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IDENTIFICATION OF SULFATE DEPOSITS ON MARS BY OMEGA/MARS EXPRESS.  A. Gendrin1, J.-P. 
Bibring1, B. Gondet1, Y. Langevin1, N. Mangold2, J. F. Mustard3, F. Poulet1, C. Quantin4, 1Institut d’Astrophysique Spatiale, 
Université Paris 11, bâtiment 121, 91405 Orsay Campus, France (aline.gendrin@ias.fr), 2Orsay-Terre, CNRS et Univ. Paris-Sud, 
Orsay, France, 3Department of Geological Science, Box 1846, Brown University, Providence RI, 02912, 4Laboratoire de 
Sciences de la Terre, Bat Géode, 2 rue Raphaël Dubois, 69622 VILLEURBANNE. 

 
Introduction: We report here the identification of 

sulfates by the OMEGA/Mars Express instrument, in 
Mars orbit since December 2003. These sulfates are 
associated with layered deposits, which have been 
extensively studied ([1], [2], [3], [4], [5]).  

Dataset:  OMEGA is the VIS/NIR imaging 
spectrometer onboard ESA/Mars Express [6]. With a 
1.2 mrad IFOV, the spatial sampling varies from 300 
m at pericenter, to 4.8 km, when imaging from an 
altitude of 4000 km. It operates between 0.35 to 5.1 
µm in 352 contiguous spectral channels, with a 7 to 20 
nm spectral sampling.  

Along the first 5 months of operation, OMEGA has 
acquired ~80 strips, sampling most geological units, 
with Valles Marineris and Terra Meridiani prioritized 
targets, imaged at both high and lower resolution. 

Method: We perform an atmospheric correction 
assuming that the surface and atmospheric 
contributions are multiplicative, and that the 
atmospheric contribution follows a power law 
variation with altitude [7]. The atmospheric spectrum 
is then derived from the spectra over the slopes of 
Olympus Mons, assuming a constant surface 
contribution. The ratio of two spectra taken at the 
summit and base of Olympus Mons provides the 
atmospheric spectrum at a power function of their 
difference in altitude. 

In the atmosphere-corrected dataset, we search for 
areas with distinct hydration bands at 1.9 µm and 2.1 
µm. The 1.9 µm absorption band is identified through 
a ratio of the average of 3 channels at ~1.80 µm, to 
that of 3 channels at ~1.94 µm. The 2.1 µm absorption 
band is characterized by the ratio of the average of 3 
channels at ~1.94 µm and 3 channels at ~2.13 µm.  

Results:  We identify 10 areas inside Valles 
Marineris, 3 inside and/or close to Aram Chaos, and 
one in Oxia Palus (Fig. 1). They all correspond to light 
tone deposits. We also identify sulfate-rich areas 
associated with the etched terrain unit in Terra 
Meridiani [8] (Fig. 1).  

The spectra of these deposits can be described in 
four classes: 

- the first class exhibits 1) an absorption band at 
1.6 µm, 0.4 µm wide, 2) an absorption band at 2.1 µm, 
0.4 µm wide, and 3) an absorption band at 2.4 µm, 0.1 
µm wide (fig. 2). The comparison of this type of 
spectra with a library spectrum of kieserite (MgSO4, 
H2O) shows an excellent fit from 1.4 to 2.5 µm. The 

kieserite spectrum is quite distinct from any other 
library spectrum matched so far. We thus consider that 
the identification of the kieserite is highly reliable; 

- the second class is characterized by 5 absorption 
bands, at 1.4, 1.75, 1.9, 2.2, and 2.4 µm. The position 
of these 5 bands corresponds to those of gypsum 
(CaSO4, 2 H2O); 

- the third class exhibits less diagnostic features, at 
1.4, 1.9, and 2.3 µm. Such features are indeed found in 
the spectrum of several minerals such as ferrihydrite, 
natrojarosite, nontronite, serpentine, smectite, 
vermiculite, hisingerite. The precise band positions of 
these minerals vary slightly, which should enable an 
unambiguous identification. However, the likely 
occurence of mixtures does complicate the 
identification, which is not completed at this point. We 
consider that any or several of the quoted above 
minerals are candidates; 

- the fourth class of minerals shows absorption 
bands at 1.4 and 1.9 µm, and a drop in reflectance at 
2.4 µm. This is characteristic of sulfates, although 
several might provide a good fit: kainite, epsomite, 
polyhalite, bloedite, hexahydrite. 

Implications: OMEGA has confirmed from orbit 
the finding by Opportunity of sulfates in its Terra 
Meridiani landing site.  OMEGA has extended this 
identification to several larger areas, in Terra 
Meridiani as well as inside and in the surrounding of 
Valles Marineris. These sulfates are associated with 
light tones deposits. Not all light tone deposits, though, 
do show sulfate-rich minerals, as identified through 
their absorption bands. It may well be that these areas 
have not yet been imaged by OMEGA at a sufficiently 
high resolution (< 400 m), which will occur, given the 
orbit evolution, during this fall.  

The identification and mapping of Ca and Mg 
sulfare rich areas, with their corresponding structural 
context as described by the high resolution 
stereoscopic optical imaging (HRSC), should enable to  
accurately constrain the climatic evolution of Mars, 
with a particular emphasis on water related processes. 
We will discuss our results in the framework of the 
various models envisioned so far ([1], [2], [3], [4], 
[5]). 

References: [1] Lucchitta, B. K. et al. (1994) JGR, 
99, 3783-3798. [2] Nedell, S. S. and S. W. Squyres 
(1887) Icarus, 70, 409-441. [3] Malin, M. C. and 
Edgett, K. S. (2000) Science, 290, 1927-1937. [4] 
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Komatsu, G. et al. (2004) PSS, 52, 167-187. [5] 
Chapman, M. G. et al. (2003) JGR, 108, 2-1. [6] 
Bibring et al. (2004), ESA-SP 1204. [7] Bibring, J.-P. 

(1989) Nature, 341, 591-593. [8] Arvidson, R. E. et al. 
(2003) JGR, 32, A74. 

 
Fig 1: Left: repartition of the sulfates in Terra Meridiani. The geological map of terra meridiani is shown in background (from [9]). The 
whitened areas have been covered by OMEGA. In red, the location of the identified sulfates. Right: location of the sulfates inside and in the 
vicinity of Valles Marineris. The ground track of the OMEGA orbit for which a sulfate area has been identified is hachured. Each white rectangle 
indicates the approximate location of a sulfate area. 

 
Fig 1: mineralogical identifications on the sulfate deposits found in the OMEGA dataset. First column: kieserite. Second column: gypsum. 

Third column: minerals with a 1.9 and a 2.3 µm band. Fourth column: minerals with a 1.4, 1.9, and 2.4 µm band. First line: library spectra. 
Second line: OMEGA spectra. Third line: spectral ratios. The chosen wavelength range corresponds to the wavelength range where the 
mineralogical signatures of sulfates are observed. The library spectra in the third column correspond to ferrihydrite (black), natrojarosite 
(purple), nontronite (blue), serpentine (darker green), smectite (lighter green), vermiculite (orange), hisingerite (red). The library spectra in the 
fourth column correspond to kainite (black), epsomite (purple), polyhalite (blue), bloedite (darker green), hexahydrite (lighter green). 
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SURFICIAL GEOLOGY OF THE SPIRIT ROVER TRAVERSE IN GUSEV CRATER: DRY AND 
DESICCATING SINCE THE HESPERIAN.  M. P. Golombek1 and the Athena Science Team, 1Jet Propulsion 
Laboratory, Caltech, Pasadena, CA 91109. 
 

Introduction: The Spirit rover landed 
successfully in a low albedo portion of Gusev crater 
at 14.5692°S, 175.4729°E on January 3, 2004 and has 
traversed about 3.5 km over 180 sols through cratered 
plains to Bonneville crater and the Columbia Hills 
[1]. Gusev, a 160 km diameter Noachian crater that 
lies at the terminus of the 900 km long Ma’adim 
Vallis, was selected as a landing site to search for 
evidence of previous liquid water flow and/or 
ponding [2]. Although no clear evidence of fluvial or 
lacustrine activity has been identified in the cratered 
plains (excepting rocks in the Columbia Hills), their 
surficial geology strongly limits any warmer and/or 
wetter period of Mars history (e.g., observed at 
Meridiani Planum [3]) to be pre-Late Hesperian. This 
paper will review the surficial geology of Gusev 
crater as observed along the traverse by Spirit with 
special reference to the derived gradation history that 
strongly argues for a dry and desiccating environment 
since the Late Hesperian. 

Columbia Memorial Station:  The landing site 
is a generally low relief somewhat rocky plain 
dominated by shallow circular depressions and low 
ridges [4]. The Columbia Hills ~2 km to the east are 
over 100 m high and the rim of Bonneville crater 
(200 m diameter) form the horizon 240 m to the 
northeast.  

Preliminary rock counts suggest ~5% of the 
surface is covered by rocks >1 cm diameter (± a 
factor of two in the scene) near the lander, which is 
substantially less than at any of the 3 previous 
landing sites, although the size-frequency distribution 
follows a similar exponential [5]. Boulder and 
cobbles are rare; the largest rock within 20 m of the 
lander is <0.5 m diameter and the area covered by 
rocks >10 cm is about 50% of the total area. Most 
rocks are angular to sub-angular of variable 
sphericity, and almost none display obvious rounding 
[4].  

A vast majority of the rocks appear dark, fine 
grained, and pitted. Many appear to be ventifacts, 
with flutes and grooves formed by impacting sand in 
saltation [6]. Most rocks appear coated with dust and 
some lighter toned rocks have weathering rinds 
whose formation may have involved small amounts 
of water. The chemistry and mineralogy of the rocks 
described elsewhere (and the pits as vesicles) appear 
to be consistent with olivine basalts [7] and the soil 
appears similar to soil elsewhere on Mars [1]. 

Hollows: Shallow circular depressions, called 
hollows generally have rocky rims and smooth soil 
filled centers. Perched, fractured and split rocks are 
more numerous around hollows than elsewhere and 
lighter toned (redder) rocks are often closer to eolian 
drifts [4]. Hollow morphology and size-frequency 
distribution strongly argue that they are impact 
craters rapidly filled in by eolian material. 
Excavation during impact would deposit ejecta with 
widely varying grain sizes and fractured rocks, which 
would be in disequilibrium with the eolian regime. 
This would lead to deflation of ejected fines, 
exposing fractured rocks, and creating a population 
of perched coarser fragments. Transported fines 
would be trapped within the depressions creating the 
hollows. Trenching in Laguna hollow near the edge 
of the Bonneville ejecta exposed unaltered basaltic 
fines capped by a thin layer of brighter, finer, 
globally pervasive dust. The dust-free nature of 
sediment in the hollows coupled with their uniformly 
filled appearance implies rapid modification to their 
current more stable form. 

Bonneville Crater:  Several lines of evidence 
suggest Bonneville is a relatively fresh crater that 
was formed into unconsolidated blocky debris [4]. 
Rock abundance and the largest block size increases 
by a factor of 2-4 from the discontinuous ejecta, 
through the continuous ejecta to the rim, suggesting a 
relatively pristine ejecta blanket. The rim is ~3 m 
high and although the crater is shallow (~10 m deep) 
the rubble walls show no signs of mass wasting and 
eolian material deposited inside is limited to 1-2 m 
thickness by protruding boulders. No bedrock is 
exposed in the walls, even where impacted by smaller 
craters in the wall. The low depth to diameter ratio of 
Bonneville and other small craters in and on its walls 
suggest that they formed as secondary craters [8]. 

Eolian Activity:  The red soils appear to be 
cemented fines and sand (coarse and fine) and 
granules have been sorted into eolian bedforms. 
Bedforms consist primarily of meter-size ripples in 
which the crests have a surface layer of well-rounded 
coarse sands and the troughs consist of poorly size-
sorted sands with a bimodal size distribution, with 
modes centered on fine sand (0.1 to 0.3 mm in 
diameter) and coarse sand to granules (1-3 mm in 
diameter) [6]. The larger grains are sub-angular to 
rounded and appear to be lithic fragments. The sand 
does not appear to be currently active, based on the 
presence of surface crusts on the deposits and 
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bedforms, the inclusion of dust on the bedforms, and 
the absence of sand dunes and steep slip faces. Many 
small rocks appear embedded and cemented in the 
soil, suggestive of a crusted gravel armor or lag.  

Many of the rocks at Gusev show evidence for 
partial or complete burial, followed by exhumation 
[4, 6]. These include the two-toned rocks with a 
redder patination along the base, ventifacts that 
originate from a common horizon above the soil 
(suggesting that the lower part of the rock was 
shielded), rocks that appear to be perched on top of 
other rocks, and some undercut rocks, in which the 
soil has been removed from their bases. These 
observations suggest that surface deflation, perhaps 
highly localized, of 5 to 60 cm has occurred.  

Landing Site Predictions: Landing site 
evaluation during selection predicted that both 
landing sites would be safe for the landing system 
and trafficable by the rovers [2]. At Gusev crater, 
available data suggested it would look generally 
similar to the Viking Lander (VL) and Mars 
Pathfinder (MPF) landing sites, but would be less 
rocky. High-resolution images indicated a cratered 
plain. These general predictions were correct and the 
specific remote sensing data at the actual landing 
locations are consistent to the surface characteristics 
observed by the rovers [5].  

The landing location has a bulk TES thermal 
inertia of 300-350 J m-2 s-0.5 K-1, suggesting a surface 
dominated by duricrust to cemented soil-like 
materials or cohesionless sand and granules, which is 
consistent with the observed thermal inertias and soil 
characteristics at Gusev [5]. Spirit landed in the 
darkest portion of the Gusev landing ellipse (albedo 
~0.19) characterized by dust devil tracks, and then 
traversed into a higher albedo area that included 
Bonneville (albedo ~0.26). The albedo measured by 
Pancam is comparable, suggesting that albedo in 
Gusev can be used as a proxy for the amount of 
bright atmospheric dust on the surface. Rock 
abundance derived from orbital thermal differencing 
techniques at the Gusev landing site (7%) is similar 
to rock counts within 10 m of the Columbia 
Memorial Station (~5%), although the abundance of 
rocks has varied by perhaps a factor of 2-4 along the 
traverse. Orbital estimates of slope at 1 km and 100 
m scales from MOLA topography and 5 m from 
MOC stereogrammetry and photoclinometry and 
radar roughness indicate Gusev is comparable to or 
smoother than the Viking Lander 1 and Mars 
Pathfinder sites at all three scales, consistent with the 
relatively flat and moderately rocky plain seen in the 
Pancam and Navcam images [5]. 

Implications for the Climate:  The observation 
that the landing site looks as predicted from orbital 

remote sensing data has important implications for 
the climate that has acted on the cratered plains since 
they formed. High-resolution MOC images showed a 
cratered surface and Spirit observations indicate a 
surface dominated by impact and eolian activity. 
Mapping and crater counts of Gusev show that the 
cratered plains are Late Hesperian/Early Amazonian 
in age [9]. The history of gradation and modification 
of the surface thus represents the cumulative change 
of the surface since ~3.0 Ga [10].  

The gradation and deflation of ejected fines of 5-
60 cm and deposition in craters to form hollows thus 
provides a measure of the rate of erosion measurable 
in an average vertical removal of material per unit 
time typically measured on Earth in Bubnoff units 
(1B=1 m/yr) [11]. The exhumation of rocks at Gusev 
suggest of order 10 cm average deflation of the site in 
3 Ga, which yields extremely slow erosion rates of 
order 0.1 nm/yr or 10-4 B. Erosion rates this slow are 
comparable to those estimated at the Mars Pathfinder 
landing site (~0.01 nm/yr in [12]) and at the Viking 
Lander 1 site (~1 nm/yr in [13]) and argue that a dry 
and desiccating environment similar to today’s has 
been active throughout the Hesperian and Amazonian 
[12] or since ~3.7 Ga [10].  

By comparison, erosion rates estimated from 
changes in Noachian age crater distributions and 
shapes are 3-5 orders of magnitude higher [see refs in 
12] and comparable to slow denudation rates on the 
Earth (>5 B) that are dominated by liquid water [11]. 
The erosion rates derived from the cratered plains of 
Gusev therefore yield a sharp contrast to the results 
from the Noachian age evaporates from Meridiani 
Planum [3] and the erosion rates for other Noachian 
terrains in which water was present and the climate 
may have been warmer and wetter. The erosion rates 
from Gusev as those from Viking 1 and Pathfinder 
strongly limit this warmer and wetter period to the 
Noachian, pre-3.7 Ga and a dry and desiccating 
climate since. 

References: [1] Squyres, S. et al. (2004) Science, in 
press. [2] Golombek M. et al. (2003) JGR, 108(E12) 
doi:10.1029/2003JE002074.. [3] Squyres, S. et al. (2004) 
this volume. [4] Grant J. et al. (2004) Science, in press. [5] 
Golombek M. et al. (2004) LPS XXXV, Abs. #2185. [6] 
Greeley R. et al. (2004) Science, in press. [7] McSween H. 
et al. (2004) Science, in press. [8] Hurst M. et al. (2004) 
LPS XXXV, Abs. #2068. [9] Kuzmin R. et al. (2000) USGS 
Map I-2666. [10] Hartmann W. & Neukum G. (2001) 
Space Sci. Rev. 96, 165-194. [11] Judson S. & Ritter D. 
(1964) JGR 69, 3395-3401. Sanders I. & Young A. (1983) 
Earth Surf. Proc. Landforms 8, 473-501. [12] Golombek 
M. & Bridges N. (2000) JGR 105, 1841-1853. [13] 
Arvidson R. et al. (1979) Nature 278, 533-535.  

Second Conference on Early Mars (2004) 8055.pdf



REMOTE SPECTRAL IMAGING WITH ACTIVE EXCITATION DIODE ARRAYS USING 
INTEGRATED SENSING AND PROCESSING.  J. Clay Harris and Robert A. Lodder, A123 Advanced Science 
and Technology Center, University of Kentucky, Lexington, KY 40506-0286, Email: Lodder@uky.edu 

 
 
Introduction:  Long Martian winters and rough 

terrain limit the amount of data that can be obtained 
from different locations using a roving vehicle that 
must contact a target to sample it. The search for in-
digenous life signatures near locations where water 
may be intermittently present demands the ability to 
sense water and residues of life farther from the vehi-
cle. Spectral imaging instruments originally designed 
to search for biofilms in pharmaceutical cleaning vali-
dation can be modified and used to remotely sense 
astrobiologically interesting sites (in a geologic and/or 
biologic context). If detected, the vehicle could then 
navigate to the site and conduct further in-situ sam-
pling. On a nuclear-powered vehicle, the instrument 
could be designed to operate at night where lighting 
conditions would be ideal for spectral imaging with 
specific wavelength solid-state illuminators in the UV, 
visible, and near-infrared spectral regions. 
     Modern hyperspectral imaging is able to collect 
large quantities of information with amazing speed. 
Reducing these data from physical fields to high-level, 
useful information is demanding. Integrated computa-
tional imaging (ICI) is a process in which image in-
formation is encoded as it is sensed to produce infor-
mation better suited for high-speed digital processors. 
Both spatial and spectral features of samples can be 
encoded in ICI. When spectral images are simultane-
ously obtained and encoded at many different wave-
lengths, the process is called hyperspectral integrated 
computational imaging (HICI). Lenslet arrays, diode 
arrays, and masks are ideal for encoding spatial fea-
tures of an image. This process is used in this research 
to analyze geological samples and biofilms. Because 
the voltage on a single detector can reveal analyte 
concentration, HICI is able to calculate chemical im-
ages more rapidly than conventional approaches. 

ted 

The instrument passed over the surface in 7 
push-broom sweeps, collect or of data for 
each row. 

     Experimental: A simple prototype sensor with a 2 
x 2 light-emitting diode (LED) array and a silicon 
phototransistor detector was constructed in order to 
analyze a test target and a single-species biofilm 
grown on the surface of limestone.  The array was 
designed with each of the four LEDs modulated at 
different audio frequencies to enable spatial and spec-
tral differentiation of received signals. Two LEDs had 
emission peaks at 530 nm and two LEDS had emission 
peaks at 630 nm.  The prototype interfaced directly 
with a notebook computer through the sound card, and 
all data were processed in Matlab v6.5.  Fourier trans-
forms were calculated on the received signals 
rendering the signal from each of the four LEDs easily 
distinguishable.  In this manner, the spatially resolved 
absorption spectrum [log(1/R)] of a particular surface 
could be determined directly from a comparison of 
peak heights in the FFT of the signal from photodetec-
tor.  The sensor contained variable resistors in the op-
amp feedback circuit that enabled the output voltage to 
be controlled in response to ambient lighting condi-
tions.  While the photodetector itself was sensitive to 
environmental light noise, the Fourier transform 
permitted the isolation of the reflectance signal 
produced by each LED, thereby eliminating unwan
noise. 

     A test pattern was printed for analysis (shown in 
Figure 1).  

ing  a vect

 

      Cyanobacteria live in harsh environments where 
water is intermittently available. These cells form pho-
totrophic endolithic biofilms on rocky surfaces that 
derive energy from sunlight. In addition to producing 
molecules that utilize light as an energy source, cyano-
bacteria produce mycosporine-like amino acids as well 
as other compounds that serve as UV sunscreens; that 
property can be used with geological context as a 
chemical marker for the presence of biofilms. It is hy-
pothesized that reflectance measurements made by a 
UV/visible/near-IR spectral imaging system mounted 
on a roving vehicle can be used to detect the presence 
of living or nonliving cyanobacterial colonies.  

 

Figure 1.  Test pattern on a printed target. 

The reflectances were converted to log(1/R) values 
and graphed as a 3-d mesh in Figure 2. 
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Figure 2. 3-d mesh plot of absorbances from surface 
scan in Fig. 17.  Comparison with Fig. 1 indicates that 
the pattern of absorbances perfectly matches the test 
grid.  The two horizontal axes in the data cube are 
distances in pixels, while the vertical axis represents 
the z-scored signals reflected from the surface (in SDs 
of the entire set).  High absorbance produced the high-
est values.  

 
A limestone surface with a thin layer of Gleocapsa 

biofilm was chosen for the second analysis.  Scans 
were collected from a surface that had been cleaned 
with a rock abrasion tool in the grid pattern shown in 
figure 3, exposing the underlying rock in some 

 

 

Figure 3.  Grid pattern abraded from the surface of 
limestone.      

places while leaving the algal film intact in others.  
The instrument passed over the surface in push-broom 
sweeps, collecting a vector of data for each row.  Data 
were collected over a period of 10 seconds at a sample 
rate of 44.1 kHz.  From the resulting data set, a 3-
dimensional mesh plot of spatial location versus re-
flectance reconstructed the distribution of algal film on 
the rock surface (shown in figure 4). 

 

 
 

Figure 4.  3-d mesh plot of 2-dimensional position vs. 
intensity.  The cleaned areas on the stone appear as 
light blue, yellow or red, while the film-covered areas 
appear in dark blue. 

 
With more wavelengths many different underlying 
geological samples can be differentiated.   Limestone 
(n=16 stones), sandstone (n=18), sand (n=10), and soil 
(n=10) samples were collected for analysis in the near-
IR spectral region.  All samples were cleaned 
thoroughly, followed by baking at 230o C for one hour 
to drive off moisture (which shows up intensely in the 
near-infrared). Near-IR diffuse reflectance spectra of 
all samples were collected using an InfraAlyzer 500. 
The original spectra were collected from 1100-2500 
nm at 2 nm resolution. Nineteen wavelengths were 
retained for principal component analysis, correspond-
ing to the laser diode wavelengths in the 1100-2500 
nm range that were proposed for the MSL SEARCH 
project. 

 
Figure 5.  Principal components 1,2, and 3 from the 
geological sample data set. 

 
The geological sample groups were all well sepa-

rated at the selected wavelengths. 
Conclusion: UV/vis/NIR laser diodes in an ICI 

system offer the opportunity to rapidly analyze geo-
logical formations and endolithic biofilms. 
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EVOLUTION OF VALLEY NETWORK FORMATION: SURFACE RUNOFF TO GROUNDWATER 
DISCHARGE.  K. P. Harrison1 and R. E. Grimm1, 1Southwest Research Institute, 1050 Walnut Street, Suite 400, 
Boulder, CO 80302, harrison@boulder.swri.edu, grimm@boulder.swri.edu. 

 
 

Introduction: The ubiquitous Martian valley networks 
have traditionally been used to invoke a warm, wet 
early climate on Mars.  This hypothesis has been com-
plicated with each successive improvement in imaging 
data. Mariner 9 and Viking images revealed the impor-
tance of groundwater sapping morphology, typified by 
abrupt, alcove-like terminations, small numbers of 
tributaries, and poor interfluve dissection [1]. High 
resolution MGS MOC data revealed a more complex 
picture of groundwater processes, including evidence 
of erosion downstream of groundwater sources in ad-
dition to headward erosion through sapping [2]. MOC 
images also showed denser networks suggestive of 
surface runoff [2]. Martian valley networks can thus be 
separated into two groups: dense valley networks in-
fluenced by surface runoff (Figure 1) and sparse net-
works influenced predominantly by groundwater proc-
esses (Figure 2). We propose that the two groups mark 
a temporal shift in fluvial erosion processes spanning 
the late Noachian and early-to-late Hesperian.  The 
details of this hypothesis may be described in relation 
to a warm or cold early climate as follows. 

Warm Climate: The recent discovery of a river 
delta [3] and of water-related cross-bedding at the 
MER Opportunity landing site [4] argue for a warm, 
wet early Mars.  Under these conditions our hypothesis 
of valley formation evolution begins during the Noa-
chian with precipitation and the resulting incision of 
dense valley networks influenced by both groundwater 
and surface runoff. The age of these valleys is sup-
ported by their degree of degradation and their pre-
dominance on late Noachian units and relationship to 
Hesperian units [5]. Subsequent atmospheric loss at 
the end of the Noachian produced a drop in precipita-
tion rate and temperature.  The influence of surface 
runoff decreased, leading to formation of the predomi-
nantly groundwater-controlled sparse valley networks. 
A late Noachian-early Hesperian formation time for 
the sparse networks agrees with inferred stratigraphic 
positions [6] and is supported by their better state of 
preservation. Examples of sparse networks include 
Ma’adim Vallis which cuts the Noachian-Hesperian 
subdued cratered plains material (HNpl1, [7]), with 
fluvial activity thought to have continued episodically 
as late as the Amazonian [8]. Nanedi Valles crosses 
the Noachian Xanthe Terra region, but is not necessar-
ily Noachian in age, a suggestion supported by its 
proximity and similar degree of preservation to nearby 
Shalbatana Vallis, carved by an Hesperian outflow 
event.  

Because of decreasing atmospheric temperature in 
the late Noachian-early Hesperian, precipitation may 
have occurred as snow, leading to basal melting of ice 
sheets as a source of infiltration. In the early Hespe-
rian, the declining geothermal heat flux would have 
allowed the growth of the cryosphere, setting the stage 
for localized cryosphere disruption and the develop-
ment of the outflow channels.  Basal melting would 
occur only in regions of concentrated precipitation and 
anomalous heat flux, such as the Tharsis rise [9]. Low 
latitude precipitation and its accumulation on the sur-
face is made possible by high planetary obliquities 
thought to have occurred periodically during the Noa-
chian and Hesperian [10, 11].  

Despite the evidence for stable liquid water in the 
Noachian, difficulties in generating an early warm, 
thick atmosphere [12] make a cold climate scenario an 
attractive alternative. 

Cold Climate: In a cold, wet climate, basal melt-
ing of ice sheets may have started during the Noachian 
[12]. Low latitude precipitation would, as described 
above, be possible at high obliquities. Combined with 
high geothermal heat flux and atmospheric volatile 
content, this basal melting might have provided suffi-
cient infiltration and surface runoff for the develop-
ment of the dense valley networks. Subsequent atmos-
pheric loss would favor infiltration, leading to sparse 
valley network formation.  As the geothermal heat flux 
declined, a cryosphere would develop and basal melt-
ing would be restricted in the same way as described 
for the warm climate scenario. 

Evidence: An example of decreasing surface run-
off with time is found in Margaritifer Sinus. The con-
vergence in this region of Nirgal Valles, the Uzboi-
Ladon-Margaritifer (ULM) “meso-outflow” system, 
and the Samara and Parana-Loire valley systems [13] 
presents a complex history of fluvial processes.  While 
the Samara and Parana-Loire networks display some 
evidence of groundwater sapping [13], they have rela-
tively high drainage densities and some tributaries that 
head near drainage divides [13], suggesting an impor-
tant role for surface runoff.  In addition, these valleys 
are truncated by flow features in the ULM system, 
suggesting that flow ceased prior to activity in ULM 
and Nirgal.  The groundwater-controlled characteris-
tics of Nirgal and the outflow channel formation 
downstream of the ULM thus support a decrease in 
surface runoff with time. 
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Another example of the weakening of surface run-
off with time is demonstrated southeast of Echus 
Chasma [14] where dense valley networks influenced 
by surface runoff are truncated by tributary canyons 
controlled by groundwater sapping (Figure 3). Al-
though the valleys have been considered to be contem-
poraneous or younger than Echus Chasma [14], it is 
unlikely that they are younger than the canyon tributar-
ies at which they terminate, since these canyons show 
no signs of fluvial incision.  

The evolution of erosive modes in this region oc-
curred in the late Hesperian [14], after the transition in 
other parts of the planet.  The proximity of Echus 
Chasma to Tharsis suggests that locally enhanced geo-
thermal heat and precipitation [9] increased the rate of 
Hesperian basal melting in this region such that sur-
face runoff was able to influence fluvial erosion proc-
esses. This may have occurred either continuously 
since the end of the Noachian, or periodically, in re-
sponse to individual volcanic events. After the final 
period of surface runoff, reduced basal melting was 
sufficient to produce groundwater-controlled morphol-
ogy only, and fluvial erosion took place in the form of 
tributary canyon development. The presence of basal 
melting near Echus Chasma is consistent with our 
model of Hesperian Tharsis aquifer recharge described 
in other work [9]. 

The Hesperian re-activation of surface runoff proc-
esses in Echus may be compared to valleys on Amazo-
nian shield volcanoes.  If they were indeed formed 
fluvially, their density and topology suggest the influ-
ence of surface runoff [2], possibly produced by 
hydrothermal discharge. Thus, they may constitute 
another example of temporarily re-activated surface 
runoff following the onset of cold Hesperian condi-
tions. 

Outflow channels: The generally accepted model 
of outflow formation as disruptions of an icy Hespe-
rian cryosphere and subsequent surface discharge from 
a groundwater aquifer, is a natural extension of our 
valley network evolution hypothesis since outflow 
channel incision by flooding does not require surface 
runoff, and water is supplied by a groundwater reser-
voir. Late Noachian-early Hesperian valley networks 
dominated by groundwater-sapping likely formed 
shortly before the cryosphere was sufficiently thick to 
produce outflow channels. 

Fretted channels: The fretted channels, which are 
thought to be no older than the early Hesperian [15], 
were influenced by ice-assisted mass wasting rather 
than surface runoff, and are therefore consistent with 
the hypothesized evolution of fluvial processes. 

References: [1] Sharp R. P. and Malin M. C. (1975) 
Geol. Soc. Am. Bull., 86, 593-609. [2] Carr M. H. and Malin 

M. C. (2000) Icarus, 146, 366-386. [3] Malin M. C. and 
Edgett K. S. (2003) Science, 302, 1931-1934. [4] NASA 
press release (2004) #2004-090. [5] Carr M. H. (1996) Water 
on Mars. [6] Tanaka K. L. (1986) JGR, 91, E139-E158. [7] 
Kuzmin R. O. et al. (2000) U. S. Geol. Surv. Map I-2666, 
1:500K. [8] Cabrol N. A. (1998) Icarus, 133, 98-108. [9] 
Harrison K. P. and Grimm R. E. (2004) GRL, In press. [10] 
Jakosky B. M. and Carr M. H. (1985) Nature, 315, 559-561. 
[11] Laskar J. et al. (2004) Icarus, 170, 343-364. [12] Carr 
M. H. and Head J. W. (2003) GRL, 30, DOI 
10.1029/2003GL018575. [13] Grant J. A. and Parker T. J. 
(2002) JGR, 107, DOI 10.1029/2001JE001678. [14] Man-
gold N. et al. (2004) Science, 305, 78-81. [15] Carr M. H. 
(1995) JGR, 100, 7479-7507. 

 
 

 
 

 
 

Figure 2. The ground-
water-controlled mor-
phology of  Nirgal Val-
lis.  Image is 120 km
across, centered at
43.4 W, 27.6 S, north
toward top (MOC wide-
angle M03-01844). 

Figure 1. Dense Noa-
chian valley network 
near Parana Valles at 
8.3 W, 25.9 S. North 
toward top. (MOC, 
from [3]). 

Figure 3. Valley net-
works at 81.5 W, 0 S
truncated by tributary
canyons leading into
Echus Chasma.  Image
is 30 km across (day IR
THEMIS image
I06419047). 
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RECONSTRUCTING GEOLOGIC ACTIVITY HISTORY OF EARLY MARS. W. K. Hartmann, Planetary
Science Institute, 1700 E. Ft. Lowell,. Suite 106, Tucson AZ 85719; hartmann@psi.edu

By combining the resurfacing rates in different
geologic periods of Mars, calculated by Tanaka et al.
(1987) [1], with recent estimates of the durations of the
periods, it is possible to reconstruct a first-order history
of the resurfacing of Mars by various processes, such
as fluvial, periglacial, and volcanic activity.  The result
shows that all these rates were one to two orders of
magnitude higher in the Noachian than in the
Amazonian, with the Hesperian as a transition period
(Fig. 1).  This first-order result seems to be robust
under various plausible assumptions and solutions for
the timescale.

This result is confirmed in a quasi-independent
estimate, which measures survival lifetimes of craters
on Mars as a function of diameter.  Small craters are
obliterated faster, due to the net effect of infill and
erosion processes.  The "net obliteration activity" on
Mars measured for craters in this way also shows a one
to two order of magnitude higher rate in the first
quarter of Martian history (Fig. 2), which we can
attribute to the net effect of the fluvial, periglacial,
volcanic, and other resurfacing processes.

Recent work on obliquity changes and consequent
climate variations shows that the Mars we see today is
not the typical Mars.  The most likely obliquity appears
to be around 45o, with excursions up to 82o.  Ice
deposition rates at various latitudes, along with general
environmental conditions, appear to vary significantly
during these cycles [2, 3, 4].  When these variations,
which have periodicities of the order 10 My, are
coupled with the long-term geologic evolution
sketched above, we can predict that further geologic
exploration of Mars will reveal a very complex history
with a wider range of environmental conditions at any
given location than expected only a few years ago.

Our work on the Meridiani Planum area, for
example, has suggested very early, possibly lacustrine
environment about 3.5 - 4.5 Gy ago (based on very
high densities of very degraded craters), which was
covered by sediments and very recently exhumed
(based on a distinct, low density population of sharp,
fresh-appearing craters [5, 6].  This interpretation
appears supported by results from the Opportunity
rover, with its finding of sulfate-rich rocks.

In the nearby region of Aram Chaos, a large
equatorial crater was filled in early times with ice-rich
sediments.  The ice apparently melted, causing
collapse (forming the chaos), ponding on the crater's
east side, breaking through the east wall, eroding a
dramatic canyon, and flowing into Ares Vallis.  Free-
standing kilometer-scale blocks of sediment have
relatively youthful-looking gullies on their slopes,

similar to the better-known high-latitude gullies.  This
supports the interpretation that these equatorial
sediments were ice-rich (Fig. 3).

(a)

(b)

(c)

Figure 1.  Martian resurfacing rate vs. time for
different processes of resurfacing, based on
resurfacing data by Tanaka et al. (1987) [1] and
recent crater chronology data on timing of geologic
periods.
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Figure 3a.  General view of Aram chaos (an ancient
crater, lower left, filled with collapsed sediments),
and drainage through crater rim into Ares Vallis
(right).  (MOC Atlas; Malin Space Science
Systems)  

Figure 2.  Crater obliteration rates (expressed as
net infall rates) as a function of Martian history.
(Preliminary result derived from crater survival
times as a function of diameter and depth.)

Figure 3b.  Closeup of tilted block of collapsed
sediments, showing that slope face on NE is cut by
gullies marked by typical alcoves along the top of
the slope and coalescing fans along the bottom.
This confirms water release from individual blocks
of collapsed sediments, and the general model that
collapse involved melting of ground ice
incorporated in the crater fill sediments
(M22-00311, 4 N , 21 W).

References:  [1] Tanaka, K.L., et al. (1987) Proc.
Lunar Planet Sci Conf. 18th., pp. 665-678.  [2] Laskar,
J., et al. (2002) Nature, 419, 375-377.  [3] Laskar, J.,
et al. (2004) LPS XXXV, Abstract #1600.  [4] Haberle,
R.M. (2004) LPS XXXV, Abstract #2010.  [5] Lane,
M., et al. (2003) Geophys. Res. Lett., 30, 14.
[6] Hartmann, W.K., et al. (2001) Icarus, 149, 37-53.
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DEGRADATION OF THE DICHOTOMY BOUNDARY:  IMPLICATIONS FOR MARS’ CLIMATE EVOLUTION.  
James W. Head and Caleb I. Fassett.  Department of Geological Sciences, Brown University, Providence, RI 02912. 
(James_Head@brown.edu & Caleb_Fassett@brown.edu). 

 
Introduction.  It has long been known that the boundary 

between the northern lowlands and the southern uplands (the 
dichotomy boundary) is characterized by both a (generally) 
distinctive topographic change , as well as characteristic geo-
logical units that appear to represent processes of weathering, 
degradation, and scarp retreat southward.  We first examine 
the nature and distribution of these units in the boundary re-
gion.  We then discuss how dichotomy modification processes 
appears to have varied in time and space, and how this might 
inform our understanding of global climate evolution on Mars. 

General description and distribution.  A variety of ter-
rains characterize the dichotomy boundary (Figures 1-3). At 
the largest scale (1:15M; [1-3]), the southern uplands are 
characterized by a variety of Noachian-aged units, most 
prominently the Plateau and high plains assemblage [1,2] of 
units, of which the Plateau sequence is the most important. 
Members of the Plateau sequence form "rough, hilly, heavily 
cratered to relatively flat and smooth terrain, covering most of 
the highlands". The most widespread of these units are of 
Noachian age and include the heavily cratered units (Npl1 and 
Npl2), the heavily cratered unit dissected by a higher density 
of valley networks (Npld), an etched terrain "similar to the 
cratered unit but deeply furrowed by sinuous, intersecting, 
curved to flat-bottomed grooves producing an etched or sculp-
tured surface" (Nple), and smoother intercrater ridged plains 
of possible volcanic origin (Nplr). The surface of the northern 
lowlands, on the other hand, is largely covered by the younger 
Hesperian-aged Vastitas Borealis Formation, and older units 
are virtually absent at the surface [1-3].   

The dichotomy boundary extends across a broad region 
(hundreds of kilometers wide) and has units with a range of 
ages.  Previous mappers at the 1:15M scale have put a symbol 
on the map described as the "Highland-Lowland boundary 
scarp" which was defined as a "Diffuse zone of transition 
between highland and lowland physiographic provinces" [1-3] 
(Figs. 1-3).  One of the most prominent units in association 
with this zone is mapped as HNu, Noachian-Hesperian, undi-
vided [1,2]. This unit forms "closely spaced conical hills a few 
kilometers across whose distribution indicates that they are 
remnants of numerous craters."  The unit also "forms rugged 
terrain on margins of cratered plateaus, and isolated rem-
nants..."  The unit is gradational with the Apk, the Amazo-
nian-aged knobby plains material, where the two units adjoin, 
but hills in the HNu unit "are more closely spaced, larger, and 
occupy more that about 30 percent of the area." The HNu unit 
is interpreted as "eroded remnants of ancient cratered terrain 
produced by mass-wasting processes, possibly as result of 
removal of ground ice..." Etched plains material (AHpe) is 
composed of irregular mesas and pits, and ranges from mid-
Hesperian to mid-Amazonian in age [1-3].  

Late modification affects large portions of the dichotomy 
boundary (the Tharsis volcanic complex, the Chryse basin and 
outflow channel complex, and the thick mantling deposits of 
the Medusae Fossae Formation).  In what follows, we charac-
terize the dichotomy boundary zone in relatively undisturbed 
portions, where its expression has largely not been obscured 
by later events.  

Detailed Areal Distribution.  One of the most promi-
nent and aerially significant portions of this terrain is found in 
the Deuteronilus Mensae region, extending ~1500 km from 
about 5° to 40°E, and occupying a band of terrain up to ~800 
km wide along the northern lowland-southern upland dichot-
omy boundary. In this region, the terrain spans an elevation 
range from ~-4 km to ~-2 km. It is largely made up of frag-
mented and isolated islands of Hesperian ridge plains (Hr) and 
Noachian plains, where the  fragments are large enough to 
map as specific outcrops, rather than components of a separate 

specific unit, as with HNu. Also mapped are large swaths of 
Apk, in the lows between the large islands, and preferentially 
toward the eastern edge of the region.      

A second major area of development is adjacent to Deu-
teronilus, extending eastward along the dichotomy boundary 
for about 2400 km from 40° to 85°E to the Isidis Basin.  Here 
the terrain is more knobby and occupies a 500-700 km wide 
belt that spans an elevation range from ~-3 km to ~0 km. The 
major map unit in this area is HNu, with minor amounts of 
Apk.   

East of the break in the dichotomy boundary formed by 
the Isidis Basin, the knobby terrain reappears in a swath at, 
and parallel to, the dichotomy boundary extending from the 
eastern rim of Isidis (~100°E) for about 4700 km to the vicin-
ity of 180°E, before it becomes largely mantled by the 
younger Medusae Fossae Formation.  In this region, the eleva-
tion range is about -2 km to 0 km. The major unit mapped in 
the eastern part of this area is HNu, with minor amounts of 
Apk.  At the crater Gale (~138°E) the proportion changes so 
that to the east of Gale, Apk dominates.   

Description of the dichotomy boundary using MOLA 
detrended topography: MOLA Topography that has been 
filtered  using a median high-pass filter to remove the regional 
slope (Fig. 3) is ideally suited to demonstrate the nature of the 
progressive disintegration of the southern uplands at the di-
chotomy boundary.  At the base of the image, heavily cratered 
Noachian aged etched plains (Nple) [1,2] are exposed over the 
lower 200 km of the area.  At the northern edge of this area, a 
series of complex generally east-west trending faults cut the 
Nple in to a series of polygonal blocks.  Theater-headed val-
leys and channels form in and adjacent to these faults, and 
enlarge and often interconnect them.  Northward of this, ap-
proximately in the middle of the image, is a broad, 150-200 
km wide zone in which the polygonal terrain is further broken 
up and degraded into smaller polygons.  This area is mapped 
as part of the Hesperian-Noachian undivided (HNu) terrain 
[1.2] and is clearly transitional to the larger blocks of poly-
gons toward the southern uplands.  In the upper right-hand 
part of the image, the terrain is mapped as Amazonian-
Hesperian etched plains (AHpe) [1.2], characterized by irregu-
lar mesas and pits. This terrain is characterized by even 
smaller and more rounded knobs that appear to be transitional 
to the mesas and polygons of HNu.  Thus, the case has been 
historically made that the units and facies that are mapped 
across the dichotomy boundary here represent the progressive 
degradation and mass wasting of the original margin of the 
dichotomy boundary (see summary in [3, 4]).  The distance 
over which this terrain occurs suggests that the retreat in this 
area (Fig. 3) could have been 200-400 km.  The possible mag-
nitude of this retreat has important implications for how we 
understand the geological history of early Mars. 

Facies and terrains:  In the broader context of this and 
related areas (Fig. 1-3) we observe a series of features and 
facies that characterize the dichotomy boundary across the 
zone.  These features are not always all present in the same 
locations, and they also overlap with each other to some de-
gree. They are as follows:  1) Unmodified plains/uplands 
terrain;  2) Polygonized Craters (PCs): These have poly-
gons developed in crater interiors and often have exit chan-
nels, which are usually fretted valleys.  3) Theater-headed 
valleys (THVs): These develop from PCs as well as the frac-
ture zones and polygonal plateaus.  4) Fracture zones (FZs):  
Linear fractures with a range of morphological expressions, 
including graben and structurally-controlled valleys, that are 
narrow to wide and oriented usually parallel but sometimes 
normal to the dichotomy boundary.  5) Polygonal plateaus 
(PPs):  These are highly polygonized plains units that have 
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been cut by the fractures seen in the FZ, but along which ero-
sion and removal of material has occurred.  6) Hummocky 
terrain (HT): Transitional to polygonal plateaus; smaller and 
less distinct, more rounded, but has polygons interspersed 
throughout, with generally fewer toward the knobby terrain.  
7) Knobby terrain (KT): Abundant small knobs, smaller and 
lower elevation than the hummocks in the HT, occasional 
hummocks.  8) Etched terrain:  Appears to have undergone 
some combination of thermokarst and eolian reworking.   

Summary and interpretation:  On the basis of the suc-
cessive degradation of the terrain as represented by the fault-
ing, polygonization, polygon degradation to mesas, and their 
further degradation to knobs, and on the features mapped 
within the zone (theater headed valleys, sapping features, 
channels, etc.), we favor the interpretation that a significant 
amount of groundwater was involved in the initial degradation 
and subsequent retreat of the dichotomy boundary.   

Given this evidence, we believe that the water table must 
have intersected the dichotomy boundary region’s surface 
during at least part of the time (Noachian and to the early 
Hesperian).  Thus, the dichotomy may have marked a focal 
point of groundwater escape.  At higher elevations zone in the 
southern uplands, a vadose zone likely separated the water 
table from the surface.   The water table would have a south-
to-north slope at an angle related to the level of recharge in 
the system at any given time.  Such a horizontally-connected 
groundwater system differs from what is believed to exist on 
Mars today [4]; this suggests the likely existence of either a 
steeper geothermal gradient early in Mars’ history, a warmer 
climate, or both.   

Following this early period, geological evidence suggests 
that a cryosphere thickened to became regionally stable and 
then globally extensive and thick [e.g. 4]. During this transi-
tion period, groundwater leakage at the base of scarps may 
have continued and freezing water may have assisted the 
downslope movement of material to cause debris aprons and 
lineated valley fill [5; Fig. 4-16]. Additional evidence suggests 
that the lineated valley fill and perhaps many debris aprons 
were characterized by a significant percentage of ice, placing 
them beyond the realm of simple ground water or ground ice-
assisted creep, and into the range of glacial and rock covered 
glacial activity.  New MOC, MOLA and THEMIS data 
strongly suggest that many examples of lineated valley fill are 
the result of glaciation [e.g. 6]. Numerous examples of appar-
ent glaciation and ice-assisted creep are observed along the 
dichotomy boundary from Deuteronilus Mensae to near the 
Isidis Basin (about 30-50 degrees N).  South of this latitude 
range, between the area NW of Isidis and Gale Crater (30N-
10S), the dichotomy boundary is narrower and less complex.  
This may reflect a less important role of ground ice and gla-
cial degradation closer to Mars’ equator.   

 In summary, erosional processes operating on the di-
chotomy boundary have varied significantly in time and 
space; the transition between dominant processes may domi-
nantly  depend (or have depended) on climate (and its changes 
in time and space).  Groundwater flow and seepage, valley 
networks formation,  sapping, and channel formation all oper-
ated to modify the boundary in the Noachian and early Hespe-
rian.  By the Amazonian, the presence of a global cryosphere 
had minimized the role of groundwater and the general cool-
ing climate had enhanced the role of surface ice-assisted creep 
and possible glaciation.  At this point, variation in orbital pa-
rameters cause insolation changes that from time to time made 
water ice stable in the 30-50 latitude region [e.g., 7] and 'ice 
ages' have occurred.  When these were of long duration, suffi-
cient ice and snow could accumulate to make ice-assisted 
creep and glaciation a major process in the modification of the 
dichotomy boundary in the mid-latitudes [6].  Nearer to the 
equator, ice-related degradation processes may be less exten-
sive.  Such assessment of the regional differences in the di-
chotomy boundary’s degradation may yield important infor-
mation about Mars’ climate evolution. 

Reference: [1] D. Scott and K. Tanaka (1986), USGS Map I-
1802A.  [2] R. Greeley and J. Guest (1987),  USGS Map I-
1802B.  [3] K. Tanaka et al. (2003), JGR, 108, 8043. [4]  S. 
Clifford (1993), JGR, 98, 10973; S. Clifford and T. Parker 
(2001), Icarus, 154, 40. [5] M. Carr (1996), Water on Mars, 
Oxford. [6] J. Head et al (2004), Dicho. Boundary Workshop, 
abs. subm.  [7] J. Head et al. (2003), Nature, 426, 797. 
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EROSIONAL HISTORY OF THE MARTIAN HIGHLANDS DURING THE 
NOACHIAN AND HESPERIAN.  A. D. Howard1, J. M. Moore2, R. A. Craddock 3, and R. P. 
Irwin, III3, 1Department of Environmental Sciences, P.O. Box 400123, University of Virginia, 
Charlottesville, VA 22904-4123, alanh@virginia.edu. 2NASA Ames Research Center, MS 245-3, Moffett 
Field, CA, 94035-100, 3Center for Earth and Planetary Studies, NASA Air and Space Museum, 
Washington, D.C. 20560. 
 

Introduction:  The environment and erosional 
history of Mars early in its history has been a subject 
of debate since the first global imaging from Mariner 
9.   We present a synthesis that reflects our conclusion 
that fluvial erosion was widespread and intensive 
throughout the Noachian, extending into the 
Hesperian. 

Earliest Noachian:  Frey and colleagues [1, 2] 
have identified numerous muted basins in the 
highlands and lowlands constituting a population of 
highly degraded earliest Noachian impacts.  They 
interpret the basins to be buried by later deposits, with 
much of the extant relief due to differential compaction 
[3].  In the Terra Cimmeria – Terra Sirenum region 
(including such basins as Gorgonum, Atlantis, 
Ariadnes) these muted basins often appear to be 
composed of multiple impacts, but which lack the 
usual septa rims between adjacent impacts.  Adjacent 
larger basins similarly often lack inter-basin rims.  
Simple burial and compaction would not suffice to 
eradicate such rims while retaining well-defined 
basins. Fluvial erosion, however, can destroy inter-
basin rims through a combination of erosion of crater 
rims and deposition in basin centers  [4]   We conclude 
that extensive fluvial erosion began very early in 
Martian history. 

Early to Mid-Noachian Fluvial Features:  MOC, 
THEMIS, and MOLA data support suggestions (e.g., 
[5]) that extensive fluvial erosion and deposition 
occurred throughout the highlands during the Noachian 
(e.g., [4]).  Sediment yields were high, infilling >10 
km diameter craters with several hundred meters of 
sediment and creating alluvial ramps at the foot of 
highland relief, thus implying active chemical or 
physical weathering. Erosion of massifs and inner and 
outer crater wall slopes reached close to divides, and 
drainage densities locally approached terrestrial values 
(e.g., [6]). Integrated drainage networks 100’s to 
1000’s km long were formed were regional slopes 
existed [6-9]. Erosion of highlands may have averaged 
several hundred meters [4, 10], although rates should 
have varied with regional slope and local climatology.  
Estimates derived from depth of incision or basin 
infilling are probably conservative because continual 
impact cratering reset the topography and disrupted 
drainage networks [6].  Both during and subsequent to 
their formation these fluvial features were highly 
degraded by impacts, eolian transport, mass wasting 
[11], and in many areas by extensive airfall mantling 
by dust, large-impact ejecta, or volcanic ash (e.g., 

[12]).  The statistics of degraded crater infilling and 
crater counts in the highlands are consistent with 
degradation primarily by fluvial processes at a rate that 
was proportional to the rate of new impacts [13], 
implying a gradual decline in fluvial activity. 

Noachian environment. The environment that 
supported such intensive erosion during the Noachian 
erosion is controversial [4], but the prevailing 
interpretation is that widespread, although episodic, 
precipitation (as snow or rain) occurred with associated 
runoff and groundwater seepage. The abundance of 
alluvial plains at the base of crater walls and the small 
number of breached crater rims suggests an arid 
climate, with ephemeral lakes in the larger craters [4].  
Noachian erosion amounts and rates appear to have 
been much less than terrestrial values in active tectonic 
settings and humid temperate landscapes, but may 
have been commensurate with terrestrial values in hot 
and cold desert landscapes (e.g. [4]).  This suggests 
either an arid climate during the Noachian, or, 
alternatively, precipitation may have been limited to 
climatic optima produced by volcanic eruptions [14] or 
large impacts [15]. 

Late Noachian – Hesperian landforms:  During 
this time period a distinct suite of water-related 
landforms were superimposed upon the earlier 
Noachian landscape of the highlands.  

Fluvial features:  Based upon Viking images, [16] 
distinguished between older, ‘degraded’ valley 
networks on the equatorial Martian highlands and 
younger, ‘pristine’ networks restricted to downstream 
reaches.  Recent MOC and THEMIS images confirm 
this distinction [17, 18].  Relatively unmodified fluvial 
features are found widely in the equatorial highlands.  
Sparse, arroyo-like networks incise 20-200 m into onto 
earlier Noachian fluvial deposits.  The incised channels 
seldom extend headward onto crater walls or upland 
slopes, but they can extend far downstream, 
rejuvenating the Noachian drainage paths. Although 
[16] described the channels as ‘pristine’, MOC NA 
images show that they were modified by cratering, 
mass wasting, and eolian deposition, but to a lesser 
degree than the Noachian network [11]. 

In contrast to Noachian fluvial activity, the runoff 
incising the ‘pristine’ channels required larger source 
areas to collect sufficient discharge to erode.  Sediment 
loads from headwater areas were low, allowing 
channel incision into earlier fans.  MOC NA and 
Odyssey Thermal IR imaging of the incised valleys 
commonly reveals a light-colored, high thermal inertia 
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layer that caps the tops of the valley walls bordering 
the incised valleys.  This suggests that resistance of the 
capping unit may also have contributed to limiting the 
areal extent of the late incision. Flows were large and 
long-lasting enough to permit up to 200 m of incision 
into presumably resistant materials of the Isidis rim 
massifs.  Deltaic sediments deposited by this upland 
incision record continuous or recurrent flows of 
moderate magnitude [19, 20]. The volume of the deltas 
appears to be commensurate with the volume of 
incised valleys eroded during this time period [19]. 
The ‘pristine’ fluvial features are the last major fluvial 
erosion event throughout the highlands, and probably 
date to latest Noachian and early Hesperian (e.g., [16]). 

The walls of some deep, late Noachian craters 
feature deep, incised reentrants and fan complexes 
presumably of equivalent age [18, 21].  These are 
similar to, but much larger than, the modern gully 
systems on some mid-latitude crater walls [22].   

The morphology and possible climatic environment 
of this suite of late stage fluvial features, and possible 
climatic environments, are more fully presented in [17, 
18].  

Correlative features:  The early outflow channels      
appear to date to this time period.  In particular, 
Ma’adim Valles and associated deposits in Gusev 
Crater may be Late Noachian-Early Hesperian [23], 
although [24] place the valley-forming flows later in 
the Hesperian.  [23, 25] hypothesize that this valley 
originated by overflow of a large highland lake basin.  
It this interpretation is correct, a strong hydrologic 
cycle characterized this time period.  More restricted 
ice-covered lakes may have persisted in this region 
well into the Hesperian [26]. 

Thick deposits of layered sediments of 
approximately early Hesperian age occur in a number 

of crater basins surrounding the north and east side of 
Hellas Basin, including Millochau  [27] and Terby 
Craters.  [28] suggest that the Hellas Basin hosted a 
deep, ice-covered lake at this time.   

Noachian-Hesperian transition environment.   The 
contrast in erosional style between the widespread 
Noachian erosion and the more limited ‘pristine’ 
channels indicates different climatic regimes. [17, 18] 
examine several scenarios for this change of erosional 
style, including headward migration of knickpoints by 
sapping (favored by [16]), low intensity but continuous 
precipitation, and basal melting beneath a thick ice 
cover [29].  [17] concluded that the limited headward 
extent of channel incision was best explained by runoff 
from snowmelt, with development of duricrusts as a 
contributing factor.  Alluvial fans formed during this 
time period appear to lack the secondary drainage that 
occurs on most terrestrial alluvial fans that results from 
post-depositional runoff erosion.  This suggests that 
the source of water for these fans was restricted to the 
contributing basins on the crater headwalls.  Such 
headwall alcoves might be natural traps for snowfall.  
A cold climate with relatively abundant snowfall is 
also consistent with the possible occurrence of large, 
possibly ice-covered lakes on the highlands and in 
Hellas at this time.  Runoff might have occurred during 
favorable obliquity conditions.  In addition, the 
Hesperian marked a peak in volcanic activity (e.g., 
[30]), possibly contributing to greenhouse warming 
and water inventories [31]. Although impact-induced 
climate optima [15] might aid either enhanced 
precipitation or snowmelt, the presence of long-lived 
deltas suggests volcanism or orbital mechanics 
controlled the Noachian-Hesperian climate or else 
prolonged the effects of impact-produced climate 
excursions. 
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Introduction:  The mineral gray hematite was discov-
ered in the Terra Meridiani region of Mars by the TES 
aboard the Mars Global Surveyor spacecraft [1].  The hema-
tite occurs on a broad plain that rests unconformably on the 
underlying Noachian cratered terrain and covers an area of 
~1 x 105 km2.  Formation of this mineral often requires the 
presence of water for extended periods of time, making the 
site of high astrobiological importance and the destination of 
the 2003 Mars Exploration Rover (MER) named Opportunity 
[2].  The Opportunity Rover has since found light-toned 
bedrock outcrops in the walls of craters where it landed and 
in situ analysis strongly suggests that they have been altered, 
and perhaps formed, by long-term interaction with water [3].  
In this paper, we use remote sensing data to argue that these 
outcrops are seen across the entire hematite-bearing plain 
and well beyond it.  Thus, whatever water-driven process 
acted to alter these materials did so on a regional, not local, 
basis. 

Light-Toned Outcrops Occur Throughout the Hema-
tite Plain:  Previous geomorphic mapping of the Meridiani 
region indicated that the hematite-rich plains unit (herein 
referred to as unit Ph, for “plains, hematite”) is an upper 
stratum in a thick (100s m) stack of layered deposits [4].  A 
major stratigraphic component of these layered deposits are 
high albedo, high thermal inertia bedforms [4-6].  Thermal 
inertia, determined from remotely-sensed observations, is 
used to infer near-surface particle size, degree of induration, 
rock abundance, and bedrock exposure [7].  The high inertia 
and albedo layers were called “etched” terrain (herein termed 
unit E) because of their rough appearance resulting from 
eons of differential erosion [4]. 

The properties of unit Ph are markedly different than the 
subjacent unit E, making the two readily distinguishable.  
Unit Ph is characterized by laterally extensive plains that are 
smooth at all scales.  The unit is quite dark relative to sur-
rounding terrains, with a mean bolometric albedo of ~0.15, 
and also has a low thermal inertia as derived from TES [5,8].  
Conversely, unit E has both a high albedo and high thermal 
inertia [5,8] and consequently appears very bright in MOC 
WA and MOC NA images 

The underlying bright terrain is exposed throughout unit 
Ph as seen within MOC WA, MOC NA, and THEMIS im-
ages [8].  Nearly every fresh crater on unit Ph (i.e. those that 
impacted the pre-existing dark plain and underlying strati-
graphy) has light-toned layered materials comprising its 
walls (Figs. 1a and 1b).  In THEMIS data, the layers have 
relatively high thermal inertias, often several hundred SI 
units above the adjacent hematite-bearing plains.  These 
layers begin just below the rim of the impact craters, usually 

within a few to 10s of meters.  Light-toned layering extends 
down hundreds of meters in the larger impacts.  For example, 
this characteristic layering is seen spanning 500 vertical me-
ters in the walls of a 20-km-diameter superposed impact 
crater just south of the landing ellipse (centered at 3.0ºS, 
6.3ºW).  This impact postdates the deposition of the layered 
sequence and was large enough to form strings of smaller 
secondary impacts, several of which cut through the Oppor-
tunity landing ellipse and are visible in MOC NA images.  
Even these small impacts, with diameters <<1 km and im-
plied depths of a few to tens of meters have pierced the un-
derlying bright terrain (such as those seen in Fig. 1b).   

The Opportunity Rover landed in a ~20-m-diameter im-
pact crater where light-toned layered outcrops are exposed in 
the walls [2].  The bedrock is covered with a thin, dark, 
hematite-rich soil [9].  We hypothesize that the Rover is 
observing the uppermost layers of unit E.  The occurrence of 
light-toned bedrock in a crater that is only a few meters deep 
reveals that in this region of the hematite-bearing plains, the 
dark Ph unit is a few-meter-thick deposit sitting atop unit E.  
Unit E has a much greater thickness inferred from its expo-
sure in deeper nearby craters that are visible in MOC and 
THEMIS data.  In fact, the dark soil is probably a lag deposit 
made of dense, coarse, hematite-rich grains derived from the 
erosion of previously-existing overlying layers, and this is 
the source of the hematite signature detected by the TES 
instrument.  Conversely, unit E consists of in-place underly-
ing bedrock as is evident from its high thermal inertia and its 
layered exposures seen in images.  Exposure of unit E in the 
walls of impact craters across the entire hematite plain sug-
gests that a thin, mobile unit Ph resting atop a much thicker 
unit E bedrock is the norm.   

Full Exposure of the Etched Terrain:  Prior to the 
MER mission, unit E was known to outcrop around much of 
the margin to the east, north, and west [4-5].  We have been 
using MOC and THEMIS data to expand and revise previous 
mapping efforts as well as characterize the thermophysical 
properties of the unit beyond the hematite plain.  Our new 
results show that unit E has a surface exposure covering 2.3 
× 105 km2 in the Meridiani region that spans 20º of longitude 
and 14º of longitude [8].  Large, contiguous outcrops are 
exposed vertically as well as laterally.  For example, a deep 
trough just north of unit Ph cuts through ~500 m of stratigra-
phy and unit E is exposed across the entire section.  Layering 
is evident throughout the unit and in places individual layers 
can be continuously mapped for >250 km, particularly to the 
east of unit Ph.  These layers are often extremely flat lying 
and maintain a nearly constant elevation over great distances. 
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Details of the Etched Terrain:  While the etched de-
posits have been previously recognized [4-6], their stratigra-
phy and composition were not known.   We have begun to 
characterize the many individual layers that are observable in 
the topographic, visible, and thermal infrared data sets from 
MGS and MO.  Although the light-toned units are ubiqui-
tously high in thermal inertia, there is substantial variation 
between facies within the layered complex, implying compo-
sitional differences (Fig. 2).  In many places, tens of layers 
are identifiable within the thermal inertia maps covering 
stratigraphic sections of the light-toned outcrops.  Further, 
large craters and troughs in the region have exposed an 
equally large number of layers.  Thermal inertia differences 
from one layer to the next can be large, on the order of 80 J 
m-2 K-1 s-1/2.  This suggests very different conditions during 
emplacement of individual facies.  The many alternating 
laminar facies with differing thermophysical and erosional 
properties suggest periodic deposition of different sedimen-
tary compositions possibly related to clast size, grain orienta-
tion and packing, or mineralogy.  Alternatively, the parent 
rock could have had the same initial lithology with discrete 
sections having undergone different degrees of subsequent 
alteration. 

Summary:  Light-toned bedrock has been observed at 
the Opportunity landing site.  These outcrops are rich in a 
slew of mineral and textural signatures that require long-term 
interaction of, and possibly formation from, water [2].  Re-
mote sensing data suggest that these outcrops are not a local 
phenomenon, rather, they are exposed across the entire 
hematite-bearing plain and well beyond.  These units have a 
complex, thick, and extensive stratigraphy that covers an area 
>3 × 105 km2, an area greater than that of all the Great Lakes 
combined [8].  Thus, the water-driven process altered, and 
possibly formed, the rocks at the Opportunity landing site 
acted over a vast region of Mars.   
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Figure 1.  (a) THEMIS thermal inertia data showing ex-
posures of etched terrain within crater rims across the 
hematite-bearing plain (bright = high inertia). (b) MOC 
NA image showing similar exposures.  
 

Figure 2.  THEMIS-derived thermal inertia map of a 
portion of etched terrain east of the hematite plain.  Sub-
stantial differences in thermal inertia occur within the 
unit, implying compositional heterogeneity.   
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 Introduction:  By considering the course of cli-
matological and planetary history on Earth, and the 
path that biological evolution is known to have taken 
over that course, inferences about alternative evolu-
tionary trajectories for putative life on Mars under dif-
ferent possible planetary histories can be drawn. 
 Assumptions about the origin of life:  If Mars, 
Earth, and Venus all shared similar geophysical condi-
tions for at least a few tens of millions of years follow-
ing the end of the Great Bombardment, life could have 
originated on either or all of them independently, or 
been exchanged by panspermia.  Life appears to have 
arisen in a definitive unicellular form in an aqueous, 
saline environment.  This habitat has persisted con-
tinuously on Earth, and has remained the prevailing 
environment for life on this planet.  Overall, life has 
remained relatively stable, with revolutionary transi-
tions being few but significant [1].   
 Alternative possibilities for the history of life 
on Mars:  Three different histories of life on Mars can 
be envisioned, based on adaptation to three alternative 
scenarios for the planetary and climatological history 
of the planet. 
 1. Mars as an Earth-like water world for a pro-
longed period.  If oceans were continuously present 
until as late as the formation of the Tharsis rise, that 
would imply liquid water, warm temperatures, and a 
humid atmosphere for ≥ 3 billion years [2].  Similar 
conditions on Earth were sufficient for the origin of 
eukaryotic and probably multicellular though micro-
scopic marine organisms. The gradual loss of atmos-
phere ultimately led to desiccation of the surface, with 
much water remaining underground.  Under these con-
ditions, the following evolutionary history would be 
suggested: (a) Origin of life as chemoautotrophs, some 
of which evolved into heterotrophs. (b) Origin of pho-
totrophs, with or without the generation of O2. (c) Ori-
gin of eukaryotic organisms.  (d) Possible origin of 
multicellular forms.  (e) Likely extinction of photo-
trophs and heterotrophs as planet dried and the only 
surviving life became subterranean.  (f) TODAY: mul-
ticellular fossils could be found on or near the surface.  
Surviving forms of life would likely be unicellular or 
simple cellular, subterranean, and mostly chemoauto-
trophic [3], with the possibility of limited heterotro-
phy. 

2.  Mars as cold and dry for most of its history, 
but subject to periodic and prolonged presence of sur-
face water beneath ice sheets.  This model derives 
from the contradictory observations of large catastro-
phic flooding as late as the early Amazonian coupled 

with relatively little erosion in the more ancient terrain, 
suggesting periodic eruption of ground water into 
long-standing basins, but an atmosphere non-
conducive for repeated rainfall [4].  Such a history 
would suggest the following sequence:  (a) Origin of 
life as chemoautotrophs, some of which evolved into 
heterotrophs.  (b) Origin of phototrophs, either with or 
without the generation of O2.  (c) Stabilizing selection 
for psychrophylic prokaryotes, surviving for long peri-
ods beneath ice cover (basically, the scenario envi-
sioned for Jupiter’s moon Europa [5]).  (d) Extinction 
of most surface phototrophs and heterotrophs, but per-
sistence of chemotrophs and some heterotrophs below 
ground.  These organisms would have been preadapted 
for subterranean refuge once surface water disappeared 
completely. (e) Possible survival of surface phototro-
phic psychrophiles, as long as some atmospheric water 
was available.  (f) TODAY:  Single or simple cell, sub-
terranean microorganisms surviving in ground water, 
relatively unchanged from ancestral forms.  The prob-
ability of fossils is dependent of how long standing 
liquid water was present. 

3. Mars as cold and dry from early in its his-
tory, but subject to periodic global flooding triggered 
by episodic volcanism and meteor bombardment.  This 
model is consistent with the surface features cited 
above, plus models showing likely early loss of atmos-
phere [6].  Long periods of quiescence and extremely slow 
surficial erosion would have been punctuated by short-
duration (~104 to 105 year) episodes of quasi-stable condi-
tions, considerably wetter and somewhat warmer than those 
prevailing today at the planet’s surface [7].  Transition from 
a long-persistent cold-dry state could have been induced by 
magmatic-driven activity at Tharsis and to a lesser extent at 
Elysium, triggering cataclysmic outbursts of huge flood 
flows that carved the Martian outflow channels and ponded 
in the northern plains, forming water bodies ranging through 
time from oceans to lakes [8].This scenario would sug-
gest:  (a) Origin of life as chemoautotrophs, some of 
which evolved into heterotrophs.  (b) Possible origin 
of phototrophs.  (c) Strong directional selection for 
enhancing chemoautotrophy and the development of 
alternative energy sources [9].  (d) Strong directional 
selection for life cycles alternating between dormant 
and proliferative forms.  (e) Possible persistence of 
some chemotrophs and organisms using alternative 
energy sources below the surface to the present time. 
(f) TODAY:  Single or simple cell, dormant forms near 
surface; possible living microorganisms within ground 
water, some of which would differ considerably from 
ancestral forms. 
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Introduction:  Prior to this study, at least eight in-

terior channels had been identified on the floors of 
small valleys, by Pieri [1] (Figure 1), Carr [2], Malin 
and Edgett [3,4], and Irwin and Howard [5].  We have 
identified ten additional channels.  Using a terrestrial 
empirical relationship between channel width and dis-
charge, scaled to Martian gravity, we have estimated 
bankfull discharge in 17 of the 18 channels identified 
to date.  The contributing area above the channel ex-
posure was measured for 11 drainage basins, which 
allowed a bankfull runoff production rate (dis-
charge/m2) to be estimated.  Within the limitations 
imposed by few observations, scatter in the data, the 
empirical equation used, and post-flow degradation of 
the channels, the results can be used to test water sup-
ply mechanisms on Mars and to constrain the effi-
ciency of runoff production to first order. 

Channels:  Features identified herein as channels 
are elongated, discontinuous, flat-floored interior 
troughs of nearly constant width that are incised into 
the otherwise flat floors of stem valleys with few 
tributaries (e.g., Nirgal) or more extensive highland 
networks.  Where tributaries enter the valley, they also 
generally incise the valley floor to the level of the 
channel floor.  The elongation with nearly constant 
width, branching plan form, sinuosity, topographic 
control, distributed source points, and lack of ob-
served volcanic landforms support interpretation as 
fluvial channels rather than volcanic rilles, graben, or 
sites of aeolian deflation.  The channels identified here 
are predominantly located within heavily dissected 
regions on Mars, i.e., Margaritifer Sinus, Terra Cim-
meria, and Terra Sirenum.  Most channels are located 
within major trunk valleys, some of which are part of 
more extensive networks that dissect cratered surfaces 
with a dominant regional slope.  

Discharge estimates:  Discharge was calculated 
using the established empirical functions relating 
channel width W and meander wavelength λ (where 
available) to bankfull discharge Q (m3/s) on Earth:   

λ = K W    (1) 
Q = (W/Kw)

2    (2) 
Q = (λ/ KwKλ)2   (3) 

where Kλ and Kw are constants with values of 7 14 
and 3 5, respectively [6].  For this study, midrange 
values of K  = 10.5, K  = 4, and K Kw = 42 are used.  
Bankfull discharge is assumed to be the dominant con-
trol on channel width [6].  To scale the empirical 
equations to Mars, discharge is reduced to 0.67 times 

the terrestrial value, which accommodates the reduced 
gravity g (Q α (gH)0.5) [7] and slightly greater depth H 
(H α g 0.2) of Martian flows [8]. 

 

 
 
Figure 1.  Interior channel in Samara Vallis identified 
by Pieri [1].  THEMIS image V07878006. 
 

 
 
Figure 2.  Channel and meander loop cutoff (arrow) 
in Nirgal Vallis.  THEMIS V01837003. 
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Errors are introduced by the potential for channel 
widening by post-fluvial degradation, which would 
tend to enhance discharge estimates above their actual 
values.  To counter the possibility for locally greater 
widening, we used width measurements at relatively 
narrow, straight segments of the observed channels.  
Possible errors on the order of a factor of two are in-
herent to the empirical functions, due to the natural 
variability of Kλ and Kw.  Errors inherent to the meas-
urements might provide another factor of 2 3 in error.  
The discharge results are probably accurate only 
within an order of magnitude. 

Runoff production:  Runoff includes all river dis-
charge, regardless of whether it moved across portions 
of the drainage basin in the subsurface.  To determine 
the rate of runoff production, whether by atmospheric 
or subsurface processes, the contributing area was 
measured above the channel exposure.  For the larger 
drainage basins, measured areas incorporate some 
enclosed, degraded impact craters and plains surfaces 
that may or may not have contributed groundwater.  
However, errors in area measurements are likely 
small, because these regions are heavily dissected and 
have narrow, sharply defined drainage basin divides. 

Results:  Channel width varies from ~100 to 
~1000 m.  Channels less than 100 m wide were not 
observed, consistent with results from Mars Orbiter 
Camera studies [9].  The lack of preserved channels 
narrower than 100 m may result from the efficiency of 
post-fluvial impact gardening [10] and aeolian proc-
esses in eradicating small landforms.   

Figure 3 shows the relationship between calculated 
discharge and area for 11 branching valley networks, 
not including stem valleys with few tributaries.  Esti-
mated bankfull discharges are reasonable for terres-
trial rivers, ranging from ~600 to ~10,000 m3/s.  Lar-
ger valley networks originating at breached basin di-
vides had bankfull discharges of ~10,000 40,000 
m3/s.  These larger channels were not used to calculate 
runoff production as their discharges may reflect 
drawdown of paleolakes rather than primary produc-
tion of runoff from drainage basins.  Nirgal and 
Nanedi Valles had comparably high flood discharges.  
As these two valleys exhibit theater-headed tributaries, 
their contributing areas were poorly defined, so they 
were not included in Fig. 3. 

Bankfull runoff production rates were, in all but 
the largest drainage basins, greater than 0.8 cm/day 
from the basin area.  The highest production rates 
were on the order of several centimeters per day, 
which likely represent episodic discharges. The dis-
charges reported here are ~2 orders of magnitude 
higher than production rates that are possible through 

geothermal heat fluxes, such as melting of ground ice 
of basal melting of a thick snow pack [11]. 
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Figure 3.  Calculated bankfull discharge and contrib-
uting area above the channel head. 
 

Discussion:  Peak discharges (Qpk) have a similar 
relationship with area in both humid and arid regions 
(Qpk α A0.7), and bankfull discharge and area are simi-
larly related.  This relationship is due to the compara-
bly small area of the storms that produce the highest 
discharges in both humid and arid regions [12].  Re-
sults for Mars show a similar increase in bankfull dis-
charge with area, but runoff production appears to 
have been inefficient on Mars per unit area (Qb α A0.5).  
It should be noted, however, that this empirical rela-
tionship is based on few data points and could change 
somewhat with the introduction of more data.  Using 
all data, R2 ~ 0.64 for the trendline in Figure 3, al-
though R2 increases to 0.82 when the result for Durius 
Vallis is neglected.  We are continuing to examine 
other factors besides area that may influence the basin 
hydrologic response.  
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Parker, Univ. of Minnesota, pers. comm. (2003). [9] 
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THE FIRST BILLION YEARS OF MARTIAN HISTORY AS SEEN FROM THE SNC METEORITES:  A 
REVIEW.  J.H. Jones, SR, NASA/JSC, Houston, TX 77058 (jjones2@ems.jsc.nasa.gov). 
 

Introduction:  There are currently 28 known, 
distinct samples of Mars that have been liberated 
from that planet by impacts and subsequently 
delivered to the Earth.  The formation ages of these 
samples range from 4.5 b.y. to 180 m.y.  Collectively, 
these samples are called SNC meteorites after the 
major petrologic subdivisions:  Shergottite, Nakhlite, 
Chassigny.  Texturally, most of these meteorites are 
cumulates or partial cumulates.  However, a few may 
represent real melt compositions:  EET79001B, 
Y9800459, QUE94201, and the groundmass of 
EET79001A. 

Early Differentiation:  The whole-rock Rb-Sr 
isochron for the shergottites is indistinguishable from 
the age of the solar system ~4.5 b.y.  Therefore, 
martian differentiation occurred very early.  Because 
the Sm-Nd system contains two chronometers, it is 
possible to produce a concordia diagram, 
conceptually similar to that for the U-Pb system (i.e., 
the loci of points for which two chronometers both 
yield the same age).  Several shergottites define a 
time of differentiation of 4.53 b.y. on this Sm-Nd 
concordia.  Finally, both shergottites and nakhlites 
have 182W isotope anomalies from the decay of short-
lived 182Hf which has a half-life of 9 m.y.  Therefore, 
differentiation and fractionation of W and Hf must 
have occurred within the first 50 m.y. of martian 
history.  Therefore, it is clear that Mars differentiated 
very early.  Additionally, the source regions of the 
shergottites and nakhlites are so depleted in 
radioactive heat-producing elements that producing 
young (< 1 b.y.) basalts becomes problematic. 

Style of Differentiation:  Early martian 
differentiation was thorough and pervasive.  All the 
SNC meteorites are basaltic and all are believed to 
originate from depleted source regions.  There are at 
least two types of martian mantle:  the somewhat 
depleted nakhlite source region and the very depleted 
shergottite source region.  One measure of depletion 
is the value of  (143Nd), which gives the time 
integrated deviation of the source’s Sm/Nd ratio from 
chondritic (i.e., undifferentiated).  Light REE (LREE) 
depleted source regions have positive  (143Nd) and 
LREE enriched sources have negative  (143Nd).  The 
nakhlite source has a present-day  (143Nd) of ~ +20 
and the shergottite source has a present-day  (143Nd) 
of ~+50.  For comparison, the terrestrial depleted 
MORB mantle has an  (143Nd) of +10-12.  Therefore, 
even the nakhlite mantle is either twice as depleted as 

the MORB mantle or has been similarly depleted for 
twice as long, the latter being more likely. 

In addition, there are Nd and Hf isotopic 
similarities between SNC and mare basalt source 
regions.  This seems to indicate that the early 
differentiation processes for the Moon and Mars were 
similar.  It is widely thought that the Moon 
differentiated via a magma ocean.  Therefore, if the 
Moon experienced a magma ocean, it is likely that 
Mars did as well. 

Core Formation:  The moment of inertia of Mars 
indicates that it has a metallic core and the SNC 
meteorites are depleted in siderophile elements.  The 
182W isotopic anomalies discussed above probably 
arise because W went into the core and consequently 
raised the Hf/W ratio of the martian mantle.  
Therefore, core formation must have occurred in the 
first 50 m.y. of martian history, before 182Hf became 
extinct. 

Atmospheric Evolution:  There are at least two 
reservoirs of martian noble gases, the atmosphere and 
the mantle.  The atmosphere contains isotopically 
fractionated gases and the mantle contains 
unfractionated noble gases.  Within the SNC suite, 
the atmosphere is best sampled by glassy shock melts 
in EET79001A (i.e., “Lithology C”) and the interior 
mantle gases are best represented by Chassigny.  One 
process (hydrodynamic escape?) fractionated Xe 
isotopes and later loss processes, such as Jeans 
escape and interactions between the Mars atmosphere 
and the solar wind, fractionated the light noble gases.  
The exception to this rule is Kr, which was 
apparently quantitatively removed during the early 
Xe fractionation process but was too heavy to be 
influenced by Jeans escape or solar wind interactions.  
Thus, Kr in the Mars atmosphere is solar in 
composition, as is the Xe in Chassigny.  Thus, the 
inference is that martian noble gases were initially 
solar in their isotopic compositions. 

The story that Xe tells about Mars is complicated.  
The impressive similarity between the Xe isotopic 
compositions of terrestrial and martian air tempts one 
to conclude that this isotopic composition is a real 
solar system component and not the result of an 
indigenous fractionation process.  However, the 
similarity between terrestrial and martian Xe is not 
exact and good arguments have been made against 
the component model. 

Even so, there remain puzzling issues with the 
hydrodynamic escape model.  One problem is that the 
amount of outgassing of Xe from the martian mantle 
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must be low enough that the isotopic fractionation 
signature of hydrodynamic escape is not 
overwhelmed.  Some outgassing is permitted if the 
original degree of isotopic fractionation was larger 
than presently observed.  And outgassing is required 
for the other noble gases.  Possibly, the early 
differentiation events described above depleted the 
mantle of its Xe [i.e., Xe acted extremely 
incompatibly during these events].  However, 
Chassigny [the type locality of martian mantle Xe] is 
not particularly depleted in Xe, suggesting that there 
are still significant quantities of mantle Xe. 

Other mass balancing acts are also required for 
Xe.  For example, there is a large 129Xe anomaly from 
the decay of short-lived 129I (half-life 16 m.y.) but 
little or no signature of longer-lived 244Pu (half life 82 
m.y.).  Therefore, the amount of residual Xe + later 
outgassed Xe must be much greater than the amount 
of fissiogenic Xe from 244Pu. 

Note, however, that some of these possible 
difficulties disappear if hydrodynamic escape occurs 
late.  If Xe is isotopically fractionated after 129I and 
244Pu are extinct, then we do not have to worry about 
Pu Xe, for example, swamping out the residual Xe in 
the atmosphere, assuming that this fissiogenic Xe has 
already been outgassed.  However, this model is at 
odds with stellar evolution models if the sun is called 
upon as the UV source driving the hydrodynamic 
escape. 

 
Reservoirs of Water:  There are two obvious 

reservoirs of water on Mars in terms of distinctive 
isotopic composition, the atmosphere and the mantle.  
The atmosphere we know about and it has a large 
positive D/H ratio [∂D ~ +4500‰].  The mantle is 
another issue.  I and others have argued that the 
martian mantle [and basalts from that mantle] are 
likely very dry.  However, since Chassigny is the 
type locality for mantle Xe, it is of interest to see 
what, if any, water it contains.  The answer is that 
Chassigny has about 350 ppm water and a ∂D of ~ 
 -50‰.  What this means for the Chassigny mantle is 
unclear.  Because of the complex petrogenesis of 
Chassigny [it’s an olivine cumulate], translating this 
amount of magmatic water into source region 
concentrations is difficult.  If Chassigny is 90% 
anhydrous cumulate of a 5% partial melt, then the 
martian mantle contained about 175 ppm water.  To 
better constrain this concentration, better models both 
for the petrogenesis of Chassigny and the siting of 
Chassigny water would be required. 

 

However, it now seems likely that there are at 
least two other reservoirs of martian water, perhaps 
the dominant reservoirs.  Unlike our experience with 
Xe, where we are conditioned to expect mixing 
between the atmospheric and mantle reservoirs, most 
SNC meteorites show a mixing pattern that is nearly 
orthogonal to an atmospheric-mantle trend.  On a ∂D 
vs. ∂13C diagram, nakhlites and shergottites define a 
mixing line from a high ∂D (~ +1500‰) – low ∂13C 
(~ -30‰) reservoir to a low ∂D (~0‰) – high ∂13C (~ 
+50‰) reservoir.  The physical nature of these 
reservoirs is unknown.  However, they appear to be 
ancient.  Within the SNC data array the second 
reservoir (low ∂D) is best approximated by the 
carbonate in ALH84001, which is ~4 b.y. in age.  By 
inference, the hydrothermal alteration products in the 
nakhlites also contain a component from this low ∂D 
reservoir.  The high ∂D reservoir is best 
approximated by high temperature releases from 
QUE94201, Zagami, and Shergotty.  Shergotty and 
Zagami are thought to have assimilated significant 
amounts of martian crust during their petrogenesis, 
but QUE94201 shows no evidence of this.  
Therefore, how these meteorites obtained this volatile 
element signature is unknown.  Possibly, the 
shergottite mantle has a different volatile element 
signature than the Chassigny-nakhlite mantle.  
Possibly this high ∂D reservoir contains water that 
was isotopically fractionated during the waning phase 
of hydrothermal escape. 

In my view it is most likely that both of these 
reservoirs have interacted with the martian 
atmosphere.  Unless Mars received its volatiles from 
a source very different from that of the Earth, the 
large ∂D of ~+1500‰ is otherwise hard to 
understand.  Similarly, the high ∂13C of ~+50‰ of 
the second reservoir is very much like that inferred 
for atmospheric CO2.  The alteration products in the 
nakhlites and the hydrothermally deposited carbonate 
in ALH84001 make it likely that the low ∂D reservoir 
is water rich.  Thus, interactions between it and the 
atmosphere could have affected ∂13C without 
affecting ∂D.  For the high ∂D reservoir, if martian 
magmas are typically dry, then it might be easier to 
reset ∂D than ∂13C.  To better address these issues it 
would be useful to have ∂13C, ∂D, and noble gases 
measured on the same temperature releases. 
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The “Brine Splat” hypothesis for features observed at the Opportunity landing site.  L. P. Knauth1 and D. M. 
Burt1,2, 1Department of Geological Sciences, Arizona State University, Box 871404, Tempe, AZ 85287-1404, 
Knauth@asu.edu, 2Visiting Scientist, Lunar and Planetary Institute, 3600 Bay Area Blvd., Houston, TX 77058-
1113, Donald.Burt@asu.edu. 

 
 

Introduction:  We present here a very differ-
ent explanation for the features observed at the Oppor-
tunity lander site that does not involve deposition from 
standing, moving, or evaporating bodies of water.  The 
presence of hematite, cross-bedding, jarosite, salts, and 
embedded spherules (“blueberries”) does not require 
deposition from water at this site. All of these features 
can be more easily understood as consequences of pre-
viously inferred aspects of martian geologic and hy-
drologic history.   Specifically, we suggest that all 
photos and data released at the time of this writing can 
be readily understood in terms of mechanical em-
placement of basaltic materials, brine, salts, and ice 
following impacts into a megaregolith holding concen-
trated brines, salts, and ice [1], [2]. 

 
Mars Early Hydrosphere History:  MOC 

imagery (specifically MOC2-543c) and compelling 
fluvial features [3] show that Mars once had flowing 
surface water early in its history.  Loss of this water 
from the atmosphere via several proposed mechanisms 
would necessarily have caused the remaining hydro-
sphere to become evapoconcentrated into a brine.  This 
brine, lodged in the megaregolith, would necessarily 
have reacted with the basaltic materials and evolved 
into an even more concentrated brine.  With the onset 
of global freezing, the brine in the megaregolith would 
have undergone eutectic freezing to produce water ice, 
salts, and highly concentrated, residual brine with 
freezing points below current martian equatorial tem-
peratures. 

 
Brine Splats:  Large impacts into a megare-

golith would scatter not only the basaltic megaregolith 
materials over large distances, but also the included 
brine, salt, and ice.  Impact into wet targets has always 
been a favored explanation of the martian rampart cra-
ters, and we suggest that the “wet” component was the 
ice, brine, and hydrous salts of this scenario.  The Op-
portunity landing site lies in a region with possible 
rampart craters and certainly among ejecta aprons from 
large impacts. On Earth, interaction of magma with 
water produces distinctive explosion deposits around 
vents known as base surge deposits.  These are com-
monly finely stratified and contain cross-sets indistin-
guishable from those imaged at the Opportunity site. 
Large impacts are basically explosions, so impacts into 
wet targets as envisioned above should produce base 
surge flows analogous to the terrestrial volcanic exam-

ples.  A common feature of base surge deposits is the 
presence of numerous spherical lapilli and accretionary 
lapilli.  Regional sheets of such lapilli occur in the 3.5 
Ga. Onverwacht Group on Earth [4] together with re-
gional beds of spherules interpreted as impact conden-
sation spherules [5].  Sorting of all these spherules is 
exceptionally high. The cross-bedding and presence of 
well-sorted spherules at the Opportunity site can thus 
be readily interpreted in terms of impact base surge 
features and do not require sedimentation from aque-
ous surface fluids.   

 
Opportunity salts: The salts present at this 

site present a difficult problem for aqueous deposition 
explanations because they are intermixed with detrital 
particles that are dominantly basaltic in composition.  
Textures common in all terrestrial evaporites are re-
markably scarce and possibly not present at all.  The 
salts are readily explained by our “Brine Splat” hy-
pothesis. Ejecta aprons excavated from megaregolith 
containing brine, salt, and ice would be a mechanical 
mixture of basically basaltic materials with brine, salt, 
and ice.  After emplacement, this mixture would be 
subjected to weathering processes as long as it re-
mained near the surface.  Eutectic salts are strongly 
hydroscopic and would adsorb atmospheric water va-
por to become mobile, deliquescent oozes.  Brine is 
also mobile, and could later seep deeper through these 
fragmental materials.  Embedded ice could volatilize 
during warm periods or could disappear in response to 
hydration of salts in its new, warmer, near-surface en-
vironment.  Any liquid water generated from atmos-
pheric events or melting of embedded water ice during 
the long weathering interval could be expected to carry 
the most soluble salts downward.  Sulfates, being the 
least soluble, could be preferentially left behind to 
produce their present, disproportionate abundance.  
Alternatively, sulfates could have made up the major-
ity of the salts initially delivered to this site. 

   
Jarosite, Hematite: The presence of jarosite 

is another difficult problem for aqueous deposition 
explanations.  Jarosite is not stable in the presence of 
abundant standing or flowing water.  It dissolves in-
congruently, leaving hematite or goethite.  If, instead 
of writing its formula as K2Fe3+

6(SO4)4(OH)12 it is 
written as 6FeO(OH) + K2SO4 + 3H2SO4 it is seen as 
insoluble goethite plus ¼ soluble neutral salt (arcanite) 
plus ¾ sulfuric acid.  Jarosite can thus form only under 
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highly acid conditions, and could not form in abundant 
liquid water.  On Earth, jarosite is generally an arid-
region weathering product of sulfides.  In our hypothe-
sis, jarosite could form similarly during slow, arid 
weathering of sulfides mechanically emplaced along 
with other regolith materials.  Slow atmospheric 
weathering could also account for oxidation of Fe in 
near-surface spherules to account for the hematite sig-
nal claimed for the “blueberries”. 

 
Other:  At this writing, there is little informa-

tion regarding the finely stratified materials under the 
light colored deposits along the rim of Endurance cra-
ter.  Should they turn out to be volcanic tephra, wind-
blown deposits, or finely layered impact ejecta, the 
aqueous evaporate explanation of the light colored 
layers will have further problems because these mate-
rials would have been drenched in descending brine 
and should be similarly full of salts and/or highly al-
tered by interaction with the brine.  In our scenario, the 
light colored layer is simply an ejecta deposit from at 
least one large distant impact in megaregolith contain-
ing salt,  brine, and ice and this could readily lay over 
tephra, wind-blown deposits, or earlier ejecta deposits. 

 
Conclusion:  Reliable Mars mineralogical de-

terminations probably cannot be made until additional 
analytical instruments (particularly X-ray diffraction) 
are brought to the planet’s surface.  In the meantime, 
the morphologic evidence and the tentative minera-
logical interpretations for the light-colored units do 
provide further evidence of an early hydrosphere on 
Mars, but it had already disappeared into the megare-
golith when impacts produced this remarkable deposit.   
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TUMBLEWEED:  WIND-PROPELLED SURFICIAL MEASUREMENTS FOR ASTROBIOLOGY AND
PLANETARY SCIENCE.  K. R. Kuhlman1, A. E. Behar1, J. A. Jones1, F. Carsey1, M. Coleman1, G. Bearman1, M.
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Introduction:  Tumbleweed is a wind-propelled
long-range vehicle based on well-developed and
tested technology (Figure 1 and Figure 2 [1], instru-
mented to perform surveys Mars analog environ-
ments for habitability and suitable for a variety of
missions on Mars.  Tumbleweeds are light-weight
and relatively inexpensive, making it very attractive
for multiple deployments or piggy-backing on a
larger mission.  Tumbleweeds with rigid structures
are also being developed for similar applications
(Figure 3) [2].  Modeling and testing have shown that
a 6 meter diameter Tumbleweed is capable of climb-
ing 25° hills, traveling over 1 meter diameter boul-
ders, and ranging over a thousand kilometers.  Tum-
bleweeds have a potential payload capability of about
10 kg with approximately 10-20W of power.  Stop-
ping for science investigations can also be accom-
plished using partial deflation or other braking
mechanisms.

Astrobiology Surveys:  A Tumbleweed is capa-
ble of performing autonomous long-duration surveys
of habitability over large areas on Earth.  Two terres-
trial field sites have been proposed for study:  1) the
Atacama Desert in Chile, and 2) the McMurdo Dry
Valleys, Antarctica.  Both sites are well studied at a
limited number of locations, but neither has been
mapped for variations in habitability.

Variations in moisture, biologically relevant
gases, and the presence of biology can be mapped
using simple low mass and low power instruments
and an onboard global positioning system (GPS).
Data is currently relayed back to JPL via an Iridium
modem (Figure 4).  The simple measurements per-
formed by Tumbleweed will be followed by more
sensitive measurements along the route tracked using
the GPS.  Many of the desired instruments for both
Earth and planetary science are currently under de-
velopment for in-situ applications, but have not yet
been miniaturized to the point where they can be in-
tegrated into Tumbleweed.  It is anticipated that
within a few years, instruments such as gas chro-
matograph mass spectrometers (GC-MS), quantum
cascade tunable diode laser (QC-TDL) gas sensors
and ground-penetrating radar (GPR) will be deploy-
able on a Tumbleweed.  Portable instruments, such as

Figure 1. An inflatable Tumbleweed can be stopped
to partially deflating the ball and pulling on one of
the central payload tension cords to created a “turtle
effect.”

a gas chromatograph (GC) and a GPR will be used to
simulate the capabilities of future Tumbleweeds and
provide more detailed measurements at locations
where Tumbleweed measurements indicate heteroge-
neities.  Further, samples will be collected along the
route taken by Tumbleweed for extensive laboratory
analysis, including characterization of the bioload
and biodiversity of each of the samples collected [3].
The results of the Tumbleweed measurements, the
field measurements and laboratory analyses will be
correlated to verify the current life detection strategy,
“follow the water [4].”

Other Applications of Tumbleweeds:  In addi-
tion to surveys for astrobiology, Tumbleweeds can
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also be instrumented for investigation of the variation
of soil properties and potential resources for use
during human exploration across wide areas.  Tum-
bleweeds are also being considered for use underwa-
ter and in extraterrestrial atmospheres using neutral
buoyancy.

References: [1] Behar, A., F. Carsey, J. Mat-
thews, et al. (2004) IEEE Aerospace Conference, Big
Sky, Montana.  [2] Carsey, F., P. J. Boston, L. J.
Rothschild, et al. (2004) "Tumbleweed: Wind Driven
Sampling on the Surface of Mars," International
Journal of Astrobiology, (S1) 85-86.  [3] Kuhlman,
K. R., M. T. LaDuc, G.M. Kuhlman, et al. (2004)
Applied and Environmental Microbiology, to be
submitted. [4] Farmer, J., D. Nelson, R. Greeley, et
al. (2001) First Landing Site Workshop for MER
2003, NASA Ames Research Center, Moffett Field
CA.

Figure 2. The JPL inflatable Tumbleweed deployed
in Antarctica [1].

Figure 3. NASA Langley Research Center  struc-
tured tumbleweed concept [2].

Figure 4. Schematic view of an inflatable Tumble-
weed as tested in Greenland and Antarctica [1].
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DO MARTIAN BLUEBERRIES HAVE PITS?…ARTIFACTS OF MARTIAN WATER PAST    
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Figure 1:  Possible Hydrological Cycles on an Early Wet Mars*  
 
Introduction: The universalities of chemical physics 
offer considerable insights into the intimate details of 
hydrology cycles possible in Mars’ past.  Local  
‘organic weather cycles’ inevitably form when the 
Rayleigh-Taylor instability in water is metastabilized 
by simple organic compounds, in turn leading to a 
complex set of mutually transforming phase 
transitions.  In so doing these early Martian weather 
cycles would have also provided functional support 
for organic chemical self-organization, the assumed 
predecessor to an independent “origin” of Martian 
life.  The existence of a significant subset of these 
cycles (both weather and organic self-organization) is 
likely even if surface waters were of such limited 
distribution as short time-scale lakes and intermittent 
turbulent flows.  One of a number of potential 
artifacts of these processes is the possibility that 
Martian blueberries have nucleated around organic 
cores, similar to the terrestrial concretions that 
appear to be their closest terrestrial analog.  Other 
important implications for Mars mission planning 
follow. 
 
The capstone elements to all of this are the 
microenvironments that follow the existence of an 
air-water interface at a variety of physical scales: 
from the surface of a free-standing body of water 
(static or flowing) to white-cap induced bubbles and 
their aerosol progeny. Whether floating under water, 
bobbing at the sea-surface, or drifting in the 
atmosphere it is the adsorption of amphiphiles that 
drives these phenomena by decreasing the local 
surface energy; metastabilizing local fluctuations into 
micro-enviroments with organized structures capable 

of further organizing organics, metals, and larger 
scale particulates. 
 
On the contemporary Earth this “bubble-aerosol-
droplet” (bubblesol) cycle includes bubble formation 
and the adsorption of surface-active materials, bubble 
dissolution, and the non-equilibrium dynamics of 
bubble bursting.  This leads to the formation of 
aerosols and their subsequent roles in atmospheric 
condensation.  'Membrane-like' phase boundaries are 
created at each node of this cycle, selectively 
concentrating organics and metal ions.  Overall, this 
cycle provides an infrastructure for the concentration 
and transport of organic compounds, metal ions, and 
mineral catalysts through rapid sequencing hydration-
dehydration reactions.   
 

 
 

Figure 2:  The Bubble-Aerosol-Droplet Cycle  
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On the early Earth this geophysical-chemical 
'supercycle' is likely to have played a critical role in 
prebiotic chemical self-organization; for on the 
contemporary Earth bubble generated aerosols and 
their atmospheric progeny are the largest 
transporters of organic matter between the 
atmosphere and ocean, in both particle number and 
total mass.  Additionally, the bubblesol cycle 
generates the principle nodes of heterogeneous 
organometallic chemistry in these regimes. 
 
There is no reason to believe that this was not 
similarly the case on an earlier and wetter Mars. 
Specifically, on the tectonically simple early Mars 
(one having liquid water intermittently on its 
surface), such a complex hydrology cycle may well 
have been the only initiator and supporter of the 
rapid cycles of concentration, hydration, and 
dehydration necessary for organic polymerization in 
‘bulk’ quantities. 
 
With respect to an early Mars, the following more 
general conclusions seem warranted: 
 

1) The finding of bubblesol-generated organic 
objects on Mars is prima facie evidence for 
the existence of a complex Martian 
hydrology cycle (capable of gathering, 
concentrating, and transporting organics).   

 
2) One of the more intriguing terrestrial 

analogues which may follow the creation of 
such organo-metallic entities is the 
possibility that the blueberries found by the 
Mars Rover team are similar to terrestrial 
concretions which are almost all nucleated 
around an organic/biological residue core. 

 
3) The presence of such bubblesol objects in 

(or from) an extraterrestrial location would 
demonstrate that environmental 
opportunities existed capable of supporting 
of prebiotic chemical evolution.  

 
4) Natural consequences of the terrestrial 

bubble-aerosol-droplet cycle are objects 
with properties fascinatingly akin to those of 
‘nanobacteria’: in particular the basic 
morphology (spheres and sausages), gross 
chemistry (suites of organics along with 
metals), and size distributions (nanometers 
to microns).  Whether of biological or 
bubblesol origin, these striking similarities 
reflect the universality of the chemical 
physics involved in the interactions of 
charge-polarized organic amphiphiles at an 
air-water interface.  Any life-searching Mars 

missions (or interpretations of Martian 
objects having made their way to Earth) 
must discriminate between the fossils of 
living systems at the micro/nano-bacterial 
scale and potential artifacts of the bubble-
aerosol cycle necessarily found on any 
planet or satellite having both water and 
amphiphiles. 

 
5) Additionally, IF bacteria (with surface active 

membrane elements) have existed on Mars, 
and were in any way tied to a surface liquid 
water environment, then these same 
bubblesol processes could have been a prime 
mode of concentration and aerial transport. 
In analogy to current terrestrial processes the 
larger of these bubblesol-generated objects 
(in their hydrated state) could easily have 
transported such bacteria across a mostly 
arid planetary surface. This would have been 
useful for ‘colonization’, and could also 
explain the deposition and subsequent 
fossilization of "micro-clumps" of such 
bacteria in environments much removed 
from their origin. The local geology of such 
exciting finds may thus be unrelated to the 
micro-environments of their origin and 
transport. 

 
Further discussion of the bubble-aerosol-droplet 
cycle in supporting prebiotic chemical evolution on 
early Mars will be found in the author’s 
accompanying paper at this conference, “Could 
Martian Strawberries Be? –– Prebiotic Chemical 
Evolution on An Early Mars”. 
 
[1] Lerman, L. and Teng, J. (2004) Origins: Genesis, 
Evolution, and Biodiversity of Life (ed. J. Seckbach)  
[2] Lerman, L. (2002a,b) Origins of Life 32, p. 419, 
538  [3] Lerman, L. (1996) Origins of Life 26, p. 369  
[4] Lerman, L. (1994) Origins of Life 24, p. 111, 138  
[5] Chang, S. (1993) The Chemistry of Life’s Origins 
(ed. J.M. Greenberg)  [6] Lerman, L. (1992) The Role 
of the Air-Water Interface in Prebiotic Chemistry   
Thesis, Stanford University 

 
*Acknowledgements:  With thanks to Jeffery Kargel 
for permission to use Figure 1; and to Jacqueline 
Teng for her continuing collaboration and assistance. 
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Ventures Associates  (270 E. Flamingo, Suite #337, Las Vegas, NV 89109 for correspondence) 
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Introduction: Pre-biotic chemical evolution 
presupposes successive generations of increasingly 
complex organic molecules combinatorially 
synthesized from previous generations.  Not so 
obvious is how this combinatorial chemistry 
occurred; or how the overall process of chemical self-
organization was functionally supported at each stage 
of its occurrence on an earlier, much wetter Mars. 
Yet just as the biochemistry of contemporary 
organisms can be viewed as a ‘fossil’ record of 
biogenesis, so the geochemical physics of the 
contemporary Earth and Mars is an indicator of the 
self-organizing dynamic processes underlying 
prebiotic chemistry.  Independent of chemical details, 
the universalities of chemical physics strongly 
suggest that past Martian weather cycles offered 
functional support for organic chemical self-
organization, the assumed predecessor to an 
independent “origin” of life.  The key element is the 
existence of an air-water interface at a variety of 
physical scales and whose global issues with respect 
to an early Mars are discussed in the author’s 
accompanying paper (Do Martian Blueberries have 
Pits?….Artifacts of Martian Water Past). 
 
Artifacts of past Martian water cycles fall into two 
basic categories…inorganic and organic.  Inorganic 
signals of Martian water tables of the past include 
terrain morphologies such as cross-bedding and the 
chemical indicators of hydrated minerals such as 
serpentine and hematite.  Found by the twin rovers, 
Spirit and Opportunity, on the current Mars these are 
the geological equivalents of a smoking gun.  
Coupled to the gamma-spectroscopy measurements 
of Odyssey these inorganic findings tantalize our 
imaginations with thoughts of complex hydrological 
cycles on a Mars past that could run the gamut from 
intermittent high-velocity water flows to free-
standing seas. 
 
Lacking the sophisticated infrared spectroscopy 
needed for more subtle organic analysis, organic 
(abiotic) artifacts are in shorter supply.  Yet the 
universalities of chemical physics (i.e. the Rayleigh-
Taylor instability metastablized by polar organics) 
offer considerable insights into the intimate details of 
possible Martian hydrology cycles in its past.  

 
 

 
 

Figure 1:  Early Martian Hydrology Cycle?  
 

The capstone element is the air-water interface.  One 
can, in the abstract, usefully look at bubbles and 
aerosols as complements: one is a meta-stabilized 
fluctuation of air in water, the other of water in air. 
Whether floating under water, bobbing on the sea, or 
drifting in the atmosphere of today’s earth or early 
Mars it is the adsorption of amphiphiles that drives 
these phenomena by decreasing the local surface 
energy and hence metastabilizing the micro-
enviroment and its structure. 
 
Even short time-scale surface water (lakes, seas, or 
intermittent turbulent flows) can initiate this cycle.  
In analogy to the terrestrial, a single stage of this 
cycle can include bubble formation, the consequent 
adsorption of surface active materials, bubble 
dissolution, and the non-equilibrium energetics of 
bubble bursting. Organic materials and selected 
metals, as well as clay particles are preferentially 
adsorbed onto the surface of the bubble. This 
stabilizes the bubble leading to a highly concentrated 
resultant particulate, as the now organically 'dirty' 
bubble dissolves or bursts. A dissolving bubble yields 
an organic rich residue which can then nucleate other 
bubble formation, or be adsorbed in turn by other 
bubbles. The bursting of bubbles injects into the 
atmosphere particulate matter also rich in organics 
and minerals. Besides organics which can be 
concentrated a million-fold these processes can, for 
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example, yield a 10,000-fold enhancement in 
phosphates. These injected materials are then coupled 
to aerosol formation and the subsequent nucleation of 
atmospheric condensation; leading to the further 
heterogeneous chemistry and non-equilibrium 
physics associated with rain and snow.   
 
At the System Level the cycle’s amplifying 
characteristics includes the fact that these processes 
are: 
 
 

  First-order (a ‘had-to-have-been’ 
mechanism) 

 

  Robust  (highly efficient and rapid 
processes) 

 

  Diverse (exploring many different possible 
chemical routes and mechanisms) 

 

  Selective (for the good stuff!) 
 

  Semi-closed (able to retain useful’ materials 
in the total system)  

 
The semi-closed nature of the cycle results in a global 
chemical engineering system functionally capable of 
supporting chemical  evolution.  Most importantly, at 
the System Level it seems capable of amplifying the 
probabilities of stochastic self-organization of the 
Molecular Level.  
 

At the Molecular Level the race between the self-
organization of increasingly complex organic 
structure and its dissipation due to entropy is helped 
by the following functional operations: 
 
 

  Selective Concentration of the desired 
organics and metal ions needed as reactants 

 

  Stabilization and Coordination of these 
reactants 

 

  Controlled Energy and 'Directed' Synthesis 
 

  Cycle Continuity (where the products 
become in turn the reactants for the next 
stage of the cycle) 

 

  And most importantly all must occur in 
plausible geophysical and geochemical 
environments. 

 

Throughout this supercycle coupled hydration-
dehydration cycles are much in abundance.  This is of 
potentially unique importance to self-organizing 
polymerization reactions, for essentially all 
biopolymers are formed through linkages derived 
from a dehydration reaction.   
 
Additionally, these conditions promote the existence 
of temporary 'membrane-like phase boundaries, 
which may well have played an essential role in the 
transition from organic chemistry to biochemistry.   
 
Remarkably, this complex supercycle is a process 
that requires only the disturbance of a water-air 
interface metastabilized by simple amphiphillic 
compounds (from carbonaceous chondrites, for 
example, or comets).  The rest follows from the 
fundamentals of chemical physics, relatively 
independent of the specific chemistry. 
 
In proposing the functional cycle presented above we 
necessarily play the game of minimalist prebiotics, 
making the simplest strong-principle-based 
assumptions on the early planets. As an example, one 
can with even greater confidence assume the 
existence of bubbles on the early earth and Mars, 
than say the widespread availability of a particular 
montmorillinite clay.  Because the existence of these 
bubbles, cavities, and droplets are such common 
phenomena in nature, their relevance to chemical 
evolution is potentially critical, whether on the early 
earth and Mars or elsewhere in the outer solar 
system. 
 
Further discussion of the bubble-aerosol-droplet 
cycle in the more global context of an early Mars will 
be found in the author’s accompanying paper at this 
conference, “Do Martian Blueberries Have Pits? –– 
Artifacts of Martian Water Past”. 
 
 
[1] Lerman, L. and Teng, J. (2004) Origins: Genesis, 
Evolution, and Biodiversity of Life (ed. J. Seckbach)  
[2] Lerman, L. (2002a,b) Origins of Life 32, p. 419, 
538  [3] Lerman, L. (1996) Origins of Life 26, p. 369  
[4] Lerman, L. (1994) Origins of Life 24, p. 111, 138  
[5] Chang, S. (1993) The Chemistry of Life’s Origins 
(ed. J.M. Greenberg)  [6] Lerman, L. (1992) The Role 
of the Air-Water Interface in Prebiotic Chemistry   
Thesis, Stanford University 

 
Acknowledgements:  With thanks to Jacqueline Teng 
for her continuing collaboration and assistance. 
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STRATIGRAPHIC ANALYSIS OF THE DISTRIBUTARY FAN IN HOLDEN NE CRATER USING     
STEREO IMAGERY.  K. Lewis1 and O. Aharonson2, California Institute of Technology, Division of Geological 
and Planetary Sciences, Pasadena, CA 91125, 1klewis@gps.caltech.edu,  2oa@gps.caltech.edu. 
 

Introduction:  The distributary fan within Holden 
NE crater is a unique sedimentary structure that un-
doubtedly holds a wealth of information about the his-
tory of liquid water on Mars.  Several papers have been 
written about the significance of this fan, which shows 
evidence of meandering channels, indicative of persis-
tent flow through the system [1], [2].  In addition, we 
have previously described the extraction of topog-
raphic data from a MOC Narrow Angle stereo pair at 
the edge of the fan [3].  Here, further analysis of this 
data is presented, with a focus on the structure of the 
layers exposed at the distal end of the fan.  These lay-
ers potentially contain important information about the 
formation of the Holden NE fan.  There are dozens of 
layer outcrops exposed along the edge of the deposits, 
and they occur within a wide range of orientations and 
elevations.  This is an ideal situation for studying their 
overall structure, as insight can be gained into the de-
positional environment, which varies both spatially 
(laterally) and temporally (in elevation).  Stereo-
derived topographic data is used to get a quantitative 
assessment of the structure of these layered deposits.   

Procedure:  The topographic information used in 
this investigation was extracted using the method de-
scribed in [4] and [3].  The two images used were 
MOC-NA numbers E14-01039 and E23-00003.  The 
resulting Digital Elevation Model (DEM) has a resolu-
tion of ~3 meters/pixel, and has good coverage on 
most areas of the image.   

Extraction of Profiles.  Once the stereo-derived 
DEM was extracted, it was used in combination with 
the original MOC images to extract profiles along the 
edges of exposed layers.  Over 50 individual profiles 
were selected, ranging from a few hundred meters to 
over a km in length.  A map of these is shown in Fig-
ure 1.  Data was only taken where a layer outcrop was 
clearly continuous; no attempts were made to connect 
or extend layers where they become indistinct in the 
images. 

Data Analysis.  Since each profile extracted here is 
much smaller than the overall extent of the fan, it is 
reasonable to assume that the layers should be very 
close to planar on this scale.  To test this hypothesis, 
and to gain a quantitative measure of the structure of 
the layers, a plane was fit to each profile using linear 
regression.  From the derived coefficients, the dip di-
rection and slope were then calculated, along with their 
corresponding error estimates.  It was found that some 
layers approximated planes much better than others.  
Hence, profiles for which the corresponding dip azi-

muth had an error of more than 15 degrees, or for 
which the slope had an error of more than 5 degrees 
were eliminated from further analyses.  The large error 
bounds for some profiles can be traced mostly to noise 
in the DEM, or to a lack of curvature in the profile, 
which produces a poorly constrained fit.   

Results:  As mentioned before, the sequence of 
layers within this formation permits analyses of both 
vertical and lateral trends.  The mean parameters for all 
the fitted planes are a dip azimuth of 17.8° North of 
East, and a slope of 4.5°.  The average dip direction is 
roughly parallel to the channel direction in this part of 
the fan; however there is wide variation within the 
dataset.  The average dip slope is similar to what 
would be expected, and has a standard deviation of 
only 3.4° among those layers sampled. 

Vertical Trends.  In several places along the termi-
nal end of the fan, profiles were extracted for a layer 
directly above another layer.  An example of this can 
be seen in Figure 2 where three adjacent layers have 

Figure 1: A portion of MOC image E23-00003, showing the 
distal end of the Holden NE fan.  In red are the locations of 
profiles extracted along the edges of exposed layers.  In blue 
are vectors which signify the direction and magnitude of the 
slope for each layer. 

N
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been analyzed.  In almost all of the cases where this 
occurs, the two dip directions are nearly parallel, and 
the slopes are very similar.  Thus, the profiles show 
that the layers are nearly parallel, even though they are 
not horizontal. This may be an indication of long-
standing flow patterns within the fan, which did not 
change much over the course of its development. 

Lateral Trends.  In addition to the previous discus-
sion, trends in the layers along the end of the fan re-
cord important information.  One clear trend is that the 
layers often appear to have a component of dip in the 
direction perpendicular to the surrounding channels, in 
addition to the expected slope parallel to them.  The 
dip directions show clear patterns in different parts of 
the layered formation.  An example of this can be seen 
in Figure 3, where the trend of the dips is toward the 
center of the recessed area between adjacent channels.  
Similar occurrences are seen in at least two other loca-
tions along the fan termination.   

Conclusions:  The geologic history of the Holden 
NE fan is accessible through its unique stratigraphy.  
In light of this, stereo-derived topographic data was 
used to examine the structure of individual layers 
within the outcrop at the distal end of the fan.  An 
analysis of trends in elevation, which correspond to 
different depositional episodes, shows that layers are 
nearly parallel, and follow the orientations of older, 
deeper layers.  This observation must be reconciled 
with evidence of meandering channels in the fan.  Fur-
ther, lateral variations are seen in the dip direction of 
various layers.  This indicates that the layers were de-
posited neither horizontally, nor with a uniform orien-
tation. 

References: [1] M. C. Malin and K. S. Edgett 
(2003) Science 302: 1931-1934. [2] J. M. Moore et al. 
(2003), GRL 30: 24, 2292. [3] K. Lewis and O. 
Aharonson (2004) LPS XXXV, Abstract #2083. [4] A. 
Ivanov (2003) LPS XXXIV, Abstract #2084.  [5] A. 
Ivanov and J. Lorre (2002) LPS XXXIII, Abstract 
#1845.  [6] R. Kirk et al. (2002) IAPRS XXXIV (B4), 
200 (CD-ROM).  [7] M. C. Malin and K. S. Edgett 
(2001) JGR 106: 23,429-23,570. [8] A. L. Albee et al., 
(2001) JGR 106: 23,291-23,316.  

 
 

 

Figure 2: Close up of a sequence of layers along the 
edge of the fan.  Note that the three vectors in the center 
of the image show that these layers are parallel, and have 
similar slopes.  In red are the locations of profiles.  In 
blue are vectors which signify the direction and magni-
tude of the slope for each layer. 

Figure 3: This view illustrates the lateral variations in 
dip directions.  In this area, most slopes tend toward the 
center of a hollow between adjacent channels. 
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FRESHWATER MICROBIALITES OF PAVILION LAKE, BRITISH COLUMBIA, CANADA – A 
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Ames Research Center, Building 245, Mail-Stop 245-3, Moffett Field, CA, USA 94035 (dlim@mail.arc.nasa.gov), 
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Introduction & Background:  Pavillion Lake is 
5.7km long and an average of 0.8 km in width, and is 
located in Marble Canyon in the interior of British 
Columbia, Canada (Fig. 1).  It is a slightly alkaline, 
freshwater lake with a maximum-recorded depth of 
65m.  The basin walls of Pavilion Lake are lined with 
microbialite structures that are oriented perpendicu-
larly to the shoreline, and which are found from depths 
of 5 meters to the bottom of the photic zone (light lev-
els 1% of ambient; approximately 30m depth).  These 
structures are speculated to have begun formation 
nearly 11,000 years ago, after the glacial retreat of the 
Cordilleran Ice Sheet.  They are likely a distinctive 
assemblage of freshwater calcite microbialites, which 
display micromorphologies possibly related to the an-
cient Epiphyton and Girvanella classes of calcareous 
organosedimentary structures [1].   

The beautiful clear blue waters (Secchi depths of 
more than 15m) and microbialite structures of Pavilion 
Lake have made it a popular destination for recrea-
tional and commercial divers particularly over the 
months of May-October.  Furthermore, the Pavilion 
First Nations Indian Band holds special heritage and 
spiritual connection to this lake and its surrounding 
land.  As such, the lake was added to the Marble Can-
yon B.C. Provincial Park system on April 18, 2001 as 
a means of conserving and managing this biologically 
and historically important site.    

Laval et al. [1] have classified the differing micro-
bialite structures into four depth categories: those 
found at shallow to intermediate, intermediate, inter-
mediate to deep, and deep facies.  The microbial 
mounds found in the shallow to upper intermediate 
depths (5-10m) range from several centimeters to a 
few decimeters in height, and were noted to be covered 
by photosynthetic microbial communities and their 
calcified remains [1].  At the intermediate depth of 
approximately 20m, microbialite domes approximately 
decimeters to meters in diameter, and up to 3m in 
height were documented, and are likely the largest 
structures in the lake.  At the lower intermediate to 
deeper depths of 20-30m, Laval et al. [1] state that the 
morphology of the microbialites can be described as a 
combination of “cone-shaped and leaf-life”.  These 
structures are denser than those at the shallower depths 
and are typically 20-30cm in height, and decimeters to 
meters in diameter.  The deepest characterized micro-
bialites were found at depths of >30m.  These struc-

tures were dense, centimeters to diameters in diameter, 
and at times capped by smaller cones that reached 5-
10cm in height.   

There is a variation of the mechanical strength of 
the structures with depth as well, which may reflect a 
change in the relative role of biotic and non-biotic pre-
cipitation with lowering light levels.   
Description of Planned Study:  Here we present our 
planned study of Pavilion Lake, which will comprise a 
combination of hypothesis and exploration driven re-
search to study the lake’s  unusual freshwater microbi-
alite structures.  The foundation for this proposed 
study is the seminal work by Laval et al. [1], which 
provides an overview of the morphological 
characteristics of the microbialites, and explores the 
physical limnology of Pavilion Lake.  Several key hy-
potheses and questions related to the role of biology in 
the formation of the microbialites, and the effect of 
varying light levels on the microbialite morphologies 
have since resulted from Laval et al. [1], but to date 
remain untested and unanswered.  Our plan is to revisit 
Pavilion Lake, and to conduct focused experiments to 
test two core hypotheses concerning the geobiological 
factors affecting the microbialite formation, and to 
collect further exploration data related to 
understanding the lake’s structure and development.  
In particular, we intend to (1) investigate the 
hypothesized biological origins of the microbialites, 
(2) investigate the hypothesized relationship between 
light attenuation and microbialite morphology in the 
lake and (3) further explore the physical, chemical and 
biological limnological properties of the lake, 
especially as these characteristics pertain to microbial-
ite formation.   Specifically, we will first investigate the hypothesis 
that photoautrophic algae are responsible for generat-
ing the carbonate structures in Pavilion Lake.  Unpub-
lished data from Dr. Imre Friedmann has shown that 
some of the microbialites from Pavilion Lake contain 
novel filamentous algae that appear to be intertwined 
with the carbonate at and below the surface of the 
structures.  This algae was not identified in the initial 
assessment of the Pavilion Lake microbialites by Laval 
et al. [1], and is hypothesized to be a calcifying algae, 
which the control mechanisms triggering the carbonate 
precipitation, and ultimately driving the formation of 
the freshwater microbialite structures.  Riding [2] lists 
trapped coarse grains, calcified cyanobacteria and sub-
ordinate skeletal encrusting eukaryotes as typically 
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being the most recognizable components of a microbi-
alite formation that could help elucidate the organisms 
and processes involved in their formation.  We pro-
pose test our hypothesis by way of microscopy (light 
and scanning electron (SEM)) investigations, cell cul-
tures and carbon isotopic analyses. 

Secondly, we will test the hypothesis that microbialite 
morphological variation in Pavilion Lake is controlled 
by the increase of photosynthetically active radiation 
(PAR) attenuation with depth.  Prior to the Fall sea-
sonal turnover of Pavilion Lake, Laval et al. [1] re-
corded a decrease of PAR by approximately one order 
of magnitude per 10m increase in depth.  Observa-
tional data indicate that the changes in microbialite 
morphology with depth seem to track these variations 
in light attenuation (McKay pers. comm..).  If the car-
bonate formations are driven by oxygenic photoauto-
trophic activity, then it is likely that the attenuating 
light would result in a decrease of metabolic activity in 
the algal communities with depth.  Hence slower car-
bonate precipitation and microbialite development in 
the deeper facies could result in microbialite mor-
phologies different than those in the shallower photic 
regions of Pavilion Lake.  Zooplanktonic grazing ac-
tivity may also be affecting microbialite structural de-
velopment, however their prevalence is likely con-
strained to the warmer, more productive shallows of 
the lake, and probably declines rapidly with increasing 
depth, and decreasing light and temperature. 

We will be measuring annual fluctuations in light 
and temperature at the distinct depth classifications of 
the lake, and collecting observational ecological data 
(e.g. prevalence of grazing populations around micro-
bialites).  We will relate these data to variations in lake 
consortium populations.    

Finally, to better understand the geochemical influ-
ence of the lake water on the development and preser-
vation of the microbialites, we intend to conduct ex-
ploratory activities to further characterize the physical, 
chemical and biological characteristics of Pavilion 
Lake.  We propose the following approach: (1) thor-
oughly mapping the extent and morphology of the mi-
crobialites with Pavilion Lake; and (2) describing the 
Pavilion Lake basin-scale environment in which the 
formations are found using conventional limnological 
techniques. 

Collecting and analyzing interferometric sonar data 
will produce a bathymetric map of Pavilion Lake.  
From this map, identification and characterization of 
microbialite structures will be possible with respect to 
both depth, and distribution.  This will also help to 
pinpoint areas of interest for further investigation, as 
the accuracy to which multi-angle swath bathymetry 
sonar can establish position of the microbialites is very 
high.  

Sonar research conducted during the study at Pavil-
ion Lake will focus not only on establishing the acous-
tic diversity of the microbialite structures themselves, 
but will include analysis of their surrounding bottom  
conditions.  The goal of the bottom classification will 
be to determine any influences of environmental fac-
tors such as algae ground coverage and proximity to 
water seeps on the pattern of distribution and mor-
phology of the microbialite structures.  Through con-
tinued monitoring of the lake, long term impact on the 
bottom due to activities on the lake, such as anchoring 
boats, diving or troll fishing, as well as the impact of 
rubble from slides, will be quantitatively assessed.  

 
Preliminary results from our first reconnaissance 

and sample collection trip to Pavilion Lake in August 
2004 will also be discussed in our poster presentation. 

 

 
Figure 1.  Map showing location of Pavilion Lake in 
the province of British Columbia, Canada.  (Modified 
from BC Parks Management Direction Statement [3]) 
 
References: [1] Laval, B., S.L. Cady, J.C. Pollack, C.P. 
McKay, J.S. Bird, J.P. Grotzinger, D.C. Ford, and H.R. 
Bohm, 2000. Nature, 407, 626-629, [2] Riding, R., 2000.  
Sedimentology, 47: 179-214, [3] Management Direction 
Statement for Pavilion lake, Marble Canyon Park, March 
2003,http://wlapwww.gov.bc.ca/bcparks/planning/mgmtplns/
marble_cyn/pavilion_mds.pdf 
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SOME APPLICATIONS OF CO2-H2O PHASE EQUILIBRIA TO THE COMPOSITION AND
EVOLUTION OF THE MARTIAN ATMOSPHERE J. Longhi , Lamont-Doherty Earth Observatory,
Palisades, NY 10964 (longhi@lamont.ldeo.columbia.edu)

CO2-H2O phase equilibria dictate that although H2O
abundances would have proportionately higher in thick,
ancient atmospheres, the H2O concentrations would have been
generally similar to present levels. Also, basal melting of CO2
polar deposits formed during periods of low obliquity provides
a mechanism for long-term removal of CO2 from the
atmosphere, formation of intra-crustal carbonates, and
acceleration of extruding ground water.

Fig. 1 illustrates isobaric sections for two of the
lowest pressures where solubility data for H2O in CO2 are
reported [1,2]. The topologies of the 2 diagrams are different
because the pressure sections lie on opposite sides of the CO2-
triple point, but both figures show very low concentrations of
H2O in CO2-rich gas coexisting with liquid water, ice, and
hydrate (clathrate). Fig. 1 also shows the ideal gas
approximation for gas coexisting with water ice, i.e., the
partial pressure of H2O in the gas phase is given by the
sublimation curve of water ice [3] . Where gas is in
equilibrium with ice in Fig. 1a  (6.9 bars) there is excellent
agreement between the measured solubility limit and the ideal
gas approximation. The thermodynamic model of Spycher et
al. [4], which is not calibrated at these temperatures, predicts
fugacity coefficients of 0.89 and 0.85 at 250 K and 220 K,
respectively. So a solubility curve based on extrapolating this
model (not shown) would lie about 1 line thickness to the right
of the ideal gas curve. However, at temperatures appropriate to
the gas + hydrate field the metastable extension of the gas-ice
solubility limit is constrained to lie to theH2O-rich side of the
gas-hydrate solubility limit. Therefore, a disparity develops
and widens with decreasing temperature between ideal,
calculated, and measured solubility. The precise solubility
limits are not known, but a reasonable drawing of the figure is
consistent with an order of magnitude difference between
ideal and experimental solubility at 230 K. Non-ideal mixing
of CO2 and H2O in the gas phase is, of course, to be expected
because of the presence of the CO2-rich critical point at 304 K

and the coexistence of two CO2-rich-fluids at lower
temperatures [5].  There are no reported gas-ice solubility data
for 1 bar (Fig. 1 b) , but using a slope similar to that in Fig. 1a
and the observation that the gas-water solubility limit becomes
slightly more H2O-rich with decreasing pressure below 6 bars
[4] also results in a wide disparity between the experimental
and the ideal gas approximations of the H2O solubility limits.
The equilibrium relations in Fig. 1b are significant because a
pressure of 1.0 bar is within the range of estimated ancient
greenhouse pressures. One calculated average surface
temperature (224 K, [6]) is shown for purposes of illustration.
If the inferred solubility limits are approximately correct, then
estimates of the maximum H2O-content of such an

atmosphere, based on ideal gas approximations, will below by
an order of magnitude.  Although the total abundance of water
in a 1 bar CO2 atmosphere would be ~ 250 times greater than

present, the average H2O concentration, buffered by the
presence of ice, would have been similar — an indication that
relative humidity would have been similar to present levels.
The inset box illustrates that the relative humidity would be ~
10 % if average atmosphere blew over a standing body of
water 273 K. These considerations imply widespread stability
of ice in polar regions and arid conditions in equatorial
regions.

Clifford [7] has suggested that addition of
layers of ice and dust would induce basal melting of ice
deposits already close to their melting points, and that this
melting would lead to recharge of the global groundwater
system. At present the atmospheric H2O abundance is the
equivalent of 10 microns. If all of this water were to be
deposited on the polar ice caps, the thickness would increase
by 150 times to ~ 1.5 mm. In a1 to 2 bar CO2 atmosphere the
potential thickness of atmospheric water is 0.3 to 0.6 m (based
on Fig. 1b). This is hardly enough ice to cause any significant
melting or recharge. The recharge of the groundwater would
require transfer of many times the ambient atmospheric H2O-
content via equator-to-pole transport. Such transport would
imply the evaporation of a large surface reservoir — one
produced by giant floods, episodes of volcanism, or
sublimation of ground ice deposited in equatorial regions
during periods of high obliquity. On the other hand the present
martian atmosphere is equivalent to 0.15 m of CO2 globally or
20 m concentrated at the poles [8] In a 1 to 2 bar atmosphere
the potential CO2 thickness are 3 to 6 km. The potential of
such thicknesses is very significant. Mellon [9] has called
attention to the fact that water ice is a much better heat
conductor than solid-CO2 or CO2-clathrate (hydrate).
Consequently, much greater thicknesses of ice are possible
before basal melting ensues. Moreover, mixtures of solid-CO2
and hydrate melt more than 50 K below ice. These two factors
greatly limit the thickness of solid-CO2 and/or hydrate-rich
polar caps. Fig. 2 illustrates two thermal profiles calculated by
[9] for polar ice caps superimposed on the P-T phase diagram
for CO2-H2O. The higher pressure curve is appropriate for the
conductivity of ice; the other reflects the lower conductivity of
solid-CO2 or hydrate. Where the thermal profiles cross the
melting curves, the depth equivalents of pressure are indicated
in kilometers. The calculations show that the maximum height
of a pure CO2 cap is 1 km (this result is independent of a
similar result reported by Nye et al[10] based on mechanical
strength); whereas the maximum height of a water ice cap is
11 km. Secondary results are that even traces of solid CO2
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would melt out of a water ice cap at depths ≥ 6 km. Somewhat
more difficult to appreciate is the fact that a pure hydrate ice
cap could attain a maximum thickness of ~ 2 km (the
intersection of the thermal profile with the H=L+W curve). In
view of the potential for condensing several kilometers of
solid CO2 ± hydrate at the poles from a greenhouse
atmosphere during a period of low obliquity, The prospects for
generating large amounts of liquid CO2 seem quite reasonable.
At pressures > a few tens of bars liquid CO2 is not only denser

than ice, but at pressures > 200 bars liquid CO2 is denser than
water [3]. Also, the thermal gradients are shallower than the
melting curve. This means that masses of liquid CO2 will tend
to sink through surrounding ice into the underlying regolith
without freezing. Depending upon the depth at which the
liquid CO2 encounters groundwater the CO2 may either flow
above or below the ground water. In either case the 2 liquids
will each dissolve some of the other and thereafter come to
equilibrium. The presence of 2 liquids coexisting at depth in a
porous regolith is a topic that has received relatively little
attention, but is one that merits attention from several points of
view. Perhaps the most significant feature is the prospect for
long term sequestration and concomitant thinning and cooling
of the atmosphere. One application may lie in understanding
the mechanism of giant floods where generating sufficient
flow through an aquifer is a problem. An underlying layer of

liquid CO2 that is much more compressible (hence
expandable) than liquid water may play an important role in
augmenting flow.  Also, dissolution of CO2 in water will
greatly increase its corrosiveness — raising the possibilities of
groundwater increasing the porosity and permeability of the
Martian crust in some places and precipitating carbonates in
others.

REFERENCES: [1] Wiebe R. (1941) Chem. Revs. 29, 475-
481. [2] Song, K.Y. and Kobayashi, R. (1987) Society of
Petroleum Engineers Formation Evaluation, 2: 500-508. [3]
Angus, S., Armstrong, B. and de Reuck, K.M. (1976).
International Thermodynamic Tables of the Fluid Sate Carbon
Dioxide. Pergamon Press, New York, 385 pp. [4] Spycher, N.,
Pruess, K. and Ennis-King, J. (2003). Geochimica Et
Cosmochimica Acta, 67(16): 3015-3031. [5] Wendland M., H.
Hasse, and G. Maurer (1999). J. Chem. Eng. Data 44, 901-
906. [6] Fanale F.P., Postawako S., Pollack J., Carr M.H., and
Pepin R.O. (1992). in MARS,  pp. 1135-1179. [7] Clifford, S.
M (1993) J. Geophys. Res., 98, 10,973-11,016. [8] Kieffer H..,
B.M. Jakosky, and C. Snyder (1992). in MARS,  pp. 1-33.[9]
Mellon M.D. (1996 Icarus 124,  268-279. [10] Nye J.F.,
Durham, W. B., Schenk, P. M., and Moore, J. M. (2000).
Icarus,  144,  449-455.
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HYPSOMETRIC ANALYSES OF MARTIAN VALLEY NETWORKS AT WATERSHED BASIN SCALE.  
W. Luo1, R. E. Arvidson2, A. D. Howard3, 1Department of Geography, Northern Illinois University, DeKalb, IL 
60115, wluo@niu.edu, 2Department of Earth and Planetary Sciences, Washington University, St. Louis, MO 63130, 
arvidson@wunder.wustl.edu, 3Department of Department of Environmental Sciences, University of Virginia, Char-
lottesville, VA 22904, ah6p@virginia.edu     

 
 
Introduction:  There is continued debate about the 

origin of Martian valley networks [e.g., 1,2]. Whether 
they are formed predominantly by groundwater sap-
ping or surface fluvial runoff has profoundly different 
implications for the climatic history of Mars and the 
possible evolution of life there. The purpose of this 
abstract is to present some preliminary results of hyp-
sometric analyses of Martian valley networks at water-
shed basin scale. The improvements over previous 
study [3,4] include adding the Moon data to establish 
discriminant functions and using posterior probability 
in the discriminant analysis as a quantitative measure 
of the relative role of groundwater sapping vs. surface 
runoff in forming each basin. 

Data Sources and Method: Digital Elevation 
Models (DEMs) for typical terrestrial groundwater 
sapping and fluvial landforms [3,4] and typical lunar 
cratering landform [5,6] are used as end-members, 
representing the three most important processes in 
forming Martian valley network basins. By treating the 
hypsometric curve as a cumulative probability func-
tion, parameters such as hypsometric integral, skew-
ness and kurtosis of the hypsometric curve and its den-
sity function [3,4] can be extracted to quantify the 
form of each end-member basin. These end-member 
basin parameters are then used to establish discrimi-
nant functions for classifying Martian basins and 
evaluating the relative importance of each process 
based on Mars Orbiter Laser Altimeter (MOLA) DEM 
data.  

Preliminary Results: By including lunar cratering 
landform as an additional end-member to form the 
discriminant functions and applying them to Margari-
tifer Sinus area, the number of basins classified as flu-
vial- like stays about the same but the number of sap-
ping- like basins decreases, which means some basins 
previously classified as sapping origin are now classi-
fied as cratering, consistent with findings of [5,6]. 
However, there are still significantly more areas that 
are sapping-like than those that are fluvial-like based 
on hypsometric attributes. See Table 1. 

In addition, the posterior probability (a continuous 
measure) from the discriminant analysis essentially 
gives us a quantitative measure of the relative impor-
tance of each process in generating the landform as 
reflected from hypsometric attributes. It also gives us 
an indication of confidence of that classification, 

which can be used as means of identifying those basins 
whose classifications are less certain and thus need 
closer examination.  

The results can be visualized by assigning each 
probability to a different color with the intensity of the 
color controlled by the probability value. For example, 
if we assign fluvial probability as blue, sapping as 
green, and cratering as red, then a basin with 100% 
probability belonging to fluvial will look pure blue and 
a basin with 80% probability belonging to fluvial, 20% 
to sapping and 0% to cratering will look dark blue. A 
portion of the Margaritifer Sinus so mapped is shown 
in Figure 1 with Viking image mosaic in the back-
ground.  

Summary: The role of impact cratering should be 
considered in evaluating the relative importance of 
groundwater sapping vs. surface runoff in forming the 
Martian valley networks [5,6]. However, using hyp-
sometric integral (the area under the curve) alone has 
its limitations as different hypsometric curves may 
have very similar integral [7]. The full set of hypso-
metric attributes need to be used in hypsometric analy-
ses to capture the subtle differences in the shapes of 
the curves quantitatively [4]. The preliminary results 
of the improved approach presented here show that the 
hypsometric attributes are consistent with a precipita-
tion-recharged groundwater sapping origin for the val-
ley networks in Margaritier area and that groundwater 
sapping appears to have a more dominant role as ear-
lier fluvial erosion tapped into groundwater aquifer 
and the climate turned drier [4, 8]. 

On-going and Future Work: On-going work in-
cludes (a) more comprehensive morphometric analyses 
of the valley network basins (both hypsometric and 
traditional morphometric parameters) using higher 
resolution data, and (b) cross-examination of mor-
phometric results with the Viking and Mars Obiter 
Camera (MOC) images by overlaying them in a Geo-
graphic Information System (GIS), especially for those 
areas whose morphometric classification is less cer-
tain. Future work will evaluate the effect of later modi-
fication by processes such as mass wasting, eolian 
filling, and volcanic lava flow through physically-
based computer simulations and comparing the quanti-
tative parameters of both modeled and real landforms. 

References: [1] Craddock R.A. and Howard A.D. 
(2002) JGR, 107, Doi:10.1029/2001je001505. [2] 
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Stepinski T.F. and Coradetti S. (2004) LPSC XXXV, 
Abstract #1166. [3] Luo W. (2000), JGR, 105: 1685-
1694.  [4] Luo W. (2002) JGR, 107, 
doi:10.1029/2001JE001500. [5] Grant, J.A. and For-
tezzo C. (2003) Sixth International Conference on 
Mars, Abstract #3050. [6] Grant J.A. and Fortezzo C. 
(2003) LPSC XXXIV, abstract #1123. [7] Harlin J.M. 
(1978) Math. Geol., 10: 59-72. [8] Grant J.A. (2000) 
Geology, 28, 223-226. 

 
Table 1 Comparison of areas of different basins  

Result from [4] This abstact 

Class 
Area 
(106 km2) 

% 
Area Class 

Area 
(106 km2) 

% 
Area 

S 2.97 55.14 S 2.11 39.18 
F 1.04 19.32 F 0.99 18.29 
U 1.38 25.54 C 2.29 42.53 

Total 5.39 100 Total 5.39 100 
Note: S = Sapping; F = Fluvial; C = Cratering; U = Undetermined 
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Figure 1. Comparison of basin classification in [4] and 
preliminary result of improved approach (adding the 
Moon data as the 3rd end-member and computing the 
posterior probability of each basin belonging to each 
class). Probability of fluvial is assigned as blue, sap-
ping green and cratering red. The color of each basin 

reflects the additive color mixing based on the three 
probabilities. The colors appear muted because they 
are shown with 75% transparency to allow the Viking 
image in the background to be seen. (Sinusoidal Pro-
jection, Central meridian = 20°W, longitude increasing 
west) 
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NEW OBSERVATIONS OF VALLEY NETWORKS USING THEMIS (MARS ODYSSEY) AND HRSC 
DATA (MARS EXPRESS) Ph. Masson1, V. Ansan1, J. Lanz1, N. Mangold1, C. Quantin2, G. Neukum3, E. Hauber4, 
R. Jaumann4, and the HRSC Science Team (1UMR CNRS IDES, bât. 509, Univ. Paris-Sud, 91405 Orsay, France; 2Lab. des Sciences 
de la Terre, UCB et ENS Lyon, France; 3Freie Universität Berlin, Department of Earth Sciences, Institute of Geosciences, Remote Sensing of the 
Earth and Planets, Malteserstr.74-100, Building D, D-12249 Berlin, Germany; 4  DLR Berlin-Adlershof, Institute of Planetary Research, Ruther-
fordstrasse 2, D-12489 Berlin, Germany) 

 
Introduction: Valley networks on Mars have been the 
subject of considerable debates since three decades. 
They have been first attributed to fluvial processes 
under conditions 3.5 Gy ago that were warmer than the 
present cold climate. However, many other hypothesis 
like geothermal activity, subglacial melting or sapping 
processes have been proposed because valleys are of-
ten poorly dendritic. The THEMIS images of the Mars 
Odyssey mission are thermal images of the surface 
which create strong contrasts difference between rocks 
and mantling by sand and dust. This dataset allows us 
to identify new valley networks that are strongly den-
dritic. They have the characteristics of valleys formed 
by surface run off like a high drainage density, sinuous 
shapes and widths increasing to the mouth of the main 
valley. Some of these valleys are observed on the High 
Resolution Stereo and Color imager (HRSC) of the 
Mars Express mission. This dataset permits a closer 
observation at a higher resolution and estimations of 
valley depths are possible using DTM of the resolution 
of about 50 meters. 
 
West Echus plateau on THEMIS IR images: Usual 
considerations about valley networks on Mars is that 
they are poorly dendritic by comparison to terrestrial 
river systems and that they formed mainly during the 
Noachian period of time [1-5]. THEMIS Infrared (IR) 
images taken at night show mainly intrinsic thermal 
properties of the ground [6]. Valleys buried under 
loose material are outlined by variations of the thermal 
signal and resemble terrestrial deserts where sand cov-
ers the floor of dry valleys. THEMIS images on the 
plateau west of Echus Chasma is especially covered by 
densely branched valleys which are frequently sinuous 
and extend over tens of kilometers [7]. No valleys with 
theatre-shaped heads are observed as for sapping. In 
some examples, hills are gullied by small valleys with 
heads at the crestline of the hill. Such characteristic is 
clearly inconsistent by other processes than runoff 
such as with subsurface seepage induced by hydro-
thermal activity because water would not seep at the 
crest of hills. Similar observations can be done on val-
ley networks which were already known before 
THEMIS data, like the Warrego Valles, south of the 
Thaumasia plateau. On THEMIS visible image, this 
network shows a higher ramification with valley heads 
at all elevations. All of the characteristics of the den-

dritic valleys are similar to terrestrial features of sur-
face runoff due to atmospheric precipitation.  
 
HRSC observations: The HRSC images have a 
maximum resolution which reaches 12 m at the peri-
center of the elliptical orbit. At this resolution, the 
small valleys of the Echus Chasma plateau are better 
observed than at the THEMIS scale where dust is in-
existent. THEMIS is still a better dataset to use when 
terrains are covered by a dust blanket which overlies 
the valleys. More HRSC images will be obtained soon 
in the highland plateaus and will permit more precise 
observations of the velleys already observed from Vi-
king images. 
 
Morphometry and topography of valleys: The 
drainage densities, i.e. the total length of valleys di-
vided by the area of each basin, of East Echus plateau 
vary from 0.6 km-1 to 1.0 km-1 for the nine basins of 
Echus Plateau measured using THEMIS IR images at 
100 m/pixel. This value reaches to 1.4 km-1 with 
HRSC images. By comparison, terrestrial valley net-
works are usually from 2 to 100 km-1 [1]. Terrestrial 
networks mapped at the scale of Viking image mosaics 
[1] have densities of only 0.1 to 0.2 km-1. Thus, densi-
ties measured at THEMIS and HRSC resolution, a 
scale slightly better than Viking mosaics, are equiva-
lent to terrestrial fluvial valleys mapped at the same 
scale.  
The MOLA DEM (50 m elevation curves, 1/128° data) 
of valley networks of West Echus Chasma plateau 
shows that valleys are always in the direction of the 
slope as expected for ancient rivers. Nevertheless, 
most valleys are to small to be seen individually, be-
cause of their small width of the order of 1 km and 
their depth probably a few tens of meters. A better 
view of the topography can be established using the 
stereoscopic images of the HRSC camera. These im-
ages are usually at about 50 m of resolution which 
therefore give a spatial 5 to 10 times better than the 
MOLA altimetry. 
 
Conclusion: Valleys observed in the Valles Marineris 
region display dendritic shape and morphometric char-
acteristics of terrestrial river systems. They can be 
dated to the Late Hesperian epoch from chronological 
relationships. Surface runoff in the Late Hesperian 
epoch could correspond either to a progressive transi-
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tional climate after the warmer Noachian epoch [13] or 
to episodic warmer periods like those which could be 
related to the increase in atmospheric water vapor due 
to the outburst of outflow channels [14]. HRSC data 
will permit to considerably improved the current 
knowledge of valley networks on Mars. 
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THE ORIGIN AND DISTRIBUTION OF METHANE HYDRATE IN THE MARTIAN CRUST  
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Introduction:  Methane recently detected in 
the Martian atmosphere is generally regarded as 
leaking from a subsurface source. The possibility 
of methane and substantial methane hydrate has 
immense implications for exploration of Mars. 

Methane genisis:  While the exact nature of 
the early Martian climate is unclear, there is 
considerable evidence that the early terrestrial and 
Martian environments shared a number of 
similarities that may have aided the in situ 
synthesis of prebiotic organic molecules and 
eventual emergence of life [1].  If so, then it is 
possible that during the transition to a colder 
surface environment, this early life adapted to a 
subterranean existence where warmer temperatures 
and the potential presence of groundwater enabled 
it to persist to the present day.  

Such life may resemble the anaerobic bacterial 
communities found in the deep biosphere of Earth  
[2,3].  If so, then methane has likely been 
produced in substantial quantities within the 
Martian subsurface [4,5], an expectation that is 
consistent with the origin the vast majority of 
methane produced on Earth, which arises from 
either the metabolism of methanogenic bacteria, 
the decay of organic matter, or from subsequent 
chemical reactions involving the thermogenic 
alteration of coal and petroleum [4,6,7]. 

However, methane may have also been 
produced abiotically – for example, as 
fractionation fractionation product of magma 
crystallization or by the alteration of basalts in a 
subpermafrost aquifer, sequestered from contact 
with the ambient atmosphere by several kilometers 
of ice-saturated frozen ground.  This possibility 
has recently been advanced by Wallendahl and 
Treiman [8], who calculate that as much as 0.2 
bars of CH4 could have been produced if the only 
source of carbon available beneath the permafrost 
was the atmospheric CO2 initially present in the 
crustal pores.  This abiotic production of methane 
would be greatly enhanced if the crust contains 
substantial deposits of carbonate. 

Hydrate stability:  On Earth, methane 
produced in the subsurface is often naturally 
concentrated by buoyant migration and 
confinement beneath low permeability strata and 
ice-sealed traps [7].  On Mars, this potential is 
likely enhanced by the expected widespread 
occurrence of ice-saturated permafrost [4]. 

 

 
Figure 1. Compound Water - Ice / Gas Hydrate 
Cryosphere (Alaska - from drilling data).  After T. 
Collett, U.S. Geological Survey. 

 
The methane trapped in these deposits may 

occur as both gas pockets or, under appropriate 
conditions of temperature and pressure, as a 
hydrate that takes the form of intergrown, poorly-
defined ice-like crystals.  Hydrocarbons (mostly 
methane), as well as other gases, are 
thermodynamically stabilized in gas hydrates by 
hydrogen bonding (Van der Waals weak electrical 
forces) within a cubic crystalline lattice of water 
molecules [9].  Because not all the guest sites 
within the lattice are generally occupied, gas 
hydrates are non-stoichiometric compounds of 
methane and water [CH4 • 6.1 (±0.1%) H2O].  
Hydrate formation concentrates methane by 
forcing the molecules into closely packed lattice 
sites in the hydrate crystals (at a molecular density 
that exceeds that of even liquified methane). 
Typically, 1 m3 of naturally occurring 90% 
saturated methane hydrate contains ~160 m3 of 
methane gas (at STP) and 0.87 m3 of liquid water 
[9]. 

The stability field of methane hydrate is 
constrained by the increase in crustal temperature 
and pressure that occurs with depth.  On Earth, 
hydrate is found in the intergranular pore space of 
rocks and sediments at depths as shallow as 150-
200 m in permafrost regions [10,11], and in the 
low-temperature, high-pressure conditions found 
on the deep ocean floor [12].  Like permafrost, the 
maximum depth at which hydrate remains stable is 
limited by crustal temperature.  The region of the 
crust that satisfies the thermodynamic stability 
criteria for methane hydrate is called the Hydrate 
Stability Zone (HSZ), whose thickness is governed 
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by the magnitude of the local geothermal gradient.  
Beneath this depth, methane persists as a gas. This 
stratification of methane hydrate within the HSZ 
and gaseous methane below, is characteristic of all 
known oceanic hydrate systems on Earth [12]. 
In permafrost regions, methane hydrate and ice 
form a compound cryogenic zone.  At the 200 K 
average surface temperature of Mars, hydrate is 
not stable at less than about 140 kPa [13], which 
corresponds to a depth of ~15 m (assuming an ice-
saturated permafrost density of 2.5x103 kg m-3).  
Given a reasonable estimate of the thermal 
properties of the Martian crust, the base of the 
HSZ should then extend to depths that lie from 
several hundred meters to as much as a kilometer 
beneath the base of the cryosphere.  Thus, the total 
thickness of the Hydrate Stability Zone on Mars is 
likely to vary from ~3-5 km at the equator, to ~8-
13 km at the poles [5]. 

Implications for Mars Exploration:  On 
Earth, hydrate in seafloor sediments and in 
permafrost regions holds as much as 10,000 Gt of 
carbon, which is on the order of twice as much 
conventional gas, coal, and oil, may be sequestered 
in Earth’s natural gas hydrates.  Hundreds of 
millions of dollars are now being spent in learning 
how to obtain the natural gas from the hydrate 
resource. 

The existence of accessible methane hydrate 
on Mars would greatly assist the human 
exploration of the planet, providing many of the 
basic elements necessary for sustaining a long-
term human presence, including: potable water, 
fuel for energy and transport, and industrial 
feedstock [14, 15].   

Thus, the discovery of methane hydrate on 
Mars would provide not only insights into its past, 
but the foundation for its future human 
exploration.  
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Introduction:  Since Mariner 9, the origin of 

Mars channels has been debated, with one of the key 
unknowns being the fate of the massive amounts of 
eroded material that should have emanated from the 
mouths of both the outflow channels, and highland 
valleys.  Since these sedimentary deposits should 
record geologic evidence for prior climates as well as 
the potential for being prime prospecting locations 
for fossil life, it is important to recognize the pres-
ence of such deposits, as well as key locations where 
they are absent.  Based on topographic data in asso-
ciation with highland channels, we have noted sev-
eral areas that likely were depocenters for highland 
fluvial and lacustrine deposits, but where MOC im-
ages suggest instead that the floors of the internally 
drained basins consist of highly cratered terrain. Ter-
restrial experience in the northeast Sahara where cli-
mate has oscillated over the past half million years 
suggests that meters of unconsolidated sediments are 
easily eroded under conditions of wetting and drying.  
Here we compare common valley network termina-
tions and basin floors on Mars with arid zone playas 
in Egypt, where aeolian processes inhibit develop-
ment of deltas and maintain enclosed basins through 
deflation. 
 
Highland Drainage “Deposits”  In Margaritifer 
Sinus and Iapygia, small patches of fretted and frac-
tured hummocky terrain a few kms to 10’s of kms 
across appeared to be depositional, based on their 
occurrence in interior drained basins [1,2] and within 
areas whose crater age relations suggested a sedimen-
tary origin [3,4, 5].  In these areas, what was once 
mapped as fretted terrain due to large scale fracturing 
of friable material, now appears to consist of ancient 
cratered terrain exposed through, and surrounded by 
plains units.   

In an example drainage basin in Margaritifer Si-
nus (17°S, 10°W, Fig. 1), an ancient, highly de-
graded impact basin of ~300 km diameter received 
drainage from westward-sloping dissected terrain to 
the east.  An anastomosing stem valley exits the basin 
to the north and debouches to the much larger Mar-
garitifer basin, which contains the source for Ares 
Vallis.  With inflowing and outflowing valleys, the 
300 km impact basin floor is a possible site for tran-
sient ponded water, but no deltas are evident at the 
termini of these inflowing valley networks.  The 
 

 
 

Fig. 1.  MOLA topography (60 pix/degree) of a de-
graded impact basin in Margaritifer Sinus.  Eleva-
tions in meters, bounded by 10°S, 22°S, 6.6°W, 
16.6°W. 
 
floor of this basin contains extensive smooth plains 
with smaller groups of knobs (Fig. 2), which may 
represent deflated materials or eroded remnants of 
underlying materials that protrude through the basin 
plains. 
 In other areas, the probably lacustrine deposits 
targeted by the MOC team display a high resolution 
view that is inconsistent with deposition from a 
standing body of water.  The lowest parts of several 
areas of internal drainage in Margaritifer Sinus show 
a highly cratered surface surrounded by plains depos-
its, with only a few exposures of horizontally bedded 
materials.   
 
Martian valley terminations and basin plains:  A 
50 km impact crater is located along the southern rim 
of the 300 km basin (Fig. 3).  This crater contains a 
central depression in its floor, surrounded by higher-
standing knobby plains.  With heavily dissected inte-
rior walls, this crater may have contained a central 
playa, which has been subsequently deflated by wind. 
To the south of this basin, Parana Basin contains lar-
ger units of chaotic or knobby terrain, which are lo-
cated between the termination of Parana Valles 
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Fig. 2.  Context and MOC image (M02 03372) at 11° 
W, 15.8° S of highland plains and exposed cratered 
terrain in the Margaritifer Sinus quadrangle.(from 
[5]). 
 
 (east of the basin) and the head of Loire Valles, 
which exits the basin to the west [1].  These possible 
sedimentary deposits are not unlike chaotic terrain 
located in the floor of a large basin located at the 
head of Ma’adim Vallis, which may have contained a 
large paleolake [6].  Like the other basins mentioned 
here, the inflowing valley networks in this large con-
tributing basin show no deltas at the valley termini. 
 
Playa Erosion under changing Climate:  In south-
ern Egypt, numerous playas record a lacustrine re-
cord of changing climate over the past 500K years.  
The playa floors are typically hardened calcrete sur-
faces under the present hyperarid climate, yet yar-
dangs and protected areas of more friable sediments 
occur in the lee of hills where higher levels of playa 
deposits suggest once more extensive sediments.  In 
several areas, 3-5 meters of erosion over at least the 
past 4000 years suggest that repeated wetting and 
drying results in the blow-out of these interior 

drained basins.  If a similar process was active during 
the Hesperian on Mars, such an analog suggests that 
ancient lacustrine remnants may be present near to-
pographic obstacles to the wind, and that the depo-
centers of such basins would be poor locations to 
look for the sedimentary record of past life on the 
planet.   
 

 
 
Fig. 3.  This crater floor contains a central depression 
that is bounded by higher-standing knobby surfaces, 
representing likely deflation of its floor materials.  
The crater is located south of Fig. 2 and overlies the 
impact basin shown in Fig. 1.  THEMIS I06717002 
and I02223002, 54.6 km across. 
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Introduction:  Investigation of terrestrial analogs 

to Martian surface materials can be used to gain insight 
into potential weathering processes that have operated 
and/or still operate on Mars, as well as assist in the 
interpretation of remote sensing data.  Several studies 
have been performed of materials from different terres-
trial environments, to gain insight into the nature of 
Martian surface materials and processes [e.g. 1-5].  In 
this study, we are investigating the mineralogical and 
physiochemical properties of fine size fractions of a 
soil weathered from the Ferrar Dolerite.  The soil was 
collected near Lewis Cliff in the Transantarctic Moun-
tains, at an elevation >2000 m, where conditions are 
more severe than in the Dry Valleys.  The Ferrar 
shows mineralogical similarities to Martian basaltic 
lithologies (as represented by the shergottites) [2] and 
therefore the production of a soil from this protolith, in 
the very cold, dry Antarctic environment indicates that 
these fines warrant investigation as a Mars analog ma-
terial.  Also, these materials were altered in a colder, 
drier environment than several other materials studied 
as Mars analogs, such as Hawaiian palagonitic tehpras 
(e.g. JSC Mars-1).  Very limited work has been done 
on the soils produced from the weathering of the Fer-
rar Dolerite in Antarctica [2, 6, 7].  Detailed studies of 
these fines allow several questions to be addressed.  
What is the relative significance of inherited, primary 
phases and secondary phases produced by chemical 
weathering?  What is the nature of any secondary 
phases (crystallinity, chemistry, etc.)?  What are the 
spatial relationships between different minerals?  What 
does the mineralogy and chemistry tell us about the 
weathering processes?  Results and progress to date on 
addressing these questions is discussed below. 
 Approach and Results:  Preliminary work in-
volved study of the <63 µm size fraction of both the 
Antarctic fines and JSC Mars-1 with SEM/EDS and 
with an IR spectrometer.  Based on estimates from 
SEM studies, the Antarctic dust appeared enriched in 
inherited, primary minerals compared to JSC Mars-1.  
The thermal emission IR spectra of Antarctic and JSC 
Mars-1 dust showed qualitative differences and the 
Antarctic dust showed more spectral contrast.  Mineral 
types obtained by deconvolution of the Antarctic dust 
spectrum were similar to those estimated from SEM. 

More recent work is focusing on the <20 µm size 
fraction of the Antarctic soil, a size fraction closer to 

the average size of Martian dust [8].  The <20 µm Ant-
arctic dust has been studied using SEM/EDS and IR 
spectroscopy, XRD, TEM, and Mössbauer spectros-
copy.  Estimates from SEM studies revealed that in 
this smaller size fraction also, the Antarctic dust was 
enriched in primary minerals compared to <20 µm JSC 
Mars-1.  Antarctic dust XRD has provided more exact 
mineral identifications and allowed semi-quantitative 
mineral abundances to be determined (Table 1).   
Table 1. 

Minerals Identified with XRD Estimated Mineral 
Abundances (%) 

Gypsum 34  ±~5 
Albite 19  ±~5 
Bassanite  15  ±~5 
Clay minerals 
(Smectite, chlorite, illite, mag-
netiteb) 

~15  ±~5-10 
 

Diopsidea (~7%) 
Stilbitea (~5%) 
Augitea (~3%) 
Quartza (~2%)  

a Number in parentheses are below the “detection limit” of the XRD 
quantification procedure used (see text). 
b Magnetite, though not a clay mineral, was detected in the “clay” 
(<2 µm) size fraction separate and not clearly seen in the bulk, <20 
µm random powder spectrum. 
 

Identification of the clay minerals involved analyz-
ing spectra of glycolated and unglycolated oriented <2 
µm mounts.  Identification of the minerals in the <20 
µm size fraction was done by identification of peaks in 
a random powder spectrum.  A combination of Riet-
veld refinement and whole pattern fitting with the Jade 
analysis software (to obtain non-clay mineral abun-
dances) and also the software program RockJock (to 
obtain the abundance of clay minerals) were used on 
the random powder spectrum to obtain mineral abun-
dances [9].  An estimation of the percentage of the 
total peak area that could be attributed to clay was also 
obtained.  Due to the well known difficulty in obtain-
ing quantitative mineral abundances from XRD spectra 
of complex mixtures and to our limited amount of 
sample, the overall error in abundances obtained here 
is ~±5% for abundances above 10%.  Below 10%, the 
phases are present but their specific abundances are 
more uncertain (i.e., 10% is the approximate “detec-
tion limit”). 
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Thermal emission spectra of <20 µm Antarctic dust 
and JSC Mars-1 show that the spectral contrast of the 
Antarctic dust spectrum was less than that of the <63 
µm Antarctic dust.  This is expected because of the 
even more pronounced particle size effects at <20 µm 
[10, 11].  Qualitative evaluation of the spectrum re-
vealed features due to bound water and to sulfates.  
Preliminary TEM work has revealed several particles 
consisting of sheet silicate minerals, sometimes in ag-
gregates, as well as some quartz and feldspar grains. 

Initial Mössbauer spectra of the Antarctic sample 
and JSC Mars-1 suggest that the Fe3+/Fe2+ ratio of the 
Antarctic dust is lower than that of JSC Mars-1 (Fig. 1, 
Table 2).  This indicates less Fe oxidation in the Ant-
arctic dust than JSC Mars-1 and agrees with the pres-
ence of Fe2+ minerals, e.g. pyroxene (Table 1). Fe3+ 
could be present in nanophase Fe3+ oxides (np-ox). 
The broad np-ox peaks were hard to detect with XRD 
because of all the crystalline phases. There is a peak at 
~3.5Å that may be the most intense np-ox peak.   
 Initial Conclusions and Discussion:  Based on 
XRD, there appears to be a significant amount of ma-
terial in the <20 µm fraction, ~31% inherited phases, 
that have not been chemically altered.  There appears 
to be ~49% salt phases present.  Antarctic soils often 
have high salt contents, though their source in some 
cases is still debated (in situ formation, ocean input, 
high altitude atmospheric sources) [e.g. 12, 13].  The 
presence of crystalline clays indicates some water 
availability, likely present as salty, thin water films on 
grains [6, 14].  Their abundance is fairly small, how-
ever, indicating a lack of extensive chemical weather-
ing. The possible presence of some short-range order 
phases indicates that not all secondary phases have 
progressed to fully crystalline phases.  In terms of Ant-
arctic moisture regimes, this soil probably falls be-
tween xerous (arid) and ultraxerous (extremely arid) 
[15].  The pyroxenes in the parent rock were likely 
weathered to clays and iron oxides, as well as releasing 
dissolved cations that could have contributed to salt 
formation [e.g. 6, 7, 16, 17].  Some of the iron oxides 
may form coatings on more resistant grains, and may 
contribute to Ferrar rock coatings that can then exfoli-
ate [e.g. 6, 7].  Similar processes may occur as basaltic 
minerals (e.g. pyroxene, olivine) on Mars are weath-
ered, though the rates of weathering on present day 
Mars are surely even lower than those in the cold, ex-
treme desert of Antarctica [e.g. 16, 18].  Weathering 
rates may have been higher on an early, warmer and 
wetter Mars.  
 Future Work: Deconvolution of the <20 µm IR 
spectrum will be performed using a small particle size 
spectral library.  The bulk oxide composition of the 
dust will be determined.  A more complete TEM sur-
vey of Antarctic particles will be done, to closely study 

particle mineralogy and spatial relationships between 
minerals (determine if partially weathered minerals are 
present, look for composite particles and particles with 
Fe oxide coatings, etc.). Finally, more Mössbauer 
spectra of the Antarctic dust will be obtained, with 
more sample to reduce noise and obtain more precise 
Fe3+/ Fe2+ ratios and Fe mineral identifications. 
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Figure 1.  Mössbauer spectra of <20 µm Antarctic and JSC 

Mars-1 dust and deconvolutions. 
Table 2. 

 
IS, isomer shift; QS, Quadrupole splitting; LW, full width at half 
maximum; % Area, relative area under the curve (an approximate 
measure of the molar concentration of iron in that oxidation state); 
Fe3+/ Fe2+, the ratio of the areas under the curves (again, an ~ the 
molar ratio).  Fe2+ is likely in pyroxenes; Fe3+ is predominantly in 
nanophase ferric oxides and/or hydroxides [19].  Line widths > ~0.3 
mm/s indicate multiple phases. 
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MICROBIAL LIFE IN BLOOD FALLS: AN ANCIENT ANTARCTIC ECOSYSTEM. 
J.A. Mikucki1 and J.C.Priscu1

 

1 Montana State University, Dept. of Land Resources and Environmental Sciences, Bozeman, MT, USA. 
email: jmikucki@montana.edu    
 
 

Blood Falls is a unique subglacial discharge at the terminus of Taylor Glacier in the McMurdo 
Dry Valleys of Antarctica. Ice penetrating radar data and geochemical analyses of Taylor’s subglacial 
outflow strongly implicate the presence of ancient entrapped marine waters below the glacier [1]. These 
waters are thought to originate from the Pliocene Epoch (~5Mya) when the dry valleys were fjord-like. 
Blood Falls (Figure 1), an iron-rich salt cone, accumulates where subglacial flow meets the ice surface at 
the snout of Taylor Glacier.  
The episodic release of 
subglacial water provides a 
sample of potentially ancient 
seawater and of the subglacial 
ecosystem lying beneath 
Taylor Glacier.  
Biogeochemical 
measurements, culture-based 
techniques, and molecular 
analysis (based on 16S rDNA 
sequences), have been used to 
characterize microbes and 
chemistry associated with 
outflow waters. In the absence 
of direct samples from below 
Taylor Glacier, these data 
allow us to infer the 
composition of this microbial 
subglacial niche. Iron-reducing 
isolates, clone libraries 
dominated by 16S rDNA sequence
incorporation in samples amended
from iron and sulfur compounds.  
search for extant extraterrestrial lif
legitimate earthly analog based on
candidate, Mars [2].  The value of
Missions during soil experiment p
salt, provides a plausible ecosystem
features on the iron-rich planet. Th
viable for possibly millions of yea
identified subglacial lakes exist un
difficult to access.  Data presented
waters below Taylor Glacier. An u
provide the impetus to search for i
 
References:  [1] Lyons, W.B. et a
al. J. Paleolimnology (1995) 13: 2
[4] Mikucki, J.A. et.al.  Aq. Geoch
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Figure 1. Blood Falls, Taylor Glacier, Antarctica.  January, 2004.
s with high identity to Thiomicrospira sp., and increased 14C-bicarbonate 
 with reduced sulfur provides evidence for lifestyles that derive energy 
Based on the prevalence of cold environments in our solar system, the 
e will focus largely on icy habitats. The McMurdo Dry Valleys offer a 
 temperature, climate and moisture regime to our nearest exobiological 
 this analogous environment was recognized at the time of the Viking 
lanning and data analysis [3]. Blood Falls, characterized by high iron and 

 analog to Martian polar ice cap margins and other near surface ice 
e ancient origin of Blood Falls suggests that subglacial life can remain 

rs [4].  This subglacial lake should be considered for exploration, as other 
der thousands of meters of ice and therefore are technically more 
 here on Blood Falls, will direct such future biological study of the 
nderstanding of the ecology in earthly subglacial environments could 
ron-sulfur based ecosystems on Mars. 

l. Geochim. Cosmochim . Acta. (2004) In Review.  [2] R.A. Wharton et 
67-283.  [3]Levin G.V. and P.A. Straat.  J. Theor. Biol. (1981) 91, 41-45.  
emistry (2004) In Press. 
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NATURE OF XENON ISOTOPES IN NWA 817- A NAKHLITE FROM THE HOT DESERT.  R. K. Moha-
patra, S. Crowther and J. D. Gilmour, Department of Earth Sciences, University of Manchester, Oxford Road, Man-
chester M13 9PL (ratan.mohapatra@man.ac.uk). 

 
Introduction:  NWA 817, collected from the 

northwest African desert (Morocco) has been studied 
for nitrogen and noble gases by Mathew et al. [1]. 
They inferred the presence of xenon from the fission 
of now extinct 244Pu (t1/2 = 82 Ma) in this meteorite as 
well as, unlike previous workers [2, 3], in some of the 
other Nakhlites and shergottites. As part of an ongoing 
project to study xenon in the Nakhlites using RELAX 
[4], we have recently analyzed two pieces of NWA 
817 (of weights 6 and 9 mg respectively), preliminary 
data from which are presented here. 

Fig. 1 compiles our xenon isotope data from step-
heating analyses along with those from the literature. 
While the low-temperature (LT) data cluster around 
Air, the high-temperature (HT) data show increasing 
contributions from a martian atmospheric end member. 
Differences with the literature data [1] are at present 
difficult to comment on although dominant Air con-
tamination for our low temperature data are consistent 
with the observation of veins of secondary phases in a 
thin section of the analyzed sample.  

 
Fig. 1: A three isotope plot of xenon data (uncorrected 
for the cosmogenic contributions) for NWA 817 both 
from the present study and the literature, along with 
relevant end-members (e.g., [5]). 
References:  
[1] Mathew K. J. et al. (2003) EPSL, 214, 27–42. 
[2] Ott U. (1988) GCA, 52, 1937–1948. [3] Gilmour J. 
D. et al. (2001) GCA, 65, 343–354. [4] Gilmour J. D. 
et al. (1994) Rev. Sci. Inst. 65, 617–625. [5] Swindle 
T. D. (2002) Rev. Mineral. Geochem. 47, 171–190. 
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NOACHIAN-HESPERIAN TRANSITION AND A POSSIBLE CLIMATIC OPTIMUM: EVIDENCE FROM
LANDFORMS. J. M. Moore1 and A. D. Howard2, 1NASA Ames Research Center, MS 245-3, Moffett Field, CA,
94035-100, jeff.moore@nasa.gov., 2Department of Environmental Sciences, P.O. Box 400123, University of
Virginia, Charlottesville, VA 22904-4123, alanh@virginia.edu

Introduction: A climatic optimum?  The often
strong contrast between the ‘pristine’ and degraded
Noachian channels and craters noted in [e.g. 1] might
be due to a gradual climatic change superimposed
upon an episode of mantling associated with early
Hesperian volcanism.  On the other hand, one or more
episodes of volcanism or large impacts could have
induced global warming [2,3] and produced a
relatively short-lived optimum for precipitation and
runoff.  The rapid cutoff of fluvial activity following
the development of the later ‘pristine’ fluvial features
is consistent with this scenario.  We discuss the
changing style of erosion in the highlands during the
Noachian and early Hesperian in a companion abstract
to this workshop.  Here we review the some of the
morphologic evidence for a possible Noachian-
Hesperian (N-H) climate optimum.

Late Noachian – Early Hesperian landforms:
Alluvial Fans and Deltas: Large, fresh-appearing

alluvial fans (typically > 10 km long) have been
identified during a systematic search of daylight
THEMIS IR imaging in deep late-Noachian or early-
Hesperian craters.  Our results, at the time of this
writing, indicate that these fans are only found in ~6%
of all craters ≥ 70 km in diameter within a large study
region.  All fans in this study [4] head in steep-walled
scalloped alcoves and rarely is there evidence for
drainage into alcove heads, indicating the fans are
usually composed of the material eroded to form the
alcove, and the alcove is the catchment.  A typical
example of a fan in this study is shown in Figure 1.
Fans exhibit very long, narrow low-relief ridges
oriented down-slope, which are possibly channel
levees or debris flow lobes, often branching at their
distal ends.  Smooth areas seen between ridges and
channels on the outer fan are probably the surfaces of
sheet flows.  A longitudinal profile of the fan in Figure
1 over a down-slope distance of ~40 km shows that its
surface forms a constant slope of 2° as do many of the
fans in our study, most closely consistent with
terrestrial debris-flow-dominated fans such as those in
the Mojave Desert.

A fan-shaped 10 by 12 km outcrop interpreted to be
an exhumed and differentially eroded fluvial delta or
fluvial fan (located at 24.1°S, 33.9°W) lies at the
mouth of an upland “drainage” basin of about ~70 by
60 km [5,6] superposed on late Noachian materials.
The fan-shaped outcrop itself appears nearly planar,
with an abrupt drop-off of 100-200 m at a feathered or
digitate periphery along the north and east.  The delta
is composed of many low, flat-topped and often-
sinuous ridges, which converge at the apparent fan

apex.  Ridges are often stacked upon one another,
exhibiting crosscutting and superposition.  One ridge
forms a well-defined loop with distinct, successive
scroll-bar recording the progressive growth of the
meander, and eventually its cutoff, identical to that
seen on terrestrial floodplains.  The digitate periphery
in detail is scarp-like, where individual ridge flanks
and termini exhibit alternating steep slopes and ledges
forming up to on order of a dozen steps, each ~10 m
high interpreted to discrete layers of indurated
material.  To date only one other feature similar to (but
less well presented) this delta has been found, also on
N-H materials (Fig. 2).  In both cases the volume of the
contributing late stage incised valleys appears to be
commensurate with the delta volume.

Hard Pans: MOC NA and THEMIS IR imaging of
the incised ‘pristine’ N-H valleys commonly reveals a
light-colored, high thermal inertia (TI) layer that caps
the tops of the valley walls bordering the incised
valleys (Fig. 3).  The high TI implies that either that
layer is composed of coarse lag gravels or an indurated
crust.  The sharp or ragged edges of many of these
outcrops may indicate at least partial induration.  Some
of these high TI areas slope inward from surrounding
uplands, making lava deposition an unlikely
explanation.  A few MOC NA images show textures
that might be weak bedding below the capping unit.  A
plausible interpretation is that the crust or lag
developed in Noachian basin sediments prior to the N-
H incision, implying a possible hiatus between the two
episodes.  Resistance of the capping unit may also
have contributed to limiting the areal extent of the late
incision.

Northern Hellas Rim Sedimentological Style
Transition and the Pits of Noachis.   A number of
unusual features on the northern rim of Hellas date
from N-H time.  Most conspicuous are large irregular
depressions, such as can be seen in and around Terby
(Fig 4), which themselves cut lobate flows with
textures and morphologies consistent with plastic
deformation such as is associated with warm ice
(glaciers).  A number of these “pits and glaciers” form
a “zone” along the Hellas rim of roughly constant
elevation, which occurs just below another zone in
which a number of craters possess alluvial fans (but
not the “pits or glaciers”).  Above the alluvial fan
“zone” the surface exhibits negligible N-H era fluvial
or “glacial” activity.  The origin of the pits is not
understood.  One possibility is that they are locations
formerly occupied by massive ice blocks.  The walls of
the pits often exhibit enormous stacks of layers, which
is difficult to reconcile with the massive ice hypothesis
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unless the pits were erosionally widened after the
disappearance of the ice.  It is probably significant that
there is no post-pit “glacial” activity.  The “zones”
may the consequence of a strong topographic control
over climate and water supply.  Elsewhere, there are
several large rimless pits in Noachis Terra, mostly in
basins, which resemble the Hellas features except that

they are devoid of adjacent “glaciers” or any other N-H
era water-related activity (though some have “modern”
small gullies).

Taken together the features discussed here fit into a
hypothesis in which a climate optimum occurred
around the N-H boundary imposing the last great act of
large-scale Martian fluvial activity.

Fig. 1. Large alluvial fan in an
unnamed 100 km-diameter crater
at 22°S, 39°W, colorized with
MOLA-derived topography.  This
fan exhibits very long, narrow low-
relief ridges radially oriented
down-slope, which are possibly
channel levees or debris flow
lobes, often branching at their
distal ends.

Fig. 2.  Fluvial Fan or Delta
Deposit (arrows) and its associate
up-basin network of incised valleys
at 28°S, 277°W, colorized with
MOLA-derived topography.

Fig. 3. High TI layer capping the
top (T) of valley walls bordering
incised valley.  The high TI
implies that either that layer is
composed of coarse lag gravels or
an indurated crust. This MOC NA
image shows textures that might be
weak bedding below the capping
unit.

Fig. 4.  Large irregular depressions
(P) in and around Terby, which
themselves cut lobate flows (G)
with textures and morphologies
consistent with plastic deformation
such as is associated with warm ice
(glaciers).
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