.C. Berman (2012) LPSC 
XLIII, abstract 2055. [7] Crown, D.A. et al. (2013), 
LPSC XLIV, abstract 2499. [8] Crown, D.A. et al. 
(2014) AGU 2014, abstract P41B-3906. [9] Crown, 
D.A. et al. (2015), LPSC XLVI, abstract 1439. [10] 
Crown, D.A. and M.S. Ramsey (2016), JVGR, in 
review. [11] Crown, D.A. et al. (2016), LPSC XLVII, 
abstract 2383. [12] Chuang, F.C. et al. (2015), LPSC 
XLVI, abstract 2488. [13] Chuang, F.C. et al. (2016), 
Icarus 269, doi:10.1016/j.icarus.2016.01.005. 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1. Above) CTX mosaic of part of 
Alba Mons summit showing ~65 km 
collapse depression, dark wind streaks, and 
small volcanic constructs and flows on 
caldera floor. North is to the top. Left) 
MOLA profile A-A’  across depression. 
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THE FIRST FIELD GEOLOGIC MAPS ON ANOTHER PLANET.  L. S. Crumpler, New Mexico Museum of 
Natural History &  Science, 1801 Mountain Rd NW Albuquerque, NM, 87104, USA, larry.crumpler@state.nm.us  

 
 

  Introduction: Field geologic maps have been pre-
pared from in situ ("field") observations during  the 
traverse of Mars Exploration Rovers Spirit and Op-
portunity [1,2,3]. These maps are the first tests of field 
geologic mapping methods at the human scale on an-
other planet. Now in its 13th year of operation on 
Mars, Opportunity's current mapping campaign on the 
rim of the 22-km-diameter Noachian Endeavour im-
pact crater [4, 5] is also the first in situ  geologic trav-
erse on the rim of large (complex morphology) impact 
crater. Prior to this traverse the most basic outcrop-
scale geologic, structural, lthologic, and petrologic 
characteristics and associated outcrop land forms of 
preserved large impact craters were unknown. 
   Field Geologic Mapping Method on Mars. A dec-
ade ago the MER Science Team established the meth-
ods for efficient rover operation by codifying field 
geologic methods. Based on experience in geologic 
mapping from Mars Exploration Rovers Spirit and 
Opportunity over the past decade, and  based on per-
sonal experience in terrestrial 1:24000-scale field geo-
logic quadrangle mapping, we conclude that the meth-
ods of geologic mapping on foot in the field on Earth 
and in situ with a rover on Mars are comparable. 
Throughout Spirit and Opportunity’s traverse's in the 
Columbia Hills and on the rim of Endeavour crater rim 
the textures, structures, mineralogy, chemistry, and 
petrography of outcrops were systematically examined 
in situ at each end-of-sol position. Similarities and 
differences between examined rocks and outcrops were 
noted and the rock types and relative stratigraphic po-
sitions of separated outcrops were compared, corre-
lated, and mapped along the traverse on a 
MRO/HiRISE image base out to a radius of 20 m, re-
sulting in an along-traverse mapping swath 40 meters 
wide [Fig. 1]. The 20-m limit is based on experience in 
ability to detecting differing lithologies wuth increas-
ing distance from MER Navcam images. Unlike previ-
ous planetary maps, the high resolution image base, in 
this case MRO/HiRISE, is used only to record and 
assist in locating contacts, while the contact itself is 
detected from in situ observations. This is similar to 
the use of air photos on Earth during a field mapping 
campaign: air photosa are used as assistance, not as a 
source of the information recorded on the map. 
    A true geologic map that merges lithology and 
stratigraphy was developed by (1) plotting the ob-
served positions of exposures within each lithologic 
unit, (2) correlating exposures from site to site, (3) 
identification of their contacts, respective overlapping 
characteristics and time series of emplacement, and (4) 
compilation of the attitudes of structures and foliations. 

The availability of topographic relief data from Nvcam 
ranging and from HiRISE DTMs enabled construction 
of simple geologic sections that permit further tests of 
proposed stratigraphic and structural field interpreta-
tions. In many locations, the attitude of bedding has 
been determined from simple field methods such as 
along-strike and down-dip viewing and plotting con-
tacts on geologic sections. The ultimate result is a re-
cord of field observations in a map format of the 
lithology and history of the area traversed. 

 
Figure 1. Field geologic mapping on Mars is comparable to 
mapping in an area of extensive cover: lithology, structure, 
and contacts are compared between stations and continuity 
derived from correlation of petrography. Elemental correla-
tions are frequently confusing or distracting. 
 
Spir it and Oppor tunity. The rovers were designed to 
replicate the capabilities of a field geologist: 20-20 
color vision (Pancam), 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). The 
design goals were achieved: As with a field geologist,  
these tool more than suffice for detailed mapping at 
sub-meter length scales.  
   Several kilometers of  geomorphically diverse but 
lithologically monotonic  terrain were traverse initially 
by both rovers. Ultimately Spirit mapped 0.05 km2 
along its 4.3 km traverse within the lithologically di-
verse Noachian Columbia Hills. Likewise, Opportunity 
has mapped 0.2 km2 to date (sol 4376) along its 9.2 km 
trek on the rim of a complex Noachian impact crater. 
    Spirit in the Columbia Hills: The Common case of 
Up-hill is Down-stratigraphy on Mars. The varied 
geochemistry and diverse morphology of outcrop ex-
posure as Spirit ssummited the Columbia Hills ren-
dered obvious correlations and stratigraphic determi-
nations between outcrops difficult. Extremely variable 
alteration and deep erosion renders quantitative cor-
relations perilous. The petrologic and lithologic proto-
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lith of many outcrops however remains and serve as a 
basis for recognizing similar units at widely separated 
locations. Ultimately the Columbia Hills was deter-
mined from basic stratigraphic correlation and from the 
pattern of bedding attitudes form to be a succession of 
layered materials draping a precusor massif [Fig. 2]. 
We believe this "up-hill is down-stratigraphy" ar-
rangement of the Columbia Hills is common on Mars. 

 
Figure 2. Structural section of  the Columbia Hills from field 
observations Spirit's traverse across the flanks and summit. 
 
   Opportunity on Endeavour crater: Field Geology on 
a Complex Impact crater. The structure and stratigra-
phy of complex impact craters is beginning to emerge 
from Opportinity's traverse along the west rim of the 
22 km-diameter Endeavour crater. Evidence for up to 
several hundred meters of degradation of the crater rim 
[6] is supported in outcrop by exposure of the steep 
monoclinal dip (22°) of bedrock layers unconformable 
with outward rim slopes (~10°) at Pillinger Point and 
near the Cape Tribulation summit.  
   With few exceptions, variably altered impact brec-
cias ("Shoemaker formation") account for most of the 
outcrops visited along the rim, including distinct upper 
and lower units. Locally pre-impact substrate materials 
are exposed at a strong unconformity. These rocks are 
the oldest voisited by any rover on Mars and represent 
surfaces exposed to and eroded in the Martian envi-
ronment during the Noachian. Details of the breccias 
vary, but generally consist of darker clasts up to sev-
eral centimeters embedded in a matrix of altered fine-
grained material and coarse agglomerations of both. 
While individual outcrops rarely show bedding, slab-
like foliation of consistent orientation is locally promi-
nent, resulting in a general sense of the arrangement of 
deposition planes within the ejecta. 
   Evidence for up to several hundred meters of degra-
dation of the crater rim [6] is supported in outcrop by 
exposure of the steep monoclinal dip (22°) of bedrock 
layers unconformable with outward rim slopes (~10°) 
at Pillinger Point and near the Cape Tribulation sum-
mit. 
   Bedrock exposures on the floor of Marathon Valley 
are planar layering surfaces consisting of lower Shoe-
maker fm: relatively clast-poor breccias broken by lay-

ering sheets dipping N60E at approximately 14 to 15 
degrees (Fig. 3) and a set of roughly vertical joints or 
fractures. The structure arrangement of  permeability 
together with the prevalence of vertical joints and dip-
pingly foliation may be fundamental to the original 
control of groundwater movement and the corespondi-
ung location of smectites at this site. 

  
Figure 3. The most recent few hundred meters of Opportu-
nity's traverse address the structure and stratigraphy within a 
deep valley cross the west rim of Endeavour crater. Contrary 
to typical complex crater cross sections, the structure is anti-
clinal and consistently sequenced. 
 
   Summary. First, the construction of a geologic map 
from field geologic observations is an important devel-
opment in Mars science, expanding the geologic char-
acterization of Mars from photogeologic to actual in 
situ ("ground truth") measurements of petrologic, 
structural, stratigraphic, and geomorphic  information 
of surface materials in a local lithologic context over 
kilometers of traverse. For the foreseeable future "in 
situ" maps are likely to be confined to the vicinity of 
actual traverse. The opportunity to expand the area of 
these maps somewhat may be supplemented in the 
future with aerial surveys from  automamous UAVs, 
but detailed outcrop mapping will continue to rely on 
surface traverses of one sort or another.  
     Second, no geologist has ever examined the geology 
in situ on the rim of a large crater, so Opportunity' s 
investigations are now developing the science of large 
craters. There is no template for expectation about this 
new terraim, nor the new science and the structure and 
stratigraphy of complex impact craters is beginning to 
emerge. The discoveries are now sol by sol. 

References: [1] Crumpler, L.S. et al. (2011) J. Geophys. 
Res., 116; [2]  Crumpler, L.S. et al. (2015) J. Geophys. Res., 
120; [3] McSween, (2014) GSA Today, 25; [4] Arvidson et 
al. (2015), AGU; [5] Crumpler et al (2016) LPSC 47 abstract 
2272; [6]  Grant et al (2016) Icarus, doi:10.1016/ j.icarus. 
2015.08.019  
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GLACIAL LANDFORMS IN IUS CHASMA, MARS – INDICATORS OF TWO GLACIATION EPISODES.  
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emy of Sciences, Research Centre in Wrocław, ul. Podwale 75, 50-449 Wrocław, Poland; 
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Introduction: Ius Chasma is one of twelve depres-

sions constituting the trough system of Valles Mari-
neris located in the equatorial area of Mars. The chas-
ma experienced multiple processes which enlarged, 
carved, and modified its walls and floors, including 
tectonic, eolian, and mass-wasting processes, as well as 
water erosion, glacial erosion, and ponding sedimenta-
tion. The mapping procedures performed on the basis 
of CTX image mosaics led to the development of de-
tailed geomorphological classifications of over fifty 
landforms and features recognized in the trough [1]. 
The abstract presents cartographic results from survey 
of depositional and erosional features of glacial origin. 

Study area:  Ius Chasma is the largest trough in the 
western part of Valles Marineris. The trough displays 
length of ~850 km, width up to 120 km, and depth lo-
cally exceeding 8 km. Two parallel, E-W trending val-
leys of Ius Chasma are separated by Geryon Montes 
which is a 270 km long, ~5 km high, and up to 26 km 
wide inner ridge. It is a border between two grabens 
constituting northern and southern sub-basins. The 
most distinct geomorphological features located in the 
chasma are extensive sapping channel systems [2], 
huge landslides [3, 4], abundant spur-and-gully wall 
morphology [5], light-toned layered deposits on the 
plateau south of the trough [6], and glacial features in 
central [7, 8] and western areas of Ius Chasma. 

Data and methods: The geomorphological map of 
Ius Chasma was drawn on the basis of 100 panchro-
matic MRO Context Camera images (CTX), supple-
mented predominantly by MRO High Resolution Imag-
ing Science Experiment images (HiRISE) and MGS 
Mars Orbiter Laser Altimeter data (MOLA). The map 
was produced in GCS Mars 2000 Sphere coordinate 
system and plate carrée projection (equirectangular 
projection). The map generation procedure was divided 
into three major steps, i.e. image gathering (JMARS), 
image processing and mosaicking (ISIS), and geomor-
phological mapping (ArcGIS). The entire process was 
composed of twenty individual steps, predominantly 
performed in ISIS The spatial resolution of resultant 
CTX images was decreased from 6 to 12 m/pixel which 
optimized the mapping procedure in ArcGIS software. 
The prepared set of CTX images was subsequently 
divided into three mosaics (western, central, and east-
ern) covering the total area of over 375 000 km2. The 
map of Ius Chasma [1] is available in the scale of 
1:260 000 and contains 86 048 km2 of mapped units. 

Glacial eorisonal and depositional features in the 
central area of Ius Chasma were descriped in detail in 
[7, 8]. Here, this classification has been expanded and 
adjusted after detailed visual survey of CTX images 
conducted in the scale of 1:10 000. The glacial deposi-
tional landforms in the western part of the trough were 
mapped on the basis of comparative studies performed 
between terrerstial and martian landforms and present-
ed here for the first time. 

Results: The glacial history of Ius Chasma is vis-
ible in two areas. The central part of the trough con-
tains trimlines, basal escarpments, and benches which 
are associated with valley glaciers which were once 
present in these localities. The western area of Ius 
Chasma is filled with extensive glacial deposits which 
flowed into the trough from Noctis Labyrinthus. 

Central area. Trimlines, marking the maximum 
glacier height, appear in numerous places of northern 
and southern grabens in the central part of Ius Chasma 
[7]. They display a total length of 408 km. In many 
localities, trimlines constitute a border between basal 
escarpment (Be) and flat-lying higher bench (Bh). 
Higher benches appear as either relicts of ancient val-
ley infill which was vastly removed by glaciers, or rel-
icts of glacier deposits which preserved near walls. 
They have been recognized in seventeen areas display-
ing a cumulative area of 536 km2. Higher bench surfac-
es are located at relatively uniform elevations in the 
range from -2200  to -1800 m. They exhibit either 
smooth or hummocky morphologies, which might indi-
cate that the aforementioned scenario of glacier relict 
ice is more probable. In one location (at 7°28’S, 
83°37’W), a higher bench is covered by landslide de-
posits of small coarse morphology [9]. 

Western area. The western part of Ius Chasma is 
covered with widespread deposits of glacial origin. 
They flowed into the trough from Noctis Labyrinthus, 
where extensive, smooth, and cracked landforms re-
semble large ice relicts and blocks. The Ius glacial fea-
tures are interpreted as moraines (Gm1 and Gm2), till 
plains (Gtp), and outwash plains (Gop1 and Gop2). In 
addition, three smaller areas appear as patterned 
grounds (Gpg) – all presented in Fig. 1. 

The first moraine type (Gm1) is located near the 
western border of the map and continues westward, 
beyond the map extent. Gm1 unit, within the mapped 
section, covers an area of 315 km2 and displays four 
curvilinear ridges, interpreted as a part of larger termi-
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nal moraine. The second moraine type (Gm2) occurs to 
the south, where irregular and gentle deposits cover a 
mapped area of 703 km2. They display no ridges, but 
instead exhibit a few rounded and elongated shallow 
depressions resembling kettle holes, which in terrestrial 
conditions are developed by retreating glaciers. The 
Gm2 unit is interpreted as a ground moraine. 

In two areas, glacial materials appear as smooth 
surfaces, locally cracked and disintegrated. They might 
be till pains (Gtp) composed of partially degraded ice, 
covered with sediments. The northern mapped Gtp area 
occupies 291 km2 and possesses one, rectangular and 
relatively large plate of putative ice, bordered by line-
ar, stretched cracks. The southern till plain area  
(379 km2) displays a slightly different morphology. Its 
smooth surface is cracked in oval manner which high-
lights the central, extensive, but shallow depression. 
The formation of depression might have been caused 
by inner ice melting by e.g. localized internal heating. 
 

Figure 1. Glacial deposits in the western area of Ius Chasma: (a) 
moraine deposits of Gm1 unit with curvilinear ridges, interpreted as 
terminal moraine, (b) moraine deposits of Gm2 unit with gentle 
surfaces, interpreted as a ground moraine, (c) till plains in the north-
ern part of glacial area with a large platy landforms interpreted as a 
relict ice covered with sediments, (d) patterned ground of circular 
morphology; CTX images no.: (a, b, d) P05_003079_1714_XN_ 
08S091W, (c) P13_006125_1738_XN_06S091W; images centered 
at: (a) 6°09’S, 91°51’W, (b) 7°21’S, 91°39’W, (c) 6°13’S, 
91°30’W, (d) locality indicated in Fig. 1a 

 

The supplementary landforms in this area are 
outwash plains. They developed by meltwater outwash 
localized below the glacier terminus and display rough 
morphology. There are mapped two types of this fea-
ture. The first type (Gop1) contains either numerous 
depressions resembling kettle holes (in the northern 
area), or linear streaks on the surface implying water 
flow (in the southern area; centered at 7°34’S, 
91°29’W). The second type of outwash plains is pre-

sent only in the northern area, in the distal part of gla-
cial deposits. These outwash plains appear as a lobate 
landform, which was partially covered with material 
transferred from Gop1 unit. The deposits of the first 
and second outwash plains occupy areas of 671 and 
142 km2, respectively. 

The western glacial region contains also three areas 
of patterned grounds. They display rounded surface 
depressions, which strongly resemble terrestrial fea-
tures developed under periglacial conditions. Rounded 
depressions are ~100-150 m in diameter and appear to 
be strictly limited to flat surfaces of clearly recogniza-
ble boundaries. 

Conclusions: Ius Chasma is especially important 
for the hypothesis of glacial processes in Valles Mari-
neris, because not only the trough has been the en-
trance for glacier bodies flowing from Noctis Labyrin-
thus, but also is a host of layered deposits, trimlines, 
and basal escarpments within both grabens, which im-
ply that the glacial evolution was not limited to the 
main, northern passage. The southern Ius graben dis-
plays evidence of glaciation up to the longitude of 
83°44’W, where last basal escarpments are visible. The 
area located west of this place is filled with features of 
lacustrine origin.  

Although the main glacier which flowed from Noc-
tis Labyrinthus and so profoundly changed the mor-
phology of Valles Marineris eventually retreated, 
younger glacial deposits originating from the same 
source area are still visible in the westernmost part of 
Ius Chasma. Lateral and ground moraines, till and out-
wash plains, and patterned grounds occur in the west-
ern trough. These materials flowed from huge blocky 
deposits located in Noctis Labyrinthus. These large 
blocks might still contain ice, mixed rock and dust. 
Repeated growing and thawing of glaciers indicates 
cycles of glaciation which could have been affecting 
Valles Marineris since ancient times. The periods of 
intervening glaciations and deglaciations are the result 
of obliquity cycles [10]. 

References: [1] Dębniak K. T. et al. (2016) Jour-
nal of Maps, submitted. [2] Higgis C. G. (1982) Geol-
ogy, 10, 147-152. [3] Brunetti M. T. et al. (2014) Earth 
and Planet. Sci. Let., 405, 156-168. [4] Quantin C. et 
al. (2004), Planet. and Space Sci., 52, 1011-1022. [5] 
Peulvast J. P. et al. (2001) Geomorphology, 37, 329-
352. [6] Weitz C. M. et al. (2010) Icarus, 205, 73-102. 
[7] Gourronc M. et al. (2014) Geomorphology, 204, 
235-255. [8] Mège D. and Bourgeois O. (2011) Earth 
and Planet. Sci. Let., 310, 182-191.  [9] Dębniak K. T. 
and Kromuszczyńska O. (2016) 47th LPSC, 1890. [10] 
Jakosky B. M. et al. (1985) Nature, 315, 559-561. 
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Introduction: The Valles Marineris canyon system 

contains some of the thickest, most laterally continuous, 
and diverse exposures of sedimentary rocks on Mars 
[e.g. 1-4]. Understanding the processes that led not only 
to the accumulation of these diverse deposits, but also 
the tectonic environment that provided the 
accommodation space for their deposition, is critical to 
understanding currently unresolved geologic problems 
on Mars. Sub-basins within the broader Valles 
Marineris system provide unique insight into the diverse 
tectonic, depositional and erosional processes that have 
occurred throughout the canyon [e.g. 4-7]. The 
informally named Melas basin, located in southern 
Melas Chasma in central Valles Marineris, is one such 
location.  Melas basin is an enclosed basin that contains 
geologic units, dispersed landforms, and hydrated 
minerals that are indicative of punctuated episodes of 
aqueous activity spanning from the Hesperian to Early 
Amazonian [8-10]. However, despite being the focus of 
multiple historical and modern geologic investigations 
– including consideration as high priority landing site 
for the Mars 2020 mission [11] – this region has not yet 
been placed into a broader geologic, structural, and 
stratigraphic context. 

The primary objectives of this work are to (1) 
document the geologic evolution of deposits located 
within the Melas basin by investigating the character of 
plateau, wall, and floor units at 1:75K-scale, and (2) 
place localized observations from previously-published 
science investigations into a broader, standardized 
context for cross-comparison to other similar regions 
within the Valles Marineris basin system. Here, we 
provide mapping methods, initial results, and next steps 
for a mapping investigation focused on resolving the 
geologic history of southwest Melas Chasma. 

Geologic Setting and Background: The Melas 
basin is a ~30 km long enclosed basin located in 
southern Melas Chasma. The basin is bounded to the 
north by an east-west trending ridge that rises ~ 1.8 km 
above the basin floor deposits, and to the south by the 
chasma wall which rises more than 5 km above the 
floor. Early mapping efforts divided southwest Melas 
Chasma into Amazonian age rough floor material 
(including eolian mantle, possible landslides, and 
rugged landforms), and Hesperian age canyon walls 
showing crude layering [2].  More recent studies of 
southwestern Melas Chasma have identified geologic 
units, landforms, and hydrated minerals that are inferred 
to represent an extensive history of aqueous processes 
[8-10, 12-13].  As such, this region has been the target 

of numerous studies focusing on localized geologic and 
geomorphologic mapping [14-17].  However, despite all 
of these efforts, there does not currently exist a map of 
appropriate size and scale to correlate the history of the 
Melas basin with the broader evolution of Valles 
Marineris, and to provide the necessary context for this 
proposed landing site. 

Datasets and Methods: This investigation focuses 
on constructing a 1:75K-scale geologic map of 
southwestern Melas Chasma.  This scale was chosen to 
complement the existing detailed mapping of the 
proposed Mars 2020 landing ellipse [17], and because it 
allows for important contextual examination of geologic 
relationships. The study region covers an area from 
approximately -77 to -75.8 E and -9.4 to -10.3 S. 
Uncontrolled Context Camera (CTX) images provide a 
basemap for all mapping. Topographic information is 
provided by a High Resolution Stereo Colour Imager 
(HRSC) DEM that covers the study area (Fig. 1A). 
Mapping is being conducted at a digital scale of 
1:15,000 using ArcGIS. 

Results: Initial mapping has resulted in the 
identification of a variety of geologic units, which can 
be divided into three distinct groups: wall rocks, basin-
floor deposits, and surficial deposits.  

Wall rocks: The wall rocks are characterized by 
weakly-stratified, erosion-resistant ridgelines (Fig. 1B), 
that weather into blocky cliffs and retain impact craters. 
Continuous exposures are only a couple hundred meters 
thick due to surficial cover, but wall rocks crop out at 
multiple elevations. To the northwest, several wall rock 
units are exposed on a relatively flat plateau, and are 
expressed as smooth units that retain a high density of 
impact craters.  Here, two massive wall rocks units are 
defined: one that is smoother and lighter-toned and one 
that is rougher and darker-toned. Interpretation: With 
the limited resolution of CTX and poor exposure of wall 
rocks across most of the Melas basin, a definitive 
interpretation for the origin of the wall rocks cannot be 
reached.  The weakly stratified nature of the outcrops 
could be interpreted as either sedimentary and/or 
igneous in origin.  However, wall rocks exposed on the 
northwest side of Melas basin have a more massive and 
heavily cratered expression that may suggest an origin 
as crystalline basement rocks.  

Basin Floor Deposits: The Melas basin floor records 
complex stratal geometries (Fig. 1C) that can be divided 
into several units: a convolutely bedded unit, a planar 
bedded unit, a clinoform unit, and a channel and fan 
unit. The northern portion of the basin floor records 
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convoluted beds that extend across an area of nearly 20 
km2. Convoluted beds are also present in the southern 
portion of Melas Chasma, and are cross-cut by 
numerous faults, many of which trend northwest-
southeast. Within Melas basin, convoluted beds are 
truncated by light-toned well-stratified planar deposits 
that can be traced around much of the basin.  On the 
western side of the basin, a clinoform unit is observed, 
which can be traced laterally into planar-bedded 
deposits.  Multiple fans are identified throughout the 
basin, but differences in fan morphology point to 
different depositional environments. Interpretation: 
Basin floor deposits record a complex aqueous history. 
Consistent with previous work [2-5], we interpret the 
basin floor deposits to record fluvial, deltaic and 
lacustrine environments.  Laterally extensive light-
toned deposits are inferred to be the deposits of a 
persistent lacustrine system.  Clinoform geometries are 
interpreted as either a channel-levee complex or a delta 
complex [12].  The multilobe fan-shaped deposits on the 
western side of the basin are interpreted as a deep 
subaqueous fan [13], while other fans are interpreted as 
deltas and alluvial fans [9].  Convoluted beds lie at the 
outlet of valley networks, and may be the result of 
subaqueous landsliding and liquefaction [18]. 

Surficial Deposits: The Melas basin is buried by a 
variety of surficial units. Surficial deposits include 
bedforms, resistant bedforms, and smooth units located 
on eroded slopes (Fig. 1D).  Bedforms are evenly 
spaced and occur mostly in topographic lows and are 
bounded by topographic barriers. Resistant bedform 
units retain small impact craters and show evidence for 
erosion. Interpretation: Surficial units are interpreted as 
the product of eolian and mass-wasting processes. The 
absence of impact craters in most surficial units 
suggests that these are the product of relatively young 
and potentially still active processes. However, the 
presence of impact craters in one eolian unit suggests a 
more competent substrate, perhaps as the result of 
induration and at least partial lithification. 

Summary: Preliminary mapping work reveals 
diverse geologic units exposed on the plateau, wall rock, 
and basin floor. The mapping work described here 
provides a foundation for linking localized observations 
and previous studies to the larger-scale evolution of the 
Valles Marineris system. 

Future Work: The next steps include: 
• Complete 1:15,000-scale geologic mapping. 
• Identify geologic type localities and construct 

stratigraphic sections.  
• Compile geologic history that places localized 

observations into a broader, standardized context for 
cross-comparison to other similar regions within the 
Valles Marineris basin system. 

• Continue efforts to support southwestern Melas 
Chasma as a Mars 2020 landing site. 

 
Figure 1. (A) Preliminary mapping displayed on HRSC 
DTM. Map area includes the Melas basin as well as the 
surrounding wall rocks that likely contribute material to 
the basin. Map area also includes a portion of Melas 
Chasma, which will help to tie the geologic history of 
the Melas basin to the broader evolution of the Valles 
Marineris system.  (B) – (D) are examples of wall rocks, 
basin floor deposits, and surficial deposits.  
 

References: [1] Nedell et al. (1987) Icarus, 70(3), 
409-441. [2] Witbeck et al. (1991) Geologic map of the 
Valles Marineris region, Mars, scale 1:2,000,000, U.S. 
Geological Survey. [3] Komatsu et al. (1993) JGR-
Planets 98(E6), 11105–11121. [4] Lucchitta et al. 
(1994) JGR-Planets 99(E2), 3783–3798. [5] Schultz 
(1998) Planetary and Space Science, 46(6–7), 827–834.  
[6] Okubo (2010) Icarus, 207(1), 210–225. [7] Feuten 
et al. (2011) JGR-Planets 116(E2). [8] Quantin et al. 
(2005) JGR-Planets 110(E12), E12S19. [9] Williams 
and Weitz (2014) Icarus, 242, 19–37. [10] Weitz et al. 
(2015) Icarus, 251, 291–314. [11] Williams et al. (2015) 
Second Mars 2020 Landing Site Workshop. [12] 
Dromart et al. (2007) Geology, 35(4), 363–366. [13] 
Metz et al. (2009) JGR-Planets 115(E11), E11004. [14] 
Weitz et al. (2003) JGR-Planets 108(E12), 8082. [15] 
Mangold et al. (2004) Science 305(5680), 78–81. [16] 
Weitz et al. (2012) LPSC XLIII, Abstract #2304. [17] 
Davis et al. (2015) LPSC XLVI, Abstract #1932. [18] 
Metz et al. (2010) JGR, 115. 
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HIGH-RESOLUTION GEOLOGIC AND STRATGRAPHIC MAPPING IN OLYMPIA CAVI, PLANUM 
BOREUM, MARS.  C. M. Fortezzo1 and J. A. Skinner, Jr.; 1U.S. Geologic Survey, Astrogeology Science Center, 
2255 N. Gemini Dr., Flagstaff, Arizona 86001 (cfortezzo@usgs.gov) 
 

Introduction: The north polar plateau of Mars, 
Planum Boreum (PB), ~1000 km in diameter and ~2.5 
km in maximum thickness, has been a focus of atten-
tion by spacecraft missions for four decades. However, 
many aspects regarding the form, structure, composi-
tion, and age of these deposits are not well docu-
mented, and much of the Mars Reconnaissance Orbiter 
(MRO) data has yet to be used address these issues. 

We are documenting the stratigraphy and recon-
structing the geologic evolution of diverse, yet under-
studied, polar sequences that are exposed along a com-
plex series of troughs and scarps known as Olympia 
Cavi and Rupēs (Fig. 1). The Olympia Cavi (OC) re-
gion, which is located between 180 and 250 °E longi-
tude, is well-suited for detailed geologic mapping be-
cause it displays the full suite of polar layered deposits 
(PLD), basal materials, and lags (e.g., Tanaka and For-
tezzo, 2012; Skinner and Herkenhoff, 2012). This in-
vestigation focuses on mapping unconformity-
bounded units, identifying stratigraphic packages, and 
measuring and correlating strata using high-resolution 
images and stereo-derived topography. We selected 
three noncontiguous sites, west, central and east (Fig. 
1) OC, in order to characterize the continuity and var-
iability of polar layered deposits and establish their 
three-dimensional architecture.  

 
Figure 1. MOLA shaded relief of a portion of PB and OC. 
Three map areas outlined in black, CTX DEMs in red, 
HiRISE DEMs in blue. 

Datasets: The Mars Reconnaissance Orbiter 
(MRO) Context Camera (CTX) mosaic provides 
100% coverage over the map areas at 6 m/pix. We 
have generated one CTX stereo digital elevation 
model (DEM, 20 m/pix) per map area. We also utilize 
MRO HiRISE images (≥25 cm/pix) in three locations 
per map area, with derived stereo digital elevation 
models (DEM, 1.5 m/pix). These DEMs cover the lay-
ered deposits in different areas, with at least one over-
lapping CTX and HiRISE DEM per site. The stereo 
pairs used per area are listed in Table 1. 
 Methodology: We are in the process of producing ge-
ologic maps at 1:100,000-scale using geographic in-
formation systems (GIS) with CTX image mosaics as 
base maps. To this end, we are mapping at a digital 

scale of ~1:25,000. We are using CTX and HiRISE 
DEMs to document a range of detailed observations, 
for constructing measured stratigraphic sections 
within each map area. We are mapping the strati-
graphic packages and other geologic units at 1:10,000-
scale (mapping at 1:2,500-scale) for publication. We 
will construct stratigraphic columns and fence dia-
grams at key locations using a combination of GIS and 
RockWare. We plan to synthesize our results in a 
three-part geologic map, which will include strati-
graphic sections that are regionally connected by fence 
diagrams and detailed inset maps.  

Table 1. Stereo Pairs used for this study. 

 
Initial observations: The scarps exposing the PLD 

within each of the three map areas are broadly similar 
in appearance with three core stratigraphic units. The 
scarps have reliefs ranging from ~500 m to ~1.6 km, 
and have elevations from ~-4800 m to ~-3200 m 
within the map areas (Fig 2). 

The lower stratigraphic unit is characterized by 
broad, irregularly outcropping benches near the bot-
tom, and becoming more regular and thinly bedded as 
the slope steepens. A thin lag and mantle deposits of 
dark materials, sometimes shaped through eolian pro-
cess, are present on benches and low slopes. Where 
exposed, the tops of the benches often present a polyg-
onal pattern (Fig. 3a) along or near the edge of the 
bench sometimes with spalled blocks near the base of 
the bench. Toward the top of this lower unit, higher 
albedo, thin lobes to irregular patches of material with 
blocks and fines mantle the layered outcrop, and 
stretch up to 1 km down slope (Fig. 3b). The lower unit 
shows indication of cross bedding both large and small 
scale.  

The middle stratigraphic unit has a unique charac-
ter and is consistently present throughout each of the 

Region HiRISE Stereo Pair CTX Stereo Pair

G02_018852_2651 
G02_019115_2655

G02_018863_2651 
G03_019548_2651

P21_009279_2646 
P22_009687_2646

Central

West

East

PSP_009634_2655 
PSP_009793_2655
ESP_018943_2655 
ESP_019181_2655
ESP_018852_2655 
ESP_019115_2655
ESP_018863_2650 
ESP_019548_2650
ESP_018190_2640 
ESP_018941_2640
ESP_019298_2640 
ESP_019047_2640
PSP_009134_2645 
PSP_009687_2645
ESP_018957_2655 
ESP_019222_2650

ESP_018905_2650 
ESP_019222_2650
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map areas. This unit is typically ~200 m thick, and 
forms the steepest slopes within the scarps of OC. This 
change in slope defines the transition from the lower 
and middle units of the OC. This unit is characterized 
by thinly-layered beds of moderate albedo materials 
with vertical cracks,  blocks, and an irregular surface 
texture of smooth and rough areas (Fig. 3C). No inter-
nal bedding structures have been observed at HiRISE 
resolutions, although some areas appeared to show 
crossbedding. Using thickness measurements from the 
DEMs, we determined that these were artifacts of local 
changes in slope and erosion exposing multiple layers 
that are not visible in the adjacent steeper slopes. 

 

 
Figure 2. A portion of HiRISE image 

ESP_018905_2650 (25 cm/pix) showing the location a topo-
graphic cross section (A-A’) from a stereo-derived DEM and 
plotted at bottom. Also shown are the locations of Figure 3. 

The upper stratigraphic unit has an average thick-
ness of ~700 m and a gentler slope than the middle 
unit. This member consists of hundreds of moderate to 
high relative albedo layers with a softened, hummocky 
surface texture. These thin layers are grouped into 

thick packages of broader albedo bands. There are thin 
packages of layers that have a similar morphology, yet 
less dense fracturing, to the middle unit. The upper 
unit layers appear contiguous throughout the length of 
their HiRISE images, with no discernable unconform-
ities, but disconformities may be present.  

Approaching the top of the scarp, the layers thin 
and/or become less distinct from each other. Beyond 
the scarp crest, on the very gently sloping top of 
Planum Boreum, the layers are expressed as thin, 
broad benches forming a much shallower slope. The 
surface of Planum Boreum has a fine-scale ridge tex-
ture overprinting a smooth surface with random small 
pits (Fig. 3d). 

Progress and future work: Contacts have been 
sketched for the 3 full map areas using CTX images, 6 
of the 9 HiRISE DEM locations (east and central) have 
contacts and some surficial units mapped, and none of 
the CTX DEM locations have been mapped.  

The stratigraphy in the HiRISE areas will be cata-
loged, described and compared to each other to exam-
ine changes across OC over the next year. The 3 CTX 
DEM locations will be mapped based on the HiRISE 
results. The CTX locations each expand on at least one 
HiRISE area and will provide good tests to see if the 
HiRISE stratigraphy holds true within a larger context. 

References: [1] Tanaka, K. L. and Fortezzo, C. F. 
(2012) USGS Map SIM-3177, [2] Skinner Jr., J. A. and 
K. E. Herkenhoff (2012), USGS Map SIM-3197 

 
Figure 3. Portions of HiRISE image ESP_018905_2650 (A) 
showing polygonal texture at margins of lower layer deposit 
outcrops, (B) showing mass wasting deposits over lower 
layer deposits, (C) showing blocky middle layer deposits and 
upper layered deposits, and (D) showing typical mottled tex-
ture at the top of Planum Boreum. 
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YEAR 3 GEOLOGIC MAPPING OF CENTRAL VALLES MARINERIS, MARS.  C. M. Fortezzo1, A. L. Gul-
likson1, J. A. P. Rodriguez2, T. Platz2,3, and P. S. Kumar4; 1U.S. Geologic Survey, Astrogeology Science Center, 2255 
N. Gemini Dr., Flagstaff, Arizona 86001 (cfortezzo@usgs.gov); 2Planetary Science Institute, Tucson, AZ; 3Max Plank 
Institute for Solar System Research, Göttingen, Germany; 4National Geophysical Research Institute, Hyderabad, India. 
 

Introduction: Valles Marineris (VM) constitutes 
the largest canyon system in the Solar System and has 
a complex history. It consists of interconnected and 
enclosed troughs that extend from the Tharsis volcanic 
complex to the southern circum-Chryse outflow chan-
nels [1]. The central portion of VM (CVM, Fig. 1) in-
cludes the deepest of these troughs. 

Within the CVM troughs occur the thickest ex-
posed sections of (a) layered wall rocks on Mars, 
mostly lavas and other early crustal rocks [2-3], and 
(b) interior layered deposits (ILD), generally thought 
to be of sedimentary or volcanic origin [4].  The trough 
floors are extensively covered by landslides, fans, and 
eolian deposits. In addition, they appear locally dis-
sected by channel networks and include patches of 
fractured terrain development. 

The plateau surfaces that surround the troughs are 
extensively cratered and modified by contraction 
(wrinkle) ridges and extensional faults and grabens, 
some of which are aligned with pit chains. The plateau 
surfaces are covered by various types of flow deposits 
including some of possible volcanic and sedimentary 
origin.  

Methodology: Using geographic information sys-
tem (GIS) software, we are characterizing and map-
ping the distribution of materials and features exposed 
within the canyons and on the plateaus surrounding 
CVM at 1:1,000,000-scale. Recommended mapping 
methodologies for this scale, call for  drafting at 
1:250,000-scale using a linear vertex spacing of 500 
m. We are examining the timing relationships among 
unit outcrops and features through mapping (i.e., unit 
contacts, marker beds, and unconformities) and crater 
densities. For the latter, we are using CraterTools [7], 
a GIS add-on, to count craters on discrete geologic ma-
terials,  and CraterStats [8] to plot ages [e.g., 9]. We 
used LayerTools [10] to investigate if we could 
accurately measure bedding orientations of the interior 
layered deposits (ILD). We are using CRISM-CAT in 
IDL/ENVI to examine the CRISM spectra.  

Datasets: The Mars Reconnaissance Orbiter 
(MRO) Context Camera (CTX) mosaic provides 
~95% coverage over the map area, with 99% coverage 
within the troughs, at 6 m/pix. The Mars Express 
High-Resolution Stereo Camera (HRSC) provides 
both visible-range at 12.5 - 25 m/pix and topography 
at 50 m/pix. Mars Odyssey THEMIS daytime and 
nighttime infrared controlled mosaics [11] provide de-
tails at 100 m/pix and will aid in determining material 

variation based on thermal differences. In addition, we 
also utilize Mars Global Surveyor MOLA data (460 
m/pix), MRO HiRISE images (≥25 cm/pix), where 
supportive, and OMEGA and CRISM hyperspectral 
data, where applicable. 

 
Figure 1: MOLA shaded relief (463 m/pix) overlying 
THEMIS daytime infrared mosaic (100 m/pix) of the map-
ping region (0° to 15°S,  -80° to -65°E) with nomenclature.  

CVM Mapping results: We have identified eight 
categories of material units, based on their typical ge-
ographical settings, geomorphic expressions, and geo-
logic origins. Categories are made up of multiple map 
units, subdivided by additional morphology criteria, 
and by relative age. In addition, we are documenting 
further temporal relationships within units, including 
wall rock terraces and individual mass wasting lobes 
within overlapping sequences. Temporal inferences 
can be made based on (a) cross-cutting relationships 
among outcrops of the same unit separated by internal 
contacts and structures and on (b) dating of temporally 
related features such as landslide alcove development.  

The unit groups consist of: (1) Surficial materials 
including low-albedo mantles, sand sheets, transverse 
aeolian ridge fields, and dunes; (2) crater and ejecta 
materials; (3) mass wasting typically proximal to can-
yon walls with geomorphology categorized using a 
terrestrial scheme [11]; (4) catena materials, including 
a floor and a wall unit, including incipient collapse fea-
tures; (5) chasma floor materials consisting of eolian,  
smooth, blocks, massifs, channel and flood deposits, 
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and cavi exposures of subsurface materials; (6) inte-
rior layered deposits within VM troughs that include 
upper, middle, and lower units with locations to be fur-
ther refined where possible; (7) wall deposits consist-
ing of a gullied and smooth; and (8) plateau materials 
made up of three widespread plateau units, three flu-
vial terrace units, flow materials, and a highland mas-
sif unit. 

We have divided the mass wasting materials into 
subgroups based on their geomorphology using the 
terrestrial classification scheme in [12]. We identified 
the following groups (subgroups in parentheses) in de-
scending order of frequency: flows (debris, “earth” , 
and solifluction), slides (rock planer, multiple rotation, 
single rotation, debris, translational debris, and succes-
sive rotational), falls (rock, “earth” , and debris), 
spreads (debris and rock), and topples.  

In addition, we are mapping linear features where 
useful in reconstructing the geologic history. These 
features include unit contacts with certain, approxi-
mate, buried, and internal younger/older relationship 
types. Tectonic features include inferred grabens, nor-
mal faults, and contractional wrinkle ridges. Some 
ridges are differentiated as sinuous (possible inverted 
fluvial features), curvilinear on landslides, and ero-
sional geomorphologies (yardangs and massifs). 
Scarps are mapped at collapse margins, landslide 
heads and toes, and flow margins.  

The tectonic feature mapping shows 5 generations 
of graben development preserved on the plateau and 
within the canyon walls: (1) oriented roughly NNE-
SSW, mostly confined to Sinai Dorsa, surrounding an 
ancient caldera; (2) circumferential to the alcoves in 
southern Melas Chasma, possibly key to expansion of 
these alcoves; (3) oriented roughly NNE- SSW, paral-
leling most of the wrinkle ridges, located in Thaumasia 
and Lunae Plana, and in the Tithoniae Catenae region; 
(4) oriented WNW-ESE and paralleling and bounding 
the chasmata throughout the region, these graben are 
prevalent on Ophir Planum, may be responsible for 
canyon widening; (5) isolated to Ophir Planum, these 
are curvilinear faults expressions that may be reactiva-
tions of older structures. 

Channels are mapped to show the influence fluvial 
processes in the development of CVM. Finally, we 
mapped crater rim crests and buried crater features 
larger than 5 km. 
Crater Statistics: We have detailed crater counts on a 
selection of mass wasting units located in eastern Ius 
(1 age) and northern Melas Chasmata (3 ages), and on 
Ophir Planum (4 ages) and Coprates Labes (1 unit). 
These ages (Table 1) are younger than those reported 
in [13] by at least half. These data indicate that trough 
expansion through mass wasting processes have been 

important in the very recent history of CVM. For these 
counts, we used CTX data which should have similar 
resolutions to the Mars Obiter Camera used in [13] to 
perform and report crater statistics, but with expanded 
areal coverage.  
Table 1: Ages from current and previously published work. 

 
Detailed crater counts on the plateau units indicate 

Thaumasia and Lunae to have similar primary em-
placement ages (~3.75-3.6Ga)  with Ophir indicating 
a wider range of emplacement (~4.0-3.4Ga). The older 
age in Ophir Planum is associated with an interpreted 
ancient volcanic edifice and the younger age is associ-
ated with the faulted plateau units. Two resurfacing 
periods are indicated by the crater statistics. The first 
is 2.7Ga, 2.8–2.2Ga, and 1.9Ga and the second is geo-
logically recent at 1.0Ga, 0.6-0.2Ga, and 1.3-1.0Ga in 
Thaumasia, Ophir, and Lunae Plana, respectively.  

Interior Layered Deposits: In an effort to subdi-
vide the units of the ILD in CVM, we used HRSC ste-
reo and the CTX mosaic to determine bedding orien-
tations using the LayerTools [10]. We tested whether 
the lower resolution, but areally extensive HRSC 
would garner similar results to bedding orientations on 
HiRISE-derived DTMs. We compared our results to 
[14], and found agreement in both the magnitude of 
dips and the dip directions. A significant problem is 
that all of our measured dip magnitudes were within 
the range of the slope in the measurement areas. We 
have determined this to be an unreliable method of 
gathering the bedding orientations, and subdividing 
the ILD. We are now considering morphologic varia-
tions in bedding, erosional character, and incorporat-
ing CRISM mineralogic data.  

References: [1] Lucchitta B.K. et al. (1992) in 
Kieffer H.H. et al. (eds.) Mars, U. Arizona Press, p. 
453-492. [2] McEwen A.S. et al., (1999) Nature, 397. 
[3] Murchie S.L. et al. (2010) J. Geophys. Res., 114. 
[4] Lucchitta B.K. et al. (1994) J. Geophys. Res., 99. 
[5] Witbeck N.E. et al. (1991) USGS Map I-2010. [6] 
Dohm J.M. et al. (2009) J. Volcan. Geotherm. Res., 
185. [7] Kneissl T. et al. (2010), Planet. Space Sci., 59 
(11-12). [8] Michael G.G. and Neukum G. (2010) 
Earth Planet. Sci. Lett., 294. [9] Platz T., et al. (2013), 
Icarus, 225. [10] Kneissl T., et al. (2010) LPSC, Abst. 
#1640. [11] Fergason R.L. et al. (2013) LPSC, Abst. 
#1642. [12] Hungr, O. et al. (2014) Landslides, 
11:167-194. [13] Quantin, C. et al. (2004) Icarus, 
172 :555-572. [14] Okubo, C.H. (2014) USGS Map 
SIM3309. 
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GEOLOGIC MAPPING OF ARSIA AND PAVONIS MONTES, MARS.  W.B. Garry1, D.A. Williams2, J.E. 
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20771, 2School of Earth and Space Exploration, Arizona State University, PO Box 871404, Tempe, AZ 85287, 
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Introduction: Arsia and Pavonis Montes are two 

of the three large shield volcanoes that comprise the 
Tharsis Montes on Mars. Our team is funded by 
NASA’s Mars Data Analysis Program (MDAP) to 
complete a set of 1:1,000,000 geologic maps of Arsia 
and Pavonis based on the mapping style defined by 
[1,2]. The map area for Pavonis and Arsia also in-
cludes extended sections that cover the rift aprons 
and small vent fields (Fig. 1). Detailed mapping of a 
limited area of these volcanoes revealed a diverse 
distribution of volcanic landforms within the calde-
ras, and along the flanks, rift aprons, and surrounding 
plains [1]. Here, we report on the progress of each 
map. 

 
Figure 1. MOLA shaded relief map with the bounda-
ries (solid lines) for each map and extensions (dashed 
lines) to cover rift aprons and small vent fields. 

 
Data and Methods: We are mapping each volca-

no in ArcMap 10.2 to produce digital geologic maps 
at 1:1,000,000 map scale for the USGS. A Context 
Camera (CTX) mosaic (6 m/px) serves as the primary 
basemap, supplemented by HRSC, THEMIS daytime 
IR, HiRISE, and MOLA data. To address our science 
questions we have conducted our mapping at 
~1:100,000 on the CTX basemap. This scale enables 
us to distinguish between different morphologic fea-
tures like sinuous rilles, leveed channels, low shields, 
and surface textures, plus we are able to determine 
flow margins, flow directions, and stratigraphic rela-

tionships between different eruption sequences. Our 
primary objective for each map is to show the areal 
extent, distribution, and stratigraphic relationships of 
the different volcanic morphologies to better under-
stand the changes in effusive style across each volca-
no and provide insight into the similarities and differ-
ences in their evolution. 

Mapping Progress: Our objective this year was 
to finalize the contacts of the main volcanic provinc-
es on each volcano (e.g., main shield, rift aprons, and 
lava plains) (Fig. 2). The surficial fan deposits on 
both volcanoes using sketch maps from [3-5] as 
guides for mapping similar units (e.g., smooth, 
ridged, knobby). We have also begun mapping the 
low shield volcanoes on Pavons Mons. 

Discussion: Our current progress has provided 
several insights into the eruption processes and evo-
lution of these volcanoes. 

Geologic Units: The current mapping units are 
distinguished by morphology for each province of the 
volcanoes (caldera, main shield, rift aprons, lava 
plains, fan-shaped deposit). Detailed imagery from 
CTX has allowed us to diversify the units based on 
various eruption styles (Fig. 2). 

General Formation Sequence: Mapping of Pavo-
nis and Arsia reveals a similar sequence of events for 
the geologic history of these two volcanoes [1,2,6]: 
1) main shield forms, 2) eruptions from the NE/SW 
rifts emplace long lava flows that surround the main 
flank, 3) eruptions wane and build up the rift aprons 
and shield fields, 4) glaciers deposit surficial fan de-
posit material [7], and 5) localized recent eruptions in 
Arsia’s caldera and possibly within the fan-shaped 
deposits. Further mapping will reveal the relative 
geologic timing of eruptive units on the main shields 
and provide a more complete analysis of the spatial 
distribution of tube-fed versus channel-fed flows for 
each volcano. 

References: [1] Bleacher J. E. et al. (2007) JGR, 
112, E04003, doi:10.1029/2006JE002826. [2] 
Bleacher J. E. et al. (2007) JGR, 112, E09005, 
doi:10.1029/2006JE002873. [3] Shean D.E. et al. 
(2005) JGR, 110, E05001, doi:10.1029/2004JE002 
360. [4] Shean D.E. et al. (2007) JGR,112, E03004, 
doi:10.1029/2006JE002761. [5] Scanlon K.E. et al. 
(2014) Icarus 237, 315-339. [6] Crumpler L.S. and 
Aubele J.C. (1978) Icarus, 34, 496-511. [7] Head 
J.W. and Marchant D. R. (2003) Geology, 31, 641-
644.  
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Figure 2. Current geologic maps of Arsia and Pavonis Montes. 
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Introduction: Streamlined islands on Mars are lo-

cated on the floors of outflow channels, valley net-
works, fresh shallow valleys, volcanic and tectonic 
channels. The goal of this study is to determine the 
morphological types of islands, to investigate the rela-
tionship between channel types and island morpholo-
gies, and to use islands to help determine the formative 
conditions of the channel they are situated in. 
Stremalined islands are also produced in lava channels 
[9].  

Methods:  We are surveying Mars globally, at 
CTX and HiRISE resolution, in and adjacent to the 
channels in the Hynek Valley Network Database [1], 
and “channels”and “ouflow channels”  in the Geologic 
Map of Mars [2].  

Island types:  On Earth, islands are commonly 
classified as bars or islands [3]. Bars are usually de-
fined as typically submerged, unvegetated positive re-
lief forms, whereas islands are usually emerged and 
vegetated. The problem with this classification is that it 
only contains information of the relation between water 
level and island/bar surface, but not about their origin.  

There is neither water nor vegetation on Mars. 
Without knowing the original water level, it is very 
different to distinguish between a braided channel (one 
channel with convex-up islands or bars) and an anas-
tomosing system (a belt of channels flowing around 
concave-up alluvial or bedrock remnant islands) [4].  

Bars and islands may be defined genetically, by 
their origin. In this classification, bars are depositional 
forms, while islands are erosional [5]. There may be 
mixed forms: pendant bars [6] are composite forms of 
an erosional bedrock island core and lee side deposits. 
A complex island type is produced when a narrow, 
interior channel is incised into the alluvium or a chan-
nel fill, dividing it into isolated islands. These are ero-
sional islands produced in depositional materials.  

In addition to bars and islands, fluvial dunes and 
catastrophic flood-produced giant current ripples [10] 
are also depositional forms, smaller than bars and oc-
curring in groups. Bars may also occur in close groups, 
separated by cross-bar channels.  

The shape of an island is usually streamlined, form-
ing a half-lemniscent (teardrop) shaped form with the 
blunter ends point upstream and long tails point down-
stream [7]. Islands may also have two pointed ends or 
no pointed end. Bedrock islands may be irregular or 
polygonal [8]. Although topographic data usually is 

sufficient to determine the paleoflow direction, island 
shapes can confirm if the present slopes were similar at 
the time of channel formation.  

Compared to channel/valley wall, relatively low-
height islands are alluvial islands or bars, while islands 
as high as the channel wall  that display similar texture 
than the material over the banks are erosional remnants 
of the bedrock.  

Conclusion: Islands are tools for investigating 
paleochannel origins and flow conditions on Mars.  

References:  [1] Hynek et al. 2010  [2] Tanaka et 
al. 2014. [3] Osterkamp 1998 [4] Makaske 2001 [5] 
Hargitai et al. 2016, submitted [6] Baker 1979  [7] 
Baker and Milton 1974 [8] Meshkova 2012  [9] Ko-
matsu et al. 1993 [10] Baker and Milton 1974 
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Introduction:  The Rembrandt basin on Mercury 
was discovered during the second flyby of the 
MESSENGER spacecraft.  At ~715-km-diameter, it 
is the second largest known well-preserved basin, 
after the Caloris basin (~1500 km).  The large basins 
on Mercury record a focus of subsequent geological 
activity, including the interplay between tectonism 
and volcanism.  Rembrandt, in particular, records 
prolonged compressional and extensional tectonism 
and multiple volcanic flooding events.  The geologic 
evolution of Rembrandt and surroundings includes 
late-stage global planetary contraction, as indicated 
from cross-cutting thrust faults, including the largest 
identified to date on the planet [1].  Understanding 
the geological history of Rembrandt basin is thus key 
to interpreting the geologic evolution of Mercury at 
regional to global scales.  Characterizing the 
relationships among geological processes, including 
impact cratering, tectonics, and volcanism within 
Rembrandt can inform global activity on this poorly-
understood terrestrial planet.  A primary objective of 
this work is to produce a geologic map of the 
Rembrandt basin region (15°S, 65°E to 50°S, 110°E) 
at the 1:2M-scale that will be submitted for peer-
review and publication by the USGS.  

Scientific Objectives: Four goals for this project 
are: (1) Delineate the major geologic units in and 
around Rembrandt basin to infer the history of 
activity in a time-stratigraphic context. (2) Assess the 
tectonism in and around the basin, including spatial 
and temporal associations among the geologic units 
and tectonic structures. (3) Develop an understanding 
of how the rheology and stress fields of the 
lithosphere in this region affected the formation of 
the tectonic structures. (4) Chronicle the 
bombardment history of the Rembrandt region to 
place constraints on the basin-forming event and its 
subsequent modification, as well as the formation of 
tectonic structures both related and unrelated to the 
impact event. 

Datasets: Basemaps provided by the USGS 
include a Messenger Team Global MDIS grayscale 
mosaic (250 m/pix) and MDIS color mosaic (665 
m/pix) [2].  A 1 km/pix DTM exists over the western 
half of the map area [3] and custom DTMs have been 
generated based on stereo pairs of NAC images. 
Additionally, we have spent significant time making 
controlled mosaics from ~2600 NAC images 
available in the PDS, filtered by incidence angle 

(60°-70°; 70°-80°; 80°-90°) to highlight topographic 
features. 

Preliminary Results: Fig. 1 shows the current 
complete draft of our geologic map and unit 
descriptions.  We have delineated 11 distinct non-
crater-related geologic units based on morphology, 
topography, texture, color (spectral information), and 
other primary characteristics.  Large craters (>40km) 
were mapped based on degradation similar to the 
five-age classification system yielding another three 
units corresponding to C4, C3, and C2 craters.  
Additionally, 47,032 craters down to 3-km-diameter 
have been mapped for unit age determinations. Units 
related to Rembrandt basin include several classes of 
interior plains, hummocky material, rim material, and 
basin-radial lineated terrain inferred to be ejecta.  
Exterior units include low and high albedo plains, 
intermediate terrain, and heavily cratered highlands.  
820 individual tectonic structures were mapped, with 
89% being contractional features. 

Geologic History: Highland terrain is the most 
ancient feature and records early heavy 
bombardment.  The Rembrandt impact occurred 
around 3.9 Ga [this work; also 4] and was coeval 
with radial lineated terrain and low albedo exterior 
plains inferred to be impact melt.  Plains units within 
and outside of the Rembrandt basin, of presumed 
volcanic origin, formed between 3.6-3.8 Ga. Several 
classes of plains units were delineated based on 
setting (intra- vs. inter-crater) and spectral 
characteristics.  A few depressions inferred to be 
volcanic vents are present; however, most plains 
units entirely fill low-lying depressions and source 
vents are not evident. 

Tectonic Activity:  Within the mapping region, 
606 tectonic features have been mapped that extend 
>10km.  These features can be divided into two broad 
categories based on whether they resulted from 
global compression of Mercury’s crust or post-impact 
basin related activity within Rembrandt.  Tectonic 
structures related to global contraction include large, 
lobate scarps that cross-cut the youngest and oldest 
mapped units and smaller arcuate thrust faults that 
are predominantly found in smooth plains units 
exterior to Rembrandt.  Basin-related tectonic 
features include thrust faults, graben, and high-relief 
ridges [e.g., 5].  These features occur within the basin 
rim, preferentially deform smooth, high-albedo 
plains, and exhibit a wheel and spoke pattern.  Basin 
radial features only extend to roughly half the basin 
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radius (~160km) and consist of both extensional and 
contractional features.  Basin concentric structures 
occur at and beyond half the basin radius and are 
exclusively contractional.  A broad arc of high relief 
terrain that deforms both hummocky material and 
smooth plains is observed in the northern half of 
Rembrandt.  This broad arc is inferred to be of 
tectonic origin since it deforms two morphologically 
distinct units.  It is unclear whether this feature is 
related Enterprise Rupes, post-impact basin related 
tectonism, or a combination of the two. 

 Acknowledgements: Funding for this work came 
from NASA PGG grant NNX14AP51G. 

References: [1] Watters, T.R. et al, (2012) 43rd 
LPSC, abstract# 2121. [2] http://messenger.jhuapl. 
edu/the_mission/mosaics.html. [3] Preusker, F.J. et 
al, (2011) PSS, 59, 1910–1917. [4] Ferrari, S. et al, 
(2015) Ferrari, S. et al. (2015) Geol. Soc., London, 
Spec. Pubs. 401.1: 159-172. [5] Watters, T.R. et al, 
(2009) Science, 324, 618-621.  
 

Fig. 1. Geologic units on MDIS 250 m/pix basemap. Crater  Mater ials - material of walls, floors, rims, and 
central peaks of slightly modified craters (CMsm), modified craters (CMm), and subdued craters (CMs). IaHAP: 
high albedo smooth plains that infill craters. IaLAP: low albedo smooth plains that infill craters. Basin 
Mater ials – RHAP: high albedo smooth plains that form an annulus around the center of Rembrandt. RLAP: low 
albedo smooth to gently rolling plains along the interior margins of Rembrandt. LBT: rugged, blocky mounds 
surrounding RR exhibiting radially lineated texture. RH: hummocky knobs to gently rolling hills with similar 
albedo to RR. RR: rugged, high relief basin-facing scarps surrounding Rembrandt. Exter ior  Units – IeHAP: flat 
to gently rolling high albedo plains that fill areas of lowest relief.  IeLAP: flat to gently rolling low albedo plains 
in relatively low-relief areas. IT: hilly, moderately cratered terrain between large craters. CH: uneven to rugged 
heavily cratered surface in high-relief regions. Only tectonic features extending >50km are shown for simplicity. 
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Introduction:  The first reconnaissance of Mercury 

was carried out by the Mariner 10 spacecraft in the 
1970s. Three flybys of the planet yielded images of just 
under half of the globe that were used as the basis for a 
U.S. Geological Survey (USGS) series of Mercury 
quadrangle maps [1]. However, the map authors did 
not follow a uniform set of mapping conventions or 
units, resulting in inconsistencies across map bounda-
ries and making it difficult to compare geologic units 
across multiple regions of the mapped hemisphere. 

The MErcury Surface, Space ENvironment, GEo-
chemistry, and Ranging (MESSENGER) spacecraft 
orbited Mercury from 2011 to 2015 and imaged the 
planet in its entirety. A global monochrome image mo-
saic was released to the Planetary Data System (PDS) 
in May 2016 at largely uniform viewing geometry and 
a resolution of ~250 m/pixel [2], providing a compre-
hensive dataset for geomorphological mapping.  This 
vastly improved data product forms the basis for the 
first global geological map of Mercury (Fig. 1) [3]. 
The geological map will facilitate the comparison of 
units distributed discontinuously across Mercury’s sur-
face, thereby enabling the development of the first 
global stratigraphic column, and provides a guiding 
basis for future mappers. 

Data:  The map has been prepared at 1:15M scale 
and will be submitted to a peer-reviewed planetary 
journal for publication. It has been created using stand-
ard USGS mapping guidelines within a geographical 
information system (GIS). In addition to the mono-
chrome basemap and other image products with alter-
nate viewing geometries, ancilliary topography and 
color data were used where necessary to aid in the 
identification of units. Datasets from other published 
and ongoing local and regional mapping efforts have 
also been incorporated, including: a global map of 
crater and basin rims [4], ghost craters [5], smooth 
plains [6], and tectonic structures [7].  The locations of 
features not resolvable at our map scale, such as pyro-
clastic vents [8] and hollows [9], will be indicated as 
point features on the map to assist future analyses.  

Mapped Units: Geomorphological units were 
mapped on the basis of texture, color, and topograph-
ical relief. Due to the highly eccentric elliptical orbit of 
the MESSENGER spacecraft, the resolution of geo-

chemical data obtained varies greatly between the 
northern and southern hemispheres of the planet. For 
this reason, geochemical data was not considered in the 
mapping of units. 

Impact Craters: All impact craters >40 km in di-
ameter were classified during the mapping process 
using a revised version of the earlier five-class scheme 
[10-12] and based on the new MESSENGER image 
dataset. Rims, ejecta, and classifications for craters ≥90 
km in diameter were included on the map.   

Intercrater Plains: Mercury’s surface consists of 
two major plains units, smooth and intercrater plains. 
Intercrater plains lie between large craters and basins 
and contain a high spatial density of small superposed 
craters 5–15 km in diameter [13]. They are generally of 
lower reflectance and shallower spectral slope than 
smooth plains [14].  

Smooth Plains: In contrast, smooth plains are 
sparsely cratered and postdate the intercrater plains. 
The spatial density of relatively small superposed cra-
ters on this unit is approximately uniform, indicating 
that it is nearly coeval, globally [6].  

One unit included by the Mariner 10 mappers [1] 
that does not appear on our map is Intermediate Plains. 
A recent analysis [13] showed that areas previously 
mapped as intermediate plains are indistinguishable 
from either intercrater or smooth plains. We follow the 
recommendation [13] that the intermediate plains unit 
is not a sufficiently distinct map unit, especially at the 
global scale used in our map. 

Basin Units: In addition to the globally distributed 
plains units, we have also included prominent units 
associated with larger basins. One such example is the 
Odin Formation, consisting of discontinuous patches of 
hummocky plains that extend up to 800 km beyond the 
rim of the Caloris basin. A second prominent unit is the 
Caloris interior plains, which closely resembles smooth 
plains material but has undergone at least two phases of 
intense tectonic deformation [15]. Additional basin-
related units have been also been incorporated into the 
map including Rembrandt [16], Raditladi [18], and 
Rachmaninoff basin units. 

Tectonics: Two primary tectonic landforms are ob-
served at global map scales: (1) extensional landforms, 
which consist of negative-relief, steep-sided depres-
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sions that are usually linear in plan view, and (2) short-
ening landforms, positive-relief features that are linear 
to arcuate in plan view. Shortening landforms are dis-
tributed across the planet and are the dominant form of 
tectonic deformation on Mercury, resulting from wide-
spread global contraction [5 and references therein]. 

Future Work: A proposal is being submitted 
through the PDART program to submit the map as a 
USGS Scientific Investigations Map (SIM) series 
product. Though the current version of the map will be 
submitted to a peer-reviewed planetary journal around 
the time the PDART Step-2 proposals are due, the 
standards for maps published through the USGS afford 
more detailed community feedback and result in a 
product that will provide a robust basis for future map-
pers and missions. 

Several mapping objectives that have not been ad-
dressed thus far will be investigated including: 1) 
whether there is cause to subdivide the major surface 
unit, Intercrater Plains, into additional subunits [17]; 
2) subdivision of additional basin units; and 3) revise 
boundaries of the Smooth Plains unit, all on the basis 
of crater density and the new PDS-available global 
color dataset [2].  

     References: [1] Schaber, G. and McCauley, J.F. (1980) 
USGS Map I–1199; De Hon, R.A. et al. (1981) USGS Map 
I-1233; Guest, J.E. and Greeley, R. (1983) USGS Map I-
1408; McGill, G.E. and King, E.A. (1983) USGS Map I-
1409; Grolier, M.J. and Boyce, J.M. (1984) USGS Map I-
1660; King, J.S. and Scott, D.H. (1990) USGS Map I-2048; 
Trask, N.J. and Dzurisin, D. (1984) USGS Map I-1658; 
Spudis, P.D., and J.G. Prosser (1984), USGS Map I-1659; 
Strom, R.G. et al. (1990) USGS Map I-2015. [2] Chabot, 
N.L. et al. (2016) LPS, 47, #1256. [3] Prockter, L.M. et al. 
(2016) LPS, 27, #1245. [4] Fassett, C.I. et al. (2012) J. Ge-
ophys. Res., 117, E00L08, doi:10.1029/2012JE004154. [5] 
Ostrach, L.R. et al. (2015) Icarus, 250, 602–622. [6] Dene-
vi, B.W. et al. (2013) J. Geophys. Res. Planet, 118, 891–
907. [7] Byrne, P.K. et al. (2014) Nature Geosci., 7, 301–
307. [8] Thomas, R.J. et al. (2014) J. Geophys. Res. Planets, 
119, 2239–2254. [9] Blewett, D.T. et al. (2013) Science, 
333, 1856-1859. [10] McCauley, J.F. et al. (1981) Icarus, 
47, 184-202. [11] Spudis, P.D. and Guest, J.E. (1988) in 
Mercury, U. Ariz. Press, 118–164. [12] Kinczyk, M.J. et al. 
(2016) LPS, 47, #1573 [13] Whitten, J.L. et al. (2014) Ica-
rus, 241, 97–113. [14] Denevi, B.W. et al. (2009) Science, 
324, 613–618. [15] Murchie, S.L. et al. (2008) Science, 321, 
73-76. [16] Hynek, B.M. et al. (2016) LPS, 47,  #2312. [17] 
Denevi, B.W. et al. (2016) LPS, 47, #1624. [18] Prockter, 
L.M. et al. (2009) LPS, 40, #1758.  

Figure 1. Draft version of the global geological map of Mercury at 1:15M scale, showing major plains units and classified cra-
ters ≥90 km in diameter. 
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Introduction:  Ius Chasma is one of twelve units 

composing Valles Marineris - the largest trough 
complex in Solar System. Valles Marineris is located 
in the equatorial area of Mars, its origin is related to 
magmato-tectonic activity in Tharsis province. It 
covers the area of 764 000 km2, all twelve troughs 
spreads for 6400 km, and their depth exceed 10 km 
[1]. Ius Chasma is an elongated trough in the western 
part of Valles Marineris. It is a tectonic-controlled 
depression of length of ~850 km, width up to 120 km, 
and depth loccaly exceeding 8 km. Ius Chasma is 
composed of two parallel E-W trending valleys which 
are separated by Gerion Montes - internal ridge of  
~5 km high and up to 26 km wide. At present all the 
magmatic and tectonic processes are absent on Mars 
for about 3 Gy. Currently, the predominant processes 
are to mass wasting and eolian activity. Cartographic 
approach to eolian features enable to retrive 
information about wind processes and regimes. This 
work presents the distribution of sand dunes in Ius 
Chasma. 

Data and methods: The cartographic work in Ius 
Chasma was conducted on the base of CTX dataset. 
100 CTX images with original spatial resolution of  
6 m/pxl were used to create 3 mosaiks (western, 
central and eastern) with Integrated Software for 
Imagers and Spectrometers (ISIS). The resolution of 
mosaicks were decreased to 12 m/pxl due to limited 
capabilities of processing heavy files in ArcGIS, which 
were used to perform the mapping procedure [2]. 

Sand dunes in Valles Marineris: Dunes fields are 
abundant in Valles Marineris. In fact, this equatorial 
trough system contains around 44% of all non-polar 
large dune areas studied on Mars. The major dune 
fields occupy an area of ~22 000 km2 displaying 
variety of morphologies, compositions, thermophysical 
properties, and associated landforms. There are three 
potential sand sources inside Valles Marineris: Interior 
Layered Deposits, walls of spur-and-gully 
morphology, and landslide deposits, and at least two 
strong candidates for an extra-trough sand sources, in 
Aurorae Chaos and on the plateau north of eastern 
Valles Marineris [3]. Substantial dune fields have been 
recognized in [3,4] in seven troughs (Ius, Melas, 
Coprates, Capri, Ganges, Hebes, and Juventae 
Chasmata), whereas significant dune areas in Ophir, 
Candor, and Echus Chasmata have not been observed 
in these studies (Fig. 1a).  

 

 
Fig. 1. Dune fields in Valles Marineris: (a) geographic-areal 

distribution with percentages and numbers of dune fields in 

chasmata, (b) morphologic distribution; on the basis of [3]. 
 
The most frequent dune field surface area is  

~125 km2, whereas the mean dune field surface area 
equals ~400 km2. It is the result of the fact, that four 
vast ergs (>1000 km2) constitute the majority of dune 
area (~80%) in Valles Marineris. The most common 
dune morphology in the trough system barchanoid 
(~32%), followed by transverse (18%), sand sheet 
(15%), and climbing or falling dunes (14%). Other 
dune types (i.e. barchans, linear, dome, and echo 
dunes) are far less frequent (Fig. 1b). They are present 
in specific settings: barchan and dome dunes are 
located on the dune 500 field edges, whereas echo 
dunes have been recognized in chaotic terrains in 
eastern chasmata [3].   

Dunes in Ius Chasma: Eolian features within Ius 
Chasma are the most common of recently active 
landforms. They are either erosional features (periodic 
bedrock ridges), or depositional features (large black 
dunes, sand covers, and “regular” dune fields). 
Periodic bedrock ridges (Pbr) appear as megarriple 
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forms and dune-like features which are in fact ridges 
carved in cohesive substrate by wind. In CTX image 
resolution, it is mostly impossible to distinguish 
whether a ripple-like landform is a regular dune or an 
erosional ridge. Two examples of Pbr unit are 
presented in the map; one is an authors’ assumption 
(centered at 7°12‘S, 83°19‘W), and one is based on 
literature (centered at 7°43‘S, 80°33‘W) [5].  

Dark-toned dune fields (Bd) are the most stunning 
eolian features in Ius Chasma. There are four large 
black dune fields located in the southern Ius graben, 
each covering an area ranging from 141 to  
321 km2. The material source for the westernmost 
dune field (centered at 7°36’S, 83°59’W) might be 
floor unit deposits of possible lacustrine origin, 
whereas easternmost dune field has originated in 
escapes of fallen deposits associated with easternmost 
sapping channels. Potential sand sources for other 
dune fields are difficult to define. Six smaller Bd areas 
are present in central and eastern Ius Chasma regions. 
All dune fields cover a cumulative area of 1119 km2. 
In addition, westernmost dune field is bordered on 
three extensive sand covers to the south. They are 
composed of brighter-toned sediments and display 
small to medium-sized ripples on the surface. Each 
cover is  
~10 km wide and they all occupy an area of 124 km2.  

The most common eolian features in Ius Chasma 
are “regular” dune fields. There are 10 352 individual 
fields, covering together an area of 4753 km2 (Fig. 2). 
The largest dune fields display areas of almost  
270 km2, whereas the least extensive are as small as 
1800 m2. Dune fields are present especially on 
landslide deposits, floor units, within valleys of 
sapping channels, and within western glacial 
landforms. The main corridor of dunes spans along the 
south-facing wall of Geryon Montes for over 180 km. 
Glacial features in the western chasma are the place, 
where over 1585 dune fields are present what implies 
that glacial landforms are a highly productive source 
of friable particles. Dunes within landslides are 
widespread in central and distal parts of deposits, but 
do not occur near landslide scars. Dune slip faces in 
open-space areas are oriented along the W-E direction, 
which has implication for the prevailing wind regime 
in Ius Chasma. Other localities strongly affected by 
local topography (i.e. within landslides) display 
individual wind trends.  

References: [1] Gourronc M. et al. (2014) 
Geomorphology, 204, 235-255. [2] Dębniak K. T. et 
al.(2016) J. Maps, submitted. [3] Chojnacki M. et al. 
(2014) Icarus, 232, 187-219. [4] Chojnacki M. et al. 
(2014) Icarus, 230, 96-142. [5] Montgomery D. R. et 
al. (2012) J. Geophys. Res.117, 12. 

 
Fig. 20. 10 352 dune fields in Ius Chasma; CTX image mosaic 

prepared in ISIS software. 
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YEAR TWO PROGRESS REPORT ON GEOLOGIC MAPPING OF THE MAHUEA THOLUS (V-49) 
QUADRANGLE, VENUS.  N.P. Lang1 ,C. Nypaver1, E. Baker1, and B.J. Thomson2; 1Department of Geology, 
Mercyhurst University, Erie, PA 16546 (colenythegeoguy@gmail.com, nlang@mercyhurst.edu, 
ebaker37@lakers.mercyhurst.edu), 2Boston Univ. Center for Remote Sensing, Boston, MA 02215 (bjt @ bu.edu). 

 
Introduction:  The Mahuea Tholus quadrangle (V-

49; Figure 1) extends from 25° to 50° S to 150° to 
180° E and encompasses >7×106 km2 of the Venusian 
surface.  Moving clockwise from due north, the Ma-
huea Tholus quadrangle is bounded by the Diana 
Chasma, Thetis Regio, Artemis Chasma, Henie, Bar-
rymore, Isabella, and Stanton quadrangles; together 
with Stanton, Mahuea Tholus is one of two remaining 
quadrangles to be geologically mapped in this part of 
Venus.  Here we report on our initial mapping results 
for this quadrangle.   

Map overview:  The map area is characterized 
predominantly by lowlands (Zhibek and Nsomeka 
planitiae) that have an overall north-northeast trend 
~1000 kilometers wide and ~2000 km long.  They ap-
pear to have served as a depocenter for numerous vol-
canic flows sourced from the northern and southern 
rims of the basin as well as from localized sources from 
within the basin itself [e.g., 1].   

The southern edge of the lowlands gently rises into 
Dsonkwa Regio, an apparent volcanic center that ex-
tends south into the V-58 quadrangle (Henie) where it 
is hosts two coronae and >>103 small shield edifices 
[e.g., 2] that comprise Mena Colles, a shield field that 
stretches between V-49 and V-58; these coronae and 
shields are the sources of volcanic material flowing 
north into Zhibek and Nsomeka planitiae.   

The northwestern rim of the basin is noted by the 
presence of the Diana-Dali Chasmata system, which 
cuts across the northwest corner of the map as it ex-
tends from near Artemis Corona in V-48 to the west [3] 
to Atla Regio to the northeast (V-26).  This rift system 
is ~500 km wide here and has an overall north-
northeast trend that parallels the basin, but has two 
southeast trending arms that extend a few hundred kil-
ometers into the quadrangle.  

Volcanic structures and units:  The dominant fea-
tures in the map area include volcanic edifices and as-
sociated deposits.  Volcanic features within the basin 
include >103 small shield edifices and domes [2], coro-
nae, and Mahuea Tholus:  a 0.5-1.1 kilometer tall and 
nearly 100 km diameter volcano characterized by rela-
tively thick (~10s of meters), overlapping, high-
backscatter lava flows that emanate from a central edi-
fice.  These high backscatter flow materials preserve 
distinct flow structures including lobate and digitate 
flow fronts, constructional levees, and flow ridges.  
Surrounding Mahuea Tholus is an intermediate 
backscatter material that locally contains lobate fronts; 

because this material surrounds Mahuea Tholus, it is 
interpreted as sourced from the volcano, though the 
nature of emplacement (i.e., lava flow vs. air fall) is 
unconstrained [1]. Moore et al. [1] suggested that the 
volcano's flows may be highly siliceous due to the vol-
cano being positioned in a planar region, the seemingly 
high viscosity of the volcano's flows, and the flows' 
unusual relief.  Four double-rimmed coronae [4] have 
formed within the Diana-Dali rift within V-49 and have 
sourced extensive lava flows south into Zhibek Plani-
tia; several flows have also been sourced directly from 
fractures in the rift itself as well as from numerous 
small shield edifices that have also formed along seg-
ments of the rift. 

Seven E-W-trending channels also occur within this 
quadrangle, which is one of the largest single concen-
trations of channels in an individual quadrangle [5].  
The channels occur along the northern and southern 
edges of the basin. Channel sources are indeterminable, 
but formation of the northern channels was likely asso-
ciated with Diana-Dali-sourced flows; longitudinal 
profiles suggest all channels have been deformed by 
long-wavelength warping since formation. 

Basement materials:  Two groupings of ‘tessera 
terrain’ also outcrop in the map area.  Urd Terrsera 
outcrops as a couple northerly-trending kipuka along 
the eastern edge of the topographic basin where they 
approximately mark the boundary between Zhibek and 
Nsomeka planitiae.  Nortia Tesserae outcrops as a 
larger grouping of smaller kipuka along the northern 
edge of Donskwa Regio. Initial mapping of these fea-
tures, however, indicates that they are not likely not 
true tessera terrain, but rather represent outcrops of 
deformed local basement materials of undeterminable 
origin.    

Tectonic structures:  Besides the rift zone, other 
tectonic structures in the map area include a northeast-
trending suite of wrinkle ridges. These ridges also par-
allel the basin and have wavelengths ranging between 
20 to 30 kilometers [6] and are part of a broad circum-
Aphrodite Terra wrinkle ridge system described by [7].   
These ridges deform most of the materials emplaced 
within the basin including the moderate backscatter 
materials surrounding Mahuea Tholus, but they are, in 
turn, buried by the relatively thick, high backscatter 
flow materials of the volcano [1, 6]. 

Impact craters:  Thirteen identified and named 
impact craters also dot this map area and range from 
12-100 km in diameter. All craters are associated with 
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ejecta blankets, but two craters also host fluidized ejec-
ta materials. Seven craters also exhibit radar-dark 
floors. 

Possible aeolian features:  Multiple moderately ra-
dar-bright ‘whispy’ patches occur in the SE portion of 
the quadrangle.  These features have a NW-SE trend 
and broadly resemble yardangs in their shape.  They 
may represent tectonic structures or even local out-
croppings of bedrock, but their shape and ‘whispy’ 
appearance makes us wonder if they could be aeolian.   

Preliminary geologic history:  Our initial map-
ping is consistent with relations identified in surround-
ing quadrangles and indicates a geologic history for V-
49 punctuated by multiple, overlapping periods of vol-
canism and tectonism that occurred at both large and 
small scales and seemingly erased much of the earlier 

history for this part of Venus (Figure 2). Future map-
ping here should further constrain the relative timing of 
these events, specifically the stratigraphy of coronae 
flows in the NW section of the map area. 
References: [1] Moore, H.J., et al. (1992), JGR, 97, E8, 
13,479-13,493. [2] Guest, J.E., et al. (1992), JGR, 97, 
15949. [3] Bannister, R.A. and V.L. Hansen (2010), 
USGS SIM 3099 – Geologic Map.  [4] Stofan, E.R., et 
al. (1997), Venus II, 931-968.  [5] Komatsu, G. (1993), 
Icarus, 102, 1-25.  [6] Pierce, N.P. and Lang, N.P. 
(2012), LPSC Abstract 1682.pdf. [7] Bilotti, F. and J. 
Suppe (1999), Icaurs, 139(1), 137-157.   
 
 

 
 

Figure 1:  Initial geologic map of the Mahuea Tholus (V-49) quadrangle, Venus. 
 

 
Figure 2:  Initial description of map units and stratigraphy of the Mahuea Tholus (V-49) quadrangle, Venus. 
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Abstract:  The Undifferentiated Plains on Titan, 

first mapped by Lopes et al. [1], are vast expanses of 
terrains that appear radar-dark and fairly uniform in 
Cassini Synthetic Aperture Radar (SAR) images. While 
the interpretation of several other geologic units on 
Titan - such as dunes, lakes, and well-preserved impact 
craters - has been relatively straightforward, the origin 
of the Undifferentiated Plains has remained elusive. 
SAR images show that these “blandlands”  are mostly 
found at mid-latitudes and appear relatively featureless 
at radar wavelengths, with no major topographic fea-
tures. Their gradational boundaries and paucity of rec-
ognizable features in SAR data make geologic interpre-
tation particularly challenging. We have mapped the 
distribution of these terrains using SAR swaths up to 
flyby T92 (July 2013), which cover > 50% of Titan’s 
surface. We compared SAR images with other data sets 
where available, including topography derived from the 
SARTopo method and stereo DEMs, the response from 
RADAR radiometry, hyperspectral imaging data from 
Cassini’s Visual and Infrared Mapping Spectrometer 
(VIMS), and near infrared imaging from the Imaging 
Science Subsystem (ISS). We examined and evaluated 
different formation mechanisms, including (i) cryovol-
canic origin, consisting of overlapping flows of low 
relief or (ii) sedimentary origins, resulting from fluvi-
al/lacustrine or aeolian deposition, or accumulation of 
photolysis products created in the atmosphere.  

 
Data:   The main dataset used in our study is from 

the Cassini RADAR instrument, a multimode Ku-band 
(13.78 GHz, λ=2.2 cm) radar instrument (Elachi et al., 
2005b) designed to map the surface of Titan. Data 
from other Cassini instruments, the Visual and Infrared 
Mapping Spectrometer (VIMS) and the Imaging Sci-
ence Subsystem (ISS) were also used. Mapping was 
carried out identifying individual features in shapefiles 
using the software ArcGIS 10.2. For general mapping 
of the Undifferentiated Plains, we used a scale of 
1:1,500,000. 

 

Interpretation of origin and nature. Our analysis 
strongly suggests that the Undifferentiated Plains, which 
cover vast expanses of Titan’ s mid-latitude regions, are sed-
imentary in origin [2]. The composition of the Undifferenti-
ated Plains is consistent with organic rather than icy materi-
als. We propose that aeolian activity was the major contrib-
uting process to the formation of the Undifferentiated Plains. 
Although contributions from photolysis is likely, a uniform 
photolysis deposit would produce compositional and struc-
tural uniformity on Titan’s surface that is not seen in the 
data. Contributions from fluvial, lacustrine, or pluvial activi-
ty are also possible, as well as erosional activity from the 
Hummocky/mountainous and Labyrinth materials, but our 
analysis is not consistent with these being major contributing 
processes. There is strong evidence for aeolian movement on 
Titan’s surface [3] and the distribution of Undifferentiated 
Plains, both at local and global scales, is consistent with 
aeolian deposition being the major process contributing to 
their formation. Since the Undifferentiated Plains do not 
have spectral and radiometric characteristics consistent with 
icy materials, they appear to be composed of insoluble organ-
ic materials which may have been cemented by an organic 
substance and/or wetted by methane. The Undifferentiated 
Plains represent an important reservoir of organic material on 
Titan. 

Acknowledgements: RMCL and MJM are sup-
ported by grant number NNH15ZDA001N from 
NASA’s Cassini Data Analysis Program. DAW is sup-
ported by grant number NNX14AR29G from NASA’s 
Outer Planets Research Program. This work was car-
ried out at the Jet Propulsion Laboratory, California 
Institute of Technology, under contract with NASA. 
Government sponsorship is acknowledged. 

 
References: [1] Lopes, R.M.C. et al. (2010) Ica-

rus, 205, 540-558. [2]  Lopes, R.M.C., et al. (2016) 
Icarus, 270, 162-182. [3] Malaska, M.J. et al. (2016) 
Icarus, 270, 130-161. 
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Fig. 2. Example of Undifferentiated Plains (“blandlands”) in Cassini SAR data. These plains appear relatively homogeneous 
and dark in the SAR data. This image shows an area of ~36,000 km2 located in Caladan Planitia centered near (16.3ºN, 217ºW). 
From Lopes et al. [2] 

Fig. 1. Global distribution of Undifferentiated Plains (green) compared to other major geomorphologic units on Titan: Dunes 
(purple), Labyrinth (red), and Hummocky/mountainous terrains (yellow). Map is at 1:1,500,000. Some areas remain unmapped 
at this scale, either due to resolution constraints or because they were unclassified. The ISS global map (NASA/JPL-
Caltech/Space Science Institute -PIA14908) is placed under the SAR swaths for context. From Lopes et al. [2] 
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Introduction:  Cassini has revealed Saturn’s moon 

Titan to be a world with a rich variety of landforms [1]. 
Titan has a thick atmosphere, surface liquids of cryo-
genic hydrocarbons, and a meteorological cycle that 
allows fluivial, aeolian, and lacrustine processes to 
occur. Although technically an icy moon, Titan appears 
mantled by a thick layer of organic materials that are 
carved by similar processes that exist on Earth. Our 
mapping efforts are to inventory and characterize the 
surface experession of different geomorphologic units 
in an effort to understand the organic sedimentary cycle 
on Titan. Our initial geomorphologic map describes an 
area in Titan’s equatorial and mid-latitude region [2]. 

Study Area:  The Afekan Crater region extends 
from 170º to longitude 240ºW and from latitude 0 to 
50ºN (Fig. 1.). This area contained in this region 
amounts to 8.6% of Titan’s surface. It is located to the 
north of the Huygen’s landing site. 

Mapping technique:  Mapping was done at a spa-
tial scale of 300 m/pixel, which corresponded to a map 
scale of 1:800,000. We used a mosaic of individual 
Cassini Synthetic Aperture Radar (SAR) swaths as a 
base map. We also used microwave radiometry, rela-
tive topography from the SARTopo technique, infrared 
response at 0.93 micron (ISS instrument), and infrared 
wavelength responses from the Cassini VIMS instru-
ment. We classified the landscape into terrain classes, 
which were subdivided into terrain units (Fig. 2) [2]. 

Terrain classes and interpretation:  The terrains 
in the Afekan Crater region were broken into five 
broad classes: crater, labyrinth, hum-
mocky/mountainous, plains, and dune terrain classes. 

Crater terrains.  Craters are relatively rare on Titan 
[3, 4]. In the Afekan region there were four identified 
craters: Afekan, Selk, Mystis, and an unnamed crater 
on the western boundary of the region. We mapped the 
crater rims, ejecta units, and interior fill units. Crater 
rims are high-backscatter in radar and are consistent 
with icy crustal materials. Inside the crater we identi-
fied plain and dunes units if those units had similar 
characteristic to those terrains found beyond the crater 
in the surrounding region.  

Hummocky/mountainous terrains. Hummocky and 
mountainous terrains are high-backscatter regions that 
are locally topographically elevated. Mountainous ter-
rains show a radar bright-dark pairing consistent with 
an elevated crest [5]. Many mountain and hummocky 

regions are in eleongated chains consistent with global 
tectonic patterns [6]. The emissivity of mountainous 
and hummocky terrains is consistent with water ice-
rich materials. 

Labyrinth terrains.  The labyrinth terrains are ele-
vated highly dissected plateaux with a valley density 
significantly higher than surrounding areas [7]. The 
radar emissivity of these areas is consistent  is con-
sistent with organic materials.  

Plains terrains: By surface area, plains are the 
dominant terrain class on Titan. The most extensive are 
the enigmatic undifferentiated plains, noted for their 
blandness and low radar emissivity, radiometry, and 
bright ISS infrared response [8]. The emissivity of un-
differentiated plains is consistent with a composition of 
of organic materials. Other plains units include streak-
like plains, consistent with windblown deposits of icy 
materials and lineated plains which are interpreted as 
yardangs [9]. Variable featured plains make up the 
third largest unit on Titan; these have measured proper-
ties that are between hummocky/mountainous terrains 
and undifferentiated plains.  

Dunes terrains: Most of the equatorial region is 
composed of vast areas of low backscatter, ISS-dark 
linear dunes, although some rare isolated patches of 
“ reticulated”  or transverse dunes also exist [10,11]. 
There are two areas of “ reticulated”  or transverse 
dunes in the Afekan Crater region. At mid-latitudes, 
featureless areas consistent with sheets or patches of 
sand without obvious dune morphology at 300 m/pixel 
are found. Many of the sand sheets are found in plains 
areas where mountains may focus deposition of sands 
into sheets. All dune areas have properties that are con-
sistent with organic materials. 

Interpreted geologic history. From superposition 
analysis, mountain and hummocky terrains are the old-
est units on Titan, along with labyrinth terrains [2]. 
Undifferentiated plains are intermediate in age, with 
streak-like plains coming later. The youngest units are 
dunes units. Our interpreted history of the Afekan 
Crater region is of a fractured icy crust that has been 
subjected to aeolian deposition and burial by organic 
materials, with perhaps some uplift and fluvial erosion 
of the organic labyrinth terrains that have a sedimen-
tary origin.  

Acknowledgements: DAW is supported by grant 
number NNX14AR29G from NASA’s Outer Planets 

7007.pdfAnnual Planetary Geologic Mappers Meeting (2016)



Research Program. This work was carried out at the Jet 
Propulsion Laboratory, California Institute of Technol-
ogy, under contract with NASA. Government sponsor-
ship is acknowledged. 

References: [1] Lopes, R.M.C. et al. (2010) Ica-
rus, 205, 540-558. [2]  Malaska, M.J. et al. (2016) Ica-
rus, 270, 130-161. [3] Neish, C.D. and Lorenz, R.D. 
(2012) Planetary and Space Science, 60, 26-33.  [4] 
Wood, C.A., et al. (2010) Icarus, 206, 334-344. [5] 
Radebaugh, J. et al (2007) Icarus, 192, 77-91. [6] Liu, 
Z.Y.-C., et al (2016) Icarus, 270, 14-29. [7] Malaska, 
M.J. et al. (2010) LPSC XLI, Abstract 1544. [8] Lopes, 
R.M.C., et al. (2016) Icarus, 270, 162-182. [9] Paillou, 
P. et al. (2016) Icarus, 270, 211-221. [10] Lorenz, 
R.D. et al. (2006) Science, 312, 724-727. [11] 
Radebaugh, J. et al. (2008) Icarus, 194, 690-703. 

 
  

Fig. 2. Afekan Crater region geomorphologic map. Image is centered at Afekan Crater. To the S is Selk Crater. 

Fig. 1. Titan global ISS mosaic showing Afekan Crater region as a 
yellow square. The Huygens Landing site is indicated with a red cross 
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UPDATE ON GEOLOGIC MAPPING OF THE LUNAR SOUTH POLE QUADRANGLE (LQ-
30). S.C. Mest1, D.C. Berman1, N.E. Petro2, and R.A. Yingst1, 1Planetary Science Institute, 1700 E. Ft. 
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Greenbelt, MD. (mest@psi.edu) 
 
Introduction:  We are using recently acquired 
image, spectral, and topographic data to map the 
geology of the lunar South Pole quadrangle (LQ-
30, 60°-90°S, 0°-±180°) at 1:2.5M scale [1-7]. The 
overall objective of this research is to constrain the 
geologic evolution of LQ-30 with specific 
emphasis on evaluation of a) the regional effects of 
impact basin formation, and b) the spatial 
distribution of ejecta, in particular resulting from 
formation of the South Pole-Aitken (SPA) basin 
and other large basins. Key scientific objectives for 
this map area include: 1) Determining the geologic 
history of LQ-30 and examining the spatial and 
temporal variability of geologic processes. 2) 
Evaluating the distribution of volcanic materials. 
And 3) constraining the distribution of impact-
generated materials, and determining the timing 
and effects of major basin-forming impacts on 
crustal structure and stratigraphy. 
 
Methodology:  We are utilizing ArcGIS (v. 10.3) 
to compile and integrate image, topographic and 
spectral datasets to produce a geologic map of LQ-
30. We are using the Lunar Reconnaissance 
Orbiter (LRO) Wide Angle Camera (WAC) mosaic 
(~100 m/pixel) as our primary basemap to 
characterize geologic units from surface textures 
and albedo, identify contacts and structures, and 
map impact craters (D>1 km). We are using 
additional datasets to complement the base, which 
include mosaics (Lunar Orbiter, Clementine 
UVVIS and NIR), images (LROC NAC, 
Clementine UVVIS and HIRES, and Lunar 
Orbiter), Clementine color ratio data, Moon 
Mineralogy Mapper (M3) multispectral data, and 
LOLA topography. 
 
Regional Geology:  LQ-30 exhibits ~16 km of 
topographic relief. The nearside consists 
predominantly of cratered highlands, is more 
heavily cratered and displays higher elevations 
than the farside. This difference is due to the 
overwhelming presence of SPA, which 
encompasses nearly all of the far side map area 
(Figure 1). 

SPA is the largest (D=2600 km, ~18 km deep) 
and oldest (pre-Nectarian) impact basin 
confidently identified on the Moon [8-10]. Models 
suggest that SPA formed by an oblique impact that 
excavated material from the upper crust [11,12] to 
the lower crust or upper mantle [13,14]. Numerous 
multispectral datasets show enrichment in mafic 
materials [15-19] and LP-GRS data show 

enhancements in both Fe and Th [20-23] within the 
basin relative to the surrounding highlands. The 
materials exposed within SPA, such as in central 
peaks or in crater walls, are used to estimate the 
composition of the lower crust/upper mantle. 
 
Mapped Units:  
Cratered Highlands:  The cratered highlands unit 
(unit ch) covers a large portion of the map area on 
the nearside. This rugged terrain consists of a 
complex sequence of overlapping impact craters 
for which materials of individual craters (e.g., rim 
and ejecta materials) are difficult to distinguish. 
Compositionally, this unit is part of the feldspathic 
highlands, characterized by its lack of iron and 
thorium relative to nearby mare or the floor of SPA 
[23]. 
 
Plains Materials:  Numerous deposits of plains 
materials are mapped throughout the quadrangle. 
These include bright plains (unit bp), dark plains 
(unit dp), and smooth material (unit s). 

Bright plains are found in low-lying areas 
among the cratered highland unit, on the floors of 
ancient buried craters, within the ejecta blankets of 
Schrödinger and other impacts, and within the 
unmapped terrains along the map edge. These 
plains are generally flat and featureless, and exhibit 
a higher albedo than other plains units in the map 
area. Their edges tend to be lobate and embay 
adjacent units indicating they superpose the units 
with which they are in contact. These deposits 
could consist of volcanic materials, cryptomare, or 
impact melt, but no evidence for source vents or 
flow features are observed, or they could represent 
ejecta blankets that were emplaced within low 
areas. 

Dark plains deposits are found throughout the 
map area on the floors of impact craters, such as 
Antoniadi, and form the deposits of Mare Australe, 
whereas others are found within low-lying areas of 
more rugged terrains. These deposits exhibit 
moderate to low albedos with relatively smooth 
surfaces, are higher in iron than most other 
materials in the map area, and most are found in 
association with fractures on the floors of the 
craters in which they reside, or dome-shaped or 
conical features. This combination of evidence 
suggests a volcanic origin for these deposits. 

Deposits of smooth material are areally small 
and only five exposures are found in the map area. 
Deposits are found on the floors, rims, and/or 
ejecta blankets of the impact craters Hausen, 
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Clavius, and Deluc G. In all cases, the deposits are 
low in albedo and exhibit morphologies, such as 
lobate edges and interior lobes, suggesting 
downslope flow of the material. Their association 
with impact craters suggests these materials are 
likely composed of impact melt. 

Cratered plains are found on the lunar 
nearside. Exposures of these materials are found at 
a lower elevation, exhibit a relatively lower albedo, 
and appear to contain fewer large-diameter craters 
than the cratered highlands. 

Rugged terra is found on the floor of SPA on 
the lunar farside. This unit exhibits a rugged and 
heavily cratered surface that consists of iron- and 
mafic-rich materials in Clementine derived maps. 
 

Ongoing Work:  Crater statistics will be 
compiled for each unit and their relative ages will 
be evaluated. Map text, Description of Map Units, 
and Correlation of Map Units will be written. 
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Figure 1. Geologic map of the lunar south pole quadrangle, LQ-30. 
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Introduction: The eastern rim of Hellas and the 
surrounding highlands have been modified by numerous 
processes that provide a record that spans most of the 
Martian time-scale [1-10]. Through geologic mapping 
and morphologic and spectral analyses, this 
investigation is exploring the geologic and hydrologic 
histories of the eastern rim of Hellas basin, where 
important spatial and temporal relationships between 
volcanic and volatile-driven processes are preserved 
(Fig. 1). This region displays a unique confluence of 
ancient rugged highlands, the effusive and explosive 
volcanic terrains of the Tyrrhenus Mons lava flow field 
and flanks of Hadriacus Mons, the canyons of Dao and 
Niger Valles, channelized plains, and geologically 
young volatile-rich mass wasting and mantling deposits. 

Data and Methods:  We use ArcGIS to compile 
image, topographic, and spectral datasets in order to 
map geologic units and features in the study region. 
This effort will produce a 1:1M-scale geologic map of 
MTM quadrangles -35262, -35267 and -35272 (Fig. 2), 
which will complete the geologic mapping of most of 
Hadriacus Mons and all of Dao and Niger Valles at 1M 
scale, providing a critical link to previously mapped 
adjacent quadrangles [9,11,12]. 

A THEMIS daytime thermal infrared (dTIR) 
brightness temperature mosaic (~100 m/pixel) is the 
primary mapping base. CTX images (~5 m/pixel) and 
THEMIS VIS (~18 m/pixel) multi-band images provide  
complementary spatial coverage and serve as context 
for high-resolution images. High-resolution HiRISE (<1 
m/pixel) and MOC-NA (~1.5-12 m/pixel) images allow 

 detailed analyses of mapped units and features. We use 
THEMIS dTIR images to distinguish between units with 
different thermophysical properties, and CRISM 
multispectral (~100-200 m/pixel) and hyperspectral 
(~18-36 m/pixel) data to map the occurrence and 
distribution of primary minerals and their alteration 
products within surficial materials. Crater size-
frequency distribution statistics and stratigraphic 
relationships are used to determine relative ages. 
 

 
Figure 1. Regional map showing the 3-quad map area 
(white boxes; Fig. 2) and major features. 
 

Mapping Results: We are mapping units and 
features that define four prominent terrains within the 
map area (Fig. 2), including highlands in the west and 
southeast, volcanic materials of the Tyrrhenus Mons 
flow field (TMff) in the east and the southern flank  
 

 
Figure 2. THEMIS dTIR mosaic (100 m/pixel) of the map area showing the major terrain types (highlands, plains, 
Hadriacus Mons (HM), the Tyrrhenus Mons flow field (TMff)), and the upper sections of Dao and Niger Valles. 
Currently mapped linear features are shown. 
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materials of Hadriacus Mons (HM), and plains that 
occupy the central part of the map area. 

Mapping is showing that almost every surface in 
the map area has been modified to some degree by 
fluvial dissection ranging from small gullies within the 
highland terrains, along crater rims, and valles walls to 
single channels and valley networks incised within the 
volcanic and plains materials. 
 
Gullies: Gullies include features that form straight, 
parallel sets of narrow valleys; some gullies display 
alcove heads and fan-shaped deposits at their termini. 
Gullies generally form on steep slopes such as on 
massifs and knobs within the highland terrains, along 
the inner walls of several large craters (such as Negele), 
and along the walls of Dao Vallis. The highland gullies 
are incised within the materials that appear to mantle the 
highlands, whereas crater and valles gullies appear to be 
incised within talus or bedrock. Some crater and valles 
gullies appear to head along a distinct layer, and others 
extend to the rim crest. 
 
Fluvial Channels: Fluvial channels are found 
throughout the map area, but are morphologically 
distinct depending on the terrain in which they occur. 
Relatively flat terrain, such as the plains and TMff 
[13,14], contain channels that are sinuous, shallow, and 
generally narrow. Some channels consist of complex 
systems of dissection confined within a broader valley. 
These systems exhibit several parallel single or 
branching channels, braided or anastomosed channels 
within the valley, distributary systems that terminate at 
areas of smooth materials occur along their lengths, and 
scouring of the surface forming sets of short (a few 
kilometers long) parallel channels. Some fluvial 
channels are associated with areas of collapsed plains. 
Channels are observed to flow into and out of these 
collapsed areas, and the shapes of some collapse blocks 
have been modified by subsequent fluvial erosion. The 
most prominent evidence for collapse of plains is the 
presence of Dao and Niger Valles. Here sets of 
perpendicular fractures define boundaries of large tilted 

slump blocks, and clusters of collapsed plains. It is 
likely that collapsed plains, combined with fluvial 
erosion, formed the canyon systems of Dao and Niger 
Valles [5]. 

Fluvial channels are also found on steeper terrains, 
such as on the flanks of HM and within low-lying areas 
of the highlands. The flank materials of HM are 
characterized by numerous valleys that radiate from the 
volcano’s summit. Channels incised within the valleys 
tend to be narrow and straight, but some channels within 
broader valleys are more sinuous. Channels within the 
highlands tend to be narrow and short due to their 
confinement, and unlike gullies, highland channels are 
more sinuous. 
 

Ongoing Work:  As our mapping progresses, we 
will be mapping contacts, measuring the diameters of 
impact craters, and evaluating the origins of valley 
features and their relationship to the units in which they 
formed. We will also continue to examine the nature of 
materials in the map area using CRISM. We plan on 
using our geologic map and subsequent analyses to 
evaluate the geologic and hydrologic histories of this 
area, and evaluate the distribution, relative roles, and 
interactions of volcanism and volatiles in this area. 
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K.H. (1998) U.S.G.S. Misc. Inv. Ser. Map I-2557, 1:1M. [13] 
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Figure 3. THEMIS and CTX images showing the various forms of fluvial features found within the map area. (a) 
Gullies incised along the western wall of crater Negele. Channels within the plains (b) and TMFF (c) exhibit single 
channels, areas of collapse, braided channels, and erosion within a broader valley. (d) Narrow channels are incised 
within broader layered valleys on the flanks of HM. (e) Low areas of the highlands contain short, narrow valleys. 
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Introduction/Background:  Ascraeus Mons (AM) 

is the northeastern most large shield volcano residing 
in the Tharsis province on Mars. We are funded by 
NASA’s Mars Data Analysis Program to complete a 
digital geologic map based on the mapping style 
defined by [1,2].  Previous mapping of a limited area 
of these volcanoes using HRSC images (13-25 m/pixel) 
revealed a diverse distribution of volcanic landforms 
within the calderas, along the flanks, rift aprons, and 
surrounding plains [1,3].  The general scientific 
objective for which this mapping is based is to show 
the different lava flow morphologies across AM to 
better understand the evolution and geologic history. 

Data and Methods: We have begun preliminary 
geologic mapping of Ascraeus Mons at a 1:1,000,000 
scale using ArcMap 10.3.  A CTX mosaic and a 
THEMIS daytime IR mosaic are used as the primary 
basemaps, supplemented by HRSC, HiRISE, and 
MOLA data.      

Geologic Observations:  Our main objectives this 
year were to map the contacts between different 

volcanic features on the main shield, rift apron, and 
surrounding plains then define the morphologic units 
on each edifice (Fig. 1).   

Main Shield.  The main shield has been divided 
into 9 different units, more units may still be added 
and/or some units may be combined.  These units 
include the large summit caldera complex, collapsed 
features, such as depressions, channel-fed flows, tube-
fed flows, raised ridges, impact crater cavities, and 
crater ejecta.  The flanks of the shield are dominated by 
mottled and channel-fed flows.  Lava fans are 
prominent on the NW and SE flanks of AM, similar to 
the orientation of lava fans found on Olympus Mons 
[4].  This could lead to a similar NW/SE spreading of 
AM hypothesized for Olympus Mons [5]. 

Lava tubes found on the main shield radiate 
outward from the summit caldera complex with no 
preferred orientation and have been mapped as a linear 
feature based on characteristics developed by [6].  
Several of these lava tubes lead to a lava fan (fan 
apex’s are marked as a location feature on Fig. 1), 

however not all lava fans are 
associated with a known lava 
tube. Some lava tubes are the 
source of flows on the flank 
and make up the tube-fed 
flow unit [1,2]. 

Lava fans are positive 
topographic, delta-like 
features [1,6].  The apex of a 
fan marks its highest 
topographic point and 
consists of a hill or cluster of 
hills from which flows 
radiate downslope [6].  
These lava fans appear 
further down the main shield 
>20 km from the caldera 
complex.  Lava fans are 
cross-cut by arcuate graben 
indicating that these features 
were formed during the main 
shield building phase. 

The mottled unit is 
typified by a rough surface 
thought to be covered by 
dust or ash making it difficult 
to determine distinct surface 

Figure 1: Preliminary geologic map of Ascraeus Mons. 
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features [1,2].  This unit is found near the summit of 
AM, as well as on the west flank where imagery is 
poor. 

Channel-fed flows are distinguished by subparallel 
linear channels often displaying levees [1,2].  These 
flows dominate the main shield and are found 
beginning at the caldera complex and in the lava fan 
unit further downslope.   

The raised ridge unit is similar to the tube-fed flow 
unit, but lacks collapse of the lava tube and consists of 
a sinuous to linear ridge or group of adjacent hills 
[1,2].  

Rift Aprons.  Ascraeus Mons has two large rift 
aprons on the NE and SW flanks (Fig. 1).  These rift 
aprons are the main source for the large amount of lava 
flows seen on the plains surrounding AM.  These flows 
have been divided into 7 different units: channel, 
muted, knobby, smooth, undifferentiated, and ridged.  
The channel and ridged apron units are comparable to 
the channel-fed and ridged units found on the main 
shield. 

The muted apron unit is similar to the mottled unit 
found on the main shield.  This unit is heavily mantled 
by dust making it extremely difficult to distinguish 
surface features. 

The knobby unit is typified by almost karst-like 
topography and is only found on the west side of AM 
where the base is heavily modified by possible glacial 
processes (the Aureole unit), potentially suggesting 
lava/ice interaction or previous emplacement of the 
lava flow that was later eroded by glacial ice. 

The smooth unit is distinguished by flow features 
that have a smooth surface with not distinct change in 
topography.  This unit is found on the floor of the rift 
aprons and on the northwest area of the map and is 
assumed to be heavily mantled by dust or has 
experienced less erosion. 

The undifferentiated unit has been added for flows 
from the rift aprons that are difficult to see due to poor 
image resolution.  This unit is undergoing more study 
and may not be on the finished map. 

Plains.  The plains surrounding Ascraeus Mons has 
been subdivided into 6 units: aureole, mottled, tabular, 
channel-fed, fissure-fed, and low shield.  The Aureole 
and low shield unit can be divided up into three 
separate units each.  The mottled and channel-fed units 
are characterized by the same distinctions found on the 
main shield and rift apron units. 

The Aureole unit is located on the base on the west 
side of AM.  This unit characterizes where potential 
glaciation altered the flank/base of AM.  Long 
horseshoe shaped ridges are seen at the western edge of 
the Aureole unit resembling glacial moraines found on 
Earth.  The western flank has been heavily eroded and 

shows a steep cliff face accompanied by a very low 
sloped deposit, this makes up the aureole scarp unit.  
Associated with this unit is an Aureole fan unit that 
resembles alluvial fans found on Earth.   

The tabular unit is defined by large lobate flows 
whose source is not located in the mapping area.  This 
unit overlies the rift apron and other plains units and is 
believed to be the youngest plains flows found in the 
mapping area. 

The fissure-fed flow unit is typified by flows 
originating from a fissure found on the plains surround 
AM. 

The low shield unit is distinguished by small shield 
volcanoes located on the plains NW and East of AM.  
This unit has been subdivided into two separate flow 
units based on superposition of flows extruded from a 
small shield.   

Discussion:  Mapping reveals a similar sequence of 
events for the evolution of Ascraeus Mons that agrees 
with [1,2,3,7]: 1) main shield forms, 2) eruptions from 
the NE/SW rifts emplace long lava flows that surround 
main shield, 3) eruptions wane and build up the rift 
aprons and shield fields, 4) glaciers deposit aureole 
deposit material, and 5) localized recent eruptions 
along the main flanks, in the calderas, the small-vent 
field, and possibly within the glacial aureole deposits.  
Further mapping will reveal the relative geologic 
timing of eruptive units on and surrounding Ascraeus 
Mons and provide a more complete analysis of the 
spatial distribution of lava flows. 
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doi:10.1029/2006JE002873. [3] Garry W. B. et al. 
(2014) LPSC 45, #2133. [4] Bleacher J. E. et al. 
(2013) LPSC 44, #2074. [5] McGovern and Morgan 
(2009) Geology, 37, 139-142, 
doi:10.1130/G25180A.1. [6] Bleacher J. E. et al. 
(2011) LPSC 42, #1805. [7] Crumpler L. S. and 
Aubele J. C. (1978) Icarus, 34, 496-511. 
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Introduction  

The flows that originated from Hrad Val-
lis, Mars, have been studied for over 30 years 
[1–4], and yet numerous aspects of their for-
mation and chronology remain unresolved. 
Among Amazonian-age outflow channels, 
Hrad Vallis is exceptional as it exhibits evi-
dence of magma/water interactions.  It is in-
ferred [4] to have formed in association with 
a shallow igneous sill that melted part of the 
martian cryosphere and/or released water 
from an extensive aquifer to produce enor-
mous lahar-like mud flows. As part of our 
1:175K-scale mapping, a reappraisal of the 
properties of this area is underway.  The map 
area (Fig. 1) extends from 33.3oN to 35.7oN, 
and 140.7oE to 142.6oE.   
 

In the past year, we published a study of 
the origin of Galaxias Mons [5], which is a 
prominent massive within the map area (Fig.  
1).  We also discovered good evidence for the 
existence of an ice layer at the time of for-
mation of the flows; high-standing volcanic 
dikes [5] and flows that do not follow the cur-
rent topographic slope [6].   

 
Current Mapping 

This year, we have focused on the se-
quence of the outflow events from the source 
fractures, and placing these events into a 
chronology that includes the eruption of the 
large flows to the NE and SW of the frac-
tures.  Multiple episodes of flow emplace-
ment can be identified to the NW of source 
area (Fig. 1). Additionally, analysis of High 
Resolution Imaging Science Experiment 
(HiRISE) images of the source fractures from 
Hrad Vallis reveals layering which could be 
consistent with multiple outflow events (Fig. 
2).  We find two dominant types of layers: (1) 
relatively thin layers, which we interpret to be 

country rock (most likely layered lava flows) 
which existed before the formation of Hrad 
Vallis, and (2) layers with randomly oriented, 
larger blocks.  We interpret these blocks to 
have originated either from the fragmentation 
of country-rock during the explosive origin of 
Hrad Vallis or the relatively recent break-up 
of a surface veneer of material created during 
the formation of Hrad Vallis. 
 

 
Fig. 1: Current status of our geologic map of the area 
center on Hrad Vallis. We have refined the northern 
extent of the upper flow (“a”), and recognized that the 
lower flow unit partially embays the ejecta blanket of 
the largest impact crater in this area (“b”).  “GM” is 
Galaxias Mons.  f1 to f5 identify a sequence of five 
outflow events (f1 oldest, f5 youngest) which originat-
ed from the source of Hrad Vallis.  Locations of Figs. 
2 and 3 identified, and respectively illustrate the out-
flow point and possible source region for the water 
released during the formation of Hrad Vallis. 
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Fig. 2: Images at left (a–d): Layers within the outflow channels at the distal end of the source of Hrad Vallis.  Mas-
sive boulders can be seen in “a” and “d”, corresponding to the central streamlined islands, while in “b” and “c” 
thinner layers interpreted to be lavas.  Notice the thick layers of sediment on the surface in “a”, “c’, and “d”.  Sub-
scenes are segments of HiRISE image PSP_007738_2145.  Right image shows location of images “a” to “d”, and is 
a mosaic of Context Camera (CTX) images P18_008028_2149 and D17_033675_2142.  See Fig. 1 for location. 
 

 
Fig. 3:  The main depression that forms central Hrad 
Vallis.  Many of the blocks within the depression are 
most likely remnants of pre-eruption bedrock.  Note 
the lack of clear evidence for water release from spe-
cific sites.  Part of CTX image D21_035587_2140.  
See Fig. 1 for location. 
 

We have also examined the upper flow 
unit (“a” in Fig. 1) and considered two hy-
potheses for its formation: emplacement as a 
sediment-rich aqueous flood deposit, or em-

placement as an inflated lava flow. The flow 
unit exhibits symmetrical margins on its 
north- and south-facing sides. We have 
modeled rates of viscous relaxation for the 
margins of the flow unit as a function of ice 
content and aspect, the latter of which con-
trols the insolation on the surface, its tem-
perature, and flow velocities.  Based on 
these results, we conclude that the deposit 
must either be very young (less than tens of 
millions of years old) or be composed of 
less than ~30% ice.  Alternatively, the unit 
may be composed of lava, which was em-
placaced as pahoehoe-like lava flow, which 
would imply a complex emplacement histo-
ry for flow units in the Hrad Vallis region, 
alternating between episodes of aqueous 
flooding events and volcanic eruptions.  
 
References:  [1] Mouginis-Mark, P. J. (1985).  Ica-
rus 64: 265 – 284.  [2] De Hon, R. A. (1992).  Proc. 
Lunar Planet. Sci. Conf. 22, 45 – 51.  [3] De Hon, R. 
et al. (1999).  U.S.G.S Misc. Map I-2579.  [4] Wil-
son, L. and P. J. Mouginis-Mark (2003).  J. Geophys. 
Res.108, doi. 10.1029/2002JE001927.  [5] Mouginis-
Mark, P.J. and L. Wilson (2016).  Icarus 267, 68 – 
85.  [6] Mouginis-Mark, P. J. and C. W. Hamilton 
(2015).  Fall 2015 AGU abstract P44B-04. 

7005.pdfAnnual Planetary Geologic Mappers Meeting (2016)



PLANETARY CARTOGRAPHY AS INTEGRAL DISCIPLINE IN PLANETARY SCIENCES: FROM 
PLANETARY MAPPING TO MAP PRODUCTION. A. Nass1, S. van Gasselt2, H. Hargitai3, T. Hare4, N. Ma-
naud5, I. Karachevtseva6, E. Kersten1, T. Roatsch1, M. Wählisch1, and A. Kereszturi7  

1Institute of Planetary Research / German Aerospace Center, Planetary Geology, 12489 Berlin, Germany (andrea.nass@dlr.de), 2 
University of Seoul, Department of Geoinformatics, Seoul, Korea, 3 NASA Ames Research Center/ NPP, MS 239-20, Moffett 
Field, CA 94035, USA, 4 U. S. Geological Survey, Astrogeology Team, Flagstaff, AZ 86001, USA, 5 European Space Agency, 
ESAC, Villafranca del Castillo, Madrid, Spain, 6 Moscow State University of Geodesy and Cartography (MIIGAiK), 105064, 
Moscow, Russia, 7 Research Centre for Astronomy and Earth Sciences (MTA CSFK), Budapest, Hungary. 

 
 
Introduction:  Cartography is one of the most im-

portant communication channels between users of spa-
tial information and laymen as well as the open public 
alike. This applies to all known real-world objects lo-
cated either here on Earth or on any other object in our 
Solar System. In planetary sciences, however, the main 
use of cartography resides in a concept called planetary 
mapping with all its various attached meanings: it can 
be 1. systematic spacecraft observation from orbit, i.e. 
the retrieval of physical information, 2. the interpreta-
tion of discrete planetary surface units and their ab-
straction as units on maps, or it can be 3. planetary 
cartography sensu strictu, i.e., the technical and artistic 
creation of map products. As the concept of planetary 
mapping covers a wide range of different information 
and knowledge levels, aims associated with the concept 
of mapping consequently range from a technical and 
engineering focus to a scientific distillation process. 

Among others, scientific centers focusing on plane-
tary cartography are the United State Geological Sur-
vey (USGS, Flagstaff), the Moscow State University of 
Geodesy and Cartography (MIIGAiK, Moscow), Eöt-
vös Loránd University (ELTE, Hungary), and the Ger-
man Aerospace Center (DLR, Berlin). The Internation-
al Astronomical Union (IAU), the Commission Plane-
tary Cartography within International Cartographic 
Association (ICA), the Open Geospatial Consortium 
(OGC), the WG IV/8 Planetary Mapping and Spatial 
Databases within International Society for Photogram-
metry and Remote Sensing (ISPRS) and a range of 
other institutions contribute on definition frameworks 
in planetary cartography and on a wide range of tech-
nical, technological and infrastructural aspects.  
Classical cartography is nowadays often (mis-) under-
stood as a tool mainly rather than a scientific discipline 
and an art of communication. Consequently, concepts 
of information systems, mapping tools and cartograph-
ic frameworks are used interchangeably, and carto-
graphic workflows and visualization of spatial infor-
mation on thematic maps have often been neglected or 
were left to software systems to decide by some arbi-
trary default values. 
The diversity of cartography as a research discipline 
and its different contributions in geospatial sciences 

and communication of information and knowledge will 
be highlighted in this contribution. This aspect and 
related topics have also been discussed recently in e.g. 
[1] - [7]. 

Current questions and tasks in the field of planetary 
cartography which have to be taken care of are e.g.  

1. Optimization of the GIS-based mapping process-
es and analyses in planetary science  

2. Establishment of interoperability and efficient in-
frastructure  

3. Critical reviewing and updating existing stand-
ards for cartographic symbols within geological maps 
[8] and their link to descriptive reference books e.g. 
[9],  

4. Establishment of a digital map archive system 
which combines analog and digital maps and map 
products with access privileges for working 
groups/teams and public levels.  

We invite colleagues of  this and other disciplines 
to discuss concepts and topics for joint future collabo-
ration and research. 

 
References: [1] Trent H. (2016 ) LPSC 47th, ab-

stract #2281. [2] Lawrence S.J. et al. (2016) LPSC 
47th, abstract #1710. [3] Kirk R.L. (2016) LPSC 47th, 
abstract #2151. [4] Laura L.R. (2016) LPSC 47th, ab-
stract #2405. [5] Williams D. (2016) LPSC 47th, ab-
stract #1588. [6] Karachevtseva I.P et al. (2014) PSS, 
V. 102, 74–85. [7] Nass A. et al. (2016) EGU2016, 
Geophysical Research Abstracts, Vol. 18, #14063-1. 
[8] Federal Geographic Data Committee (2006), 
FGDC Digital Cartographic Standard for Geologic 
Map Symbolization, prepared by the U.S. Geological 
Survey, FGDC-STD-013-2006, 290 p. [9] Hargitai H. 
and Kereszturi, A. (eds) (2015) Encyclopedia of Plane-
tary Landforms, ISBN 978-1-4614-3135-0.  
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HIGH-RESOLUTION GEOLOGIC MAPPING IN EAST CANDOR CHASMA: 2016 STATUS REPORT. C. 
H. Okubo, US Geological Survey, 1541 E. University Blvd., Tucson, AZ 85721, cokubo@usgs.gov. 

 
 
Introduction:  This abstract summarizes current 

results and planned activities from an ongoing initia-
tive to construct a series of high-resolution structural 
and geologic maps in the east Candor Chasma region 
of Valles Marineris, Mars. 

The goal of this work is to advance current under-
standing of the coupled structural evolution of east 
Candor Chasma and the sedimentary deposits within it 
through a campaign of geologic unit and structural 
mapping at spatial resolutions that are at least an order 
of magnitude finer than has been achieved by previous 
studies in this part of Valles Marineris. This will be 
accomplished by characterizing the structure of the 
sedimentary deposits using digital elevation models 
(DEMs) derived from publicly released, stereo image 
pairs acquired by the High Resolution Imaging Science 
Experiment (HiRISE) camera. 

As originally proposed, mapping in east Candor 
Chasma would focus on three separate areas (Fig. 1). 
Work on the original north Nia Mensa map area is now 
complete, and mapping in the southeast Nia Mensa 
map area has begun. For reasons explained below, 
work on the south Juventae Mensa map area has been 
canceled in order to support mapping in an expanded 
north Nia Mensa map area. 

Cur rent results from the nor th Nia Mensa map:  
Completed mapping in this area was based on two 
HiRISE stereo pairs (ESP_014154_1730/ 
ESP_014431_1730 and ESP_031916_1730/ 
ESP_031982_1730), which were used to create one 
merged digital elevation model (DEM) and to or-
thorectify the associated HiRISE images. This map 
area encompasses the contact between the massive 

sedimentary rocks that comprise most of Nia Mensa 
and the stratified sedimentary and mass-wasting depos-
its exposed between Nia Mensa and the north wall of 
east Candor Chasma (Figs. 1 &  2). The area also con-
tains a stratified fan-like deposit that appears to be 
sourced from, and post-date the sediments that consti-
tute, Nia Mensa.  

Here are key findings from the mapping: 
1) The strata within the fan-like deposit are found 

to dip outward at < ~10°, away from its morphologic 
apex, consistent with an origin as a depositional fan 
(rather than being carved into a fan shape by erosion). 
Whether this fan has a subaerial or submarine origin 
has not yet been determined. 

2) The map area shows evidence of soft-sediment 
deformation in the form of clastic dikes and contorted 
bedding. These findings indicate that these deformed  
sediments were poorly consolidated and water saturat-
ed at the time of deformation.  

3) The strata hosting the soft-sediment deformation 
shows evidence of kilometer-scale doming and uplift. 
Further, the northern section of the map area encom-
passes part of a fractured rise, and deposits interpreted 
as mud flows mantle the top of this rise. Inferred flow 
directions of these mud flows suggest that the mud 
erupted out of these fractures.  

Taken together, the kilometer-scale doming and up-
lift, the fractured rise, mud flows and clastic dikes are 
consistent with past sediment mobilization processes 
within the subsurface. On Earth, water-saturated, poor-
ly consolidated strata at depth became mobile through 
processes such as liquefaction driven by seismicity, 
tectonic compression, gravity-driven compaction, hy-

Figure 1. Locations
of the maps discussed
in this abstract.
Background is a col-
orized MOLA DEM
merged with a
THEMIS daytime
infrared mosaic. 
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drocarbon generation, dehydration of clay minerals, 
hydrothermal activity and sediment diapirism [e.g. 3]. 
Similar processes, with the likely exception of hydro-
carbon generation, may have contributed to the mobili-
zation of subsurface sediments in the map area. In this 
way, the kilometer-scale doming and uplift and the 
fractured rise may be evidence of the diapiric rise of 
mobilized subsurface sediments [c.f. 1], and the mud 
flows may record the eruption of these sediments onto 
the ground surface.  

 

These findings place needed constraints on the 
depositional environment of the sediments that com-
prise the local stratified bedrock. The inferred fan de-
posit indicates that lateral transport was a component 
in the depositional history of these sediments. There-
fore the sediments did not form entirely as a mantling 
deposit, such as air fall ash or sediments settled out of 
a water column. The soft-sediment deformation and 
subsurface mobilized sediments indicate that ground-
water was present in the area after deposition of the 
sedimentary bedrock, but before its lithification. 

Further, evidence for subsurface sediment mobili-
zation has significant astrobiologic implications. In 
terrestrial sedimentary basins, the mobilization of sub-
surface sediments is recognized as a common and sig-
nificant process that acts to enhance, impede or other-
wise alter local patterns of fluid migration and storage 
within the subsurface. The patterns of fluid flow estab-
lished by mobile subsurface sediments can be areally 

extensive and persist for millions of years and there-
fore have a substantive impact on hydrologic, geologic 
and biologic processes within the surrounding envi-
ronment. Due to their sustained flux of fluids, centers 
of mud flow eruption on Earth (a.k.a. “mud volca-
noes” ) are oases for bacterial and archaeal communi-
ties [e.g. 3]. Therefore, mud volcanoes and their sub-
surface feeder systems of mobilized sediments are im-
portant sites for investigating the geologic processes 
that could have supported past habitable environments 
on Mars and for seeking evidence of past life in the 
form of fossils and other preserved biomarkers.  

An important scientific obstacle encountered dur-
ing mapping was that evidence supporting key inter-
pretations of the area’s geologic history is not con-
tained within the originally-proposed map area. Most 
notably, this includes evidence in support of the idea 
that the fractured rise in the northern part of the map 
area formed due to subsurface sediment mobilization, 
as well as facies that could be used to distinguish be-
tween a subaerial and submarine origin for the deposi-
tional fan in the southwest part of the map area. Fortu-
nately this supporting evidence appears to be present 
within existing, publicly available HiRISE stereo im-
ages that are adjacent to the current map area.  

Accordingly, the north Nia Mensa map area will be 
expanded to encompass these key adjacent outcrops 
through the production of additional DEMs and or-
thoimages from two adjacent HiRISE stereo pairs (Fig. 
1). This increase in work effort for this map area will 
be achieved within the project’s original budget by 
cancelling work on the proposed south Juventae Mensa 
map area. Essentially, the work proposed for two sepa-
rate maps will be combined to produce one map that is 
twice as large in areal extent and more comprehensive. 
Thus completion of the north Nia Mensa map is cur-
rently on hold pending production of the two addition-
al HiRISE DEMs and orthoimages (tentatively sched-
uled for September or October 2016). 

Cur rent results from the southeast Nia Mensa 
map:  DEMs were produced from the HiRISE stereo 
observations PSP_004344_1715/PSP_005623_1715 
and ESP_039749_1720/ESP_039604_1720. These 
data were then incorporated into an ArcGIS project. As 
shown on Figure 2, these stereo images do not overlap, 
thus the final map product will comprise two separate 
map sheets. Work is currently focused on measuring 
layer orientations using Layer Tools [2] and mapping 
unconformities within this map area. 

References: [1] Skinner, J. A. and Tanaka, K. L. 
(2007) Icarus, 186, 41–59. [2] Kneissl, T. et al. (2010) 
LPS XXXXI, Abstract #1640. [3] Huuse, M. et al. 
(2010) Basin Res. 22, 342–360 [4] Wrede, C. et al 
(2012) Sediment. Geol. 263-264, 210–219. 

Figure 2. The north Nia Mensa map area showing the 
area mapping where mapping is complete (colored) 
and new areas to be added later this year (red boxes). 
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Greenbelt, MD, 2USGS Astrogeology Science Center, Flagstaff, AZ (as of Aug. 2016), 3Planetary Science Institute, 
Tucson, AZ, 4Johns Hopkins University Applied Physics Laboratory, Laurel, MD, 5North Carolina State University, 
Raleigh, NC. (email contact: lillian.r.ostrach@nasa.gov) 

 
Introduction: Until the MErcury Surface, Space 

ENvironment, GEochemistry, and Ranging 
(MESSENGER) spacecraft [1] inserted into orbit 
around Mercury in 2011, almost 60% of the north po-
lar region, Borealis Quadrangle [H-1; Fig. 1], re-
mained imaged at illumination and viewing geometries 
poorly suited for morphological observations, or unim-
aged at all. For nearly forty years, the geology of H-1 
was poorly understood due to incomplete Mariner 10 
[M10] image coverage. The M10-based H-1 geologic 
map helped to determine that smooth plains observed 
there were one of the largest such units on Mercury [2; 
Fig. 2]. The map, however, could not help answer crit-
ical outstanding questions such as the spatial extent 
and origin of the extensive smooth plains in the north 
polar region. Answering this question would provide 
information on the timing of emplacement (i.e., rapid 
versus prolonged) of these plains, as well as how Mer-
cury’s lithosphere, and by extension those of other 
terrestrial worlds, were built. 

New H-1 Map: MESSENGER orbital observations 
have provided full image coverage of the Borealis 
Quadrangle [H-1; Fig.1], enabling investigation of key 
questions and hypotheses and the ability to create new 
geologic maps. Our 2015 PDART proposal was recent-
ly selected to create a new geologic map for H-1 at a 
1:5M map scale, following the USGS mapping stand-
ards and incorporating multiple MESSENGER datasets 
to determine the geologic history of this region. Map-
ping at the 1:5M scale will allow for direct compari-
sons with the original USGS geologic maps for Mercu-
ry, enabling assessment of similarities and differences 
between the mapped geologic unit boundaries, unit 
descriptions and observations, and the derived regional 
chronostratigraphy. Moreover, a global mapping effort 
conducted by the MESSENGER project at 1:15M map 
scale is nearing completion [3], with the intention of 
providing context for upcoming quadrangle and re-

Fig. 2. The original H-1 map [2], where ~60% of the 
region was not mapped. Three plains units were 
mapped, along with five units of crater materials, 
tectonic landforms, and areas of bright or low albedo. 
0°E at bottom. 

!

Fig. 1. MESSENGER orbital data provided the first full 
coverage of the north polar region. This new view conclu-
sively revealed the extent of the northern smooth plains, 
providing indisputable evidence for a volcanic origin. 
Stieglitz crater is 100 km in diameter. Mercury Laser Al-
timeter Digital Elevation Model (500 mpp) over Mercury 
Dual Imaging System monochrome mosaic (250 mpp).  
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gional mapping. Leveraging the geologic units derived 
from the global map will be advantageous for quad-
rangle mapping efforts, particularly since the geologic 
units mapped as part of the M10 quadrangle effort [4] 
were inconsistent. Importantly, the new H-1 quadran-
gle map would provide an opportunity to establish, 
with the USGS, basic standards and practices for quad-
rangle mapping using MESSENGER data in conjunc-
tion with the global map of Mercury. 

Mapping Effor t: Three general tasks were select-
ed based on past experience producing and publishing 
geologic maps with the USGS and mapping other re-
gions of Mercury’s surface and conducting crater anal-
yses.  

Map production (Task 1) will result in a geologic 
map of the H-1 quadrangle using MESSENGER da-
tasets compiled in a GIS database.  

Age determination (Task 2) will assign relative ag-
es to mapped units from observed stratigraphic rela-
tionships (e.g., i.e., superposition, cross-cutting, crater 
degradation; Fig. 3) and measures of crater density to 
place the mapped units in a chronostratigraphic system 
for Mercury [5] and develop a geologic history for H-
1. Absolute model ages will be derived from crater 
measurements using three published chronologies [6–
9].  

Map publication (Task 3) will encompass map 
submission and publication. 

Conclusions: This new H-1 map will be the first 
USGS-published geologic map covering the entirety of 
the north polar region of Mercury and will vastly 

improve upon the original USGS geologic map [2], in 
part by filling in the unmapped region in the M10 data. 
Creation of the H-1 geologic map will provide an up-
dated and detailed view of the north polar region of 
Mercury, allowing comprehensive understanding of a 
key portion of Mercury’s surface for the first time. 
This map will provide critical context for global-scale 
investigations (e.g., the global distribution of smooth 
plains and their ages [10,11]; the history of planet-wide 
tectonic activity [12,13]) and region-specific investiga-
tions (e.g., tectonic deformation in the northern smooth 
plains [14,15]; emplacement and resurfacing history of 
the northern smooth plains [16]; characteristics of ra-
dar-reflective deposits [17,18]), in addition to provid-
ing a valuable resource for future mission planning for 
the BepiColombo mission. 

References: [1] Solomon, S.C. et al. (2001) PSS 49, 
1445–1465. [2] Grolier, M.J., Boyce, J.M. (1984) Map I-
1660, Misc. Investigations Ser., USGS. [3] Prockter, L.M. et 
al. (2016) LPS 47 Abst. 1245. [4] Holt, H.E. (1977) BAAS 9, 
456. [5] Spudis, P.D., Guest, J.E. (1988). In: Vilas, F. et al. 
(Eds.), Mercury. UA Press, pp. 118–164. [6] Neukum, G. et 
al. (2001a) SSR 96, 55–86. [7] Neukum, G. et al. (2001b) 
PSS 49, 1507–1521. [8] Marchi, S. et al. (2009) Astron. J. 
137, 4936–4948. [9] Le Feuvre, M., Wieczorek, M.A. (2011) 
Icarus 214, 1–20. [10] Denevi, B.W. et al. (2013) JGR Plan-
ets 118, 891–907. [11] Byrne, P.K. et al. (2015) LPS 46. 
Abst. 1731. [12] Byrne, P.K. et al. (2014) Nat. Geosci., 7, 
301–307. [13] Watters, T.R. et al. (2015) GRL 42, 3755–
3763. [14] Klimczak, C. et al. (2012) JGR 117, E00L03. [15] 
Watters, T.R. et al. (2012) Geology 40, 1123–1126. [16] 
Ostrach, L.R. et al. (2015) Icarus 250, 602–622. [17] Chabot, 
N.L. et al. (2013) JGR Planets 118, 26–36. [18] Chabot, N.L. 
et al. (2014) Geology 42, 1051–1054. 

 
Fig. 3. Crater degradation is interpreted to reflect relative age; C4 craters are the least degraded 
(sharp rim/features) and young (Mansurian), and C1 craters are the most degraded (indistinct crater 
form) and the oldest (possibly Tolstojan or pre-Tolstojan). No C5 craters (visible ejecta, young-
est,Kuiperian-aged) ≥4 km in diameter are in the northern smooth plains. 
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Introduction:  Dwarf planet Ceres, the largest 

object in the main asteroid belt, is being investigated 
by the orbiting Dawn spacecraft. The three main orbital 
phases were Survey, High-Altitude Mapping Orbit 
(HAMO), and the currnet Low-Altitude Mapping Orbit 
(LAMO), where Framing Camera (FC) [1] image 
resolution continuously increased from c.410 m/px to 
c.140 m/px and c.35 m/px, respectively. As done for 
Vesta [2,3], Ceres’s surface geology is being mapped 
globally at LAMO scale through a series of 15 
quadrangle maps [4]. 

This abstract presents the first version of the 
LAMO-based geological map of the Ac-H-10 Rongo 
quadrangle (22°N–22°S, 288-360°E). 

 
Base maps:  Mapping bases are the panchromatic 

LAMO mosaic and the HAMO-based stereo-
photogrammtically derived Digital Terrain Model 
(DTM) with a horizontal resolution of c.137 m/px and 
a vertical accuracy of 10 m [5]. Auxiliary databases 
comprise the HAMO FC RGB and colour ratio mosaics 
as well as the photometrically corrected panchromatic 
LAMO mosaic. 

 
Results: The Rongo Quadrangle is located in the 

western hemisphere equatorial region. Its main feature 
is the unique isolated mountain Ahuna Mons 
(10.5°S/316.0°E) rising up to 4 km above surrounding 
terrain; planar outline is 21 km × 13 km (Fig. 1). 
Ahuna Mons’  flanks are smooth and are composed of 
bright material. The contact to the surrounding cratered 
terrain is sharp and only gradational where flank-
induced flow deposition occurred. The summit region 
exhibits linear to arcuate ridges with no preferred 
orientation. Ahuna Mons is a cryovolcanic edifice and 
is likely formed by the eruption of brines-bearing 
material [6]. 

The landscape in the Rongo Quadrangle is also 
characterised by an abundance of impact craters 
spanning a range in diameter from <100 m to 205 km 
and states of preservation—from fresh to highly 
degraded. Rongo crater located at (3.5°N/348.1°E) is 
65 km in diameter and experienced several crater wall 
collapse events as evidenced by the pronounced 
scalloped rim. 

A number of gently rising landforms are observed 
across the quadrangle, which may represent surface 
expressions of sub-surface diapir intrusions. The SW 
portion of the quadrangle is characterised by rough-
textured material currently interpreted to represent 
ejecta deposition from Yalode crater (260 km in 
diameter), which is centred approximately 300 km SW 
of Ahuna Mons. Note Yalode’s northern rim is only 33 
km away from the southern boundary of the Rongo 
quadrangle. 

 

 
Fig. 1: Ahuna Mons. 
 

The eastern region of the quadrangle is partially 
covered by Haulani-sourced ejecta. Haulani is a young, 
34 km in diameter crater located 5.8°N/10.8°E. 
Individual ejecta rays can be traced and mapped in 
panchromatic imagery but are more pronounced visible 
(and more widespread) in FC colour images. The 
preliminary geological map of the Ac-H-10 Rongo 
quadrangle is presented in Fig. 2. 

 
References:  
[1] Sierks H. et al. (2011) Space Sci. Rev., 163, 

263–327. [2] Williams D. A. et al. (2014) Icarus, 244, 
1–12. [3] Yingst R. A. et al. (2014) PSS, 103, 2–23. [4] 
Roatsch, T. et al. PSS, (submitted). [5] Preusker F. et 
al. (2016) LPS XLVII, abstract #1954. [6] Ruesch O. et 
al. Science, (in revision). 
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Fig. 2: Preliminary LAMO-based geological map of the Ac-H-10 Rongo Quadrangle. 
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Introduction: NASA's New Horizons spacecraft 

revealed diverse landscapes on both Pluto and Charon 
during its July 2015 flyby, and we have begun geo-
morphologic mapping efforts [1,2] to better understand 
the different landforms, sequence and timing, and how 
they may have formed.  The work herein focuses on 
Charon, and images from the spacecraft have revealed 
a variety of features [3,4] that include hundreds of tec-
tonic manifestations [5], and vast but diverse plains [6].  
Here, we present progress in mapping the hemisphere 
that New Horizons best imaged during its flyby. 

Available Data:  Data taken directly by New Hori-
zons relevant for geomorphologic mapping come from 
the LORRI (LOng-Range Reconnaissance Imager) [7] 
camera, MVIC (Multi-spectral Visible Imaging Cam-
era) [8] camera, and LEISA (Linear Etalon Imaging 
Spectral Array) [8] imaging spectrometer.  LORRI is 
panchromatic and provided images of Charon at up to 
160 m/px, MVIC 4-color images are up to 620 m/px, 
and LEISA spectral cubes are up to 5 km/px.  Figure 1 
shows the fractional coverage of Charon at panchro-
matic wavelengths.  Additional, derived data useful for 
mapping includes craters (useful for ages and as units 
if large enough) [9], reconstructed topography from 
stereo [10] and photoclinometry, and mineralogy maps 
(in progress by the team).  Our primary dataset for 
geomorphologic mapping of Charon is the panchro-
matic map reconstructed from LORRI and MVIC data. 

Areas Identified for  Nomenclature:  For ease of 
communication, the New Horizons team developed 
informal names used herein.  On Charon, these include 
two dark macula, 14 impact craters, six chasmata, and 
three large montes.  In addition, the very broad area 
north of a large tectonic belt has been termed "Oz Ter-
ra" and the smoother plains generally south of the belt 
are "Vulcan Planum." 

Tectonic Features Mapping:  Initial geomorpho-
logic mapping focused on tectonic features in support 
of Beyer et al. [5].  This map was made without the 
assistance of topography and will see significant revi-
sion once topography solutions are finalized, especially 
in Oz Terra where we are limited to near-noon sun.  
Beyer et al. [5] found the majority of tectonic features 
are aligned northeast-southwest; this parallels the mas-
sive tectonic belt implying these features are likely 
related.  Based on superposed, large impact craters, we 

estimate the majority of the larger tectonic features 
formed ~4 Ga.  However, crater density maps [9] show 
a deficit of craters in some areas that are possibly due 
to disruption by tectonic features, indicating that some 
tectonic activity may be significantly younger. 

Vulcan Planum Mapping:  Vulcan Planum is a 
younger region than Oz Terra [2,4,6,9], indicated by 
the spatial density of large craters.  In topography, it 
shows a "moat" at its margins, possibly indicating a 
frozen viscous fluid flow [4,6].  We are in the process 
of studying this region [6] and the geomorphologic 
map has revealed only two primary types of landscape: 
smooth plains (Sm), and patterned ground (Pg1 and 
Pg2) which resembles an elephant skin-like texture.  
Near its southern margin, it also shows numerous 
broad warps that may represent upwelling. 

Open Questions and Issues:  Two primary issues 
have arisen which we are working to solve to achieve 
our goal of an encounter hemisphere map: (1) What is 
the best way to integrate a >30× difference in resolu-
tion of our datasets over the map region?  (2) How do 
we deal with a significant difference in sun angle 
across the encounter hemisphere?  We hope to receive 
input at the June meeting on these questions. 

References: [1] White, O.L. et al. (this volume).  [2] Singer, 
K.N. et al. (this volume).  [3] Stern, S.A. et al. (2015).  [4] 
Moore, J.M. et al. (2016).  [5] Beyer R.A. et al. (in rev).  [6] 
Spencer, J. et al. (in prep).  [7] Cheng, A.F. et al. (2008).  [8] 
Reuter, D.C. et al. (2008). [9] Robbins, S.J. et al. (in rev).  
[10] Schenk, P. et al. (2016). 

Funding:  This work was funded by the New Horizons mis-
sion within NASA's New Frontiers program. 
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Figure 1:  Pixel scale and fractional global coverage of 
New Horizons panchromatic imaging of Charon. 

7026.pdfAnnual Planetary Geologic Mappers Meeting (2016)



"

"

"

"

"

"

"

"

"

"
" ""

"
"

"

""

"

"

"

"

"

" "

"

"

"

"

"

"

" "
"

"

" "

"
"

""

"
" ""

"

"
"

"
"

"
"
"

"

" ""

"

"

"

"

"

"

"

"
"

"

""

"

"

"

"

"
"

"

"

"

"

"

"

"

"

"
"

"

"

"

"

"

"

"

"
"

"

"

"

"

"

"

"

"

"

"

"

"

"

" "

"

" "

""

" " ""

"
""

"

"""

"

""

" ""

"

"
"
"

"

"""

"" ""

"

"

""

" "
"

"

"

"

"
""" ""

"
"

"" "

"

" "

""
"

"

"

"

"

""

"
""

"
"

""

""
"

"

"

"

"

"

" "

"

"

"

" "
"

"

"

" " "
"

" ""
"" "

""
"

"

"

"
" "

" "
"

"

"

"

"
" "

"
""""

"
" "
""

" " "
"""

"

"

"
"

"

"

"

"

"

"

"

"

"

"

"

"
"

"

"
"

""

"
"

""

"
"

"

"

"

"

"

"

"

" "

""

"

"

"

X

"

"

"

"

"

"

""
"

"

"

""
"

"

"

"

""
"

" "
"
"

""

"

"
"

""

"

"

"

"

!

"

"

"

"

"

!

"
" " "

" """"""""

""""
"

"

""

"

""

"

"
""

"

"

"

"

"

"

"

"
"

""
"

"

"

"

"

"

!

!
"

"
"

!

!

"

!

!

""

"!"

#
#

X
X

X X

X

X

X X

X

X

XX

X

"

"

X

#

"

"
"

!

"

"
"
"

""
"

"

!

"

"
"

"

"

"

"

"

"
" " "

"

"
"

"

"
"

"
"

" "

"
"

"

"

"

"

"
"

"

"

!

"

"

"

"

"

"

"

"

"

"

"

"

"

"
""

"

!

""

"

"

"

"

"

"
"

" "

"

!

"

"

"

"

"

"

"

" "
"

#

"

"
"

""

"
"

!

"

#

"

"

"

"

"

!

!

!

"

"

!

"

"

"

"
"

"

"

"

"

!

#

"

"

"

"

"
"

"

"

"

"

"

"

"

" "

"

"
"

""
""
"

"

"

"

"

""

"

"
"

"

"

"

"

" "

"

"

"

""

!

#

#
!

#

#

"

!

"

"

"

"

" X #

#

#

!

X
X

#

#

#

"
"

# #

" " "

#

!

"

"

"
"

"

X

X

#

X
X

X

X

"
"

X

X

X

"

""

"

"

"

"" "

" "

"
"

"

"

"

" ""

"

"
"

"

" "

"

"

" "

!

"

"

"

"

X

X

X

"
"

"

"

X

"

"

#

"

#

##

#
#

#

"

##

"

" "

"

"

"
#

"

""

"

XX
X

"
#

1

90°

90°

60°

60°

30°

30°

0°

0°

-30°

-30°

-60°

-60°

-90°

-90°
90°

60° 60°

30° 30°

0° 0°

0 250 500 750 1,000125
Kilometers

Legend
! graben trace, approx.

" groove

X ridge crest, certain

X ridge crest, approx.

# scarp base

scarp crest

 
Figure 2:  Map of the main tectonic features on the encounter hemisphere of Charon [5], color-coded by type. 

 
Figure 3:  Preliminary map of Vulcan Planum area / material used in Spencer et al. [6]. 
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APL, Laurel, MD, USA, cASU, Tempe, AZ, USA, dPSI, Tucson, AZ, USA, eBear Fight Institute, Winthrop, WA, USA, fFree University of Berlin, 
Berlin, Germany, gUniversity of Münster, Münster, Germany, hUCLA, CA, USA, iNASA GSFC, Greenbelt, MD, USA, jINAF/IFSI, Rome, Italy, 
kGerman Aerospace Center (DLR), Berlin, Germany, lMIT, Cambridge, MA, USA, mMax Planck Institute for Solar System Research (MPS), Göt-
tingen, Germany, nBrown University, Providence, Rhode Island, USA. 

 
Introduction:  The Dawn spacecraft is the first to 

visit and orbit Ceres, a dwarf planet in the asteroid belt 
(mean radius of 470 ± 1 km) [1]. Pre-Dawn research 
predicted that Ceres is composed of an anhydrous sili-
cate core, a layer of hydrated silicates and a water-rich 
outer layer [2-3]. The outer layer was predicted to be 
mostly featureless, because of viscous relaxation [4]. 

However, Dawn data shows there are numerous 
impact craters on Ceres’  surface, and the simple-to-
complex transition diameter of impact craters indicates 
that the outer layer contains only <40% water ice [5-6]. 
While less abundant than originally predicted, this wa-
ter ice may control the formation of domical features 
and particular types of ice-related lobate flows [7-9], 
especially at higher latitudes, where thermal modeling 
shows surface and subsurface ice will be more stable 
[10]. In addition, distinctive bright areas are observed, 
in particular within the floor of the 92-km-diameter 
Occator crater, which are commonly referred to as the 
‘Occator crater bright spots’  [11]. 

Here we present a geologic map and geologic his-
tory of Ezinu quadrangle, located from 21-66 °N and 
180-270 °E. Ezinu quadrangle is positioned in the 
northern mid-latitudes, a transitional region of water-
ice thermal stability, which makes it an ideal location 
to study: (a) whether the <40% water ice is heteroge-
neously distributed within Ceres’  subsurface, and (b) 
whether the <40% water ice influences the morphology 
expressed on Ceres’  surface. 

Mater ials and Methods:  
Mapping approach. The Dawn science team con-

ducted a systematic geologic mapping campaign at 
Ceres, similar to that undertaken at Vesta [12], in 
which the surface is divided into fifteen quadrangles 
(Fig. 1 inset) [13]. Each quadrangle is mapped by a 
lead mapper, supported by the lead mappers of neigh-
boring quadrangles and other members of the Dawn 
science team. We primarily use ESRI ArcMap 10.3 
software for our geologic mapping. On the basis of 
United States Geological Survey (USGS) guidelines 
and the spatial resolution of our basemap (see Data 
sources), we mapped at a scale of 1:100,000-1:125,000 
and display the geologic map with a publication scale 
of 1:500,000. We also use map symbols that are based 
on the standardized symbology recommended for 
planetary geology features by the USGS [14].           

Data sources. The basemap is an uncontrolled mo-
saic of clear filter Framing Camera images (35 
m/pixel, produced by DLR). We also use additional 
ancillary datasets to inform our geologic mapping: (i) 
clear filter Framing Camera mosaics that we produced 
using the USGS ISIS software (35 m/pixel); (ii) pho-
tometrically corrected mosaics of clear filter Framing 
Camera images (140 m/pixel, produced by DLR); (iii) 
enhanced color mosaics and color composite mosaics, 
made from color Framing Camera images (140 
m/pixel, spectral range of 440 – 965 nm, produced by 
MPS and DLR); and (iv) a shape model derived from 
clear filter Framing Camera images (135 m/pixel, 
height accuracy of 12 m, produced by DLR). 

Results: 
Maps. We implement a number of minimum di-

mension criteria in our geologic map of Ezinu quad-
rangle (Fig. 1), to avoid the map becoming cluttered: 
(i) only display geologic units and surface features that 
are ≥5 km wide; (ii) only display line features that are 
≥5 km long and spaced at distances of ≥3 km; (iii) only 
display the rims of impact craters that are ≥5 km in 
diameter; and (iv) only display point features that are 
spaced at distances of ≥3 km. We also produce inset 
maps of regions of particular geologic interest, in 
which minimum dimension criteria are not applied.  

Definition of Map Units. We describe and interpret 
the geologic units in a detailed table, which is too large 
to include in this abstract, and will be included in the 
presentation based on this abstract. Furthermore, our 
detailed observations and interpretations of linear fea-
tures, surface features and point features mapped in 
Ezinu quadrangle will also be included in the presenta-
tion based on this abstract. Here we show a schematic 
representation of the geologic units, their cross-cutting 
relationships and contacts (Fig. 2).  

Discussion: geologic history: 
Stratigraphically oldest period. We interpret the 

cratered terrain (crt) as the stratigraphically oldest geo-
logic unit within Ezinu quadrangle, because it does not 
cross-cut any other geologic units. Ezinu, Geshtin and 
Kaikara craters formed during this period. We interpret 
that a set of impact crater chains, furrows and clusters 
of small craters, along with a set of pit chains and 
grooves, also formed during this period, because these 
linear features are cross-cut by Occator crater and its 
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associated geologic units, which formed during the 
subsequent, stratigraphically intermediate period.  

Stratigraphically intermediate period. Impacts oc-
curred in the crt that resulted in the formation of cra-
ters such as Occator, Ninsar, Messor and Datan. These 
impact craters contain the following geologic units: 
hummocky crater floor materials (hcf), crater central 
peak material (ccp) and crater terrace materials (ct), 
and are surrounded by crater materials (c). The hcf and 
ct likely continued to form after the c and ccp, because 
mass wasting and slumping can continue in an impact 
crater long after its formation, whereas impact crater 
ejecta and central peaks are emplaced immediately 
following an impact. 

Stratigraphically young period. On the basis of 
cross-cutting relationships, we interpret that the lobate 
material (l) formed next. For example, lobate material 
cross-cuts and appears to flow out on top of the Datan 
crater material. There are also additional types of lo-
bate materials found exclusively within Occator crater: 
the lobate material bright (lb) (the ‘Occator crater 
bright spots’ ), the knobby lobate materials (lk), and the 
smooth lobate materials (ls). The exact natures of these 
lobate materials are currently under investigation by 
the entire Dawn team, because of their proximity to the 
‘Occator crater bright spots’ . 

Stratigraphically youngest period. On the basis of 
cross-cutting relationships, we interpret that the hum-

mocky lobate materials (lh) and talus material (ta) 
formed during the stratigraphically youngest period. 
However, gradational contacts between the lh, lb and ls 
indicate that emplacement of the lh began during the 
stratigraphically young period.  

Future work:  
By investigating whether mass wasting features, in 

particular the lobate materials, are ice-related or dry, 
we will use Ezinu quadrangle as a study area to inves-
tigate whether: (a) the <40% water ice is heterogene-
ously distributed within Ceres’  subsurface, and (b) the 
<40% water ice influences the morphology expressed 
on Ceres’  surface. In addition, we will assess whether 
there is a correlation between the distribution of the 
lobate materials, linear features and bright spots, and 
provide contextual geologic information about Occator 
crater and its bright spots.  
References: [1] Russell C. T. et al. (2016) Science (in revision). 
[2] Castillo-Rogez J. C. and McCord T. B. (2010) Icarus, 205, 443-
459. [3] McCord T. M. and Sotin C. (2005) JGR, 110, E05009. [4] 
Bland M. T. (2013) Icarus, 226, 510-521. [5] Hiesinger H. et al. 
(2016) Science (in revision). [6] Bland M. T. et al. (2016) Nature 
Geoscience (in revision). [7] Buczkowski D. L. et al. (2016) Science 
(in revision). [8] Ruesch O. et al. (2016) Science (in revision). [9] 
Schmidt, B. E. et al. (201 Nature Geoscience (in review). [10] Hayne 
P. O. and Aharonson O. (2015) JGR (in press). [11] Nathues A. et al. 
(2015) Nature, 528, 237-240. [12] Williams D. A. et al. (2014) Ica-
rus, 244, 1-12. [13] Roatsch T. et al. (2016) PSS, 121, 115-120. [14] 
Federal Geographic Data Committee (2006) FGDC Digital Carto-
graphic Standard for Geologic Map Symbolization.
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MAPPING LATERALLY EXTENSIVE PHYLLOSILICATES IN WEST MARGARITIFER TERRA, 
MARS.  K. D. Seelos, F. P. Seelos, D L. Buczkowski, and C. E. Viviano-Beck, JHU Applied Physics Laboratory, 
11100 Johns Hopkins Road, Laurel, MD 20723; kim.seelos@jhuapl.edu. 

 
 
Introduction:  Clay minerals found in stratigraphic 

sequences have been used to support the idea of wide-
spread precipitation and pedogenic weathering during 
a warmer, wetter climate era on early Mars [e.g. 1-2]  
These sequences have been identified in several geo-
graphic provinces, including along the walls and on the 
plains surrounding Valles Marineris [3-5], in Mawrth 
Vallis [1,6], Meridiani [2,7-8], and Nili Fossae [9].   
The intent of this study is to map and characterize an 
additional laterally extensive layer of near-surface 
phyllosilicate-bearing material exposed on the plateaus 
in West Margaritifer Terra (WMT), centrally located 
between exposures along Valles Marineris to the west 
and Mawrth Vallis and Arabia Terra to the E/NE (Fig 
1). If WMT phyllosilicates are genetically related, this 
combined area represents a large, nearly contiguous 
portion of the currently exposed Noachian/Hesperian 
crust with broad implications for an active hydrologic 
cycle [10] during that time period.  Our aim is to dis-
tinguish between possible emplacement mechanism(s): 
pedogenic and/or groundwater alteration, diagenesis, 
hydrothermal alteration, or fluviolacustrine deposition. 

Datasets and Methodology:  We use multiple re-
mote sensing datasets to delineate units in an ArcGIS 
framework at ~1:250K scale, followed by finer scale 
characterization on individual outcrops.  Compact Re-
connaissance Imaging Spectrometer for Mars (CRISM) 
mapping and targeted data (180 m/pix and ~20 m/pix, 
respectively) serve as the primary dataset in which 
distinct minerals are identified.  Mapping data are pro-
cessed to remove photometric and atmospheric effects 
as well as instrument residuals prior to the calculation 
of summary parameters (e.g., band depths) that are 
then mosiacked in 5°x5° tiles.  All or part of 16 tiles 
cover the study area, which extends from 325°E to 
345°E, 0°N to -15°N.  High spatial and spectral resolu-
tion targeted observations are processed as Map-
projected Targeted Reduced Data Records (MTRDRs) 
[11], comprising a suite of fully corrected spectral da-
ta, summary parameter cubes [12], and visual products 
that facilitate spectral analysis.  For this effort, D2300 
was the primary parameter used to locate Fe/Mg phyl-
losilicates.  

Other datasets instrumental to outcrop identifica-
tion include Thermal Emission Imaging System 
(THEMIS) daytime IR controlled mosaics [13] and 
THEMIS qualitative thermal inertia [14], as well as 
Mars Orbiter Laser Altimeter (MOLA) 128 pix/deg 
gridded topography.  Supplementary data also include 

Context Imager (CTX) data processed through the Pro-
jection on the Web (POW) utility [15] and High Reso-
lution Imaging Science Experiment (HiRISE) data. 
CTX and HiRISE images are used primarily for mor-
phologic assessment.  

Results:  WMT phyllosilicate outcrops are broadly 
distributed across the plateau region (Fig. 1) and are 
not constrained geographically by outflow channels, 
chasma, chaos terrain, or by any obvious elevation 
threshold.  Outcrops exhibit higher thermal inertia than 
surroundings, signifying a relatively consolidated na-
ture, and appear light-toned with polygonal fracturing. 
Three main types of exposures are evident: a) surface 
outcrops on plains (e.g., Fig 2), b) in fracture/chaos 
walls, and c) in crater rims and ejecta. Outcrops are 
consistently cross-cut by chaos and fractures, indicat-
ing the phyllosilicate layer predates outflow and chaos 
formation. Where exposed vertically, outcrops have 
variable thickness on the order of a few to several 10s 
of meters, sometimes with visible internal layering. 
Hyperspectral data show the phyllosilicates to be con-
sistently dominated by Mg-smectite (e.g., saponite), 
which is consistent with phyllosilicates found to the 
west and southwest [3-5]. In contrast, however, no 
spectral indication of overlying Al-phyllosilicates has 
been observed in WMT despite some color differences 
at HiRISE spatial scale.   

Conclusion and Future Work:  Preliminary map-
ping and characterization of phyllosilicate outcrops in 
WMT suggests a continuation of the regional layer 
observed to the west along the walls and plains sur-
rounding Valles Marineris and in NW Noachis Terra. 
However, the WMT layer appears thinner with less 
spectral variability, perhaps indicating a less mature 
pedogenic profile and/or more extensive ero-
sion/redeposition.  The next steps in our analysis in-
clude a refinement of map units in concert with sys-
tematic evaluation of high resolution morphology and 
topography to look for any diagnostic layering trends 
(e.g., thickness variation), stratigraphic relationships 
with other geologic landforms, or other clues that may 
further inform emplacement mechanism(s) and broad-
en our understanding of the Noachian climate history. 

References: [1] Noe Dobrea, E. Z., et al. (2010), JGR, 

115(E00D19). [2] Poulet, F., et al. (2005), Nature, 438(7068). [3] Le 

Diet, L. et al. (2012), JGR, 117(E00J05). [4] Buczkowski, D. L., et 

al. (2010), 41st LPSC, Abstract #1458. [5] Loizeau et al. (2016) 47th 

LPSC, Abstract #2280. [6] McKeown, N. K., et al. (2009), JGR, 

114(E00D10). (continued on pg. 2) 
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Figure 1. Regional context and preliminary mapping results. Left panel shows MOLA elevation with geographic provinces labeled; previous 
identifications of phyllosilicates in surrounding regions are represented by colored symbols. Right panel shows phyllosilicate outcrops identified 
in CRISM data overlain on THEMIS daytime IR mosaic; highstanding plateau terrain is demarcated from lower elevation channel and chaos 
terrains by the dashed line. Location of Figure 2 is indicated. 

 
Figure 2. Typical phyllosilicate outcrops in the study region and the primary datasets used for unit delineation and characterization. (A) CRISM 
180m/pix mapping data over THEMIS daytime IR, colorized so that green-yellow tones represent positive values of the D2300 parameter, which 
encodes the absorption at 2.3 µm suggestive of Fe/Mg smectites.  Contacts are shown in black. (B) Two CRISM ~40 m/pix targeted images over-
lain on CTX; the Fe/Mg Phyllosilicate (PFM) browse product provides distinction between Fe/Mg smectites in green-cyan tones and chlorite-
/prehnite-bearing materials in yellow-red tones.  (C) Elevated qualitative THEMIS thermal inertia is positively correlated to phyllosilicate out-
crops. (D) Morphology from HiRISE reveals a light-toned appearance and ubiquitous polygonal fracturing.  Superposed lower albedo material 
often exhibits aeolian bedforms.    
 
References (cont.):  [7] Wiseman, S. M., et al. (2010), JGR, 115(E00D18). [8] Wiseman, S. M., et al. (2008), GRL, 35(L19204). [9] Mustard, J. 
F. et al. (2009), JGR, 114(E00D12). [10] Andrews-Hanna, J. C., and R. J. Phillips (2007), JGR, 112(E08001). [11] Seelos, F. P. et al., (2014) 
USGS Open File Report 2014-1056. [12] Viviano-Beck, C. E., et al., (2014) JGR, 119,  1403–1431.  [13] Fergason, R. L., et al. (2013), 44th 
LPSC, Abstract #1642. [14] Fergason, R. L., et al. (2006), JGR, 111(E12004). [15] Hare, T. M., et al. (2014), 45th LPSC, Abstract #2487. 

Fig. 2 
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PLUTO’S PUTATIVE CYROVOLCANIC CONSTRUCTS.   K. N. Singer1, O. L. White2, P. M. Schenk3, J. M. 
Moore2, J. R. Spencer1, W. B. McKinnon4, A. D. Howard5, S. A. Stern1, J. C. Cook1, W. M. Grundy6, D. P Cruik-
shank2, R. A. Beyer2, O. Umurhan2, C. J. A. Howett1, A. H. Parker1, S. Protopapa7, T. R. Lauer8, H. A. Weaver9, L. 
A. Young1, C. B. Olkin1, K. Ennico2, The New Horizons Geology, Geophysics and Imaging Science Theme Team, 
The New Horizons Surface Composition Science Theme Team, The New Horizons MVIC Team, The New Hori-
zons LORRI Team. 1Southwest Research Inst., Boulder, CO (ksinger@boulder.swri.edu), 2NASA Ames, 3Lunar and 
Planetary Inst., 4Washington U. in St. Louis, 5U. Virginia, 6Lowell Observatory, 7U. Maryland, 8NOAO, 9JHU Ap-
plied Physics Lab.  

 
Overview: New Horizons imaged two large 

mounds with deep central depressions on Pluto, infor-
mally called Wright Mons and Piccard Mons [1].  
Wright Mons (Fig. 1) stands ~4 km high and the main 
mound spans ~150 km.  Piccard Mons was past the 
terminator but visible in haze-light, and is ~6 km high 
and 225 km wide.  Both features appear constructional, 
and have relatively young surfaces (few craters).  We 
focus on Wright Mons here, but Piccard displays many 
similar features.  This mapping is part of effort to char-
acterize and assess the age and origin of the mounds.  
These mounds are unique among the potential cryovol-
canic features in the solar system.  

Image dataset:  The Ralph Multispectral Visual 
Imaging Camera (MVIC) performed a high resolution 
scan of Pluto near the time of closest approach, result-
ing in an ~320 m px-1 panchromatic mosaic.  This da-
taset forms the base mosaic (Fig. 1a).  Stereo topogra-
phy over the mons is available from several combina-
tions of  MVIC and Long Range Reconnaissance Im-
ager (LORRI) observations (Fig. 1b; [1]).  All feature 
names used in this abstract are informal. 

Terrains: Initial mapping was conducted on the 
basis of morphology and topography.  The main 
Wright Mons mound consists of several different sur-
face textures.  The very deep (~4 km) central depres-
sion (cavus; ca) is surrounded by wrinkly material, 
which may be ~concentric with the cavus in some are-
as.  The material on the lower flanks and extending 
away from the mons has a hummocky texture with a 
typical wavelength of ~8 km (hem).  There are several 
accumulations of dark material on the mound (dma) 
and surroundings, and one potential flow-like feature 
extends from a large cavus on the SW flank (ff).  One 
possible large tectonic feature cuts the mound. 

Wright Mons abuts the chaotic mountain region 
named Norgay Montes to the east, and an extension of 
Sputnik Planum to the north.  Rubbly material (rm; 
coined in [2]) to the north displays several craters and 
may represent an older, more degraded cryovolcanic 
flow.  The region west of Wright Mons is distinct but 
also a potentially cryovolcanic terrain (ctz, kp, rpm).  
Most of the depressions (ca, sca, sd, md) found there 
are sub-circular and lack rims or ejecta.  Although a 
few of these pits may be craters, most appear either 

collapse- or caldera-like.  A good portion of the west-
ern plains are relatively flat, with either 1-2 km-scale 
knobs (kp) or a few large scarps (ctz).   Many transi-
tions between units are gradual, but some have distinct 
contacts.   

Age:  One possible 5.5-km-diameter crater sits in 
the wrinkly terrain near the Wright Mons cavus.  If this 
is indeed a crater, it would yield an age of less than 1 
Ga [3] for the “knee” model from [4].  The possible 
crater has no obvious ejecta and is not perfectly circu-
lar, although it could be degraded or deformed.  The 
wrinkly material around the cavus is made up of ridged 
structures that can tend to look arcuate on small scales, 
and the ridges are emphasized in ~the E-W direction 
by the oblique lighting (Wright Mons lies near the ter-
minator).  Thus, it is not clear if this feature is an im-
pact crater. 

Composition: The mons were potentially formed 
through viscous effusion/flow, but the material must 
also be able to sustain topography.  The highest resolu-
tion color data from MVIC (~650 m px-1; Fig. 1c) 
highlights the dark material on and around Wright 
Mons as redder, consistent with other dark areas on 
Pluto, but no other color features stand out.  Prelimi-
nary analysis of the highest resolution Linear Etalon 
Imaging Spectral Array (LEISA) cube (~3 km px-1) 
suggests solid methane deposited from the atmosphere 
coats much of the mons and surrounding region [5-8].  
This methane signature masks any information about 
the material making up the units.  

Future work will include modeling of material 
compositions and cryovolcanic processes, mapping of 
Piccard Mons, and correlation of features with topog-
raphy.   

Funding was provided by NASA’s New Horizons 
mission. 
 
References:  
[1] Moore J.M. et al. (2016) Science, 351, 1284-1293. [2] 
White O. L. et al. (2016) LPSC abs. #2479. [3] Singer K.N. 
et al. (2016) LPSC abs. #2310. [4] Greenstreet S. et al. 
(2015) Icarus 258, 267-288 (and erratum). [5] Cook J.C. et 
al. (2016) LPSC abs. #2296. [6] Grundy W.M. et al. (2016) 
LPSC abs. #s 2284 & 1737. [7] Protopappa S. et al. (2016) 
LPSC abs. #2815. [8] Cruikshank D.P. et al. (2016) LPSC 
abs. #s 1676 & 1700. 
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STATUS OF 1:24,000-SCALE GEOLOGIC MAPPING OF BASIN STRATA EXPOSED IN CENTRAL 
HADRIACUS CAVI, MARS.  J. A. Skinner, Jr. and C. M. Fortezzo, Astrogeology Science Center, U. S. Geologi-
cal Survey, 2255 N. Gemini Dr., Flagstaff, AZ 86001 (jskinner@usgs.gov). 

 
Introduction: The availability, areal coverage, and 

overlapping nature of high-resolution images of Mars 
affords increased focus on previously unobservable 
characteristics and stratigraphic relationships of units, 
and groups of units, that outcrop in exhumed basins 
across that planet [e.g., 1]. These characteristics and 
their lateral relationships can provide important clues 
to the evolution of sedimentary basins on Mars, in-
cluding details about the interaction between tec-
tonism, local to regional impact events, volcanism, 
sedimentary processes, and paleoclimate. Methods and 
results of scale- (standardized) and non-scale-based 
(topical) geological mapping at local scales both play a 
role in deciphering these critical details about Mars’ 
past, particularly when matched with past geological 
mapping results at contrasting scales. Here, we present 
results of  ongoing geological mapping of the stratified 
deposits exposed in Hadriacus Cavi (78.0ºE, -27.3ºN) 
based on 1:24,000 scale mapping of HiRISE images 
and stereo-derived topography. 

Geologic Setting: Hadriacus Cavi are a 65 km 
long, 15 km wide set of irregularly-shaped, east-west 
oriented depressions located in the cratered highlands 
of southwest Tyrrhena Terra, along the northeastern 
rim of the Hellas basin (Fig. 1A). The cavi are bound 
on the south by topographic massifs (unit eNhm of [2]) 
and on the north by Hadriacus Palus, a nearly horizon-
tal plain (unit lNh). The palus itself is broadly sur-
rounded on the north, east, and south by linear, arcu-
ate, and quasi-circular, faceted massifs as well as gen-
tly sloping, moderately rugged surfaces (units eNh and 
mNh). Channels dissect bounding terrains. with orien-
tations implying local centripetal drainage toward the 
palus. Small-scale mapping suggests the regional land-
scape evolved through fluvial and gravity-driven ero-
sion of Hellas-related uplifted crustal massifs and 
transport and deposition of detritus across into inter-
crater basins [2-3]. However, these processes are not 
spatially or temporally constrained at local scales. 
Thus, basin-related processes remain indeterminate. 

Our mapping focuses on strata that outcrops in cen-
tral Hadriacus Cavi (Fig. 1B), extending from the gen-
erally smooth palus surface (~-2600 m elevation) to 
more rugged terrains (~-2167 m elevation), which are 
located immediately north of a 1600-m tall massif 
(outside of the study area). Therein, the cavi expose 
>500 meters of strata across the length of the map re-
gion, including multiple chasmata of variable depth 
and topographic interconnectivity. The strata generally 
consist of laterally traceable light- and dark-toned lay-

ers of variable thickness. Light-toned  groups contain 
thin (meter-scale) dark-toned layers, are volumetrically 
dominant, and tend to form sloping surfaces. Dark-
toned groups tend to form topographic benches, par-
ticularly where these layers are observed to be a few 
meters thick. Slopes, benches, and chasma floors are 
often obscured by intermediate- to dark-toned surficial 
units, including areally expansive dune fields. 

 

 
Figure 1. Setting of study area. (A) Regional view 
shows Hadriacus Palus and Cavi along with bounding 
massifs (black arrows) and moderately-rugged inter-
crater plains. Study are shown by red box. HRSC 
DTM (red high, white low) overlain on CTX mosaic. 
(B) Local view shows slopes, benches, and chasmata. 
Note gentle northward slope (~1º). HiRISE stereo-
derived DTM overlain on orthoimage and CTX mosa-
ic. 
 

Datasets and Methods:  Our mapping, descrip-
tions, and analyses are based on a SOCET Set-derived 
[4] digital terrain model (DTM) (clon=78.04°E, 1.5 
m/px) and associated orthoimages (0.5 m/px) using 
HiRISE stereo-pairs ESP_031924_1525 and 
ESP_032069_1525. Base data were supplemented by 
HiRISE gray-scale images (registered to DTM-derived 
orthoimages) to assist with unit identification and de-
scription and CTX image mosaics, HRSC mosaics and 
DTMs, and THEMIS daytime IR mosaics to assist 
with linking local observations to immediately sur-
rounding terrains. Data were displayed and mapping 
completed in Esri’s ArcGIS software, assisted by 3-
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dimensional rendering in ArcScene and extracted 
topographic cross-sections. We keyed off a single 
stratigraphic unit (“level 0”) that is broadly observed 
in the study region, which provides a relative marker 
bed for identifying and interpreting the local stratigra-
phy. Stratal orientations are estimated based on best fit 
planes defined by user-selected points along a common 
surface. We define map units based on lateral continui-
ty of distinct “groups” of strata, with dark-toned, 
bench-forming sub-units generally forming the base of 
distinct groups. 

Results: We currently identify 15 units within the 
Hadriacus Cavi study region, including 6 surficial 
units (ejecta 1, ejecta 2, dunes, non-dune mantle, col-
luvium, and talus) and 9 stratified units (described 
below). Though the surficial units comprise ~30% of 
the total map area and are useful for lateral correla-
tions, the stratified rocks are of elevated importance 
with regard to the basin stratigraphy. Therein, we 
group the stratified rocks into upper, middle, and lower 
groups that are (mostly) vertically and laterally con-
sistent. All gently slope 2-4º to the northwest (with 
local variability). 

Upper group. The “upper group” resides above the 
“level 0” marker, represents ~200 meters of cavi-
outcropping strata, and is generally light-toned and 
finely to massively stratified. This group tends to form 
broad, linear to quasi-circular mounds and hillocks that 
are several hundred meters to several kilometers in 
width. From top to bottom, this group contains (1) a 
50-meter-thick light- and dark-toned series of massive-
ly-stratified rocks that contain decameter-scale surface 
polygons and which erode into undulating scallops and 
narrow, mantle-covered benches, (2) a 80-meter-thick, 
mostly-light-toned series of moderately-stratified rocks 
that contain multiple narrow benches, with characteris-
tic circular, mantle-filled depressions and a basal dark-
toned unit (and associated bench), and (3) a 70-meter-
thick, finely-stratified rocks that are expressed mostly 
as a single, sloping surface of wall-rock with a basal 
dark-toned unit. The upper group contains the least 
surficial cover of all stratified groups in the region. 

Middle group. The “middle group” contains the 
“level 0” marker, represents ~90 meters of cavi-
outcropping strata, and is generally finely-stratified 
throughout. This group tends to be capped by a broad 
bench that is identifiable through most of the map re-
gion and a single main scarp and slope. From top to 
bottom, this group contains (1) a 40-meter-thick dark-
toned series of rocks with several light-toned inter-
layers whose surface is characterized by a mantle-
covered scallops and pits  (“level 0”) and whose wall-
rock expression is a dark slope with only minor bench-
es, and (2) a 50-meter-thick light- and dark-toned se-

ries of rocks that erode into layered wall rock and 
characteristically contain multiple asymmetric, light-
toned lenses with level surfaces (typically occurring at  
~2550 m elevation). The wall rock slope of the middle 
group is commonly overlain by dark-toned dunes and 
sloping colluvium, the latter of which is often eroded 
into scallops. 

Lower group. The “lower group” resides below the 
“level 0” marker, represents ~230 meters of cavi-
outcropping strata, and is demonstrably dark-toned 
with few, interspersed light-toned layers observed. 
This group tends to form both slopes and low-lying 
benches, the latter of which commonly contain numer-
ous circular depressions. From top to bottom, this 
group contains (1) a 50-meter-thick series of rocks 
with upper light- and dark-toned layers and lower 
dark-toned layers with minor benches, (2) a 90-meter-
thick series of dominantly dark-toned rocks that con-
tain segments of channel-like sinuous depressions on 
their upper surface, (3) a 60-meter-thick series of dom-
inantly dark-toned rocks with few internal benches, 
and (4) an >30-meter thick series of light-toned rocks 
with thin dark-toned intervening layers that occurs on 
the floor of the deepest local chasmata (~-2806 m ele-
vation). The lower group contains the most surficial 
cover of any stratified rocks in the study region and 
often appears to grade between sloping colluvium. 

Discussion: Our 1:24,000-scale geological map-
ping and stratigraphic analyses has identified a com-
plex geological history for the strata exposed in Hadri-
acus Cavi that includes deposition (including by vol-
canic and fluvial processes), subtle tectonism, and 
widespread erosion. Local crater counts [3] suggests 
this activity occurred over 600 Ma from the Middle 
Noachian to Late Hesperian. Though a lack of observ-
able unconformities supports a hypothesis that the re-
gion underwent a single cycle of deposition and ero-
sion, subtle correlations between major unit groups 
may indicate up to three major episodes of deposition 
and erosion, perhaps correlating with divisions be-
tween major unit groups. Surficial cover is a major 
complication to unravelling the local depositional his-
tory. Remaining work focuses on unit descriptions, 
cartographic representations of subtle landforms, and 
type section construction and correlation. 

References: [1] Grotzinger, J. P. and Milliken, R. 
E. (2012) SEPM Sp. Pub. 102, p. 1-48. [2] Tanaka, K. 
L. et al. (2014) USGS SIM 3292, 1:15M scale. [3] For-
tezzo, C. M. and Skinner, J. A., Jr. (2013), LPS XLIV, 
Abstract #2104. [4] Kirk R.L. et al. (2009) LPS XL, 
Abstract #1414. 
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LINKING EXPOSED STRATIGRAPHIC SEQUENCES ACROSS GALE CRATER: UPDATE ON AN
1:60K GEOLOGIC MAP OF WESTERN AEOLIS MONS. B. J. Thomson1, L. S. Crumpler2, K. D. Seelos3, and 
D. L. Buczkowski3, 1Center for Remote Sensing, Boston University, Boston, MA (bjt@bu.edu), 2New Mexico Mu-
seum of Natural History and Science, Albuquerque, NM, 3Johns Hopkins University Applied Physics Lab, Laurel, 
MD. 

 
 
Introduction:  In this project, our objective is con-

struct a geologic map of the western portion of the 
Aeolis Mons, the central mound in Gale crater, at 
1:60K scale. The overarching goal of this research is to 
better understand the origin(s) of mound-forming and 
mound-draping layers. Were draping layers limited to 
a narrow depositional episode? Or are multiple cycles 
of deposition and erosion evident in the mound stratig-
raphy? Are all of the draping layers eolian, or are some 
the products of deposition in a lacustrine environment? 
The lower units of Gale are the subject of considerable 
interest because they capture a transition from an envi-
ronment that favored phyllosilicate formation to an 
environment that favored the deposition of sulfate-
bearing layers [1-3]. More detailed mapping of this 
transition zone will reveal if the transition was one-
sided and irreversible [e.g., 4, 5], or if simultaneous or 
near-contemporaneous deposition of phyllosilicates 
and sulfate occurred [6].  

Data and methods: The USGS has supplied a 
CTX mosaic (pixel spacing 6 m) of our study area, 
which measures about 45 km E-W and 67 km N-S.
Additionally, HRSC, MOLA, and THEMSIS data were 
provided. As described last year [7], all 90 available 

HiRISE (High Resolution Imaging Science Experi-
ment) images were manually combined into a single, 
semi-controlled mosaic tied to the CTX basemap.
Available CRISM data over the study area has also 
been examined in survey mode to assess image quality; 
a limited subset of high-quality images has been exam-
ined in greater detail. 

Geologic mapping in the our area is being conduct-
ed within a GIS framework and is proceeding in ac-
cordance with the Planetary Geologic Mapping Hand-
book [8] and established planetary mapping techniques 
[e.g., 9, 10, 11]. 

Mapping results: Co-I Crumpler has completed an 
update to the initial reconnaissance mapping of the 
study area. A small portion of this mapping effort is 
given in Figure 1. Here, the contact between the floor 
material and the mound is delinated. The floor material 
clearly onlaps and embays the landslide material of the 
mound, consistent with prior interpretations that floor 
material is younger than mound [e.g., 12, 13]. Other 
landslide-like deposits have also been noted in the 
southern portion of the mound. 

CRISM results: Co-I Seelos has examined all 
CRISM data over the study area and identified the sub-
set of images with the lowest atmospheric dust opacity 
and strongest spectral signatures. These occur over the 
large canyon in the SW portion of the mound (Figure 
2), and reveal a greater diversity of hydrated minerals
than is often evident in the NW portion of the mound 
near the MSL landing site and Curiosity traverse. In
Fig. 2, both monohydrated and polyhydrated sulfates 
are evident as indicated by yellow and magenta hues, 
respectively. 

Submitted manuscr ipt: In addition to mapping, 
we have also submitted a manuscript that presents a 
mass-balance analysis of the mound by comparing the 
volume of the mound to the missing volume eroded 
from the valley network system that drains into Gale. 
For this work, Co-I Buczkowski re-mapped the valley 
network segments from the global mapping study con-
ducted by Hynek et al. [14]. Segment positions were 
updated due to the newly released, controlled THEMIS 
mosaic [15] and HRSC digital elevation models
(DEM) with 50 m post spacing. Using the HRSC 
DEM, Co-I Buczkowski extracted cross-sectional pro-
files that were analyzed and compiled by Co-I Seelos. 
These results provide baseline measurements on typi-

Figure 1. Contact between northern edge of Gale
mound and floor material mapped by L. Crumpler.
Embayment relationships indicate floor material su-
perposes landslide material from mound. 
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cal channel cross-sectional area, measurements that 
when multiplied by the length of each channel provide 
an estimate of the eroded volume. PI Thomson drafted 
the initial manuscript describing the results, and all 
team members contributed to revisions. 

Ongoing work:  We plan to iteratively refine our
geologic mapping and attempt to establish greater link-
ages between the units mapping in the SW with those 
in the NW. The scientific goal of the map is to identify, 
delineate, and characterize unconformable (mound-
draping) units and unit packages, and to understand the 
differences between these units and in-place (mound-
forming) units.

References: [1] Anderson R.C. &  Bell J.F., III 
(2010) Mars, 5, 76-128. [2] Milliken R.E. et al. (2010) 
GRL, 37, L04201. [3] Thomson B.J. et al. (2011) 

Icarus, 214, 413-432. [4] Bibring J.-P. et al. (2006) 
Science, 312, 400-404. [5] Murchie S.L. et al. (2009) 
JGR, 114. [6] Baldridge A.M. et al. (2009) GRL, 36, 
19201. [7] Thomson B.J. et al. (2015) Planetary 
Mappers Meeting. [8] Tanaka K.L. et al. (2011) 
Planetary Geologic Mapping Handbook, pp. 1-24. [9] 
Wilhelms D.E. (1990) in Planetary Mapping 208-260.
[10] Tanaka K.L. et al. (1994) The Venus Geologic 
Mapper’s Handbook, 68 pp. [11] Skinner J.A. &  
Tanaka K.L. (2003) Lunar and Planetary Science 
Conference, 24, abstract #2100. [12] Malin M.C. &  
Edgett K.S. (2000) Science, 290, 1927-1937. [13] 
Edgett K.S. &  Malin M.C. (2001) LPSC XXXII, 
abstract #1005. [14] Hynek B.M. et al. (2010) JGR, 
115, 09008. [15] Fergason R.L. et al. (2013) Lunar and 
Planetary Science Conference, abstract #1642. 

Figure 2. Mosaic of CRISM images over the SW portion of Aeolis Mons assem-
bled and analyzed by K. Seelos. This RGB false-color composite emphasizes hy-
drated minerals (R: SINDEX2, G: BD2100_2, B: BD1900_2). 
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GEOLOGIC MAPPING AND STUDIES OF DIVERSE DEPOSITS AT NOCTIS LABYRINTHUS, MARS.  
Catherine M. Weitz1, Dan Berman1, Alexis Rodriguez1, and Janice L. Bishop2, 1Planetary Science Institute, 1700 E 
Fort Lowell, Suite 106, Tucson, AZ 85719 (weitz@psi.edu); 2SETI Institute, 189 Bernardo Ave., Mountain View, 
CA 94043. 

 
Introduction:  Noctis Labyrinthus consists of a 

network of intersecting linear troughs and pits along 
the eastern Tharsis rise that connect eastward to the 
continuous chasmata of Valles Marineris. The pits and 
troughs may have formed due to withdrawal of mag-
matic reservoirs at depth [1], or by collapse over con-
duits developed as a consequence of groundwater flow 
along pre-existing fault systems [2,3]. The age of the 
Noctis Labyrinthus depressions is thought to be Late 
Hesperian to Early Amazonian based upon disruption 
of the lava plains along the plateaus [2,4]. Consequent-
ly, sediments deposited within the depressions repre-
sent this age or younger materials.  

Mapping Investigation: We are mapping the 
western portion of Noctis Labyrinthus (-6 to -14°N, -
99.5 to -95.0°W), which includes some of the most 
diverse mineralogies identified on Mars using CRISM 
data [5-8]. Thus far across the Noctis Labyrinthus re-
gion, the following minerals have been identified: sev-
eral kinds of sulfates (monohydrated (kieserite, 
szomolnokite) and polyhydrated sulfates, jarosite, and 
Ca-sulfates (gypsum, bassanite)), clays (Fe/Mg-
phyllosilicates and Al-phyllosilicates), a doublet ab-
sorption between 2.2-2.3 µm, and hydrated silica/opal 
(Figure 3). The role of water, both in the formation of 
the Noctis depressions and the hydrated deposits found 
within them, is a focus of this investigation. The di-
verse range of sulfates and phyllosilicates identified 
within the depressions of Noctis Labyrinthus either 
resulted from localized aqueous activity [7,8] and/or 
may have been part of a broader synoptically driven 
period of late activity during the Late Hesperian to 
Amazonian [e.g., 9-12].  

Previous research on similar phyllosilicates and 
sulfates elsewhere on Mars suggested that Fe/Mg-
smectites were emplaced in the older Noachian time 
under neutral pH conditions, followed by a global tran-
sition to more acidic conditions that led to deposition 
of sulfates in the Hesperian [13,14]. In contrast, we 
have thus far found the opposite progression in at least 
two of the troughs of Noctis, where acidic clays and 
sulfates underlie younger Fe/Mg-smectites. Therefore, 
our current observations indicate these troughs appar-
ently underwent localized aqueous conditions that are 
inverted relative to the global chemistry of Mars, mak-
ing them potentially habitable zones for life during the 
Late Hesperian to Early Amazonian when drier condi-
tions dominated the surface. 

While the majority of light-toned and hydrated 
deposits at Noctis are observed within the depressions, 
there are also examples of these deposits along the 
central Noctis Labyrinthus plateau (Fig. 2) [5]. These 
plateau deposits are included in our mapping region. 
The morphologies of many of these deposits resemble 
those seen along the plateaus of Valles Marineris, 
which have been interpreted as fluvial deposits and/or 
volcanic ash (i.e., 15,16). 

Constraints from geologic mapping  and morpho-
logic and stratigraphic analyses will be key contribu-
tions toward deciphering the geologic diversity and 
history of this portion of Noctis Labyrinthus, with spe-
cific implications regarding the role and history of wa-
ter. In particular, the timing, duration, nature, and spa-
tial extent of the influence of water-related processes 
in the region is a focus on this study. An understanding 
of the history of deformation and collapse within this 
region will also be key to deciphering the timing of 
sedimentary deposition and aqueous alteration. 

Mapping Progress: We are using THEMIS day-
time IR as a basemap, with a 1:500,000 publication 
scale. We have been working in the first year of our 
grant on mapping linear features. Numerous structural 
features, including grabens and scarps, are found 
throughout the mapping region. Several volcanic cones 
have also been identified. In addition to the light-toned 
hydrated deposits, other floor deposits include mass 
wasting and landslide materials, which have been iden-
tified in many of the Noctis depressions. Once we have 
completed mapping of linear features, we will begin to 
map geologic units and measure crater counts to de-
termine ages of the units and decipher the geologic 
history of the region. 

References: [1] Mege D. et al. (2003) J. Geophys. Res., 
108(E5), doi:10.1029/2002JE001852; [2] Tanaka K.L. and 
P.A. Davis (1988) J. Geophys. Res. 93, 14893-14917; [3] 
Witbeck et al., (1991) USGS Map I-2010, scale 1:2,000,000; 
[4] Tanaka K.L. et al. (2014) Geologic Map of Mars, USGS 
Map 3292; [5] Weitz C.M. and J.L. Bishop (2014) Mars 8th 
Conference, Abstract 1222; [6] Weitz C.M. and J.L. Bishop 
(2013) Planet. Space Sci., doi:10.1016/j.pss.2013.08.007; [7] 
Weitz C.M. et al. (2011) Geology, 39;899-902, doi: 
10.1130/G32045.1; [8] Thollot P. et al. (2012) J. Geophys. 
Res., 117, E00J06, doi:10.1029/2011JE004028; [9] Moore 
J.M. and A.D. Howard (2005) J. Geophys. Res., 110, 
E04005, doi:10.1029/2005JE002352; [10] Fassett C.I. and 
J.W. Head (2008) Geophys. Res. Letts., 32, L14201, 
doi:10.1029/2005GL023456; [11] Grant J.A. and S.A. Wil-
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son, (2011) Geophys. Res. Letts., 38, L08201, 
doi:10.1029/2011GL046844; [13] Bibring J.P. et al. (2006) 
Science 312, 400-404, DOI: 10.1126/science.1122659; [14] 
Murchie S.L. et al., (2009) J. Geophys. Res., 114, E00D07, 

doi:10.1029/2009JE00334; [15] Weitz C.M. et al. (2009) 
Icarus, doi:10.1016/j.icarus.2009.04.017; [16] Le Deit L. et 
al. (2010) Icarus, 208(2), 684-703. 

 
Figure 1. THEMIS daytime infrared mosaic with MOLA topography overlain in color for the 
Noctis Labyrinthus region. HiRISE images are outlined by red and blue rectangles whereas min-
erals interpreted from CRISM spectra are noted by colored circles. Mapping region is outlined 
by large black box. (Figure from [5]). 

 
 

Figure 2. (a) Portion of HiRISE image 
showing light-toned layered deposits 
within a fracture along the Noctis plat-
eau. Yellow box indicates location of 
blowup show in b. (b) Enhanced 
HiRISE color image showing color 
and thickness variations within the de-
posit. The deposit lacks hydration fea-
tures in CRISM data but appears mor-
phologically similar to deposits visible 
along the Valles Marienris plateau to 
the east of our study region [15]. 
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GEOLOGIC MAPPING TO CONSTRAIN THE SOURCES AND TIMING OF FLUVIAL ACTIVITY IN 
WESTERN LADON BASIN, MARS.  Catherine M. Weitz1, Sharon A. Wilson2, Ross P. Irwin III2, and John A. 
Grant2, 1Planetary Science Institute, 1700 E Fort Lowell, Suite 106, Tucson, AZ 85719 (weitz@psi.edu); 
2Smithsonian Institution, National Air and Space Museum, Center for Earth and Planetary Studies, MRC 315, 
Independence Ave. at 6th St. SW, Washington DC 20013. 

Introduction: The western section of Ladon 
basin and its bounding basin ring structures to the 
west hold numerous clues to understanding the long 
history of drainage across the Margaritifer Terra 
region of Mars [1-7]. We are mapping two 
quadrangles in Margaritifer Terra (–15032 and –
20032, Fig. 1) to define the evolution of the western 
Ladon basin region as it relates to fluvial/alluvial 
events occurring on surrounding surfaces. As part of 
this mapping, we are also evaluating the morphology, 
stratigraphy, mineralogy, and distribution of newly 
identified sedimentary deposits in small inter-ring 
basins in the highlands west of Ladon basin. We hope 
to determine how they may relate to either a past 
discharge out of Argyre basin along the Uzboi-
Ladon-Morava mesoscale outflow system, a possible 
lake in Ladon basin, deposition in Holden crater 
and(or) Ladon and Uzboi Valles to the south, or 
relatively late-occurring alluvial-fan-forming events 
recognized in the region [6]. 

Mapping Progress: We have completed mapping 
of all structures and geologic units within our two 
quadrangles, many of which correlate with those 
mapped by [8] to the east and south of our two 
quadrangles. The current status of our map is shown 
in Figure 1. The primary map base is the controlled 
daytime THEMIS IR mosaic, supplemented with 
CTX images where available. Mapping is being done 
at 1:200,000, with an expected map publication scale 
of 1:1,000,000. The following units are defined: 

Mountainous Unit (Nm): The Mountainous Unit 
contains remnant high-standing bedrock 
promontories from the Ladon and Holden basin ring 
structures that date to the Middle Noachian [8].  

Terra Unit (HNt): The Late Noachian to Early 
Hesperian Terra Unit is a widespread, smooth to 
rolling, cratered and variably dissected surface 
between degraded impact craters [8]. It covers much 
of the terrain outside of Ladon basin in the western 
portion of our mapping region. 

Channel Units (HNch1, HNch2): The formation of 
Ladon Valles produced both an early flooded surface 
(HNch1) and a later flow that coalesced into a single 
channel (HNch2) during the Late Noachian to Early 
Hesperian [8].  

Basin Fill Units (HNb1, HNb2 and Hb3): Ladon 
basin accumulated fill materials that could be older 
sediments from Ladon Valles, later fluvial deposits 
from centripetally draining valleys, and possibly 

volcanic flows. Unit Hb3 was mapped based upon 
CTX images that showed a smooth, dark lithified 
surface with few well preserved small craters. The 
unit is stratigraphically above the other two basin 
units and Hl1. The deposit may have formed by 
volcanism, eolian, or lacustrine processes within 
Ladon Valles and Lason basin.  

HNb2 consists of mixtures of rough, bright 
surfaces with numerous preserved craters and 
smoother darker surfaces with fewer craters. We 
interpret the differences in morphology and crater 
populations to variable thicknesses of eolian debris 
that mantles the unit. Crater age dating analyses for 
this unit yield a Late Noachian/Early Hesperian age, 
consistent with previous mapping [8]. 

HNb1 is best mapped when viewed in THEMIS 
IR data. It appears brighter in daytime IR and darker 
in nighttime IR (lower thermal inertia) compared to 
HNb2. The morphology of HNb1 is similar to HNb2, 
but it appears to be slightly lower in stratigraphy, 
suggesting it represents a basin fill material with 
different thermophysical properties than HNb2. 

Volcanic Unit (Hv): This unit was not previously 
mapped by [8] in eastern Ladon. The unit consists of 
two volcanic cones and associated lava flows found 
along the southern edge of Ladon basin. The age of 
the unit is Amazonian based upon crater counts, 
although the area is not very large for calculating 
reliable statistics. 

Crater Units: All clearly delineated ejecta blankets 
and crater rims for craters >5 km in diameter have 
been mapped. These include Noachian aged craters 
that have heavily modified crater rims with little to 
no preserved ejecta (C1). The Late to Early 
Hesperian craters are moderately degraded craters 
with relatively continuous ejecta (C2). Late 
Hesperian to Late Amazonian craters (C3) have well-
preserved ejecta, with little rim modification and/or 
infilling. 

Light-toned Layered Units (Hl1 and Hl2): A 
Hesperian light-toned layered unit within Ladon 
Valles and Ladon basin (Hl1) consists of medium- to 
light-toned, phyllosilicate-bearing beds with meter to 
submeter thickness and traceability of kilometers (Fig. 
2). This unit is sometimes overlain by a dark-toned, 
more resistant capping layer that preserves small 
craters (in some locations mapped as Hb3). Light-
toned layered deposits along the Ladon basin floor 
appear to be locally superposed deposits. The largest 
exposures of light-toned layered deposits are 
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observed at the distal end of Ladon Valles. Hl1 
deposits could have resulted from discharge 
associated with flooding that created Ladon Valles or, 
alternatively, from lacustrine sediment that 
accumulated in Ladon basin.  

We mapped similar light toned deposits (Hl2) 
along the western Ladon uplands that are associated 
with lower lying topography along crater floors or 
within valleys. We interpret the phyllosilicate-
bearing layered deposits to have formed by fluvial 
erosion of Nm and/or HNt that was subsequently 
transported by valleys and deposited within craters or 
upland basins. 

Light-toned Altered Unit (Ha): This unit 
represents light-toned, possibly layered, deposits 
along crater floors. These craters have no obvious 
valley system that flows into the crater. For this 
reason, and due to the lack of CRISM data to 
determine mineralogy, we are uncertain if the unit 
consists of detrital sediments like Hl2 or represents in 
situ alteration of pre-existing crater floor deposits. 

Geologic History: In all, we observe the 
following sequence of events: (i) Formation of Ladon 
and Holden impact basins in the middle Noachian, 
producing mountainous unit Nm; (ii) Landscape 
degradation and infilling during the Midde/Late 
Noachian with the terra unit HNt; (iii) Formation of 

Ladon Valles in the Late Noachian to Early 
Hesperian by catastrophic flooding to produce 
channel units HNch1 and HNch2; (iv) In the Late 
Noachian to Early Hesperian, Ladon basin floor 
accumulated sediments that resulted in units HNb1 
and HNb2; (v) Deposition of light-toned layered 
deposits (Hl1 and Hl2) during the Hesperian within 
Ladon Valles, Ladon basin, and other smaller valley 
networks along the western uplands, as well as 
aqueous alteration along some crater floors (Ha); (vi) 
Deposition of unit Hb3 within Ladon basin and Ladon 
Valles; (vii) Eruption of volcanic unit Hv in the 
Amazonian. Aeolian erosion of friable sedimentary 
deposits and aeolian deposition on other surfaces 
during the Amazonian. Craters formed throughout the 
geologic history of the mapping region. 
References: [1] Grant J. A. et al., 2008, Geology, 36, 195-
198, doi: 10.1130/G24340A; [2] Grant J.A. et al., 2010, in 
Lakes on Mars, edited by N. A. Cabrol and E. A. Grin; [3] 
Irwin R. P., III, and J. A. Grant, 2009, in Megafloods on 
Earth and Mars, edited by D. M. Burr et al., 209-224; [4] 
Pondrelli M. et al., 2005, J. Geophys. Res., 110, 
2004JE002335; [5] Pondrelli M.A. et al., 2008, Icarus, 197, 
429-451; [6] Grant J. A. and S.A. Wilson, 2011, Geophys. 
Res. Letts., 38, L08201, doi:10.1029/2011GL046844; [7] 
Grant J. A. and S.A. Wilson, 2012, Planet. Space Sci., 
10.1016/j.pss.2012.05.020; [8] Irwin R.P. III and J.A. Grant, 
2013, USGS SIM 3209, scale 1:1,000,000.

 

Figure 1. Geologic map of two 
quadrangles that cover western Ladon 
Basin. 

 
Figure 2. Example of light-toned layered 
deposits within Ladon Valles (unit Hl1). 
Portion of HiRISE enhanced color image 
ESP_020759_1595. 
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Introduction:  Nine months after its flyby of Pluto 

in July 2015, New Horizons has returned high quality 
images (achieving ~80 m/pixel in resolution) covering 
the encounter hemisphere of the planet, which reveal it 
to have a highly diverse range of terrains, implying a 
complex geological history. The highest resolution 
images that were initially received on the ground cov-
ered most of the prominent Plutonian feature informal-
ly named Sputnik Planum, and its surroundings, allow-
ing detailed geological mapping of this area to com-
mence (Fig. 1) [1].  All feature names used here are 
informal. 

Geological Mapping To Date: Sputnik Planum, 
with an area of ~870,000 km2, is notable for its smooth 
appearance and apparent total lack of impact craters at 
~320 m/pixel resolution [2], and consists of N2 ice with 
smaller concentrations of CH4 and CO ice [3]. The 
Planum displays a variety of textures across its ex-
panse, including smooth and pitted plains in the south; 
high-albedo cellular terrain in the center (the cells are 
bounded by troughs with medial ridges); and, in the 
north, lower-albedo cellular terrain (perhaps due to 
entrained dark material), which displays lobate patterns 
indicative of glacial flow into the rugged, hilly, cra-
tered terrain north of Sputnik Planum.  The cells likely 
form as a result of solid-state convection occurring 
within the N2 ice [2].  200 individual cells have been 
mapped, with a mean diameter (assuming a circular 
planform) of 33.4 km (σ = ±18.9 km).  The network of 
troughs defining the edges of the cells becomes less 
interconnected in central Sputnik Planum, perhaps in-
dicating thicker N2 ice at this location.  Separating 
Sputnik Planum from the cratered highlands to the west 
are ranges of chaotically-oriented mountains that 
stretch all the way along its western margin, and which 
may represent fragments of Pluto’s H2O ice crust that 
have been disrupted and reoriented by the N2 ice [2]. 
Bright, rugged, pitted uplands to the east may currently 
be experiencing resurfacing by deposition of N2 ice 
that sublimated from Sputnik Planum, and which is 
reintroduced back into the Planum via glacial flow 
from the uplands [2]. To the south of Sputnik Planum 
is a ~150 km-diameter edifice (Wright Mons) that 
shows a rough, undulating surface and which features a 
very wide and deep summit depression.  The bulk mor-
phology of Wright Mons, (and that of Piccard Mons, 

an even larger edifice to the south), has caused it to 
tentatively be interpreted as a cryovolcanic edifice [2]. 

A comprehensive relative chronology for the units 
mapped to date has not yet been assembled, but terrain 
immediately to the west of Sputnik Planum in Cthulhu 
Regio appears to be the oldest on Pluto, with the high-
est spatial density of large, unmodified impact craters.  
Terrain to the north of Sputnik Planum also displays a 
high spatial density of impact craters, but they general-
ly appear more modified than those in Cthulhu Regio.  
The bright pitted uplands to the east appear younger 
still, displaying very few identifiable impact craters.  
Wright Mons displays one impact crater at ~230 
m/pixel resolution, and may be less than 1 billion years 
old [4].  Sputnik Planum’s total lack of impact craters 
at ~320 m/pixel resolution implies that it has a crater 
retention age no greater than ~10 million years [2], 
making its units the youngest observed on Pluto. 

Continued Geological Mapping:  Mapping per-
formed to date is presented in Fig. 1.  Forthcoming 
mapping will expand to terrain to the east and west of 
the current mapping area, including the terrains dis-
cussed below. 

The bright pitted uplands to the east of Sputnik 
Planum eventually transition to the ‘bladed terrain’  of 
Tartarus Dorsa.  The stratigraphic relationship of the 
bladed terrain to the pitted uplands is a subject of inter-
est.  Tartarus Dorsa consists of several broad (~100 
km-wide), ~NE-SW-aligned swells that are covered in 
~N-S-aligned blade-like ridges.  Individual ridges are 
typically several hundred meters high, and are spaced 5 
to 10 km crest to crest.  Both the pitted uplands and 
bladed terrain may be remnants of a formerly continu-
ous deposit degraded either by sublimation (forming 
features analogous to those of degraded terrestrial 
snow or ice fields - penitentes and sun-cups - but much 
larger), or through undermining and collapse, possibly 
through melting at depth.  However, whether both 
types of terrain did indeed form in the same way, with 
one merely being a more modified version of the other, 
or if the pitted and bladed textures formed through 
independent means, remains to be determined. 

To the north of the pitted uplands and the bladed 
terrain is the ‘eroded mantle terrain’ , i.e. material is 
draping underlying topography.  The density of craters 
here is low except for a few degraded examples that are 
>50 km across, The mantle appears smooth with con-
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vex rounded edges.  This terrain is also characterized 
by erosion via steep-sided pitting that reaches 3-4 km 
deep and tens of km across.  The larger pits display 
elongate and irregularly-shaped planforms and may 
indicate that material is being sapped from the subsur-
face at these locations.  The smaller pits are sometimes 
interjoined and aligned in chains, which may indicate 
formation via collapse through tectonic extension. 

Cthulhu Regio, located to the west of Sputnik 
Planum, covers a swath from ~15°N to ~20°S, and 
stretches westward almost half way around the planet 
to 20°E.  Cthulhu Regio appears not to be a distinct 
physiographic province, but instead a region of dark 
mantling thin enough to preserve underlying topogra-
phy, superimposed upon various geological terrains, 
including dendritic valleys, craters, faults, and retreat-
ing scarps. 

Terrain to the west of Sputnik Planum appears more 
heavily tectonized than that to the east, featuring nu-
merous extensional fractures (graben and normal 
faults) in various stages of degradation.  At ~30°N, 
there exists a region of mottled plains that is bounded 
by an arcuate scarp (Piri Rupes, see Fig. 1) along part 
of its southern and western borders.  These plains ap-
pear to have been exhumed through degradation of an 
overlying layer (perhaps through sublimation of mate-
rial forming plateaus that surround the plains), and 

scarp retreat may be occurring at edges of the plains. 
To the northwest of Sputnik Planum, smooth, flat 

and bright cratered plains are encountered.  In some 
locations, these plains show a fretted appearance, 
whereby they are separated into polygons by a network 
of darker troughs reaching 3 to 4 km wide.  This mor-
phology may indicate tectonic disruption of the crust. 

This mapping project is revealing the remarkable 
extent of Pluto’s geological diversity.  Several units 
seem to be encountered only in a particular location (as 
far as we can tell), and are not obviously replicated in 
other parts of Pluto, indicating that unique sets of land-
scape modification conditions may occur on Pluto. 

References: [1] White O. L. et al. (2016) LPSC 
XLVII, Abstract #2479. [2] Moore J. M. et al. (2016) 
Science, 351, aae0030 [3] Grundy W. M. et al. (2016) 
Science, 351, aad9189. [4] Singer K. N. et al. (2016) 
LPSC XLVII, Abstract #2276. 
 
 
Fig. 1. Simple cylindrical projection of most of Pluto’s 
encounter hemisphere.  Geological mapping performed 
to date is located in the center of the map.  Thin black 
lines indicate cell boundaries and troughs in Sputnik 
Planum.  Ellipses mark the locations of regions outside 
the currently mapped area that will be the subject of 
forthcoming mapping. 
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Introduction: NASA’s Dawn spacecraft arrived at 

the dwarf planet (1) Ceres on March 5, 2015, and as of 
this writing has successfully completed Approach, 
Survey, and High Altitude Mapping Orbits (HAMO) 
during 2015. The Dawn Science Team is conducting a 
geologic mapping campaign for Ceres, building on our 
experience from a similar mapping campaign for aster-
oid (4) Vesta in 2011-2014 [1, 2]. The purpose of this 
abstract is to describe our mapping campaign for Ceres 
and present some of our preliminary results. 

Global Mapping:  The Dawn Science Team began 
to assess the global geology of Ceres through analysis 
of images returned during Cruise and Approach phases 
through Winter 2015, including comparison with Hub-
ble Space Telescope maps [3]. Detailed mapping be-
gan during the Survey orbit (Framing Camera (FC) 
spatial resolution ~415 m/pixel), in which four of us 
(DAW, DLB, SCM, JECS) mapped the surface using 
Survey-based hemispheric quadrangles supplied by 
DLR [4]. All geologic mapping is being done using 
ArcGIS™ software following current procedure as 
recommended by the USGS. Figure 1 contains a uni-
fied Survey-based global geologic map derived from 
the 4 hemispheric quadrangles, included in Buczkowski 
et al. [5, in revision]. With the acquisition of HAMO 
images (spatial resolution ~140 m/px) more detailed 
mapping is underway to update the global map (Lead:  
Mest). 

Quadrangle Mapping:  Following guidelines in 
[6] we are also mapping Ceres using a 15-quadrangle 
system.  The goal of the quadrangle mapping is to as-
sess the geological evolution and processes that oper-
ated on Ceres using HAMO and Low Altitude Map-
ping Orbit (LAMO) images (spatial resolution ~35 
m/px) at a greater level of detail than can be done with 
global mapping. At the time of this writing LAMO 
images are being returned, and the first two cycles of 
imaging covering the whole surface are nearly com-
pletely returned. Preliminary maps of all 15 quadran-
gles were presented at GSA 2015, Fall AGU 2015, 
LPSC 2016, and EGU 2016. We expect that the 15 
quadrangle geologic maps will be combined variously 
to support studies of Ceres’  major geologic fea-
tures/processes as was done for Vesta.  

Mapping Results:  As you can see from Fig. 1, our 
initial Survey-based geologic mapping leads to the 
following initial findings: 

• Ceres is dominated by cratered terrain, and its crust 
preserves a long-lasting record of impact cratering 

• Kerwan, a 285 km diameter basin in the eastern 
hemisphere, is the largest preserved old impact ba-
sin.  It contains and is surrounded by a ‘smooth ter-
rain’  indicative of a resurfacing process perhaps re-
lated to impact melting of an icy crust or possibly 
cryovolacnic flows (see [6] for details). 

• Urvara and Yalode, two large basins in the western 
hemisphere, are young and well preserved with far-
reaching ejecta fields. They may be related to some 
linear features including fractures or crater chains in 
the western hemisphere (see [7, 8] for details). 

• Ceres has multiple bright spots associated with cra-
ters. Some like Haulani appear to be relatively young 
impact craters that exposes fresh icy crustal materi-
als (see [9] for details). Others like Occator have a 
more complex geology, possibly related to em-
placement of salty materials by a cryovolcanic or 
glacial mechanism (see [10] for details). 

• Ceres has several domical, positive relief edifices 
with distinct morphologies. One, Ahuna Mons, is 
suggestive of a cryovolcanic dome (see [11] for de-
tails). 

• We are beginning to identify key features that mark 
a chronostratigraphy for Ceres.  Like Vesta, the ma-
jor geologic events that shaped Ceres surface are 
impacts, and subsequent modification. We tentative-
ly identify Pre-Kerwan, Kerwan, Urvara-Yalode, 
and Occator-related terrains. LAMO data should en-
able final identification of Ceres major chronostrati-
graphic units. 
Future Work:  NASA’s Dawn spacecraft is in its 

LAMO orbit, where it is acquiring its highest resolu-
tion imaging, mineralogical, elemental, and gravity 
data. We plan to revise our geological maps and write 
a series of papers discussing Ceres geological evolu-
tion and major surface features in the June 2016. 
Hopefully Dawn’s LAMO mission will be extended 
depending on the availability of hydrazine fuel beyond 
2016. 

References: [1] Williams D.A. et al. (2014) Icarus, 
244, 1-12. [2] Yingst R.A. et al. (2014) PSS, 103, 2-23.  
[3] Li J-Y. et al. (2006) Icarus, 182, 143-160. 
[4] Roatsch T. et al. (2016) PSS, 121, 115-120. 
[5] Buczkowski D.L. et al. (2016) Science, in revision. 
[6] Williams D.A. et al. (2016), Kerwan quad., LPS 
XLVII, Abstract 1522. [7] Sizemore H. et al. (2016), 
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Urvara quad., LPS XLVII, Abstract 1599. [8] Crown 
D.A. et al. (2016), Yalode quad., LPS XLVII, Abstract 
1602. [9] Krohn K. et al. (2016), Haulani quad., LPS 
XLVII, Abstract 1977. [10] Buczkowski D.L. et al. 

(2016), Occator quad., LPS XLVII, Abstrcat 1255. 
[11] Ruesch O. et al. (2016), Ahuna Mons, LPS XLVII, 
Abstract 2279. 
 

 

 
Figure 1. Survey-derived global geologic map of dwarf planet (1) Ceres (Mercator projection, center long. = 180˚). 
This map was produced using ArcGIS™ software through integration of 4 hemispheric quadrangle maps produced 
by SCM, DAW, DLB, and JECS.  From Buczkowski et al. [5, in revision]. 
 
 
 

 
Figure 2. Legend for map in Figure 1.  From Buczkowski et al. [5, in revision]. 
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Introduction: Geologic mapping in Mars 

Transverse Mercator (MTM) quadrangles -20037, -
25037, -30037 and -30032 encompasses Uzboi Vallis 
and terrain west of Holden and Ladon basins in 
southern Margaritifer Terra (Fig. 1A). This region 
preserves a long record of aqueous activity, and 
mapping was undertaken to constrain the timing, 
source, duration and relative importance of aqueous 
versus other geomorphic processes (Fig 1B).  

 
Fig. 1. A) Map quads cover 17.5°S-32.5°S, 320°E-
325°E and 27.5°S-32.5°S, 325°E-330°E (black 
boxes). Stars mark craters with alluvial fans [1-2]. 
MOLA over THEMIS IR. B) Preliminary geologic 
map, 1:1M scale. Box shows location of Fig. 2A. 

Background: The Noachian-Hesperian age [1] 
Uzboi-Ladon-Morava outflow system dominates the 
regional drainage from Argyre to the northern plains 
[3-7].  Holden crater formed in the mid to Late 
Hesperian [7] and blocked the northern end of Uzboi 
Vallis, creating an enclosed basin within Uzboi that 
flooded and formed a large paleolake [8]. Nirgal 
Vallis is a 670 km-long [9] east-west trending valley 
network that debouches into Uzboi along its western 
flank just south of crater Luki (Figs. 1 and 2A).  
Despite being Uzboi’s largest tributary, one of the 
outstanding questions regarding the geologic history 
of this region is the age, timing and duration of 
fluvial activity within Nirgal Vallis [8].  Furthermore, 

it was unclear whether discharge from Nirgal 
contributed to the relatively short-lived lake in Uzboi 
or if fluvial activity in Nirgal terminated prior to the 
filling and draining of the Uzboi basin [8].   

We characterized the deposit on the floor of 
Uzboi Vallis at the mouth of Nirgal Vallis [10] using 
topographic data (Fig. 2) and high resolution images 
(Figs. 3-4). The volume of this deposit at the 
confluence of Nirgal and Uzboi Valles was estimated 
and compared to the total volume of material eroded 
by Nirgal Vallis. This volume comparison provides 
insight into the evolution of Nirgal Vallis relative to 
Uzboi Vallis, helps constrain possible sources of 
water for Lake Uzboi [8], and furthers our 
understanding of the aqueous history of this region in 
the Late Hesperian.   

 
Fig 2. A) Perspective eastward-looking view of 
deposit in Uzboi at confluence of Nirgal Vallis 
(MOLA 8x VE, elevation in scene ranges from 1060 
to -1764 m, see Fig. 1B for context). For scale, crater 
Luki is 20 km in diameter. Transect corresponds to 
profile in (B). Boxes indicate Figs. 3 and 4; dashed 
line indicates symmetric fan-shaped deposit at mouth 
of Nirgal. B) Profile on Uzboi floor in (A), arrow 
indicates low point in Uzboi south of Nirgal. Dashed 
line projects Uzboi floor beneath Nirgal deposits. 

Methods: The volume of the deposit on the floor 
of Uzboi Vallis was estimated by multiplying the 
varying thickness of the deposit by the corresponding 
surface area [11]. The thickness was estimated from 
MOLA topography on Uzboi’s valley floor between 
craters Bond and Holden (Fig. 2A), where thickness 
was equivalent to the difference in elevation between 
the surface of the deposit and the projected elevation 
of Uzboi’s floor beneath the deposit (Fig. 2B).  
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The volume of material removed from Nirgal 
Vallis was calculated by comparing a “pre-Nirgal”  
surface digital elevation model (DEM) to the present 
day DEM. In ArcGIS, a reconstructed “pre-Nirgal”  
surface was created by clipping the gridded 128 pixel 
per degree MOLA data to encompass ~632 km of 
Nirgal Vallis. The DEM raster was converted to 
individual elevation points, and the points within 
Nirgal Vallis (plus a 1.5 km buffer) were removed. A 
triangular irregular network (TIN) was generated 
from the remaining elevations points, which connects 
straight lines across the removed data. The TIN was 
converted to a raster DEM with a cell size of 463 to 
correspond to the original resolution of the 128 pixel 
per degree gridded MOLA data using the nearest 
neighbor interpolation method.  The Cut/Fill tool 
calculated the difference in volume between the “pre-
Nirgal”  DEM and the present day topography. This 
method provides an order of magnitude estimate as 
the actual valley profile (and resulting volume) is 
approximated using a DEM generated from coarsely 
spaced (~½ km) MOLA elevation shot points.  

Results and Observations: The estimated 
volume of the deposit on the floor of Uzboi Vallis at 
the confluence of Nirgal is significantly smaller 
(~200-250 km3) than the total volume of material 
removed by Nirgal Vallis (~1600 km3).  The surface 
of the deposit at the mouth of Nirgal Vallis is fan-
shaped and fairly symmetric in planform (Fig. 2A) 
with gradients of ~0.01 m/km. The fan-shaped 
deposit near the mouth of Nirgal consists of light-
toned material that tends to incorporate meter-scale 
blocks and lacks obvious fine-scale layering (Fig. 3).  
The fan surface ~15 km away from Nirgal exposes 
fine-grained, light toned, horizontal layers [10] (Fig. 
4).  The fan-shaped deposit (~40 km3) appears to be 
stratigraphically on top of a larger mound of material 
(~200 km3) that is offset downstream toward Holden 
crater. This lower-gradient surface is incised by a few 
shallow and poorly integrated channels [6].  

Discussion: The net difference in volume 
between the Nirgal deposits in Uzboi relative to the 
volume of material eroded from Nirgal Vallis 
suggests that most of the material eroded by Nirgal 
debouched into Uzboi when there was active flow 
through the system, thereby resulting in much of the 
sediment being transported downstream. The bulk of 
the deposit that is offset downstream beneath the fan-
shaped deposit (Fig. 2) suggests that the majority of 
the incision of Nirgal likely pre-dated deposition into 
Lake Uzboi.  The roughly symmetrical fan-shaped 
deposit at the mouth of Nirgal Vallis today, however, 
suggests that the constituent material was deposited 
into standing water in Uzboi, a depositional 
environment consistent with the fine layers at its 
distal margin (Fig. 4).  If correct, this implies that late 

fluvial activity in Nirgal was concurrent with Lake 
Uzboi and (or) was related to water draining out of 
Uzboi as the lake drained northward into Holden.   

 
Fig. 3. Proximal surface of fan-shaped deposit is 
eroded (A) and consists of light-toned material that 
incorporates meter-scale blocks (B). See Fig. 2A for 
context. HiRISE PSP_003565_1495, 25.9 cm/pixel. 

 
Fig. 4. Light-toned horizontal layers at distal end of 
fan-shaped deposit. See Fig. 2A for context. HiRISE 
ESP_04208 2_1495, 25.8 cm/pixel. 
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Introduction: A new systematic lunar geologic 
mapping effort has endeavored to build on the success 
of earlier mapping programs by fully integrating dis-
parate new datasets using Geographic Information Sys-
tems (GIS) software and bringing to bear the most cur-
rent understanding of lunar geologic history [1, 2]. 
This new mapping effort began with the division of the 
Moon into 30 quadrangles and preliminary mapping of 
the Copernicus Quadrangle [3, 4]. As part of this ef-
fort, we present a 1:2,500,000-scale map of the Planck 
Quadrangle (LQ-29; Figure 1).  

Location: Planck Quadrangle extends from -30° to 
-60° latitude and 120° to 180° longitude; to the south, 
it borders the South Pole Quadrangle (LQ-30) [5]. The 
area included in Planck Quadrangle was mapped pre-
viously at 1:5,000,000 scale by [6-8]. The western por-
tion of the pre-Nectarian South Pole-Aitken (SPA) 
impact feature covers much of the quadrangle’s area.  

Data and Mapping Methods: The ~ 100 m/pixel 
Lunar Reconnaissance Orbiter Camera (LROC) Wide 
Angle Camera (WAC) global mosaic formed the 
basemap for our mapping. This dataset provides a 3x 
improvement in resolution over Lunar Orbiter images 
along with global nadir coverage. Additionally,  we 
used LRO Lunar Orbiter Laser Altimeter (LOLA) [9, 
10] and LRO WAC DTMs [11] to characterize the 
topographic expression of the surface and understand 
processes in vertical cross-section. The gridded LOLA 
and WAC DTMs provide complete coverage of the 
lunar surface at a resolution of ~100 m/pixel, and rep-
resent the most refined spatial and vertical (~1 
m/pixel) resolutions acquired for the Moon.  

Morphological features were mapped using the 
basemap, while Clementine multispectral data were 
utilized to extract compositional information; we ex-
amined the 750/950 nm, 750/415 nm, and 415/750 nm 
band ratios. The 750/950 nm ratio indicates FeO con-
tent; the deeper the absorption feature, the greater the 
FeO content. The other band ratios measure the “con-
tinuum slope;" the younger the soil, the flatter the 
slope. LOLA data yields topographic information at 
100 m/pixel. LRO Narrow Angle Camera (NAC) im-
ages provide select, high resolution (0.5 m/pixel at 50 
km altitude) panchromatic images of the lunar surface. 
NAC images were used when identification of small 
features and textures on scales of tens of meters was 
required to confirm unit characteristics or refine con-
tact locations. Superposition, cross-cutting relations, 
and analysis of impact crater size-frequency distribu-
tions yielded relative and modeled absolute ages of 

map units, as well as chronostratigraphic ages for all 
impact craters > 2 km in diameter.  

Geologic units: Units grouped by geographic set-
ting include terra, plains, and basins. Terra units in-
clude ancient highlands (pNth), rugged terra represent-
ing the SPA floor (pNtr), and knobby terra around In-
genii (pNtk). Smooth plains (pNps) are iron-enriched 
plains with a morphology potentially indicative of im-
pact melt. Basin units (Nbr, pNbf, pNbr1, pNbr2) are 
associated with impact structures Poincaré, Planck, 
Ingenii, Leibnitz and Von Kármán. 

Lithologic units include volcanic and impact cate-
gories. Volcanic products are primarily discrete, non-
contiguous mare deposits occurring exclusively within, 
or breaching the rims of, craters or basins (smooth 
mare material; Ims). Composition is basaltic, similar to 
the nearside maria, but low in Fe and Ti. Other volcan-
ic features are domes, wrinkle ridges, sinuous rilles 
and  dark, Fe-rich plains (pNpd). Patches of smooth 
material enriched in FeO but buried or mixed into the 
regolith through impact activity (cryptomare [12]) are 
mapped as mantled mare (Nmm, Imm). Also present 
are high-albedo, surficial swirl-like markings of the 
Reiner Gamma class in Mare Ingenii (s). 

Geologic History: The geologic record in the pre-
Nectarian period was dominated by large impacts that 
formed Poincaré (~4.07 Ga), Planck (~4.06 Ga), Jules 
Verne (~4.01 Ga) and Von Kármán (~3.97 Ga) basins. 
The oldest terra units are the rugged and highlands 
terra (~4.06 Ga). The smooth plains unit (pNps)  and 
iron-rich dark plains unit (pNpd) are also dated as pre-
Nectarian, essentially contemporaneous with each oth-
er at ~4.00 and ~3.98 Ga respectively.  

Key events during the Nectarian include formation 
of the Ingenii (~3.91 Ga) and Leibnitz (~3.88 Ga) ba-
sins, and the emplacement of mare within the crater 
Hildegard. Crater statistics for all these areas are with-
in, or nearly within, each other’s error bars, suggesting 
that these events happened within at most a few tens of 
millions of years of each other. Ingenii ejecta would 
likely have covered most of the quadrangle, mantling 
any older mare deposits, if they existed [13].  

Most volcanic deposits are late Imbrian. The larger 
ponds all cluster within ~3.74-3.71, except for one 
pond in Pauli crater (~3.61 Ga), and one in Poincaré F 
(~3.79 Ga). One possible interpretation based on the < 
20 My of chronological separation of most mare 
ponds, is to consider all mare deposits as contempora-
neous. However, the ponds in and around Poincaré 
were previously dated lower Imbrian by [8], and the 
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two largest ponds in this area both pre-date all mare 
deposits except for the oldest, likely less affected by 
Ingenii ejecta. These observations are consistent with 
an older age for the two deposits. 

The knobby terra unit (pNtk) is dated at the begin-
ning of the early Imbrian (~3.83 Ga), consistent with 
the interpretation that it is associated with terrain dis-
ruption at the antipode of the Imbrium basin. The surf-
icial swirls (s) are also dated as early Imbrian (~3.78 
+/- 0.02 Ga). This age is not consistent with an origin 
by young cometary impact or meteoroid scour. Rather, 
it is more likely associated with processes involved 
with shielding or sorting of particles by a magnetic 
field associated with the Imbrium antipode [14].  

Discussion:  Crater degradation manifests as a con-
tinuum rather than a set of discrete characteristics, so 
mapping on the basis of morphology alone (i.e., creat-
ing a geomorphic map) is problematic. Though this 
was necessary in producing the older maps, the availa-
ble dataset has now been broadened to include far 
higher-resolution imaging, as well as multispectral 
information and full topographic coverage. This fact 
led to the most obvious difference between prior ef-
forts [6-8] and this map:  we mapped fewer degraded 
craters 25-100 km in diameter as discrete units, espe-
cially in the western cratered highlands. Since the goal 
was to collectively document major episodes of unit 
emplacement and modification, we chose to map the 
highlands as a relatively contiguous unit punctuated by 
impact structures large enough to have changed the 
character of the underlying rock such that the surface 
morphology has altered, or young enough to have reset 
the age of the underlying rock.  

The argument could be made that mapping each 
individual crater rim above a certain size would be a 

valid approach, as these would presumably represent 
different ages (and thus different stratigraphic rock 
bodies). However, the improved cratering statistics 
(which included some degraded craters previously 
mapped as discrete structures) yielded a unit age for 
the cratered highlands of 4.06 Ga +/- 0.00. This low 
dating error indicates that the craters mapped are iden-
tical chronologically to the nearby hills and mounds. 
As these craters are also texturally and compositionally 
indistinguishable from their surroundings, and the 
morphologic differences are subtle, we chose to inter-
pret these craters as being an integral, defining charac-
teristic of the cratered highlands unit.  
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Figure 1. 
Geologic map 
of the lunar 
Planck Quad-
rangle (LQ-
29).  
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