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HYDROTHERMAL ENVIRONMENTS AND CHEMICAL TRANSPORT DUE TO IMPACTS AND 
VOLCANISM ON EARLY MARS. H. E. Newsom, University of New Mexico, Institute of Meteoritics, Dept. of 
Earth & Planetary Sciences, Albuquerque, NM 87131 U.S.A. Email: Newsom@unm.edu 

 
The combination of hot rocks and water inevitably 

leads to hydrothermal alteration [1]. Early in Mars’ 
history water was more abundant and hot rocks were 
supplied by impacts and volcanism. Hydrothermal 
deposits including precipitates and evaporites are 
important exploration targets to examine for evidence 
of biotic or prebiotic organic chemistry [2]. 
Hydrothermal alteration could also lead to trapping of 
water in the crust of Mars [e.g. 3]. In addition, the 
breakdown of minerals and mesostasis due to 
hydrothermal alteration in igneous and impact derived 
rocks released mobile elements that helped enrich the 
surface in sulfur, chlorine, and other mobile elements 
[e.g. 4, 5]. The resulting presence of toxic mobile 
elements in surface fines may constrain future human 
exploration and utilization of Mars. 

Types of hydrothermal environments likely to be 
important on Mars are suggested by theoretical models 
and terrestrial analogs. The locations of accessible 
hydrothermal materials associated with impact craters 
include central uplifts, impact melt deposits on crater 
floors and in the proximal ejecta of large and small 
craters, and the distal ejecta of large craters and basins. 
Volcanic hydrothermal deposits are controlled by the 
sources of water. For example, lava flows in wet areas 
such as the floor of Gusev crater could have 
experienced hydrothermal alteration and transport of 
mobile elements [6]. 

Terrestrial analog studies are useful but must be 
carefully evaluated for relevance. For example, the 
carbonates in ALH84001 are not common on the 
Earth, but readily form in warm CO2 saturated fluids 
[7]. Experimental studies under simulated Martian 
conditions therefore provide an important 
complementary approach to terrestrial analog studies. 

Observational evidence for aqueous and 
hydrothermal processes on Mars: Evidence for 
hydrothermal processes on Mars is rapidly 
accumulating. The presence of abundant water and the 
ability to resupply local aquifers by rain or snow early 
in Mars’ history is supported by morphological 
evidence that Noachian-Hesperian periglacial 
resurfacing rates were an order of magnitude higher 
than at present [8]. In addition, previously unknown 
early channel systems on Mars have been discovered 
in THEMIS imagery, including channels being 
exhumed from beneath ancient layered deposits.  

Early large impacts provided abundant near-
surface heat sources accessible to ground water, and 
created topography with numerous disconnected basins 
that exerted a major control on later aqueous processes 
including groundwater infiltration, and the formation 

of lakes and channel systems. The importance of early 
large impact basins [e.g. Frey, this conf.] is illustrated 
by the recent discovery using MOLA topographic data 
of a large multi-ringed basin 800 to 1600 km in 
diameter underneath the Meridiani Planum region of 
Mars (Fig. 1) [9]. This structure contains a large 
central magnetic anomaly suggesting an early 
formation, and includes a central basin, within a 200 m 
high raised ring at a radius of 200 km and an annular 
trough at a maximum radius of about 400 km. An 
additional annular trough may exist to the southwest at 
a radius of 800 km (not shown in Fig 1). The presence 
of this structure probably controlled the deposition of 
layered materials in Meridiani Planum, including the 
sulfate evaporites discovered by the Opportunity rover.  

Chemical and mineralogical evidence for 
hydrothermal processes on Mars was limited until very 
recently. For example, the investigation of the 

Columbia 
Hills in 

Gusev 
crater by 
the Spirit 
rover is 

producing 
tantalizing 

evidence of 
extensive 
alteration 

of ancient 
uplifted 

basement, 
such as the 

“rotten” 
rocks in “Hank’s Hollow” and the aptly named 
“Wooly Patch”, with its large veins. Other evidence 
includes the MER evidence for thin alteration rinds 
and coatings on lava flow rocks in Gusev Crater [10]. 
Aqueous processes are also indicated by the alteration 
phases and chemical precipitates in Martian meteorites, 
such as the carbonates in ALH 84001. 

The Martian soil or regolith is a globally 
homogenized product of various weathering processes, 
possibly including hydrothermal processes. The soil 
consists of a “rock” component (e.g. Si, Mg, Al, Ca) 
and a “salt” or mobile element component enriched in 
S, Cl, and possibly K and Na [11]. Recent MER results 
confirm the global similarities in soil compositions [6]. 
The soil precursor material was basaltic in nature, but 
probably included a significant component of shocked 
crystalline rocks, and basaltic glass from impacts and 
volcanism, which are more susceptible to alteration 

Fig. 1 
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and subsequent eolian erosion. Chemical data for the 
surface regolith is also becoming available on a global 
basis from the Mars Odyssey Gamma Ray 
Spectrometer. Initial results include the variability of 
Cl, K, and Th, which may reflect hydrothermally 
altered material in some areas, such as the TES type II 
regions. [12]. Mars Express will provide important 
additional data on the presence of minerals associated 
with hydrothermal processes. 

Evidence against a significant role of water at the 
surface of Mars includes the lack of carbonate deposits 
in the northern lowlands, which may argue against the 
existence of an extensive ocean for any significant 
period of time. The apparent lack of phyllosilicates 
(clays) and the presence of olivine in outcrops [13] 
have also been used to argue against the long term role 
of water in surface processes on Mars. 

Terrestrial analog and experimental studies: 
Understanding the mobile element enrichments in the 
Martian soil requires determining the mineralogical 
and aqueous geochemical controls on their mobility. 
Terrestrial analog studies provide insights into 
processes that may occur on Mars. The Lonar impact 

crater for example 
is the only crater 
emplaced in basalt, 
and contains 
evidence of 

hydrothermal 
deposits (Fig. 2) 
[14]. The 50,000 
year old, 1.8 km 
diameter Lonar 
crater is located in 

Maharashtra, India. In the Lonar drill cores incipient 
hydrothermal alteration under low water/rock ratio 
conditions formed Fe-rich saponite clays. Both 
saponite and celadonite are produced during the 
hydrothermal alteration of basalt, typically at 
temperatures of 130-200°C. Materials that have 
experienced removal of Ca, Na, and K, but retained 
Fe-rich clays are also formed in volcanic hydrothermal 
systems under conditions of low water/rock ratio. 
Quantitative mixing models show that the Mars soil 
composition can be matched with a combination of the 
basaltic FeO-rich alteration products, such as those 
found at Lonar, with basaltic martian meteorites (with 
or without palagonite) [15]. 

The origin of the high S and Cl mobile element 
contents in the soil requires either a volcanic aerosol 
source and/or contributions from aqueous or 
hydrothermal fluids. Such fluids could also help 
explain the enrichment of K and Na that may be 
present in the soil. Terrestrial analog studies for mobile 
element transport include the behavior of elements in 
terrestrial hot springs, including both neutral chloride 

and acid sulfate hydrothermal fluids. Acid sulfate 
fluids are formed by the condensation of vapor 
transported to the surface. On Mars where water has 
been less abundant than on the surface of the earth, 
processes involving vapor transport may have played a 
larger role. Vapor transport results in the formation of 
acid-sulfate deposits which may be an important 
process on Mars. Newsom et al. [5] showed that a 
combination of neutral chloride and acid sulfate 
hydrothermal fluids could have contributed the sulfur 
and chlorine observed in the soil, without adding too 
much of other components. Vapor transport of sulfur 
compounds to the surface will occur not just locally, 
but with any release of vapor during the emplacement 
of lava flows and hot impact crater ejecta. 
Experimental studies under Martian conditions of the 
leaching of basaltic minerals can also produce 
elemental trends consistent with the composition of the 
martian soil [e.g. 16].  

Conclusions: A flood of new observational 
information from Mars, experimental studies, and 
work on terrestrial analog systems suggests that 
hydrothermal processes affecting the Martian surface 
were especially likely early in Mars’ history, when 
water was more available and impacts were more 
abundant. In contrast to the Earth, aqueous 
geochemical transport processes on Mars involving 
impact melts and lava flows may have involved lower 
water/rock ratios, and high temperature vapor transport 
to the surface played a greater role in mobile element 
transport. The lack of evidence for abundant 
phyllosilicates (clays) in the current regolith and the 
presence of olivine in surface exposures on Mars may 
reflect the greater role of low water/rock ratio 
alteration processes in the near-surface environment on 
Mars, especially during recent epochs.  
 

References: [1] Newsom et al., (2001) 
Astrobiology 1, 71 [2] Farmer J.D. (2000) GSA Today 
10, 1 [3] Griffith, L.L., Shock, E.L. (1997) JGR 
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(1999) JGR Planets, 104, 8717 [6] Gellert R. (2004) 
Science 305, 829 [7] Golden D. C. et al. (2000) MAPS 
35, 457 [8] Hartmann W. K. (2003) Third Mars Polar 
Science Conf., Abstract #8110 [9] Newsom et al., 
(2003) JGR Planets, ROV 16 (DOI 
10.1029/2002JE001993) [10] McSween Jr. H. Y. et al. 
(2004) Science 305, 842 [11] Clark B.C., (1993) 
Geochim. Cosmochim. Acta, 57, 4575 [12] Taylor, G. 
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#3207 [13] Hoefen T.M. et al. (2003) Science 302, 627 
[14] Hagerty and Newsom (2003) MAPS 38, 365 [15] 
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Introduction: Aqueous environments on early 

Mars were probably relatively short-lived and local-
ized, as evidenced by the lack of abundant secondary 
minerals detected by the TES instrument [1].  In order 
to better understand the aqueous history of early Mars 
we need to be able to interpret the evidence preserved 
in secondary minerals formed during these aqueous 
events.   

Carbonate minerals, in particular, are important 
secondary minerals for interpreting past aqueous envi-
ronments as illustrated by the carbonates preserved in 
ALH84001[2, 3].  Carbonates formed in short-lived, 
dynamic aqueous events often preserve kinetic rather 
than equilibrium chemical and isotopic processes, and 
predicting the behavior of such systems is facilitated 
by  empirical data. 

Although many authors have suggested possible 
formation environments for carbonates on Mars, de-
tailed analysis of the properties of carbonates likely to 
form under martian analog conditions remain scarce. 
Data from such experiments will be vital to interpret-
ing analyses of martian meteorites, in situ data from 
future missions such as MSL, and data on returned 
martian samples.  This laboratory study focuses on two 
potential martian carbonate formation environments 
that may have been significant during early martian 
history: a cryogenic and a hydrothermal environment.  
In the cryogenic environment, carbonates precipitate 
during the freezing of CO2 rich water and subsequent 
extensive CO2 degassing that occurs as the fluid’s de-
creasing volume drives out CO2 [4].  In the hydro-
thermal environment, carbonates precipitate during the 
heating of a CO2 rich water which lowers the solubility 
of CO2 and causes CO2 degassing [5].    

Experiments that mimic each of these environ-
ments have been run, and the carbonate run products 
have been analyzed for their chemical and isotopic 
compositions.  The goal of this study is to identify the 
chemical and isotopic processes that occur in these 
environments and how these processes are recorded by 
the carbonates precipitated from each system.  

Methods:  The cryogenic experiments consisted of  
placing a 150mL calcium bicarbonate solution into a 
freezer that maintained an approximate temperature of 
-40°C for 1 day [6].  The precipitate was then isolated 
from the thawed solution by filtration.   

The hydrothermal experiments consisted of placing 
15mL of a Mg/Ca bicarbonate solution into a oven 

which was warmed up to 150°C.  The experiments 
were run for 5 days and quenched in a freezer (e.g. 
[7]).  The precipitate was then isolated from the solu-
tion by filtration.  

Figure 1:  SEM backscatter electron image of hydro-
thermal carbonate crystals.  The darker areas reflect 
magnesite while the lighter areas are high Mg calcite. 

A portion of the cryogenic powder was reacted 
with 100% phosphoric acid and analyzed on the Finni-
gan Delta S dual inlet mass spectrometer at JSC.  An-
other small portion from each of the experiments was 
mounted in epoxy for SEM and SIMS analysis.    

The thick sections were polished and imaged using 
the JEOL JSM-IC 845 scanning electron microscope at 
ASU.  The remaining powders were analyzed using a 
Siemens D5000 X-ray Diffractometer.  Grains were 
analyzed using the Cameca IMS 6f at ASU for their 
microscale oxygen isotopic compositions.  A Cs+ beam 
was focused to a spot size of ~10 µm diameter using 
critical illumination.  Secondary ions were collected at 
–9 kV using extreme energy filtering (EEF).  Uncer-
tainties were calculated using a RMS method including 
individual analysis precision and the standard devia-
tion of repeated analysis of the calcite standard (all in 
1σ). 

Results:  Isotopic analyses of the cryogenic car-
bonates using acid extraction of the powder resulted in 
a δ18O(SMOW) of +25.2±0.1‰.  Ion microprobe analyses 
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of the cryogenic carbonates yielded a range of oxygen 
isotopic values from δ18O(SMOW) 21.8±2.9‰ to 
30.4±2.9‰ (Fig 2), directly in line with the acid ex-
traction values. 

Hydrothermal carbonates formed from mixed Ca-
Mg solutions show strong chemical zonation from Ca 
rich crystal cores to Mg rich crystal rims (Fig 1) simi-
lar to those produced by [7].  SIMS analyses revealed 
a variation in δ18O(SMOW) of +5.8±2.1‰ to 
+16.8±2.2‰.  

Mg solutions show strong chemical zonation from Ca 
rich crystal cores to Mg rich crystal rims (Fig 1) simi-
lar to those produced by [7].  SIMS analyses revealed 
a variation in δ18O(SMOW) of +5.8±2.1‰ to 
+16.8±2.2‰.  

Discussion:  These initial results show a small 
(>3‰) oxygen isotopic variation in both environ-
ments.  This variation is present on a microscale and is 
not detected in the simple one step acid-extraction ex-
periments.  Future stepped extraction analyses will be 
performed on the hydrothermal carbonates that will be 
a better comparison to the SIMS data.   

Discussion:  These initial results show a small 
(>3‰) oxygen isotopic variation in both environ-
ments.  This variation is present on a microscale and is 
not detected in the simple one step acid-extraction ex-
periments.  Future stepped extraction analyses will be 
performed on the hydrothermal carbonates that will be 
a better comparison to the SIMS data.   

The magnitude and direction of the isotopic varia-
tion is important in order to identify the dominant 
processes under each set of conditions.  Initial indica-
tions are that the δ18O of the carbonate seems to be 
decreasing by a small amount under both experimental 
conditions.  This remains a very tentative conclusion, 
and needs to be confirmed with more SIMS analyses. 

The magnitude and direction of the isotopic varia-
tion is important in order to identify the dominant 
processes under each set of conditions.  Initial indica-
tions are that the δ18O of the carbonate seems to be 
decreasing by a small amount under both experimental 
conditions.  This remains a very tentative conclusion, 
and needs to be confirmed with more SIMS analyses. 

If the δ18O is indeed decreasing under both condi-
tions, then we can identify the dominant processes 
from the multiple processes that are capable of creat-
ing oxygen isotopic variations during these experi-
ments.  In the cryogenic experiments, water freezing 
dominates as it lowers the δ18O of the water by pro-
gressively removing more δ18O enriched ice from the 
system [8].  However another important process is CO2 

degassing.  If it occurs rapidly enough, the equilibrium 
between the dissolved bicarbonate and water won’t be 
established, allowing for the removal of 16O rich CO2 
gas from the system and the enrichment of the remain-
ing bicarbonate[4]. 

If the δ18O is indeed decreasing under both condi-
tions, then we can identify the dominant processes 
from the multiple processes that are capable of creat-
ing oxygen isotopic variations during these experi-
ments.  In the cryogenic experiments, water freezing 
dominates as it lowers the δ18O of the water by pro-
gressively removing more δ18O enriched ice from the 
system [8].  However another important process is CO2 

degassing.  If it occurs rapidly enough, the equilibrium 
between the dissolved bicarbonate and water won’t be 
established, allowing for the removal of 16O rich CO2 
gas from the system and the enrichment of the remain-
ing bicarbonate[4]. 

In the hydrothermal experiments, the oxygen iso-
topic composition of the carbonates seem to be domi-
nated by temperature change.  As the temperature of 
the system rises carbonates become increasingly lower 
in δ18O as the fractionation decreases [9].  However, 
CO2 degassing may also be important causing  the car-
bonate to become more enriched in 18O.   

In the hydrothermal experiments, the oxygen iso-
topic composition of the carbonates seem to be domi-
nated by temperature change.  As the temperature of 
the system rises carbonates become increasingly lower 
in δ18O as the fractionation decreases [9].  However, 
CO2 degassing may also be important causing  the car-
bonate to become more enriched in 18O.   

More measurements will help confirm the direction 
of the isotopic variation as well as the magnitude of 
the variations.  Once the magnitude of the variations 
and other parameters are known, we will be able to 
more accurately model the processes and isotopic frac-
tionations active under each condition. 

More measurements will help confirm the direction 
of the isotopic variation as well as the magnitude of 
the variations.  Once the magnitude of the variations 
and other parameters are known, we will be able to 
more accurately model the processes and isotopic frac-
tionations active under each condition. 
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Figure 2:  SEM backscatter electron image of cryogenic
carbonates.  The dark circles are ion probe pits, and
numbers are δ18O values for each analysis.  Uncertainties
are approx. ±3‰. 



Analysis of a Spectrally Unique Deposit in the Dissected Noachian Terrain of Mars.  E. Z. Noe Dobrea1, J. F. 
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Introduction:  Dark intracrater deposits are perva-
sive throughout a great fraction of the large craters on 
Mars, and in many cases are the origin of dark streak 
fields [1],[2].  High resolution MOC imagery of these 
deposits shows that they are made up of dune fields at 
least 100 m thick [3].  Despite their ubiquity, the origin 
of the material in intracrater deposits is not known, 
primarily because they have not been found to be di-
rectly associated to any specific morphologic feature in 
the area.  Recently, [4] discovered in MGS wide angle 
data a “blue” color unit associated with a low-albedo 
intracrater deposit in the southern highlands.  In addi-
tion to its unique color, this particular unit is spatially 
associated to a fan-shaped deposit of similarly unique 
spectral character [5] located sat the mouth of a small 
channel.  In this report, we discuss the use of Odys-
sey/THEMIS and MGS/TES data to constrain the min-
eralogy of this spectrally unique intracrater deposit and 
the associated fan.   

Data sets:  We use a combination of high spatial 
resolution data sets (MGS/MOC, Odyssey/THEMIS) 
to understand the morphological and spectral relation-
ship between the low-albedo intracrater deposit and 
the fan-shaped deposit; and high spectral resolution 
data from MGS/TES to constrain the mineralogy of the 
dark intracrater deposit.   

Context and Morphology:  The two deposits of 
interest are found inside one of the highly degraded 
(rimless and flat-floored) craters (12.75°S, 202.7°W) 
of the heavily cratered and dissected ancient Noachian 
highlands (Figs. 1a and 1b) [6].  The first, more exten-
sive deposit, extends from the middle of the crater 
southwards, draping over the southern edge and 5 km 
into the surrounding plains (Figs. 1a and 1b).  We refer 
to it as the low-albedo deposit.  High resolution (2.85 
m/pix) MOC/NA images show that near the crater 
wall, this deposit consists of a mantle of low-albedo 
material thick enough to form “barchanoid” dunes and 
obscure the underlying geology of the more ancient 
and heavily cratered terrain (Fig. 1b).  The underlying 
morphology becomes more apparent towards the cen-
ter and outside the crater as the low-albedo mantling 
material thins out. 

The second, fan-shaped deposit is located at the 
north end of a short (~2 km) channel, which incises the 
crater’s south wall.  It consists of 4 discernable sets of 
superposed fans (Figure 1b), suggesting multiple de-
positional episodes.  Its surface has a crater density 

similar to that of the sorrounding bright plains mate-
rial, and is thus assumed to be of roughly the same age 
as the crater floor.  The morphology of this deposit and 
its source channel suggests an emplacement facilitated 
by a lubricating agent such as liquid water (fluvial 
action) or ice (gelifluction), although the action of vis-
cous volcanism cannot be entirely discounted.  The 
spectral contrast of the fan-shaped deposit relative to 
the surrounding plains suggests that it is clean of the 
homogenizing dust characteristic of the bright plains 
material, possibly as a result of sand grain saltation.   

 

  
Figure 1a        Figure 1b 
 
Spectral Analysis:   
Themis/VIS: 
Calibration:  A 36 m/pixel THEMIS/VIS image 

cube of the area (Fig. 1a) was obtained in radiometri-
cally calibrated format from the ASU THEMIS public 
release site, corrected for the filter-dependent linear 
offset introduced by the internal scattering characteris-
tic of the THEMIS/VIS detector using the method of 
[7], and subsequently converted into I/F by dividing 
out the convolved solar spectrum for each filter.  Fi-
nally, the data were atmospherically corrected using 
the method of [8]. 

Analysis:  Minimum Noise Fraction (MNF) analy-
sis of the region inside and immediately outside the 
southern edge of the crater identifies three spectral 
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endmembers (Fig. 2a) associated with 1) the bright 
plains material 2) the fan-shaped deposit, and 3) the 
dune-forming portion of the low-albedo deposit.  Pa-
rametrization of these spectra to characterize the corre-
lation with morphology shows that the bright plains 
material contains the “reddest” spectrum (highest 
750:450 nm band-ratio – Parameter A) as well as the 
greatest 550 nm band-depth – (Parameter B), whereas 
the fan-shaped deposit presents the smallest values for 
these two parameters (Figs. 2b and 2c).  We interpret 
high values of these two parameters to be indicative of 
higher concentrations of Fe3+ in the material.  We also 
find that the spectral character of most of the low-
albedo intracrater deposit can be explained by a mix-
ing of the spectrum of the fan-shaped deposit to that of 
the low-albedo dune-forming deposit. 

MGS/TES 
Radiometrically calibrated MGS/TES data were ob-
tained from the PDS, converted to emissivity and at-
mospherically corrected using the method of [9].  The 
TES footprint covers a large fraction of the low albedo 
deposit, including the dune-forming deposit and the 
fan-shaped deposit.  Linear unmixing of the atmos-
pherically corrected emissivity spectrum of the low-
albedo deposit was performed using a subset of 26 
spectrally unique mineral members from [10].  Every 
endmember combination was tested in the unmixing 
process and the ~185,000 combinations with RMS fit 
values ≤0.005 were used for statistical analysis.  We 
find that the spectrum of the dark intracrater deposit 
can be best explained by a linear mixture of feldspars 
and possibly pyroxenes, mixed with some alteration products 
such as carbonates and possibly clays and sulfates. 

Conclusions: 
Our morphologic and spectroscopic analyses 

show no association between the brighter fan-shaped 
deposit and the dark intracrater dune deposit.  
THEMIS/VIS multispectral images indicate that the 
fan-shaped deposit and the dark intracrater deposit are 
spectrally different from each other, and that mixing 
between these two can adequately explain the ob-
served spectral variability of the rest of the low-albedo 
intracrated deposit.  TES spectroscopy of the dark de-
posit itself hints at a varied mineralogy involving both 
unaltered minerals and their alteration products.  The 
primary constituents interpreted to statistically domi-
nate the best-fit TES spectrum is feldspars, mixed with 
alteration products such as carbonates and possibly clays and 
sulfates.  The presence of alteration products in this 
deposit offers evidence past water alteration of Martian 
volcanics. 
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TERRESTRIAL LACUSTRINE SEDIMENTARY DEPOSITS AS MARTIAN ANALOGS? J. Nussbaumer1,  2, 
1Department of Mineralogy, Natural History Museum, London, UK, 2Johannes Gutenberg University, Mainz, 
Germany, email: jurn@nhm.ac.uk. 
 
Introduction:  Sedimentary rocks at the Meridiani 
landing site show a broad diversity of sedimentary 
structures suggesting aqueous sedimentation [1] of still 
unknown duration, timing, and nature. Many of these 
structures have well known terrestrial analogies owing 
to different flow-conditions, atmospheric conditions, 
sediment composition and different locations in lake 
basins. Lacustrine sediment facies include mainly the 
beach, shallow shorelines, the deeper part of the lake 
and inflowing rivers forming deltas (Fig.1). Upper-
carbonic lacustrine sediments in Argentina (28°45´ S, 
66°21´ W) show some analogies to martian sediments 
and may be helpful to understand climatic conditions 
and the duration of aqueous activity on early Mars. 
These lake sediments were deposited  in a tectonic 
graben-structure, between  migmatites and quarzites. 
They passed different climatic phases and water levels, 
showing warve-like layers, aeolian dunes, deltaic 
sequences and ripple-like sedimentary structures.  

 
Fig. 1: Different lake sediments, adapted from [2]. 
 
Beach and dune sediments: These grey-white  
laminated sandstones show fine mm-scale foliation and 
aeolian cross-bedding (Fig. 2). The main components 
are quartz, feldspar and kaolinite. The minerals are 
moderately sorted and rounded with grain sizes varying 
between 0,1 and 0,8 mm. Flat polyedric  
accumulations, formerly hematite, form “desert roses”. 
 
Shallow water sediments:  These rocks form in 
shallow water near the beach. Layers of 10-20 cm are 
characteristic with ripple marks (Fig. 4), alternating  
with layers of shale. 

 
Fig. 2: Sedimentary rock showing aeolian cross bedding, 
image width ~20cm. 

 
Fig. 3a: Terrestrial ”desert rose”, pseudomorphosis of 
hematite to gypsum, Image width ~20cm,  
Fig. 3b: Possible martian analog, MI Mosaic, image 
width ~5cm, Image courtesy  NASA/JPL/Cornell. 
 
The grain sizes of the shales are 0,02 - 0,1 mm. The 
grain sizes within the rippled layers are ~ 0,25 mm. 
The grains are mostly angular and well sorted. The 
orientations and dimensions of ripples indicate specific 
paleo-flow directions and velocities. Ripple structures 
of 2,5 cm height and 10-12 cm length are formed in 
water flowing with velocities of 30-40 cm/s. In quiet 
flow conditions, fine dark silt layers deposit above the 
ripples, forming thin lines. 
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Fig. 4a: Terrestrial ripple structures, Fig. 4b: Martian 
ripples, Image courtesy  NASA/JPL/Cornell. 
 
Delta sediments form silicate sandstone alternating 
with clay. Coarse-grained to fine-grained transitions 
upwards in the sediments indicates  rising water levels 
(transgression). Fine grained to coarse grained clastic 
sediments suggests falling water levels (regression). 
The layers are mostly 0,5 - 3 m thick and diagonally 
cross-stratified (Fig 5). Grain sizes in bright layers are 
0,1 - 0,6 mm, in silt layers 0,01 - 0,04 mm. The 
observed cross-bedding is characteristic of flows 
entering the lake. Turbiditic layers are part of the delta 
front sequence. Compact lamination indicates delta 
proximity and growing deltas generally indicate 
stagnating or decreasing water levels.   

 
Fig. 5: Delta sediments, Image width ~1m. 
 
Deep water sediments (Fig. 6) consist of coarse-
grained summer layers and fine-grained winter layers 
of thickness ranging between 0.1-1 cm and change 
annually in the deeper part of the lake. These rocks 
formed in the cold, calm deeper water which is not 
affected by wave turbulence. The formation mechanism 
is as follows (Fig 7):  the particle rich inflowing water 
is denser than the upper water layer and less dense than 
the lower water layer and flows therefore between 
these layers (thermocline). A fallout of small silty 
particles covers the ground and forms a bright winter 
layer. Grains between 0,05 - 0,2 mm of size are angular 
and well sorted. Coarser grains are deposited in the 
summer owing to higher river discharge. Sedimentation 

in the winter produces layers of finer grains, owing to 
lower sedimentation rates (Fig 6). 

 
Fig. 6: Deep lake sediments 
 

 
Fig. 7: Sedimentation mechanism and sediment types 
in lakes (from [3]). 
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CRYSTALLIZATION AGE OF NWA 1460 SHERGOTTITE: PARADOX REVISITED.  L. E. Nyquist1, C-Y. 
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Introduction:  We have determined the Rb-Sr age 

of basaltic shergottite NWA 1460 to be 312±3 Ma, and 
the Sm-Nd age to be 352±30 Ma. The initial Sr and Nd 
isotopic compositions of NWA 1460 suggest it is an 
earlier melting product of a Martian mantle source 
region similar to those of the lherzolitic shergottites 
and basaltic shergottite EETA79001, lithology B. The 
new ages of NWA 1460 and other recently analyzed 
Martian meteorites leads us to reexamine the paradox 
that most of the Martian meteorites appear to be 
younger from the majority of the Martian surface [1]. 
This paradox continues to pose a challenge to deter-
mining a reliable Martian chronology. 

Rb-Sr Mineral Isochron: Petrologic studies [2] 
indicate that NWA 1460 is a fresh, unweathered rock, 
lacking mineralogical evidence for terrestrial alteration 
seen in many Northwest Africa meteorites. Thus, it 
was possible to prepare plagioclase, pyroxene, and 
whole rock samples essentially free of terrestrial con-
tamination to determine its age. The Rb-Sr data are 
shown in Fig. 1. 

The sample used for these first analyses was ob-
tained from fragments (f) of the interior portion of the 
rock. A whole rock sample was leached (l) to remove 
surface contamination. The linear array formed by the 
Rb-Sr data for unleached whole rock (WRf), leachate 
(WRf(l)), and residue (WRf(r)) is interpreted to be an 
unmixing line. The plagioclase and pyroxene mineral 
separates were treated similarly. The data for the 
cleaned residue samples determine an isochron for an 
age of 312±3 Ma, and initial 87Sr/86Sr, I(Sr) = 

0.708979±10 (uncertainties refer to last digits). As 
shown by the alignment of the WRf(l), WRf, and 
WRf(r) data, the effect of terrestrial contamination 
would be to decrease the slope of the isochron, thus 
lowering the age. Such an effect is unlikely because of 
the precise alignment of the residue data determining 
the isochron.  

Initial 87Sr/86Sr. Figure 2 compares the initial 
87Sr/86Sr ratio of NWA 1460 to that of the lherzolitic 
shergottites ALHA77005 and LEW88516 [3], and 
basaltic shergottite EETA79001(B) [4]. All of these 
rocks appear to have derived from source regions of 

similar time-averaged 87Rb/86Sr in the range 0.16-0.21. 
These initial 87Sr/86Sr ratios are intermediate to those 
of the “depleted” and “enriched” shergottites, and it is 
tempting to view them as characteristic of “typical” 
Martian mantle. The time-averaged 87Rb/86Sr ~0.16 for 
NWA 1460 is identical to that estimated for bulk Mars 
by [5] and only slightly greater than 87Rb/86Sr ~0.13 
estimated by [6]. 

Sm-Nd Mineral Isochron:  The Sm-Nd isotopic 
data are shown in Figure 3. The data for Plagf(r) ap-
pear to be displaced from the linear alignment of the 
other data. Since plagioclase has a low rare earth ele-
ment (REE) content, this analysis of a small mineral 
separate might have been affected by terrestrial con-
tamination. Regression of the other data alone gives an 
age of 352±30 Ma. We plan additional analyses to 
improve the plagioclase data and resolve the discrep-
ancy between the Rb-Sr and Sm-Nd ages. 

Figure 1. Rb-Sr isochron for NWA 1460. Open sym-
bols are data excluded from the isochron regression. 

Figure 2. (T, ISr) diagram for NWA 1460. 
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Initial 143Nd/144Nd. Figure 4 compares the initial 
143Nd/144Nd ratio of NWA 1460, expressed as εNd, to 
that of the lherzolitic shergottites ALHA77005 and 
LEW88516 [3], and basaltic shergottite EETA 
79001(B) [4]. These rocks appear to have derived from 
source regions of similar time-averaged 147Sm/144Nd in 
the range 0.21-0.23. From REE patterns, Barrat et al. 
[7] suggested that the paired meteorite NWA 480 
shared a similar mantle source to lherzolitic shergot-
tites. Moreover, time-averaged 147Sm/144Nd in the 

source(s) was similar to that in the nakhlite source (cf. 
[6]). This group of shergottites probably derived from 
Martian mantle “typical” in its Rb-Sr and Sm-Nd sys-
tematics. The change in evolution of εNd at magma 
genesis suggests prior “depletion” events during which 
Sm/Nd in the source(s) was increased while Rb/Sr 
remained nearly constant. 

The Age Paradox: The average Rb-Sr and Sm-Nd 
ages of NWA 1460, ~330 Ma, is the same as the age of 
basaltic shergottite QUE94201 [5]. Marty et al. [8] 
concluded that NWA 480 was ejected from Mars in 
the same event as “depleted” QUE94201 and “en-
riched” Shergotty and Zagami. The latter have crystal-
lization ages of ~173 Ma [9]. The ejection age of lher-

zolite ALHA77005 is within uncertainty of those of 
Shergotty and Zagami, although ejection ages of lher-
zolites LEW88516 and Y793605 appear older [9]. 

The paradox of too many ~170-330 Ma old sher-
gottites from too little Martian surface area is relieved 
if all of them are associated with a single ejection 
event, and/or the Martian cratering rate was higher 
than customarily assumed [1].  Identification of young 
volcanics covering older surfaces [10], and older ages 
of ~474 Ma and  ~575 Ma for recently recovered sher-
gottites [11,12, JSC, unpub.] further relieves the para-

dox. Nevertheless, Fig. 5 comparing resolvably differ-
ent radiometric ages for Martian meteorites to surface 
crater densities on the Moon and Mars as a function of 
surface age [13,14], shows that the paradox remains 
even for conservative assumptions of the number of 
ejection events. All of the basaltic Martian meteorites 
correspond to Martian surface ages belonging only to 
the mid- and late-Amazonian; i.e., to ~25% of the Mar-
tian surface volcanics [1,10]. 

Acknowledgements: We thank Nelson Oakes for the 
NWA 1460 sample and NASA’s Cosmochemistry program 
for financial support. 
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Figure 3. Sm-Nd isochron for NWA 1460. Plagf(r) 
(open symbol) excluded from the isochron. 

Figure 5. Ages of Martian meteorites compared to pre-
dicted cumulative number of craters larger than 1 km on 
lunar and Martian surfaces[13,14]. 

Figure 4. (Τ, εNd) diagram for NWA 1460. 
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Introduction:  Hydrothermal deposits offer one of 

the most promising locations to search for evidence of 
life on Mars. In this paper, we discuss the significance 
and characteristics of hydrothermal deposits associated 
with meteorite impact craters and the possibility of 
locating such lithologies on Mars. 

Significance of impact-induced hydrothermal 
systems:  On Earth, active hydrothermal systems are 
found only in volcanically active regions. However, 
over the past two decades it has become clear that 
hydrothermal activity is commonplace after the impact 
of an asteroid or comet on Earth and, by analogy, on 
any H2O-rich solid planetary body. Some exceptions 
may occur with small so-called ‘simple’ craters (<2 and 
<5 km diameter on Earth and Mars, respectively) and 
in extreme arid environments. 

Although impact-induced hydrothermal systems are 
transient in nature because they lack the usually longer-
lasting heat sources that characterize volcanogenic 
hydrothermal systems, they might still have subsisted 
long enough to have experienced colonization by ther-
mophilic (heat-loving) microbial communities [1]. Of 
the three domains of life currently recognized in the 
terrestrial ‘tree of life’ (Eukarya, Bacteria, and Ar-
chaea), it is the Archaea that are hyperthermophilic 
(optimum growth >80 oC) and which constitute the root 
of the other two domains. Impact-induced hydrother-
mal systems would have been common and widespread 
on Early Earth and may, therefore, have provided op-
portune sites for the growth and expansion of any 
available and suitable pre-existing Archaea [e.g., 1]. 

Whether impact-induced hydrothermal systems ac-
tually offered a suitable medium and might have lasted 
long enough to allow life to emerge from prebiotic 
chemical processes is more speculative [1]. However, 
it appears that the emergence of life on Earth coincided 
in time with, and even predated, the end of the Heavy 
Bombardment, the period of intense meteoritic bom-
bardment experienced in the inner solar system ~3.8–
4.5 Gyr ago [e.g., 2, 3]. As with the Earth, current 
models predict that Mars had a substantial initial en-
dowment of H2O. It follows that impact-induced hydro-
thermal systems on Mars were likely common and 
widespread [4], and thus, so would have been their 
associated habitats [1]. 

Location of hydrothermal deposits within mar-
tian impact craters:  Where specifically might one 
find a record of past impact-induced hydrothermal ac-
tivity on Mars? The terrestrial impact cratering record 

provides the only existing ground-truth data on the 
distribution of hydrothermal sites within and around 
impact structures. Based on our studies at the Haugh-
ton impact structure, Canadian High Arctic [5, 6] and a 
review of the existing literature we distinguish four 
main locations in an impact crater where post-impact 
hydrothermal deposits can form (Fig. 1): 
(1) Vugs and veins within crater-fill impact melt 

rocks and/or breccias, with an increase in inten-
sity of alteration towards the base. 

(2) Vugs and veins within brecciated lithologies in 
the interior of central uplifts. 

(3) Intense veining around the heavily faulted and 
fractured outer margin of central uplifts. 

(4) Paleohydrothermal vents and mineralization 
along fault surfaces around faulted crater rims. 

Thus, it is apparent that hydrothermal mineraliza-
tion at Haughton and many other terrestrial examples is 
concentrated around the periphery of the crater (Fig. 
1). Hydrothermal alteration also occurs at depth in the 
central uplifts of some larger terrestrial craters (e.g., 
Manson, USA, and Puchezh-Katunki, Russia). 

Might impact-induced hydrothermal systems on 
Mars also be located predominantly in the peripheral 
zones of craters in the form of hydrothermal vents? An 
explanation of the close spatial association of many 
martian small valley networks and channels with the 
rims and walls of impact craters has indeed proposed 
by invoking the interaction of ground ice and hydro-
thermal systems [7]. It should be noted that the model 
of [7] does not take into account the complex faulting 
relationships present around the periphery of large 
(>5–10 km) martian impact craters. 

More recently, based on a series of Mars analogue 
studies within and around the Haughton impact struc-
ture, the melting of transient surface ice deposits over a 
locally warm substrate was proposed as a possible al-
ternative for the formation of the small valley networks 
on Mars [8]. In both scenarios, impact crater rim and 
wall areas represent locations where ice-rich materials 
may have once become exposed to a localized release 
of heat, possibly associated with impact-induced 
hydrothermal activity. The hydrothermal activity would 
have resulted in localized melting of ice, thus spawning 
networks of meltwater channels and eventually small 
valley systems. The concentration of post-impact 
hydrothermal activity in the peripheral zones of Haugh-
ton might thus help explain why the source regions of 
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many small valley networks on Mars are concentrated 
around the rim and wall areas of martian craters. 

Might impact-induced hydrothermal alteration on 
Mars also be located at the edge of impact melt sheets 
as at Haughton? The focusing of hydrothermal fluids at 
the edges of impact melt sheets has indeed been pro-
posed for Mars [9, 10]. Our work, therefore, supports 
and strengthens previous theoretical and remote sens-
ing investigations of martian craters which suggest that 
hydrothermal fluids are focused beneath, and at the 
edges, of impact melt sheets [9, 10]. 

Opportunities for sampling hydrothermal 
deposits within martian impact craters:  We have 
recognized the presence of four distinct sites within an 
impact crater where hydrothermal deposits may form 
(Fig. 1). The question is now one of sampling. Would 
these various types of deposit be available for near-
surface (<<10 m) sampling in future robotic missions? 
With respect to mineralization within impact melt 
rocks and breccias, and the interior and outer margins 
of central uplifts, the obvious answer would be “no”. 
These hydrothermal deposits typically occur at depths 
of >200–1000 m, depending on the size of the crater. 
However, several processes can be invoked to expose 
previously ‘inaccessible’ materials in martian impact 
craters [11], so that sampling these lithologies may still 
be possible. 

Compounding the already substantial difficulties in 
searching for hydrothermal deposits on Mars is the fact 
that mineralization with the central uplift and surround-
ing melt rocks is restricted in occurrence to vugs and 
veins, which by their very nature, are typically only 
centimetres to a few metres in size. However, we sug-
gest that the possibility does exist for the sampling of 
hydrothermal deposits in martian craters, without the 
need to invoke other processes, in the form of fossil 
hydrothermal vents. At Haughton, these features are 

present at all stratigraphic/structural levels around the 
faulted crater rim, despite the differential erosion of the 
site (<20 to >200 m) [5, 6]. But would such sites be 
recognizable at the martian surface? At Haughton, the 
hydrothermal vents and their deposits are readily rec-
ognizable because of their characteristic hydrothermal 
mineral-induced orange colour which stands out in 
contrast to the generally brownish-grey appearance of 
most country rocks. However, aeolian and mass-
wasting processes on Mars have resulted in substantial 
mantling of most surface features over time, while the 
mantling materials are often dominated by a ubiquitous 
bright orange dust. As a consequence, the search for 
impact-induced hydrothermal sites on Mars could rep-
resent a difficult challenge. 

While the actual fossil hydrothermal vents at 
Haughton are typically ~1–5 m in diameter, the surface 
expression of these features can reach  ~50–100 m2 due 
to alteration of surrounding country rocks, leaching by 
groundwater’s, and periglacial processes. Thus, it may 
be possible with high resolution hyperspectral imaging 
to discern such features on the martian surface. As we 
have shown, hydrothermal vents and other types of 
hydrothermal deposits will likely be located around the 
periphery of impact craters. 

References: [1] Cockell C. S. and Lee. P. (2002) 
Biol. Rev., 77, 279–310. [2] Chyba C. F. (1993) Geo-
chim. Cosmochim. Acta, 57, 3351–3358. [3] Kring D. 
A. (2000) GSA Today, 10, 1–7. [4] Newsom H. E. 
(1980) Icarus, 44, 207–216.  [5] Osinski et al. (2001) 
Meteor. Planet. Sci., 36, 731–745. [6] Osinski et al. 
(2004) Meteor. Planet. Sci., Forthcoming. [7] Bracken-
ridge G. R. et al. (1985) Geology, 13, 859–862. [8] Lee 
P. (2000) LPS XXXI, Abstract #2080. [9] Newsom H. 
E. (2001) LPS XXXII, Abstract #1402. [10] Rathburn J. 
A. and Squyres S. W. (2002) Icarus, 157, 362–372. 
[11] Newsom et al. (2001) Astrobiol., 1, 71–88. 

 
Figure 1. Schematic cross-section showing the distribution and style of hydrothermal alteration expected for com-
plex impact structures on Mars. 
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IMPACTITES ON MARS: WHAT SHOULD WE EXPECT AND WHAT IS THE ROLE OF VOLATILES?  
G. R. Osinski and H. J. Melosh, Lunar and Planetary Laboratory, University of Arizona, 1629 E. University Blvd., 
Tucson, AZ 86721-0092, USA (osinski@lycos.com). 
 

Introduction:  Mars possesses the most diverse 
impact cratering record of any planetary object in the 
Solar System [1]. Impact craters are also one of the 
most common geological landforms on Mars. Further-
more, impact craters offer a window into the subsur-
face, and their characteristics provide insights as to the 
composition, structure, and physical characteristics of 
the martian crust and its volatile inventory. 

The diversity of martian impact craters and their as-
sociated deposits (impactites) have been attributed, in 
part, to the widespread presence of volatiles in the mar-
tian subsurface. It is well known that volatiles play an 
important role in the impact cratering process; in par-
ticular, with respect to impact melt generation and 
ejecta deposition. The terrestrial impact cratering re-
cord currently provides the only ground-truth data on 
the effects of impacts into volatile-rich (i.e., sedimen-
tary) targets. 

The aim of this paper is to provide an up-to-date as-
sessment of the processes and products of impacts in to 
volatile-rich targets on Earth and to apply this knowl-
edge to the martian impact cratering record. Some pre-
dictions as to the type of impactites that should be 
found on Mars will also be made. 

Classification of impactites:  The classification of 
impactites is still the topic of ongoing debate within the 
impact community; however, the most widely accepted 
and standardized scheme is that proposed by “The Sub-
commission on the Systematics of Metamorphic Rocks 
of the IUGS” [2] (Table 1). It is generally believed that 
the type of target rocks governs the type of impactite(s) 
produced during an impact event. This will be dis-
cussed below. 

Crater-fill deposits:  It has generally been ac-
cepted that coherent impact melt rocks and impact melt 
sheets are not generated in impact structures formed in 
sedimentary (i.e., volatile-rich) targets [e.g., 3]. This is 
despite the fact that, theoretically at least, impacts into 
sedimentary rocks should produce as much or more 
melt than impacts into crystalline rocks [3]. This anom-
aly has been attributed to the formation and expansion 
of enormous quantities of sediment-derived vapour 
(e.g., H2O, CO2, SO2), resulting in the unusually wide 
dispersion of shock-melted sedimentary rocks [3]. In-
stead, in impact structures formed in predominantly 
sedimentary targets, the resultant impactites have been 
referred to as lithic impact breccias that are supposedly 
melt free (Table 1). 

However, recent work at the 23 km diameter, ~23 
Ma Haughton impact structure, Canada, has shown that 
the crater-fill impactites are not lithic impact breccias 

as previously thought but are, in fact, impact melt rocks 
[4–6]. Haughton occurred into a ~1.7 km thick sedi-
mentary target sequence overlying crystalline basement 
rocks. Impact melts derived from sedimentary rocks 
have also been found at the Ries [7–9] and Chicxulub 
impact structures [e.g., 10]. Thus, it is apparent that 
impact melting in volatile-rich targets is much more 
common than previously thought. It follows that impact 
melt sheets should be common on Mars, even in impact 
craters that comprise volatile-rich targets. 

Proximal ejecta deposits:  Two of the most un-
usual aspects of martian impact craters are the presence 
of lobate or so-called ‘fluidized’ ejecta deposits, and 
the layered nature (often two or more layers) of the 
ejecta [1]. Two conflicting mechanisms have been pro-
posed to account for these features: (1) interaction of 
ejecta with volatiles in the subsurface [e.g., 11], or (2) 
ejecta interaction with the atmosphere [e.g., 12]. 

Ejecta deposition is one of the least understood as-
pects of impact cratering, which is due, in part, to the 
lack of preservation of ejecta deposits at the majority of 
terrestrial impact sites. The ~24 km diameter, ~14.5 Ma 
Ries impact structure, Germany, is one of the excep-
tions. The Ries target sequence comprises volatile-rich 
sedimentary rocks (~500–800 m thick) overlying crys-
talline basement. In addition, three main proximal 
ejecta deposits have been recognized at the Ries: (1) 
Bunte breccia, (2) surficial, or ‘fallout’, suevites, and 
(3) coherent impact melt rocks. The latter two litholo-
gies overlie Bunte breccia. Thus, the Ries ejecta depos-
its may provide a good analogy to fluidized, layered 
martian ejecta deposits. 

What are the emplacement mechanisms for the Ries 
ejecta deposits and what can they tell us about ejecta 
deposition on Mars? It is generally accepted that the 
Bunte breccia represents what remains of a continuous 
ejecta blanket that is consistent with ballistic emplace-
ment [e.g., 13]. 

The emplacement mechanism(s) of the suevites is 
less well understood. It is generally accepted that these 
impactites were deposited subaerially from an ejecta 
plume. However, recently, it has been suggested that 
the suevites represent impact melt flows that were em-
placed outwards from the crater centre during the final 
stages of crater formation and that they were never air-
borne [9]. This has also been suggested for the impact 
melt rocks at the Ries [14] and for proximal ejecta de-
posits at Haughton [4–6]. Importantly, the Ries impact 
melt rocks were derived entirely from the crystalline 
basement, whereas the volumetrically dominant 
suevites incorporated substantial amounts of volatiles 
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from the sedimentary cover (i.e., the Ries suevites rep-
resent volatile-rich impact melt flows) [9]. It is, there-
fore, suggested that some of the fluidized ejecta depos-
its on Mars may represent volatile-rich melt flows. 
Where ground ice was in the near subsurface, it is 
likely that volatiles could have subsequently been in-
corporated into these flows, extending their runout dis-
tances considerably, as proposed by Carr et al. [11]. In 
terms of the type(s) of impactites expected in proximal 
ejecta deposits on Mars, if these analogies with terres-
trial impact craters are correct, suevite-like deposits and 
patches of more coherent impact melt rocks would be 
expected. 

Distal ejecta deposits:  As suggested by Schultz 
and Mustard [15], it is probable that clasts of impact-
generated glass will be present in distal ejecta deposits 
on Mars (i.e., in ejecta deposited >5 crater radii away 
from the source crater). 

Summary:  Impact melt rocks and glasses are 
likely to be much more common on Mars than previ-
ously thought. By analogy with the terrestrial impact 
cratering record, it is expected that massive impactites 
in the form of coherent impact melt rocks and suevite-
like deposits will be found within and around martian 

impact craters (see Table 1). In addition, as proposed 
by Schultz and Mustard [15], impact melts are likely to 
be found in distal ejecta deposits. Finally, some of the 
fluidized ejecta deposits on Mars may have originated 
as volatile-rich impact melt flows. 

References: [1] Strom R. G. et al. (1992) In Mars, 
383–423. [2] Stöffler D. and Grieve R. A. F. (1996) Interna-
tional Symposium on the Role of Impact Processes in the 
Geological and Biological Evolution of Planet Earth. [3] 
Kieffer S. W. and Simonds C. H. (1980) Reviews of Geo-
physics and Space Physics, 18, 143–181. [4] Osinski G. R. 
and Spray J. G. (2001) Earth Planet. Sci. Lett., 194, 17–29. 
[5] Osinski G. R. and Spray J. G. (2003) Earth Planet. Sci. 
Lett., 215, 357–370. [6] Osinski G. R. et al. 2004. Meteor. 
Planet. Sci., Forthcoming. [7] Graup G. (1999) Meteor. 
Planet. Sci., 34, 425–438. [8] Osinski G. R. (2003) Meteor. 
Planet. Sci., 38, 1641–1668  [9] Osinski et al. (2004) Meteor. 
Planet. Sci., Forthcoming. [10]  Jones A. P. et al. (2000) In 
Impacts and the Early Earth, 343–361. [11] Carr  M. et al. 
(1977) JGR, 82, 4055–4065. [12] Schultz P. H. and Gault D. 
E. (1979) JGR, 84, 7669–7687. [13] Hörz F. et al. (1983) 
Rev. Geophys. Space Phys., 21, 1667–1725. [14] Osinski G. 
R. (2004) Unpublished Ph.D. Thesis, University of New 
Brunswick. [15] Schultz P. H. and Mustard J. F. (2004) JGR, 
109, E01001. 

 
Table 1. Classification of impactites from a single impact event [2]. Although this scheme was drawn up based 
mainly on the terrestrial impact cratering record, most of these impactite types should also be expected on Mars.
 

 

 

 

 

  

 

 

 

 

 

 

 

 

 
 
* Lithic impact breccias have been referred to as clastic matrix breccias or fragmental breccias at many impact sites. 

Impact breccia Impact melt rock

Lithic impact 
breccia * 

Suevite Clast-rich 
impact melt 

rock 

Clast-poor
impact melt 

rock

Clast-free 
impact melt

rock

Without impact 
melt clasts 

With impact 
melt clasts 

Allochthonous 

Massive impactites
(layers, lenses, etc.)

Dikes 

Crater-fill impactites 
(inside crater rim)

Proximal ejecta deposits
(outside crater rim)

Crater floor 

Parautochthonous 

Cataclastic
breccia 

Target 
rocks 

PROXIMAL IMPACTITES

Massive rock 
and/or breccia

DISTAL IMPACTITES 

Tektite Microtektite 

Impact melt Clasts of target rock

Shocked target rocks Unshocked target rocks Shocked target rocks Unshocked target rocks 

Air fall beds 

Distal ejecta deposits 
(>5 crater radii) 
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A REASSESSMENT OF THE MARS OCEAN HYPOTHESIS.  T. J. Parker, Jet Propulsion Laboratory, 
California Institute of Technology, 4800 Oak Grove Dr., Pasadena, CA 91109, timothy.j.parker@jpl.nasa.gov. 
 
 

Introduction:  Initial work on the identification 
and mapping of potential ancient shorelines on Mars 
was based on Viking Orbiter image data (Parker et 
al., 1987, 1989, 1993).  TheViking Orbiters were 
designed to locate landing site for the two landers and 
were not specifically intended to map the entire 
planet.  Fortunately, they mapped the entire planet.  
Unfortunately, they did so at an average resolution of 
greater than 200m/pixel.  Higher resolution images, 
even mosaics of interesting regions, are available, but 
relatively sparse.  Mapping of shorelines on Earth 
requires both high-resolution aerial photos or satellite 
images and good topographic information.   

Three significant sources of additional data from 
missions subsequent to Viking are useful for 
reassessing the ocean hypothesis.  These are:  MGS 
MOC images; MGS MOLA topography; Odyssey 
THEMIS IR and VIS images; and MER surface 
geology at Meridiani and Gusev.  Okay, my mistake:  
Four. 

MOC images:  MOC images are comparable in 
resolution to high altitude aerial photographs, and 
have been very useful for making comparisons with 
Viking Orbiter-based maps.  But MOC images 
typically cover areas of a few tens of square 
kilometers.  Mosaics do exist, but these take 
considerable time for acquisition of repeat imaging of 
a specific target, particularly at the equator.  So, 
placing observations into regional context is difficult. 

MOLA topography: As mentioned above, Pre-
MGS topography of Mars was far too coarse to be of 
use in testing the horizontality of proposed 
shorelines. MOLA topography is high enough in 
resolution to make testing of horizontality and 
continuity of mapped shorelines a straightforward 
process.  MOLA topography could probably be 
described as the most important contributor to the 
analysis of proposed shorelines on Mars.  MOLA 
topography has enabled the identification of what 
appear to be erosional terraces at the highlands 
margin that might have been carved by coastal 
erosion.  The highest such terrace clearly identified 
lies at +1400m elevation, nearly 3km higher than the 
Opportunity landing site. 

THEMIS IR and VIS:  THEMIS IR data, 
particularly the daytime IR images, are about 
100m/pixel, already better than twice the resolution 
of the average from Viking Orbiter, and should be 
global by the end of the Odyssey mission.  Already, 
sufficient data exists to make nearly continuous 

regional basemaps of scientifically interesting areas.  
THEMIS VIS images are better than 20m/pixel, and 
in some areas can already be assembled into regional 
mosaics.  But even without contiguous coverage from 
VIS, an individual THEMIS VIS image can provide a 
regional context for disconnected MOC images 
(figure 1).  These data are being assembled into 
mosaics of key areas previously studied in Viking 
data, to test the shoreline hypothesis at higher 
resolutions.   

Mars Exploration Rovers:  The landing sites for 
Spirit and Opportunity were selected to “follow the 
water” to the best of our abilities, given the 
knowledge gained from orbiter instruments and the 
limitations of the landing system to deliver the rovers 
safely to the surface.  While “scientifically 
interesting” is inversely proportional to “safe for 
landing”, it was still possible to select landing sites 
with high potential to deliver on the “follow the 
water” promise.  And deliver they did! 

Meridiani Planum.  Prior to landing, the regional, 
hematite-bearing deposit was interpreted either as a 
subaqueous precipitate or a volcanic ash or other 
volcanic deposit subjected to hydrothermal alteration 
by groundwater.  The landing site placed the rover in 
a small crater with immediate access to sulfate-rich 
sediments with clearly recognizable subaqueous 
depositional structures (e.g., water-formed current 
ripples).  To date, Opportunity has found this 
sedimentary deposit to be remarkably uniform in 
composition and stratigraphy over the 750 meters 
between Eagle Crater and Endurance Crater.  The 
evaporite composition and finely laminated 
stratigraphy over this region implies subaqueous 
deposition in a large body of shallow water.  The 
regional extent and topographic placement of the 
Meridiani Planum deposit requires either a very large 
lake or playa environment (for which the entire 
northwest confining topography is absent) or a 
northern plains ocean (with evaporite platform 
deposition at its margin at equatorial latitudes). 

Gusev Crater:  Spirit landed on cratered plains on 
the floor of Gusev Crater.  This plains surface is 
comprised of basaltic blocks – likely ejecta from the 
numerous small primary and secondary craters on the 
floor of Gusev – and soil at the top of a regional flow 
feature emerging from the mouth of Ma’adim Vallis.  
This flow could be an old lava flow, or a debris flow 
with basalt clast composition.  Examination of the 
interior of Bonneville Crater failed to reveal any in 
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situ outcrops that might have help to settle this 
question.  Recently, Spirit made the transgression 
from this plains surface to the base of the Columbia 
Hills, and is currently examining it’s first exposures 
of in situ outcrop material.  Preliminary examination 

of the hills suggests that these outcrops are layered, 
but the nature of deposition and the composition of 
the layered material isn’t known at the time of this 
writing.   

 

  
Figure 1:  Compilation of MOLA topography on Viking MDIM (background) with THEMIS IR (100m/pixel), 

VIS (18m/pixel) and MOC (1.5-4.5m/pixel) of an area along “contact 1” or the “Arabia Level” mapped by Parker et 
al., 1989, based on Viking MDIM resolution. 
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PALEOLAKE AND DENSE VALLEY NETWORKS ORIGINATED BY PRECIPITATIONS WITHIN MELAS 
CHASMA, VALLES MARINERIS 
C. Quantin1, P. Allemand1, N. Mangold2 , G. Dromart1, C. Delacourt1, 1Laboratoire de Sciences de la Terre, UMR 5570-CNRS-
UCBLyon1 et ENS Lyon, Bat. Géode, 69622 Villeurbanne, 2Laboratoire IDES, CNRS et UPS, Bat. 509, 91405 ORSAY. 
cathy.quantin@univ-lyon1.fr

 
Introduction:  The paleo-valley networks on Mars are 
the most obvious features attesting that water cycle 
was different than today. These water-worn features 
are mainly contained in the Noachian highlands [1] 
could have been induced by atmospheric precipitation 
contributing to the hypothesis of a warm and wet early 
Mars [2,3]. Such conditions imply that the atmosphere 
was denser than today with an efficient green house 
effect to allow an elevation of the surface temperature 
[3,4,5,6]. If such conditions occurred during the 
Noachian, several geological processes must have been 
active over this period like the deposition of 
carbonates. Currently, no evidence of such processes 
has been found. Moreover, climatic models [e.g.7] 
predict that Mars has always been cold and dry as 
today. All this considerations leaded to alternative 
interpretations of the origin of Martian valley networks 
as ground water sapping [i.e.8] or subglacial valleys 
[i.e.9]. After this debated Early Mars, the Hesperian 
and Amazonian period would have been dry and cold. 
Valles Marineris, dated at Hesperian period, displays 
many enigmatic sedimentary figures whose formation 
under warm and wet conditions is controversial 
because of their age. Here, we report evidences of 
dense valley networks issue from atmospheric 
precipitations [10] connected to a paleolake within 
Valles Marineris.  

Melas Chasma dense valley networks:  
Morphological features: Thermal Emission 

Imaging System (THEMIS) images reveal valley 
networks within Melas Chasma (Fig. 1). We observe 
two valley networks separated by a divide which 
corresponds to a pass in the topography. Both 
networks are highly organized until the fourth order 
for the Western watershed and the fifth order for the 
Eastern one (Fig. 1B). Those features attest of the 
maturity of these networks. Moreover, the drainage 
densities of these networks are in the same range as 
terrestrial density studied at same resolution (1.1 km-1 
for the western watershed and 1.5 km-1 for the Eastern 
one). The morphological details of these networks 
reveal an inner channel within one of the valleys 
attesting that stable water has flowed within these 
valleys and has eroded them. The presence of dense 
hydrographic networks within Melas Chasma attests of 
climatic conditions auspicious to stable liquid water at 
the surface of Valles Marineris.  

Origin of hydrographic networks: The head of the 
network valleys are scattered at different altitudes: i.e. 
at the base of Valles Marineris Wallslopes (suggesting 
ground water sapping), along the divide which is 2 km 
under the base of the Wallslopes or on the opposite 
mount 1 km above the divide. Moreover, the geometry 
of the networks is correlated to local slope [11] with 
dendritic pattern in case of slope lower than 1.3° and 
parallel pattern in case of higher slopes like runoff 
pattern on Earth.  All these features suggest that the 
network has been supplied by  precipitations. 

 

 
Figure 1: Melas Valley networks. a) Day-time THEMIS 

infrared images, b) Valley mapping from THEMIS images 
(Visible and infrared) and MOC (Mars Orbiter Camera) 
images. 
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Figure 2: Digital Elevation Model (DEM) of the outlet 

area of the Eastern watershed. 
 
Evidences of a paleolake as outlet: On the DEM, 

the outlet of the Eastern watershed corresponds to a 
completely enclosed depression (Fig. 2). This enclosed 
depression is observable in the morphology on day-
time THEMIS images (Fig. 3a). The floor of the 
depression studied on THEMIS visible images (Fig. 
3b) displays many sedimentary features attesting of the 
complex hydrological history of the area. For instance, 
different lines suggest paleo-shore lines. Combining 
the DEM with observations, the lines correspond to 
iso-elevations. The shoreline corresponding to the 
maximum level of the paleolake implies a water 
volume of 157 km3 just at the outlet of the previously 
described hydrographic networks. This water volume, 
the lacustrine figures and the morphological maturity 
of the networks imply a duration at least of several 
thousands years of climate conditions favorable to 
stable water at the surface of Mars.  

Conclusion:  Atmospheric precipitations have 
occurred on Melas Chasma at least during several 
thousand years forming dense hydrographic networks 
and a paleolake. Melas Chasma which formed during 
the Hesperian period demonstrates that wet and warm 
conditions allowing an efficient water cycle existed 
after 3.5 Gy on Mars. 

References: [1] Craddock, R. A. and Howard A.  
(2002),JGR,107,doi10.1029/2001JE001505.[2] Masur
sky, H. J. (1973) JGR, 78, 4009-4030. [3] Carr M. 
(1996) Water on Mars, Oxford Univ. press. [4] Fanale 
F.P. et al. (1992), in Mars, Univ. of Ariz. Press, 1135-
1179. [5] Squyres S.W. and Kasting J.K. (1994), 
Science, 265, 744-748. [6] Haberle R.M. (1998), JGR, 
103, 28467-28479. [7] Kasting, J.F. (1991), Icarus, 
94,1-13.  [8] Laity J.E. and Malin M. (1985), Geol. 
Soc. Am. Bull., 96, 201-217. [9] Carr H.M. and Head 
J.W.(2003), GRL, 30(24), doi10.1029/2003GL018575. 
[10] Mangold N. et al. (2004), Science, 305, 78-81. 
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Figure 3: Morphology of the outlet area of the Eastern 

watershed. a) Day-time THEMIS image, b) Enlargement 
with THEMIS Visible image. 
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ROCK WEATHERING AND GEOMORPHOLOGY OF THE COLUMBIA 
HILLS: THE ROLE OF GROUNDWATER. J.W. Rice, Jr.1, S. W. Squyres2, and the 
Athena Science Team. 1Mars Space Flight Facility, ASU, Tempe, AZ 85287, 
jrice@asu.edu, 2 Cornell University, Ithaca, NY. 
 
The second phase of the MER Spirit mission, in Gusev crater, began when the  
rover entered the province of the Columbia Hills. The rover traveled over 3km  
to arrive at this destination. The Columbia Hills rise up to 90m above the  
basaltic plains that Spirit spent the first 5 months investigating. These  
plains appear to be impact gardened lava flows that have subsequently undergone 
aeolian reworking. The Columbia Hills are embayed by the plains and are  
therefore much older materials. The origin and composition of the Columbia  
Hills, as of this writing, are still unknown. Several possible origins have  
been considered: eroded and partially buried impact crater rim, central peak of 
former crater, volcanic construct, or remnant of a formerly extensive crater  
fill deposit. The slopes of the Hills are covered with boulders and  
outcroppings of rock appear to be present along the flanks. Heretofore  
previously unseen deep cavernous weathering (case hardening and core softening) 
of rocks was observed upon crossing the contact with the plains. This type of  
weathering typically involves groundwater and salts. Several of these rocks  
have unusual morphologies (pedestals or fingers projecting away from rock's  
center with terminal clumps) that are somewhat similar in appearance to rocks  
seen at Meridiani Planum. Immediate plans are to perform IDD work on outcrop  
material and then ascend the summit of Husband Hill, which is the highest peak  
in the Columbia Hills, and winter over here. 
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Introduction:  Previous in-situ measurements of 

soil-like materials on the surface of Mars, in particular 
during the on-going Mars Exploration Rover missions, 
have shown complex relationships between composi-
tion, exposure to the surface environment, texture, and 
local rocks. In particular, a diversity in both composi-
tional and physical properties could be established that 
is interpreted to be diagnostic of the complex geologic 
history of the martian surface layer. Physical and 
chemical properties vary laterally and vertically, pro-
viding insight into the composition of rocks from 
which soils derive, and environmental conditions that 
led to soil formation. They are central to understanding 
whether habitable environments existed on Mars in the 
distant past. 

An instrument – the Mole for Soil Compositional 
Studies and Sampling (MOCSS) - is proposed to allow 
repeated access to subsurface regolith on Mars to 
depths of up to 1.5 m for in-situ measurements of 
elemental composition and of physical and thermo-
physical properties, as well as for subsurface sample 
acquisition. MOCSS is based on the compact PLUTO 
(PLanetary Underground TOol) Mole system devel-
oped for the Beagle 2 lander and incorporates a small 
X-ray fluorescence spectrometer within the Mole 
which is a new development. Overall MOCSS mass is 
~1.4 kg. 

Taken together, the MOCSS science data support 
to decipher the geologic history at the landing site as 
compositional and textural stratigraphy – if they exist - 
can be detected at a number of places if the MOCSS 
were accommodated on a rover such as MSL. Based 
on uncovered stratigraphy, the regional sequence of 
depositional and erosional styles can be constrained 
which has an impact on understanding the ancient 
history of the Martian near-surface layer, considering 
estimates of Mars soil production rates of 0.5…1.0 
m/billion years [1] on the one hand and Mole subsur-
face access capability of ~1.5 m. 

MOCSS Overview 
MOCSS (Mole for Soil Compositional Studies and 

Sampling) is an instrument that obtains depth profiles 
of soil chemical, physical and thermophysical proper-
ties and can repeatedly obtain subsurface soil samples 
from depths up to 1.5 m to be used by lander or rover-
based (whatever the accommodation) instruments as 
desired. MOCSS uses a tethered, electro-mechanical 
penetrometer or ‘Mole’ that travels into the subsurface 

by soil displacement through the action of an internal 
hammering mechanism and can reach depths of more 
than 1 m depending on soil compaction and strength 
properties. MOCSS carries an X-ray fluorescence 
spectrometer (XRS) and temperature sensors. From 
Mole soil penetration behavior, depth-resolved physi-
cal properties of the regolith (cohesion, friction angle, 
bulk density, and porosity) are deduced and subsurface 
temperature measurements allow determination of 
thermal diffusivity, thermal conductivity, and soil 
characteristic grain size. The XRS allows vertical 
profiles of soil chemical properties to be obtained from 
undisturbed soil. A sampling device built into the Mole 
tip can retrieve a 5 gm sample from each Mole subsur-
face excursion. A tether reel being part of the MOCSS 
system retrieves the Mole to the surface, supported by 
Mole reverse hammering, and allows repeated subsur-
face deployments. 

Fig. 1: View of PLUTO Mole system (length 365 
mm, mass 860 g) providing heritage to MOCSS. 

 
Figure 2 illustrates the concept of MOCSS opera-

tion. MOCSS is closely based on the PLUTO (PLane-
tary Underground TOol) subsurface soil sampling 
system flown on the Beagle 2 lander which however 
lacked an XRS internal to the Mole [2]. 

The XRS proposed for MOCSS is based on heri-
tage from the Pathfinder APXS and Beagle 2 XRS 
instruments but is somewhat miniaturized to allow 
accommodation within the Mole. 

XRS Accommodation:  The XRS instrument is 
placed inside the rear of the 25 mm diameter Mole 
which itself is modified from the Beagle 2 Mole to 
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allow easier integration of the XRS. Front end elec-
tronics functions are within the Mole whereas the 
overall MOCSS back-end electronics functions are 
implemented in local electronics mounted to the 
MOCSS assembly. 

 
Fig. 2: Principle of MOCSS Mole deployment and 

locations of XRS in Mole back end and of sampling 
device in Mole front. 
 

The Beagle 2 XRS used a dual-source concept for 
sample excitation with Fe-55 and Cd-109. This same 
concept is implemented in the MOCSS XRS. A silicon 
PiN diode detects X-rays fluoresced from the sample 
by the sources, providing primary X-rays of Mn (5.90 
keV and 6.49 keV) and Ag (22.16 keV and 24.94 
keV). The instrument is sensitive to X-rays in the 1 – 
27 keV range, allowing the detection of elements from 
Z = 11 (Na) to Z = 46 (Pd), including the capability of 
in-situ trace element analysis for elements of interest 
including Rb, Sr, Y, Zr which is currently unavailable 
with the MER Alpha Proton X-ray Spectrometer 
(APXS). 

Impact on Mars Science:  An integrated interpre-
tation of depth-dependent regolith chemical analyses, 
Mole penetration rate and temperature measurements 
yields fairly direct measurement of many properties of 
Martian materials. Moreover, the fulfilment of the 
science objectives of the MOCSS investigation bene-
fits by correlating all data sets obtained as a function 
of depth. The data are complementary and taken to-
gether provide great insight into the geological history 
of the site investigated. A past history of liquid water, 
particulary sediments deposited in an evaporitic envi-
ronment would likely concentrate Cl, Br, Sulfate, and 
possibly carbonate. Furthermore, cohesion of 
evaporitic materials would likely be higher since many 

evaporates act as cements. Layers of different chemical 
composition would be deposited by evaporation of 
liquid water or ice. Even though the XRS instrument 
cannot measure ice directly, MOCSS measurements of 
thermal diffusivity and thermal conductivity derived 
from temperature measurements yield direct informa-
tion about the presence of ice in soils, thus comple-
menting the XRS results. The thermophysical proper-
ties of soil also provide key information for modelling 
the transport of volatiles between the atmosphere and 
regolith. In particular modelling the exchange between 
water vapor and ice in soil is crucial to understanding 
how any ice identified was emplaced in the planet’s 
past. Finally, samples obtained with MOCSS and ana-
lyzed in analytical instruments on the host spacecraft 
(rover or lander) may yield information about the na-
ture of oxidizing compounds, their depth distribution, 
and correlation with presence/absence of organic com-
pounds in soils [3]. This helps answer the question 
whether the subsurface of Mars preserves biosigna-
tures that are destroyed on the surface. 

 
References:  [1] G.J. Flynn (1990). Accretion of 

Meteoritic Material onto Mars: Implications for the 
Surface, Atmosphere, and Moons. In The Environ-
mental Model of Mars (COSPAR summary, edited by 
K. Szego), [2] L. Richter, P. Coste, V.V. Gromov, H. 
Kochan, R. Nadalini, T.C. Ng, S. Pinna, H.-E. Richter, 
K.L. Yung (2002). Development and testing of subsur-
face sampling devices for the Beagle 2 lander. Plane-
tary and Space Science 50, pp. 903-913, [3] Stoker 
C.R., and Bullock M.A. (1997) JGR 102 E5, pp. 
10,881-10,888. 
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Introduction. Mars is a planet enriched by ground-
water [1,2]. Control of subsurface hydrology by tectonic 
and igneous processes is widely documented, both for 
Earth and Mars [e.g., 3].  Impact craters result in exten-
sive fracturing, including radial and concentric periph-
eral fault systems, which in the case of Earth have been 
recognized as predominantly strike-slip and listric exten-
sional, respectively [4]. In this work we propose that 
basement structures of Mars largely result from impact-
induced tectonism, except in regions that are dominated 
by magmatic-driven activity such as Tharsis [e.g., 5] 
and/or possible plate tectonism during the extremely 
ancient period of Mars e.g., [6]. In many cases, impact-
induced faults appear to have been reactivated and/or 
displaced by subsequent magmatic-driven groundwater-
flow and collapse processes [7].  

Fractured impact crater floors: These features are 
concentrated in the ancient cratered highlands along the 
margins of plain regions and within the lightly cratered 
plains near the canyon system of Valles Marineris [8]. 
Moats within some of these craters of varying diameters 
and relative ages surround plateaus and contain broken 
material (Fig. 1). The moats appear to be restricted to the 
margins of highly degraded crater rims. Only certain 
craters in a given region, however, display these charac-
teristics. Schultz and Gliken [8] proposed that modifica-
tional processes were localized by the impact structures 
and restricted to the crater interiors.  They interpret this 
to be the result of heat generated by a tabular magmatic 
intrusion injected beneath the brecciated zone of an im-
pact crater, which raises the temperature of the overlying 
material. Thawed materials would then subsequently 
escape through the peripheral fracture system surround-
ing the crater, or alternatively, a metastable state of liqui-
fication could occur, if the material is confined or the 
rate of thawing exceeds the rate of escape. The collapsed 
material within a moat marking a highly degraded im-
pact crater rim forms ridges around a central plateau 
region (Fig. 1B). This suggests that the degradational 
processes may have been controlled by extensional con-
centric faults, possibly initiated during the inward col-
lapse of the transient crater walls [4] and/or by concen-
tric fractures produced by the uplift of the crater floor, 
possibly resulting from the injection of a tabular magma 
body beneath the crater floor [8]. The water-enriched 

source region, which may have contributed to the forma-
tion of the features shown in Fig. 1A,B, has been de-
stroyed, suggesting that the formation of the moat may 
have involved hydrologic processes. In addition, a de-
pression that transects an impact crater (Fig. 1B) forms 
part of a longer valley, which terminates at the western 
margin of the Hydaspis Chaos (Fig. 1, V-B). This sce-
nario may be explained by tabular intrusions being in-
jected under crater floors and/or by hydrologic processes 
controlled by structures within impact craters [8].  

Progressive highland subsidence and collapse: 
Rodriguez et al. [9] described the progressive highland 
subsidence and collapse of the Late Noachian subdued 
crater unit [10] in Xanthe Terra (Fig. 1). They propose 
that regional subsidence and collapse resulted from the 
release of pressurized groundwater in confined caverns. 
The release of water described in [9] served as an impor-
tant, previously unproposed source of the water that 
carved the outflow channels. Terraced terrain marked by 
both chaotic terrain and channel bedforms (Fig. 2) may 
also indicate the release of large quantities of water and 
related collapse. These observations suggest that the 
plateau material was degraded and removed more effi-
ciently from within craters than from the surrounding 
country rock (Fig. 3). 

Crater-related fracture networks: Layered materi-
als are pervasive on Mars [11] and may contain numer-
ous buried impact craters of varying degradational states 
(Fig. 3). We propose that impact-induced fracture sys-
tems dominate the fracture population in the ancient 
highlands, away from volcano-tectonic regions 
[7].Intermingling concentric and radial fracture systems 
from multiple impact crater events will result in complex 
crater fracture networks (CFN).  Periods of rapid and/or 
modest surface burial, or periods of lesser bombardment 
and higher burial, will result in regions with relatively 
less abundant buried impact crater populations. As a 
consequence, the CFN will be less developed. On the 
other hand, heavy bombardment coupled with slow deg-
radation and/or surface burial are expected to result in 
denser buried crater populations and highly developed 
CFN. We propose that the highland plateaus are strati-
fied into zones of variable fracture density.  Fractures 
radial to impact craters will tend to converge near the 
buried craters’ interior deposits. Since heat flow is hy-
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drothermally transferred more rapidly and effectively 
along fracture planes, a consequence of this scenario is 
that pulses of heat, generated by magmatism, for exam-
ple, will result in a highly anisotropic heat flow distribu-
tion, with higher heat flow and thus warming in areas of 
high fracture density. Valley networks dissecting the 
crater rims in the ancient highlands [1] suggests that 
crater interior deposits may have contained significant 
amounts of water-laden sediments. Therefore, buried 
impact craters are likely to be ice-enriched regions 
within the Martian permafrost [2]. Warming of the crater 
interior deposits might have resulted in melting of large 
volumes of water and intensive hydrothermal circulation 
and fracture enlargement, forming conduits that allowed 
subsurface distal migration of volatiles as well as escape 
to the surface. We propose that circulation within 
densely fractured regions will be highly effective at re-
moving crater materials, possibly forming cavities, and 
resulting in the storage of large amounts of water within 
the subsurface conduit systems and porous media. Lat-
eral interconnection will be enhanced by subsequent 
impacts.  For example, impacted-induced basement 
structures and uplifted and overturned strata that dip 
away from the crater will interconnect regions with dif-
ferent permeability and volatile content. We propose that 
the distinct topographic levels visible in the plateau re-
gion of Fig. 2 can be explained by the successive col-
lapse of densely fractured zones. The distribution of 
moderately vs. highly fractured zones, particularly if 
stratigraphically controlled, will determine the number 
of collapsed plateau levels in a given highland region. If 
collapse occurs to great depths, or the thickness of the 
collapse region is relatively thick, the plateau surface 
might respond by simple crustal warping and fracturing. 
On the other hand, if collapse occurs to shallow depths 
or the thickness of the collapse region is relatively thin, 
chaotic material may result. Evidence such as truncated 
impact craters preferentially preserved at distinct levels 
of subsidence (Fig. 2) and collapse features more com-
mon on crater floors (versus surrounding plateau mate-
rial; Fig. 1) collectively add credence to our hypothesis 
that suggests preferential removal of subsurface crater 
interior deposits. Yet fracturing and collapse of crater 
floors were not localized to individual impact structures. 
Non-uniform groundwater and heat flow may explain 
why only certain craters display the characteristics de-
scribed above for a given region. The formation of 
moats encompassing crater infill (e.g., Fig. 1) suggests 
that impact-induced fractures are more densely packed 
around the periphery of the crater rather than beneath the 
central fill.  
 We propose that CFN formed primarily during the Noa-
chian resulting in global interconnectivity of the subsur-
face groundwater systems.  Nevertheless, variations such 
as heatflow and planar and vertical fracture density and 

distributions, will result in highly heterogeneous degrees 
hydrologic activity manifested at the surface, which may 
mimic regionally-driven and closed hydrologic envi-
ronments. Thus, we propose that the subsurface hydro-
logic evolution of the planet has may have involved 
groundwater mobilization at global scales at rates ranges 
ranging from negligible to extremely significant. 
Fig. 1. A.THEMIS day-time infrared composite. 50 km in di-
ameter impact crater with a moat around a central plateau 
(CA). North is at top. Lobate features (L). Impact crater with 
poorly developed moat (red arrow. A 30 km wide, 300 m deep 
depression transects the crater (blue pointer).  B. Composite of 
MOLA DEM containing A.  
 
 
 
 
 
 
 
 
 
 
Fig. 2. MOLA DEM. Image is 350 km wide.  Noachian plateau 
region located to the north of Eos Chasma.  Chaotic materials 
occur at several topographic levels (CL-A to E).  Channel 
bedforms (blue arrows).Arcuate scarps (red pointers).  
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. THEMIS day-time infrared 
subframe showing Noachian pla-
teau near Hydaspis Chaos. Arcuate 
scarp 1000 m high exposes layered 
sequence. 
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Introduction: The formation of outflow channels is 
classically attributed to the catastrophic discharge of 
groundwater [e.g.1,2]. Documented modes of 
confinement and release of groundwater, trapped within 
the Martian cryosphere include: catastrophic release of 
groundwater from confined aquifers [3], both 
catastrophic and non-catastrophic release of groundwater 
segregated from the permafrost into confined caverns [4], 
and catastrophic release of groundwater extracted from 
the permafrost by thermal convection [5]. Multiple 
events groundwater release resulted in the collapse of 
plateau materials [3,6,7], and the formation of chaotic 
terrains, which are mostly located at the head source 
regions of the outflow channels [6]. Crater counting of 
the outflow channel floors indicates a late Hesperian age 
[8], though outflow activity may have started as early as 
the late Noachian[8,9,10,11].Based on geologic mapping 
and geomorphic assessment using Viking-, Mars Global 
Surveyor-, and Mars Odyssey-based information of a 
highland region located east of Valles Marineris and 
bounded to the south, west, and north  by Aureum, 
Hydraotes, and Hydaspis Chaos, respectively (hereafter 
referred to as the subsided plateau region--SPR; Figure 
1),we propose new hypotheses, which can potentially 
explain the following unresolved issues:  (1) sources for 
the large volumes of water required to carve the outflow 
channels, (2) mechanisms of outflow reactivation, which 
do not involve recharging of the head source region, and 
(3) an alternative mode of formation for chaotic terrains.  

Highland subsidence: The SPR consists mostly of 
Late Noachian smooth to undulatory intercrater plains 
materials (unit, Npl2), which are marked by partly buried, 
mostly rimless and flat-floored impact craters [5]. The 
surface of the SPR is transected by northwest- and east-
trending valley systems (E.G.: Figure 1, V-A).  The 
contact with adjacent regions of the subdued cratered 
unit is gradational in places and sharp in others (Figure 1, 
SC, GC). Considerable changes in elevation occur over 
relatively short distances at contacts. For example, a 
maximum elevation difference of 2 km over a distance 
of 100 km is observed at the sharp boundary between 
SPR and the floor of valley A (Figure 1, SC, V-A).In the 
western part of valley-A (Figure 1, V-A), linear shallow 
scarps, (Figure 2B, S), scarp-bounded valleys (Figure 2B, 
V), and Graben-Horst systems (Figure 2B, GH) are 
visible. We propose that these features are the 

manifestation of different degrees of relative 
displacement along normal fault planes, which possibly 
resulted due to ground subsidence [12]. 

Post-outflow chaotic terrains: South of the 
Hydaspis Chaos, the surface is heavily fractured with 
abundant scarps and graben systems in the northern 
region of the SPR.  In this region the plateau margin 
breaks up gradually into chaotic material (Figure 3). The 
chaotic material clearly overlaps the surface of the 
outflow channel (Figure 3), which implies that it, at least 
in part, post-dates the surface of the adjacent outflow 
channel. These observations are not fully consistent with 
a strictly genetic association between chaotic regions and 
the outflow channels [e.g. 3, 6, 8], in which collapse of 
the ground formed the chaos, as water and debris were 
released catastrophically to form the associated outflow 
channels.  

Evidence for outflow reactivation:  Elevation 
profiles of channel floor remnants (Figure 1, RM-A, B, 
C) taken from MOLA data reveal that these regions have 
the same maximum and minimum elevation values. 
These regions also display similar geomorphic 
characteristics and interpreted to result from 
contemporaneous surface flow activity during early and 
intermediate stages of excavation of the outflow 
channels [8]. A northern branch from the Hydraotes 
Chaos (Figure 1, HB-1) crosscuts the channel floor 
remnant C (Figure 3). Topographic and crosscutting 
relationships indicate that two more Hydraotes branches 
formed subsequently (Figure 1, HB-2, 3). The latest 
branch is in turn intercepted by the Tiu Vallis lower 
channel floor (Figure 1, TLC), as indicated by a 
marginal scarp contact. These observations indicate that 
reactivation of the flow from the Hydaspis source region 
may have taken place. 

Discussion: Our observations indicate that the 
warped and densely fractured surface of SPR resulted 
from ground subsidence. Ground subsidence possibly 
resulted from compensational sinking due to the removal 
of underground geologic materials by subsurface flow 
and/or by igneously induced segregation of the water 
phase within the permafrost into discrete regions, which 
was subsequently released to the Martian surface. In 
both cases, in multiple underground levels of caverns 
[13] are likely to result. Subsurface structural control, 
which is consistent with the existence of caverns, is 
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supported by well-defined SPR boundaries and 
geometric patterns of ground subsidence and collapse 
features that mimic the trends of adjoining valley 
systems and basement structures. In the vicinity of the 
Hydaspis Chaos region, for example, the SPR is highly 
fractured, interpreted here to mark collapse of unstable 
regions of the SPR margin; the formation of the chaotic 
terrain postdates both the stage of plateau subsidence and 
the excavation of the adjacent outflow channels. In this 
particular case, we propose the following sequence of 
events (from oldest to youngest): (1) during the early to 
middle Noachian large volumes of water are locally 
stored in multiple levels of confined underground 
caverns [4], (2) subsequent release of water from these 
confined systems to the Martian surface, from the late 
Noachian to the late Hesperian, combines with the 
transport of water from distal regions within the putative 
Tharsis aquifer [14] into the cavernous system, possibly 
routed through subsurface conduits [4] and/or fracture 
systems [13], and (3) the emergence of floodwaters from 
the Hydaspis and other Chaotic regions in the circum-
Chryse region carve the outflow channels. The Hydaspis 
Chaos is mainly made up of a cluster of collapsed craters 
(Figure 1,CC). Since the lower elevations of the crater 
floors represent regions of relatively lower lithostatic 
pressure over the confined caverns, and the ground is 
densely fractured beneath the craters, they are regions 
where deconfinement is more likely to occur. In the 
proposed geologic scenario, as water drained away from 
the caverns, sinking and fracturing of the plateau surface 
would take place due to a decrease in the basal 
supportive hydrostatic pressure, ultimately resulting in 
the formation of the SPR. Reconfinement of the system 
might result from freezing of its surface region.  Buildup 
of the hydraulic head and outflow reactivation might 
occur if the hydrostatic pressure increases, which could 
be caused by (1) thickening of the permafrost seal, (2) 
sinking of the cavern roof and/or (3) thermal heating of 
the region related to another pulse of Tharsis-driven 
magmatic activity [e.g.,14]. After water fully drains 
away from the caverns, relatively shallow, late-stage 
collapse would occur over the unstable caverns with 
little or no volatile release, primarily during the late 
Hesperian [8].  

During the early and middle Noachian, relatively 
warmer climatic periods and/or episodes of high 
magmatic activity [8,9,10,11] may have resulted in 
poorly developed and zones of unstable permafrost. 
Breaching of caverns and deconfinment of pressurized 
groundwater may have occurred extensively and 
frequently.  We propose that the integration of cavernous 
networks, the volumes of confined groundwater and the 
confining hydrostatic pressure would have been lower 
than during periods or regions of highly developed 
permafrost.  Water emanations from these subsurface 
regions would have resulted in local to regional, 

primarily non-catastrophic, dissection of the surface. 
Low availability of groundwater, reconfinement by 
surface freezing or a drop in the hydraulic head may 
partly account for the low degrees integration and zonal 
development of valley network observed in Noachian 
surfaces [6]. 
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Figure 1. Context MOLA based DEM. North is up. White 
circle indicates the location of the MOC subframe in Figure 2. 
White rectangle indicates the location of the THEMIS image 
subframe in Figure 3. North at top. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. (Left) 
MOCNA image 
m1800610 . Width is 
2.77 km. North 
azimuth is 93. 12°. 
Figure 3. (Right) 
THEMIS day IR 
I03883003. Width is 
32 km. North is up. 
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LIFE DETECTION ON THE EARLY EARTH. B. Runnegar, NASA Astrobiology 
Institute, Ames Research Center, Moffett Field CA 94035 (bruce.runnegar@nasa.gov). 
 
 
Finding evidence for first the existence, and then the nature of life on the early Earth or 
early Mars requires both the recognition of subtle biosignatures and the elimination of 
false positives. The history of the search for fossils in increasingly older Precambrian 
strata illustrates these difficulties very clearly, and new observational and theoretical 
approaches are both needed and being developed. 
 
At the microscopic level of investigation, three-dimensional morphological 
characterization coupled with in situ chemical (isotopic, elemental, structural) analysis is 
the desirable first step. Geological context is paramount, as has been demonstrated by the 
controversies over AH84001, the Greenland graphites, and the Apex chert “microfossils”. 
At larger scales, the nature of sedimentary bedforms and the structures they display 
becomes crucial, and here the methods of condensed matter physics prove most useful in 
discriminating between biological and non-biological constructions. Ultimately, a 
combination of geochemical, morphological, and contextural evidence may be required 
for certain life detection on the early Earth or elsewhere. 
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PALEO-EARTH, PALEO-MARS: DIFFERENT PLANETS, SIMILAR CLIMATE MODELING 
CHALLENGES.  D. L. Santiago1 and L. C. Sloan1, 1University of California, Santa Cruz (Department of Earth 
Sciences, UC Santa Cruz, 1156 High Street, Santa Cruz, CA 95064, santiago@es.ucsc.edu). 
 
 

Introduction:  General circulation models  
(GCMs) for the Earth and Mars have been 
developing largely in isolation for the past three 
decades.  While Earth climate models can be tested 
more rigorously to actual conditions due to the 
abundance of observational data, both in modern and 
past climate studies, Mars climate modeling is faced 
with a greater abundance of unknowns.   

However, when Earth models are used to look 
into our planet’s deep past, we are faced with 
challenges similar to those encountered when looking 
at the climate of another planet.  Most importantly, 
the relative effects of climate forcing mechanisms are 
unknown for many intervals in Earth’s past and for 
Mars (for example, unknown greenhouse gas (GHG) 
concentrations, or unknown meridional heat transport 
levels). Quite often, Earth and Mars GCMs cannot 
duplicate the climate that is seen in the geologic 
record; these records include geomorphology on 
Mars and abundant proxy climate data on Earth.  
Understanding the processes that govern climate on 
both planets could benefit by increased dialogue 
between the Earth and planetary atmospheric 
modeling communities.  Here, some specific 
comparisons between the models themselves and the 
particular challenges in each discipline are identified 
as a starting point for this dialogue. 

 
Comparison of Mars and Earth Climate 

Modeling issues:    
Model Structure and Components 
 Earth  Mars 
Land surface Yes Yes 
Ocean Yes No (but for 

Early Mars?) 
Atmosphere Yes Yes 
 GHG Variable Yes -CO2 cycle 
 H2O Yes Yes 
 Dust Variable Yes 
 point 

source 
pollutants  

In development In development 

Sea Ice Yes No 

Nature of climate forcing  (in order of longest to 
shortest timescales) and applicability (low, medium, 
or high applicability) 
 Earth Mars 
Plate tectonics High Low 
Orbital forcing High High 
GHG High Medium/high 

(unknown) 
Volcanism High  High 
Biophere Medium Low 
Extraterrestrial 
Impacts 

Low/medium 
(unknown) 

Medium/high 
(unknown) 

 
Common problems in both climate modeling 
communities 

• Cloud physics and parameterizations 
• Resolving various point source pollutants 

o Volcanic output 
o Role of aerosol and dust forcing 

• Full inclusion of direct and indirect 
feedbacks of individual GHGs 

• Rate of meridional heat transport 
• Tuning: both planets, and particularly Earth, 

are tuned for the present day environments 
and processes 

• Climate/earth system component coupling 
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STRATEGY FOR DETECTING HYDROTHERMAL ACTIVITY ON MARS 
D. Schulze-Makuch1, A.G. Fairén2, and J.M. Dohm3 

1Dept. of Geology, Washington State University, Pullman, WA 99164 (dirksm@wsu.edu), 2Centro de Biología Mo-
lecular, Universidad Autónoma de Madrid, 28049-Cantoblanco, Madrid, Spain (agfairen@cbm.uam.es), 3Department of Hydrol-
ogy and Water Resources, University of Arizona, Tucson, AZ, 85721 (jmd@hwr.arizona.edu) 

 
Recent Mars Rover results, which included the detection 

of the mineral jarosite and sulfur-rich salt layers, indicate the 
presence of ancient acidic hot springs, such has been pro-
posed related to both magmatic- [1-3] and impact-related [4] 
processes and/or mixing with episodic water masses on the 
surface of Mars [5-6].  Another recent finding is the detec-
tion of methane in the Martian atmosphere [7], which if con-
firmed, would hint toward volcanic activity (alternative pos-
sibilities would be geochemical reactions in the Martian 
crust or microbial activity).  Although the methane detection 
is observed globally, it may be associated with hydrothermal 
activity occurring locally at the episodically active Tharsis 
magmatic complex (a primary release of the internal heat of 
Mars since the Middle Noachian [2]), which may still be 
active today [8-9].  Although the THEMIS spectrometer 
onboard the Mars Odyssey spacecraft has not identified cur-
rent hydrothermal activity on the Martian surface, it may 
currently occur at moderate temperatures (10 – 40oC) in a 
salt-rich soil or be fully confined to the Martian subsurface, 
thus preventing direct detection via thermal IR bands.  The 
Gamma Ray Spectrometer onboard the Mars Odyssey space-
craft, however, reveals the northwestern slope valleys to be 
highly elevated in chlorine when compared to the rest of 
Mars [10].  This region has been proposed as a prime candi-
date site for exploration based on its recorded geologic and 
paleohydrologic histories, including hydrothermal activity, 
and may mark recent and possibly active magmatic-driven 
activity [11]. Though, other factors such as atmospheric 
processes should also be considered as a potential contribu-
tor to the elevated signature.  

Analog hydrothermal activity does exist on Earth, such 
as at the Sulfur Springs area of the Valles Caldera in central 
New Mexico and the recently detected hydrothermal activity 
at White Sands National Monument (WSNM) in southern 
New Mexico, USA [12].  The fluids in the Sulfur Springs 
area derive from the condensation of steam (boiling of shal-
low groundwater), have total dissolved solids concentrations 
from several thousand to ten-thousands mg/L, a pH ranging 
from 1 to 2, and form small surface pools a few square me-
ters in areal extent [13].  Biomass concentrations were meas-
ured to be the highest compared to other hot springs sampled 
in New Mexico, and hydrogen sulfide oxidation was deter-
mined to be the primary metabolic pathway.  At the second 
analog location, WSNM, slightly acidic fluids discharge into 
the subsurface of an alkaline gypsum playa without any ob-
vious surface evidence.  Salinity concentrations of the 
groundwater exceed 100,000 mg/L.  A Denaturing Gradient 
Gel Electrophoresis (DGGE) analysis revealed the presence 
of Methanosaeta thermoacetophila, a methanogenic and 

thermoacetophilic microbe diagnostic for deep hydrothermal 
waters [13].  The sulfur springs area could not be identified 
via the multiple thermal IR bands provided by ASTER (Ad-
vanced Spaceborn Thermal Emission and Reflection Radi-
ometer; comparable to THEMIS capabilities) on board the 
TERRA satellite, but the reflectance spectrum of sulfuric 
acid was identified in the pool area from LANDSAT 7 
ETM+ images.  The WSNM hydrothermal area could not be 
identified remotely, neither by ASTER nor by LANDSAT, 
only by in-situ analyses.  These findings indicate that a plau-
sible strategy to identify hydrothermal areas on Mars would 
be to search for reflectance spectra of specific chemical com-
pounds or minerals associated with hydrothermal activity in 
remote sensing images, and to perform in-situ analyses at 
carefully selected sites.  This search strategy should be ap-
plied to regions on Mars exhibiting geologic, tectonic and 
topographic features (e.g. fault and rift systems, volcanoes, 
volcanic valleys and rilles) consistent with hydrothermal 
activity, past or present.  The locality of the Tharsis mag-
matic complex would be a reasonable first target for such an 
analysis.   

References: [1] Dohm, J.M., Baker, V.R., Anderson, 
R.C., Ferris, J.C., Hare, T.M., Tanaka, K.L., Klemaszewski, 
J.E., Scott, D.H., and Skinner, J.A. (2000) Abstract in Con-
cepts and Approaches for Mars exploration: Lunar and 
Planetary Inst., Houston, LPI Contrib. No. 1062, 93-94. [2] 
Dohm, J.M., Tanaka, K.L., and Hare, T.M. (2001) USGS 
Misc. Inv. Ser. Map I-2650, scale 1:5,000,000. [3] Dohm, 
J.M., Ferris, J.C., Baker, V.R., Anderson, R.C., Hare, T.M., 
Strom, R.G., Barlow, N.G., Tanaka, K.L., Klemaszewski, 
J.E., and Scott, D.H. (2001) J. Geophys. Res. 106, 32,943-
32,958. [4] Newsom, H.E. (1980) Icarus 44, 207-216. [5] 
Baker, V.R., Strom, R.G., Gulick, V.C., Kargel, J.S., Koma-
tsu, G., and Kale, V.S. (1991) Nature 352, 589-594. [6] 
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Dohm, J.M., Golombek, M., Baker, V.R., Ferris, J.C., Hare, 
T.M. (2001) The Lunar and Planetary Science Conference 
XXXII [CD-ROM abstract 2130], Houston, Texas, March 12 
– 16, 2001. [9] Mitchell, K.L., and Wilson, L. (2003) As-
tronomy & Geophysics 44, 4.16-4.20.  [10] Boynton, W., 
Janes, D., Kerry, K., Kim, K., Reedy, R., Evans, L., Starr, 
R., Drake, D., Taylor, J., Wänke, H., and d’Uston, C. (2004) 
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of Hydrology 280, 272–284.  
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AN IMPACT TRIGGERED RUNAWAY GREENHOUSE ON MARS.  T. L. Segura1,2, C. P. McKay2, and .O. 
B. Toon1, 1University of Colorado at Boulder, 2NASA-Ames Research Center (MS 245-3, Moffett Field, CA 
94035). 

 
 
Introduction:  When a planet is in radiative equilib-

rium, the incoming solar flux balances the outgoing long-
wave flux.  If something were to perturb the system slightly, 
say the incoming solar flux increased, the planet would re-
spond by radiating at a higher surface temperature.  Since 
any radiation that comes in must go out, if the incoming is 
increased, the outgoing must also increase, and this increase 
manifests itself as a warmer equilibrium temperature.  The 
increase in solar flux would correspond to an increase in 
temperature, which would increase the amount of water va-
por in the atmosphere due to increased evaporation.  Since 
water vapor is a greenhouse gas, it would absorb more radia-
tion in the atmosphere leading to a yet warmer equilibrium 
temperature.  The planet would reach radiative equilibrium at 
this new temperature.  There exists a point, however, past 
which this positive feedback leads to a "runaway" situation 
[1].  In this case, the planet does not simply evaporate a little 
more water and eventually come to a slightly higher equilib-
rium temperature.  Instead, the planet keeps evaporating 
more and more water until all of the planet's available liquid 
and solid water is in the atmosphere.  The reason for this is 
generally understood.  If the planet's temperature increases, 
evaporation of water increases, and the absorption of radia-
tion increases.  This increases the temperature and the feed-
back continues until all water is in the atmosphere.  The 
resulting equilibrium temperature is very high, much higher 
than the equilibrium temperature of a point with slightly 
lower solar flux.  One can picture that as solar flux increases, 
planetary temperature also increases until the runaway point 
where temperature suddenly "jumps" to a higher value, in 
response to all the available water now residing in the at-
mosphere.  This new equilibrium is called a "runaway green-
house" and it has been theorized that this is what happened 
to the planet Venus, where the surface temperature is more 
than 700 K (427 C).  

Calculations and Results:  From simple assumptions 
of optical parameters it is possible to calculate where this 
"runaway" point occurs in flux-temperature phase space.  It 
is different for different atmospheric constituents and differ-
ent values of available water.  This point was calculated for 
the current Earth by [2] and found to be about 385 W/m2.  
This indicates that if the solar and outgoing longwave fluxes 
of the Earth are greater than 385 W/m2, the Earth could ex-
perience a runaway greenhouse.  This increase in flux could 
be due to the simple steadily increasing luminosity of the 
sun.  Let's say that a planet is perturbed a little: perhaps the 
temperature increases slightly due to some albedo effect: less 
ice cover leads to less solar flux reflected away, which leads 
to a higher temperature.  If the effect is small, the planet will 

come to another equilibrium point as described above.  The 
increased temperature will lead to an increase in evaporation 
which will increase the greenhouse and then increase the 
temperature.  The planet returns to equilibrium at a higher 
temperature.  If we now consider a large temperature pertur-
bation, however, that perturbation may be large enough to 
increase evaporation so that the planet then "jumps" to the 
runaway regime, just as it did in response to a simple in-
crease in flux past the runaway point.  If the temperature of a 
planet increased a great enough distance in this phase space, 
it may be pushed beyond the runaway point and its new sta-
ble equilibrium point will be that of the runaway condition: 
all planetary water is in the atmosphere, none is on the sur-
face, and the average temperature is very large due to the 
increased greenhouse effect.  Preliminary analysis of the 
flux, vapor pressure, and temperature equations shows that 
such a stable solution is possible.  Thus there are, in fact, two 
stable solutions in this phase space.  One is the "normal" 
condition where the solar flux corresponds to some relatively 
low equilibrium temperature.  The other is the "perturbed" 
condition where the same solar flux corresponds to a much 
higher temperature because a perturbation forced the planet 
to run away.  To find these two solutions, a 1-D radiative 
convective model was run from two difference starting 
points, cold, and warm, for the same given incoming solar 
flux. The cold starting point lies on the “normal” branch (not 
the runaway branch) and corresponds to a planet with most 
of its water at the surface and little in the atmosphere with 
the atmosphere saturated. The model runs from this initial-
ized state and the equilibrium temperature is noted.  The 
warm starting point corresponds to a planet with all of its 
water in the atmosphere, and the atmosphere is consequently 
less than saturated.  For solar fluxes less than the runaway 
value, both runs converge on the same equilibrium tempera-
ture. However, past a certain solar flux (and before the solar 
flux corresponding to the runaway point) both starts con-
verge on different equilibrium temperatures.  This means that 
if the planet is cooling down from a large temperature per-
turbation it will equilibrate on the hot “perturbed” tempera-
ture, which corresponds to the runaway branch, and will not 
fall to the “normal” branch, if the solar flux is sufficient 
enough. Ultimately, this analysis shows that a large perturba-
tion could trigger a runaway greenhouse even if a planet's 
flux is below the threshold for runaway.  One way a planet 
can experience such a large temperature perturbation is if it 
is struck by a large asteroid or comet.  It has been shown 
previously [3, 4] that large impacts deliver large quantities of 
heat and energy to a planet and cause global-scale melting, 
evaporation, and precipitation of water.  Models show that 
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the temperature changes following an impact can be 1000s of 
degrees.  This is probably enough to push the planet past the 
runaway point (as described above) provided that enough 
water were available, either as liquid water on the surface 
that would simply evaporate, or as surface/subsurface ice 
that could melt from the hot debris and then evaporate out. 
This research explores the different regions of phase space 
and speculates on how large an impact would be required for 
a given planet such as Mars.  If this speculation is correct, 
any terrestrial planet could experience a runaway if struck by 
a large asteroid or comet. 

 References: [1] Ingersoll A.P. (1969) J. Atmos Sci 
26, 1191 (1969). [2] Nakajima S. et al. (1992) J. Atmos 
Sci. 49, 2256 (1992). [3] Segura, T.L., et al., (2002) Sci-
ence 298, 1977-1980. [4] Sleep, N.H. and Zahnle, K. (1998) 
J. Geophys. Res. 103, 28529. 
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Introduction: Global data sets returned by the 
Mars Global Surveyor (MGS), Mars Odyssey, and 
Mars Express spacecraft and recent analyses of 
Martian meteorites suggest that most of the major 
geological events of Martian history occurred within 
the first billion years of solar system formation.  This 
period was a time of heavy impact bombardment of 
the inner solar system, a process that strongly 
overprinted much of the Martian geological record 
from that time.  Geophysical signatures nonetheless 
remain from that period in the Martian crust, and 
several geochemical tracers of early events are found 
in Martian meteorites.  Collectively, these 
observations provide insight into the earliest era in 
Martian history when the conditions favoring life 
were best satisfied. 

Planetary formation and differentiation.  The 
presence of  182W in Martian meteorites indicates that 
the Martian core formed within the first 10-15 My of 
the formation time of the oldest solar system objects 
[1].  Core-mantle differentiation would have warmed 
the average interior temperature by up to 300°C [2], 
with superheating of the core and widespread melt 
production in the mantle as possible outcomes.  The 
correlation of excess  142Nd [3] with excess 182W [1] 
and the combined 142Nd-92Zr [4] systematics support 
the formation of distinct crust and mantle reservoirs 
within 50-100 My of solar system condensation and 
little or no remixing subsequently.  This earliest 
crustal material remains part of the present crust in 
the absence of significant subsequent crustal 
recycling [e.g., 5].  

The Early Crust.  The topographic identification 
of numerous partially buried impact basins suggests 
that much of the present Martian crust had formed by 
the early Noachian [6].  In particular, there cannot 
have been subsequent large-scale crustal recycling 
[5], and thermal history models [e.g., 7] are strongly 
constrained by limits to additions to at least the upper 
crust after the early Noachian.  Large impacts were 

important during the Noachian in redistributing 
crustal material [8].  Gravity/topography admittance 
values for the southern highlands indicate that the 
elastic lithosphere of the early to middle Noachian 
included at most only the upper crust [9]. There is a 
crustal thickness dichotomy on Mars [10].  In the 
southern crustal province, crustal thickness tends to 
thin progressively northward, a consequence of a 
south-to-north topographic slope.  In the northern 
crustal province, crustal thickness is approximately 
uniform.  The boundary between provinces can be 
smoothly varying to step-like in character.  Generally 
thicker crust in the southern province may have 
arisen from heterogeneous magma ocean evolution 
[11], early mantle dynamics and melt generation [12], 
or impact excavation and transport [13].  
Distinguishing among these ideas is possible, if 
challenging, in that some mechanisms predict north-
south differences in crustal chemistry or early heat 
flux.  On the basis of gravity/topography admittances, 
the lower crust in the early to middle Noachian was 
likely ductile [9].  The earliest crustal thickness 
heterogeneities would therefore drive channel flow of 
the lower crust, a process that would favor retention 
of longest-wavelength crustal thickness variations 
[14].  In particular, such flow, if arrested by 
subsequent crustal cooling, could leave the 
pronounced pole-to-pole variations in crustal 
thickness and topography presently observed [10]. 
Magnetic field.  Two scenarios have been put 
forward for the timing of the core dynamo implied by 
magnetization of the Martian crust [15].  In the first, 
the dynamo was active in the early to middle 
Noachian and ceased prior to or near the end of 
heavy bombardment [15].  In the second, dynamo 
onset postdated the youngest impact basins [16].  
Arguments favoring an early Noachian dynamo 
include the pronounced concentration of regions of 
high magnetization in the ancient southern uplands 
[15], a lack of correlation of magnetic anomalies with 
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late Noachian or younger volcanic units or impact 
structures, and the observed magnetization of 
carbonates at least 3.9 Gy old in Martian meteorite 
ALH84001 [17].  A postulated link between the end 
of crustal recycling [5] and the cessation of the 
dynamo [18] is tenable only if both events occurred 
in the early Noachian. While neither the strength nor 
spatial scale of magnetic anomalies correlate strongly 
with other geophysical observations, the maximum 
anomaly magnitude increases with crustal thickness.  
One interpretation is that magnetization was acquired 
very early, during cooling of an early crust, and 
subsequently was heterogeneously removed by 
thermal or chemical processes. Alternatively, if the 
dynamo postdated the formation of large-scale crustal 
structure, regions of thicker crust may have been 
cooler than regions of thinner crust, contributing to 
their preservation and permitting a greater vertical 
extent of later magnetization of intrusive bodies or 
chemical remanence.  The sparse magnetic anomalies 
of modest amplitude in the northern plains might be 
the result of the northern crustal province postdating 
the dynamo, a predominance of anomalies having 
wavelengths < 200 km, reheating by volcanism and 
intrusion, burial by sediments and postdynamo lavas, 
or hydrothermal alteration.  The fourth explanation is 
only a partial contributor, the third can be discounted 
if volcanism occurred primarily in thin flows, and the 
second is testable with future lowaltitude or surface 
magnetic observations.  

Tharsis.  The Tharsis province was the site of 
voluminous magmatism and concentrated 
deformation by the middle Noachian [19, 20].  It is 
likely that Tharsis originated after the establishment 
of the crustal thickness dichotomy and S-to-N slope, 
on the basis of observed patterns of crustal thickness 
and magnetization and the location of the center of 
Tharsis near the dichotomy boundary.  Geological 
observations at Syria Planum and Thaumasia [e.g., 
21] and evidence from admittances for widespread 
crustal underplating [9] are consistent with the 
interaction of an early Noachian plume with the 
Martian lithosphere.  Stress modeling supports the 
inference that the lithospheric load of Noachian 
Tharsis was of a size and scale similar to those at 
present [22].  Late Noachian valley networks formed 
after the S-to-N slope was established and after much 
of Tharsis magmatism had occurred [20].  

Water.  Abundant evidence for pervasive water-
surface interactions on Mars during the Noachian 
includes large areas displaying extensive erosion 
[e.g., 23] and widespread Noachian resurfacing of the 
northern hemisphere inferred from the superposition 
of younger impact basins on Utopia basin fill [6].  

The atmospheric D/H ratio indicates that Mars has 
lost perhaps two thirds of its water inventory over 
solar system history [24].  Early climate was strongly 
influenced by early atmospheric loss via impact 
ejection, solar wind sputtering, and formation of 
carbonates, but the relative importance and timing of 
these mechanisms and even the differences in climate 
between the Noachian and later periods are not 
known [25].  Recent upward revisions in the probable 
water content of Martian magmas [26] suggest that 
early to middle Noachian construction of Tharsis 
released substantial quantities of magmatic volatiles 
to the atmosphere, with possible influences on 
climate [20].  Deep hydrothermal circulation of water 
in the Martian crust likely accelerated crustal cooling 
and the preservation of crustal thickness variations.  
Such circulation would also have chemically altered 
the carriers of crustal magnetization, likely rendering 
any residual crustal magnetization beneath the lowest 
areas of major drainage basins undetectable from 
orbit, which if this occurred, could be consistent with 
the persistence of a dynamo for as long as one billion 
years. [27].  
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MORPHOLOGY OF DRAINAGE BASINS AS AN INDICATOR OF CLIMATE ON EARLY MARS. T. F. Stepinski, Lunar
and Planetary Institute, Houston TX 77058-1113, USA, (tom@lpi.usra.edu), S. Coradetti, Dept. of Earth, Atmospheric and
Planetary Science, MIT, 77 Massachusetts Ave., Cambridge, MA 02139, USA, (scorad@mit.edu), A. P. Stepinski, Rice University,
Houston, TX 77005, USA..

Abstract. Using methods of integral-geometry and neural
nets we have shown that drainage basins on Mars and Earth
have different morphologies. Using the same techniques on
a sample of Andean basins from widely different climates we
have demonstrated a correlation between basin morphology
and the climate. The only terrestrial basins with morphologies
similar to the morphologies of Martian basins are those located
in an extremely dry region of the Atacama Desert. This indi-
cates that the dissimilarity between basins on the two planets
are caused by climatic differences and points to a dry climate
on early Mars.

Introduction. The interest in valley networks, the com-
mon features on Mars reminiscent of terrestrial river systems,
remains high because the process of their formation has not
been positively identified despite extensive studies. Recently
[1], we proposed that a fluvial environment responsible for
valleys creation can be assessed by studying a morphology of
underlying drainage basins. Drainage basins can be compu-
tationally extracted [2] from the digital topography data. The
morphology of the basin reflects the large-scale geology of the
site, as well as its total fluvial degradation. The pattern of basin
degradation, and possibly the mechanism of that degradation,
may be judged from its morphology providing that the effects
of geological setting can be factored out.

In [1] we proposed using methods of integral-geometry to
define a circularity function, a representation of basin morphol-
ogy that is a good discriminant of the style of erosion. We also
employed a similarity map based on a neural net technique to
compare circularity functions, and thus, by proxy, to compare
basin morphologies. The present study extends this analysis
by incorporating additional 46 basins extracted from the west-
ern slopes of Andes between 7oN and 45oS. The spatially-
averaged annual precipitation rate (APR) for these basins is
in the range of 3 − 3000 mm/yr reflecting a highly variable
climate of the Andes. We use this new data to demonstrate a
correlation between basin’s morphology and the climate.

Methods. We have used digital elevation data from the
MOLA Mission Experiment Gridded Data Record (MEGD)
[3] to construct digital elevation models (DEMs) with resolu-
tion of 128 pixels/degree of 26 Noachian sites featuring promi-
nent valley networks. Shuttle Radar Topography Mission
(SRTM) data with 90-meter resolution was used to construct
DEMs of 22 sites in the United States and the South America
featuring a variety of drainage systems. Subsequently, these
DEMs were degraded to the 450-meter resolution for compat-
ibility with Martian DEMs. The SRTM data with 90-meter
resolution was used to construct Andean DEMs. Drainage
basins on Earth and Mars are computationally extracted from
DEMs [4]. Large, “contaminant" craters are removed from
Martian basins using procedure described by [2]. Most of the
basins on both planets have areas of the order of 104 km2.
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Figure 1: The similarity map for the Andean basins. Different
colors indicate precipitation rate, yellow < 100 mm/yr, green
100 − 400 mm/yr, and red > 400 mm/yr.

Extracted Martian basins are labeled 1 to 26, terrestrial basins
are labeled 27 to 48, and Andean basins are labeled 49 to 94
(north to south) for use in Figs. 1 and 2.

We “slice" the basin with a large number of horizontal
planes located at progressively higher normalized elevations
0 ≤ z ≤ 1. A given plane bisects basin’s pixels into those
above and below the plane. A planar projection of all below-
the-plane pixels forms a 2D pattern Ω(z). For this pattern we
calculate its area, S[Ω(z)], and its perimeter, U [Ω(z)]. Aggre-
gating values of S and U from all different bisecting planes we
construct the functions S(z) and U(z) and a circularity func-
tion α(z) = 4πS(z)/U2(z). The circularity function reflects
the change in the shape of the basin segment located below
a given elevation as the elevation changes from its minimum
(at the outlet) to its maximum (at the summit). Normaliz-
ing a circularity function using the whole basin circularity,
αn(z) = α(z)/α(1), disengages the internal basin morphol-
ogy from the external basin shape. The functions αn, that
reflect erosional degradation, have been calculated for all 94
basins.

To facilitate comparison between different basins, as repre-
sented by their circularity functions, we used the self-organizing
map (SOM) technique [5]. The SOM consists of a 2D regular
grid of nodes that, through a training procedure, evolves into
a similarity map where similar circularity functions (and, by
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Figure 2: The similarity map for all basins in the study. Mar-
tian basins are indicated by the black circles, terrestrial basins
are indicated by the white circles (yellow for the Atacama
Desert basins). The two clusters derived by the clustering al-
gorithm are shown as the dark and light blue backgrounds.

proxy, basins with similar morphologies) are associated with
neighboring nodes.

Results. Fig. 1 shows the similarity map for the Andean
basins. Basins with similar morphologies are located close
to each other on the map. The map was constructed using
basins without indicating their APRs. After the map has been
constructed we have indicated the APR by a color. The major
result is the correlation between basin morphology and the
APR. Note the 13 basins with the APR< 100 mm/yr (yellow)
located between 16oS and 29oS in the Atacama Desert, which
is a region that has been subject to long-term aridity and today
is among the driest places on Earth.

Fig. 2 shows the similarity map for all basins in our study.
Again, basins with similar morphologies are located close to
each other on the map. The map was constructed using basins
without indicating their planet of origin. Afterwards we have
marked the nodes associated with Martian basins as black
circles and the nodes associated with terrestrial basins as white
or yellow circles. Addition of these labels reveals a clear
dichotomy between Martian and terrestrial drainage basins.
This dichotomy is further supported by the clustering [6] of
unlabeled map’s nodes. We have found that the nodes can be
best divided into just two clusters, one indicated on Fig. 2 by the
dark blue background and the other indicated by the light blue
background. With few exceptions, the two clusters coincide

with a division between Martian and terrestrial basins. Thus
a natural binarity in the data corresponds to planet affiliation.
The only terrestrial basins similar to the Martian basins are
the (yellow) group from the Atacama desert. The basins 49,
50, and 51 (yellow ellipses) was recently identified [7] as
dominated by groundwater sapping.

Conclusions. We have found a clear morphological dis-
tinction between terrestrial and Martian basins. We submit
that this distinction is best understood in terms of climatic dif-
ferences. This claim is based on studying a well-controled
sample of Andean basins for which we have demonstrated a
correlation between basin’s morphology to the climate.

The common morphology of majority of terrestrial basins,
that transcends variations due to the local environment, is at-
tributed to a characteristic imprint of sustained runoff erosion
on the landscape. The atypical terrestrial basins from the
Atacama Desert, where fluvial erosion is limited, defy this
common pattern and are shifted to the outskirts of the terres-
trial cluster and even into the Martian cluster on the similarity
map. The common morphological factor of Martian basins,
that overcomes individual differences, appears to be linked to
a limited erosion of the basin outside the channels themselves
[1]. The location of basins from the Atacama Desert on Fig 2,
in a transition zone between terrestrial and Martian clusters,
suggests that the dichotomy between basin morphologies on
Mars and Earth is due to climatic differences and not due to
differences in physical and surficial properties between the two
planets.

Our results point to a dry climate on early Mars, and they
favor fluvial environment characterized by a heterogeneous
and/or intermittent injection of water into the landscape. The
morphologies of Martian basins are incompatible with runoff
erosion by a sustained, “terestrial style" precipitation, but they
are compatible with runoff from sporadic and limited precipi-
tation (conditions similar, but more extreme than those found
in the Atacama Desert), as well as with groundwater sapping.
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GEOLOGY OF LAYERED SEQUENCES IN ARABIA TERRA, MARS. K.L. Tanaka1, T. Poruznick1,2, J.A.
Skinner, Jr.1, and T.M. Hare1.  1Astrogeology Team, U.S. Geological Survey, Flagstaff, AZ 86001
(    ktanaka@usgs.gov    ); 2Geoscience Dept., Northland College, Ashland, WI 54806.

Introduction. Arabia Terra includes the majority of
exposed Noachian cratered materials in the northern
hemisphere, which are much less extensive than those of
the southern hemisphere. A variety of interpretations
have been proposed for the Arabia materials, which ex-
hibit unique topographic, geophysical, surficial, strati-
graphic, and compositional characteristics [e.g., 1, 2].
All or parts of Arabia Terra have been interpreted to be
crater ejecta [1], volcanic materials [1, 3-5], ice and dust
accumulations [3-4, 6], paleo-polar deposits [6], and pa-
leo-ocean sediments [7].  New Mars Global Surveyor
and Mars Odyssey topography and image data sets per-
mit re-evaluation of how Arabia Terra deposits may be
characterized and differentiated.

We therefore have begun an investigation with the
following objectives: (1) Assess the origin of Arabia
Terra materials through time and space, (2) determine
what forms of geologic activity and climate controls
governed their formation, and (3) ascertain how Arabia
materials vary within Arabia itself and with other high-
land areas.  Our preliminary results indicate that Arabia
Terra is made up of Noachian, indurated layered deposits
and younger, friable layered deposits of Late Noachian
to Amazonian age.  The change in induration state may
be related to drying and/or cooling of the climate that
affected induration processes and rates.

Regional topography. Mars Orbiter Laser Altimeter
data show that Arabia Terra forms the lowest expanse of
highlands, with elevations ranging from –4,000 to 0 m.
Arabia Terra slopes regionally from a broad high north-
west of Hellas basin down into the northern plains.

Surficial geology. Central Arabia Terra is a very
dusty part of Mars (high albedo and low thermal inertia)
[e.g., 8], and recent wind models suggest that it may be a
long-term dust sink [9]. Moderate to low albedo areas
that appear to be dust-free to partly dusty surround most
of central and southern Arabia Terra. Periodic high
obliquity could have resulted in the collection of water in
Arabia [9], commensurate with the current high hydro-
gen abundance there [2].

Stratigraphy. Augmenting Viking images, high-
resolution (1.4 to <10 m/pixel) Mars Orbiter Camera
(MOC) images reveal sequences of layered material
throughout cratered highland rocks on Mars [10]. Fig. 1
shows the distribution of such layers in Arabia Terra that
we have identified thus far. In most cases, layering is
expressed as terraces marking series of flat-lying steps
and benches in scarps of eroded material; wind-swept
surfaces also reveal albedo variations among layers.
Because the distribution of MOC images is neither com-
plete nor uniform, with only Meridiani Planum densely
imaged, our study lacks complete observations.

We identify two fairly distinct sequences of layered
materials. Older layered deposits (OLD) are dominantly

Early to Middle Noachian as indicated by their pre-
dating of degraded, pre-Hesperian craters. Younger lay-
ered deposits (YLD) are Late Noachian and younger as
they embay and infill large, degraded, chiefly Early and
Middle Noachian craters.

OLD are exposed in crater and channel walls and
scarps and seem to make up the bulk of the Noachian
cratered highland material.  OLD lack apparent eolian
erosion and thus may be moderately to well indurated.
Some OLD may be ice rich, such as parts of northern
Arabia Terra that make up fretted terrain [e.g., 11].

The YLD appear to have high albedo, where not cov-
ered by dust, and are moderately to heavily degraded and
eroded (Fig. 2).  They form fairly continuous deposits in
southwestern and northeastern Arabia [3, 6] and other
scattered occurrences. In Meridiani Planum in south-
western Arabia Terra, the YLD consist of relatively
eroded layers of contrasting albedo and include hematite
detected from orbit by the Thermal Emission Spec-
trometer (TES) [12] and are presently being explored on
the ground by the Mars Exploration Rover Opportunity.
The rover investigations indicate that the Meridiani YLD
may have been deposited and subsequently altered in
water [13]. Surrounding Meridiani Planum, YLD in
southwestern Arabia are heavily degraded into yardangs
and pedestal craters (Fig. 1) [6]. Throughout Arabia,
YLD are degraded into knobs and flat-topped buttes in-
dicative of mass wasting [e.g., 14]. Thus most of YLD
appear to be poorly indurated.

Implications. The transition from indurated OLD to
mostly non-indurated YLD may signal a permanent
drying and/or cooling of the climate, thereby slowing
down induration processes.  The Meridiani YLP may
represent local, youthful activity of water sufficient to
promote hematite formation, which suggests volcanic
and/or geothermal activity [e.g., 15-16].  We will con-
tinue to assess the new Mars data sets to test these ideas
in detail and to elucidate further the geologic history of
Arabia Terra.

References.  [1] Scott D.H. et al. (1986=87) USGS
Maps I-1802A-C. [2] Dohm J.M. et al. (2004) LPSC
XXXV, Abs. #1209. [3] Moore J.M. (1990) JGR 95,
14,279. [4] Tanaka K.L. (2000) Icarus 144, 254. [5] Hy-
nek B.M. et al. (2003) JGR 108, 5111. [6] Schultz P.H.
and Lutz A.B. (1988) Icarus 73, 91. [7] Edgett K.S. and
T.J. Parker (1997) GRL 24, 2897. [8] Christensen P.R.
(1986) JGR 91, 3533. [9] Haberle R.M. et al. (2003) Ica-
rus 161, 66. [10] Malin M.C. and K.S. Edgett (2001)
JGR 106, 23,429. [11] McGill G.E. (2000) JGR 105,
6945. [12] Christensen P.R. et al. (2000) JGR 105, 9623.
[13] see     http://marsrovers.jpl.nasa.gov/home/   . [14] T a-
naka K.L. et al. (2003) JGR 108, 8043. [15] Chapman
M.G. and K.L. Tanaka (2002) Icarus 155, 324. [16] Hy-
nek B.M. et al. (2002) JGR 107, 5088.
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Figure 1.  Topographic shaded relief map (resolution 500 m/pixel) of Arabia Terra region of Mars constructed from 
Mars Orbiter Laser Altimeter (MOLA) data showing occurrences and types of layered deposits.  Letters show 
locations of images in Fig. 2.

Figure 2.  Parts of Mars Orbiter Camera (MOC) images showing examples of layered deposits in Arabia Terra.  
Illumination from upper left.  North at top.  (a) Layered knobs. (MOC image m0305599; centered at 2.23ºN, 352.17ºE; 
5.88 m/pixel). (b) Layered yardangs. (MOC image e0502302; centered at 2.62ºN, 350.54ºE; 3.53 m/pixel). (c) Part of 
a layered butte in amongst others on a crater floor. (MOC image e0101215; centered at 3.32ºN, 53.27ºE; 4.89 
m/pixel). (d) Section of a layered, pedestal crater scarp.  (MOC image e1002130; centered at 15.15ºN, 19.78ºE; 3.65 
m/pixel).  
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EARLY MARS, HYDROTHERMAL CONVECTIVE PLUMES, AND ‘COLUMNS OF LIFE’.  B. J. Travis,
Los Alamos National Laboratory (EES-2/MS-T003, LANL, Los Alamos NM 87545;     bjtravis@lanl.gov    ).

     Introduction: A great deal of evidence supports the
statement that water was abundant on Mars in its early
history and that much of that inventory still exists to-
day as ice and permafrost in the sub-surface, very
likely with liquid water below that [1], [2].  A recent
study [3] suggests that the geothermal gradient of Mars
is sufficient even today, and certainly in Mars’ early
history, to drive subsurface hydrothermal convection.
Subsurface convective flow patterns for Mars condi-
tions are of the roll and plume types, with warm, up-
welling plumes melting through permafrost and ap-
proaching closer to the surface and exhibiting higher
upward flow rates than rolls. Water temperatures
within upwelling plumes can range from 40 – 100 oC,
at their base, to 0 – 10 oC at their top (even colder for
saline solutions), depending on local heat flux and
permeability structure of the host rock (see Fig. 1).
These convective patterns are stable and long-lasting,
and could provide a potential habitat for microbial life
by bringing nutrients to and through microbial com-
munities living in subsurface soil and rock. Upwelling
plumes could function as ‘columns of life’.  Further,
for the higher geothermal heat fluxes of the past, flow
will be episodic, characterized by occasional periods of
enhanced flow rates and re-organization of the spatial
arrangement of plumes, possibly providing a stimulus
for evolution.
    Fisk & Giovannoni [4] argue, based on the diversity
of electron donor-acceptor mechanisms that microbial
life on Earth has developed and on the similarities
between the chemical and mineralogical make-up of
Earth and Mars, that many chemolitho-autotrophic mi-
crobes that inhabit the Earth’s sub-seafloor could likely
survive in the Martian subsurface. Likely microbial
candidates would include anaerobic thermophiles that
utilize sulfur and carbon dioxide and iron, examples of
which are found in abundance within mid-ocean ridge
vent systems, and which are periodically ejected from
their source region, hundreds of meters within the sea-
floor crust.
    Microbes in Mid-Ocean Ridge Systems as Exam-
ples. In hydrothermal vents at mid-ocean ridges and
other vent fields, there are many examples of microbes
(mesothermophiles and hyperthermophiles) that utilize
aerobic and anaerobic chemolithotrophic energy
sources [5], typically in the temperature range 70 - 110
oC.  These rely primarily on sulfur and hydrogen
chemistry. There is evidence for interactions between
thermophilic species. There are also examples of mi-
crobes (cryophiles) that can live in briny water inclu-
sions in ice.
    Some Anaerobic Energetic Reactions.  Common
reactions that provide energy for anaerobic thermo-
philic microbial metabolism on Earth include:

Sulfate reduction (e.g., Archaeoglobus profundus, at
90 oC)

Methanogenesis (e.g., Methanococcus igneus, at 86oC)

Denitrification (e.g., Pyrobaculum sp., at 103 oC)

Another possible source of energy: pyrite formation

    Simple Monod Model for Microbial Metabolism.
For a simple stoichiometry of the form

and assuming Monod (enzyme) kinetics for metabolic
reactions, the following set of governing equations ap-
proximate transport, diffusion and reaction in the sub-
surface:

where A represents an electron donor (e.g., CH4, H2,
H2S ), B is an electron acceptor (e.g., O2, S, SO4, NO3,
CO2), M represents microbial biomass density, Ki

equals half-saturation and k equals max. utilization
rate, V is Darcy velocity, ε is porosity, Di equals diffu-
sivity, kd is death rate of microbes.
     Estimate of Growth Potential.  Numerical solu-
tions of the above equation set in general two and three
dimensional settings, with even more complex meta-
bolic models, are available [6].  Here, estimates of so-
lutions will suffice. Making a steady state assumption,
and assuming that B is in excess (B >> KB), neglecting
diffusion and assuming locally uniform flow,  A = KA

c / (1 - c), and c = kd / (β k), which implies that

         M ~  (QA/L)/(c k)  =  V [A]in β/ (ε L kd)

where [A]in is the concentration of electron donor in
fluid being entrained into a plume.   Typical  ranges  of

A + αB → βM + byproducts

∂A
∂t  = - k M A

KA + A B
KB + B - 1ε∇⋅(VA) + DA∇2A

∂B
∂t  = - αk M A

KA + A B
KB + B - 1ε∇⋅(VB) + DB∇2B

∂M
∂t  =  βk M A

KA + A B
KB + B - kdM

CO2 + 6H2 + SO4
-2 → [CH2O] + S-2 + 5H2O

2CO2 + 6H2  → [CH2O] + CH4 + 3H2O

CO2 + 8H2 + 2NO3
-  → [CH2O] + N2 + 7H2O

FeS + H2Saq → FeS2 + H2

CO2 + H2 → HCOOH
FeS + H2Saq + CO2 → FeS2 + H2O + HCOOH
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values for the various coefficients for Earth-based mi-
crobes are:  β = 0.33 - 0.50, KA ~ O([A]in),  kd ~ 10-4 -
10-1 /day, ε ~ 0.01 - 0.30, k ~ 10-2 - 10/day. Represen-
tative flow rate V in rolls and plumes for hypothetical
hydrothermal convection on Mars [6] ranges from
2x10-4 - 6.5x10-3 m/day.  This yields the estimates:
M ~  10-2  [A]in/L    for weak convection (rolls), and

    short-lived microbes
M ~  102  [A]in/L     for strong convection (plumes),

    hardy microbes
If [A]in ~ 10-5 g/cc and L ~ 1,000 m, then  M ~ 10-6 g/cc
which converts to about 106 microbes/cc in a plume.
 Production of byproducts would be at comparable lev-
els. E.g., based on values of the last paragraph, O(107

g) mass of methanogens could grow in one convective
plume (assuming cross-sectional area of 1 km2, from
numerical simulations), and a region such as the Thar-
sis bulge, the most likely place for elevated heat flux
and a thin or non-existent permafrost layer (providing
a reduced barrier to seepage of gases from the subsur-
face), could drive roughly 5,000 plumes based on
spacing of plumes in numerical simulations. Assuming
a modest metabolic conversion rate of 10-1/day, and re-
alizing that a significant fraction of CH4 produced
would dissolve in water or be bound in clathrates,
about 102 to 104 g/s might be released from the subsur-
face, which is sufficient to maintain an atmospheric
concentration of roughly 10 ppb to 1 ppm, assuming an
e-folding decay rate for CH4 of about 10—9 /s in the
Martian atmosphere.
    Conclusions:  Regions of warm-to-hot (40-100 oC)
water should have existed (and may still exist) in much
of the Martian subsurface. Warm, flowing water in
long-lasting upwelling plumes and convective rolls is
capable of carrying dissolved minerals continuously to
and through any microbial communities living within a
hydrothermal convection system. Estimates of meta-
bolic rates vs transport rates suggest that microbial life
at concentration levels up to 10-6 g/cc (106 mi-
crobes/cc) might be sustainable over a vertical interval
of 1,000 meters in a plume. Methanogens at this con-
centration level living in several thousand plumes in a
region such as Tharsis could generate enough methane
to support an atmospheric concentration on the order
or 10 ppb to 1 ppm.  Temperature structure within
plumes provides a range of temperature zones and the
chemical make-up could allow a sequence of life
zones, ranging from habitations for thermophiles deep
in the regolith at the base of plumes, to mesophiles in
the middle regions, to cryophiles at plume tops.
 Numerical simulation of convective patterns with rea-
sonable values of controlling parameters such as geo-
thermal heat flux and permeability structure and solu-
bilities of various compounds, allows estimation of the
maximum rate at which required substrates and nutri-
ents could be delivered to any microbial communities
living within convective plumes. When coupled to mi-
crobial metabolic models, these reactive transport

simulations can provide an estimate of the possible
size and spatial distribution of such communities, as
well as the rate and levels of seepage from the subsur-
face into the atmosphere of byproduct gases such as
methane.

References: [1] Clifford, S.M. (1993) JGR 98,
10973-11016. [2] Clifford, S.M. and T.J. Parker (2001)
Icarus 154, 40-79. [3] Travis, B.J., N.D. Rosenberg,
J.N. Cuzzi (2003) JGR-Planets 108, 8040-8054.  [4]
Fisk, M.R. & S.J. Giovannoni (1999) JGR 104, 11805-
11815. [5] Jannasch, H. W. (1995) in Seafloor Hydro-
thermal Systems AGU Monograph 91, 273-296. [6]
Travis, B.J., N.D. Rosenberg (1997) Environ. Sci &
Tech. 31, 3093-3102.

Figure 1.  Temperature structure within simulated hy-
drothermal convection plumes and rolls in the subsur-
face. Blue surface is the 10 oC isotherm, Green is 20
oC, and chartreuse is 30 oC.  The box region is 10 km
on a side (vertical not to scale). Basement temperatures
can range from 40 to 100 oC depending on vigor of
convection. In this example, the bottom 1 km layer is
in the 80-100 oC temperature range. Closeness of
plume top to surface depends in part on salt content
and heat flux.  Permeability and porosity decrease ex-
ponentially with depth.  Surface temperature in this ex-
ample is –60 oC; geothermal heat flux is 40 mW/m2.
Higher heat flux simulations show similar patterns, but
with fewer rolls and more plumes, and plumes migrate
over time episodically.
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Introduction: Morphological features suggestive 

of microbial origin have been observed by scanning 
electron microscopy (SEM) in several categories of 
meteorites,  including meteorites thought to have 
originated on Mars (including ALH84001 and Nakhla) 
[1,2] and some carbonaceous chondrites [3].  In 
ALH84001, the putative fossil microbes occur in car-
bonate globules distributed along fractures [1].  Con-
tentious issues include (1) the origin of the morpho-
logical features (microbial or inorganic) [1,4-6]; (2) 
whether the carbonate with which they are associated 
formed at temperatures conducive to life [7-10]; (3) 
whether the putative microbes were indigenous to the 
rock or were introduced post-mortem.   

Observations relevant to some of these questions 
were made during scanning electron microscope 
(SEM) investigation of a microbiologically active ter-
restrial aquifer [11].   Extremely reducing geochemical 
conditions in our study aquifer resemble the hydrogen-
based, predominantly methanogen microbial subsur-
face community in Lidy Hot Springs, Idaho, which has 
been proposed as a potential analog for the existence 
of primitive life on other planets or moons [12]. Other 
workers suggested that hydrogen could support micro-
bial life on Mars by processes in which methanogens, 
microorganisms that couple the oxidation of hydrogen 
gas with the reduction of carbon dioxide, produce 
methane [13-14].  Carbon sources differ between the 
Lidy Hot Springs example and the aquifer studied here 
(carbon dioxide and organic carbon, respectively) but 
the terminal electron accepting processes are similar.  
This paper reports an instance of carbonate mineraliza-
tion of microbes in this well-characterized, extremely 
geochemically reducing terrestrial environment.  The 
distribution of the mineralogically preserved forms in 
space and in time is described.  Geochemical condi-
tions in the system that were conducive to morpho-
logical preservation of the microbes are explored, 
along with implications for physical biomarkers in the 
terrestrial and possible extraterrestrial microbial fossil 
records. 

Methods: Mineralogical and textural consequences 
of mineral exposure to an anoxic contaminant plume in 
a glacial aeolian/outwash-sand aquifer were examined 

experimentally using in-situ microcosms.  Grains of 
garnet (an iron silicate mineral known to exhibit vary-
ing surface textures in different low-temperature al-
teration environments [15-17]) were placed into the 
aquifer at a single multi-level well at depths of 25, 28, 
32 and 37 feet below land surface and removed after a 
period of eleven months.  Prior to and during the 
eleven-month incubation period, the geochemical con-
ditions of the plume were evaluated.  The microcosms 
placed at depths 25 and 28 feet experienced more con-
taminated reduced water than those placed at the 32 
and 37-foot depths.  Both crushed and euhedral garnet 
grains were considered in the experiment; some were 
kept as controls and observed without exposure to the 
aquifer. Organic matter was removed from experimen-
tally exposed garnets by standard soil-chemical tech-
niques.  Garnets removed from the plume and control 
garnets were imaged with (SEM) and chemically ana-
lyzed with Energy Dispersive Spectrometry (EDS).   

Results: Precipitates, typically individual rugose 
rodlike forms or clusters of ellipsoidal bodies 2-10 
microns in long dimension, were discovered on both 
crushed and euhedral grains from depths correspond-
ing to the most reduced groundwater, but not at greater 
depths.  Precipitates are most likely calcite.  EDS indi-
cates the precipitates contain Ca, C, and O; sand above 
the water table is depleted of sand-size carbonate frag-
ments, whereas sand below the water table is up to 
~6% carbonate; and groundwater is near equilibrium 
with respect to calcite.  Precipitates strongly resemble 
encrusted microorganisms; many have filamentous 
protrusions morphologically resembling extracellular 
polysaccharides that connect to the mineral surfaces.  
Some cell-shaped precipitates are demonstrably hol-
low, consistent with mineralization of a sheath around 
microbes, followed by removal of organic material.  
Precipitates on crushed garnets are randomly distrib-
uted, whereas on euhedral grain surfaces the precipi-
tates occur along striations (growth steps) and within 
pits.  No micron-scale morphological features occur on 
smooth dodecahedral surfaces of euhedral grains,  but 
a biofilm of submicron thickness is present on all sur-
faces.  Micron-scale microbe-shaped structures are 
absent from garnets incubated at the deeper 32 to 37 ft 
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levels, and from the control garnets.  Cell counts and 
16S rRNA indicate that a diverse but variable micro-
bial assemblage was present in the aquifer before and 
during the experiment [18], but no precipitates occur 
on native aquifer sand sampled before the experiment.  
We conclude that these features were formed by reac-
tions that occurred exclusively within the contaminant 
plume.     

During the bulk of the eleven-month incubation pe-
riod, the well experienced very unique biogeochemical 
conditions as a result of a test flow-through bioreactor 
system located approximately 270 feet upgradient from 
the test well.  Aquifer mineralogy and groundwater 
geochemistry favored carbonate stability over a much 
longer period of time than the duration of the micro-
cosm experiments.  However, mineralization of mi-
crobes occurred only during a brief time interval, 
probably in response to anthropogenic groundwater 
alkalinity fluctuations during attempted bioremediation 
upgradient of the microcosms.  This combination of 
subtle increases in calcite saturation coupled with en-
hanced microbial activity may have lead to the ob-
served biofossilization.  

 Discussion: We interpret the larger elongate and 
elliptical features found on the surface of crushed gar-
net grains in the shallow chemically reduced plume to 
be carbonate-mineral encrustation of microorganisms.  
We base this interpretation in part on the hollow elon-
gate forms (Fig. 1), which appear to be encrustations 
or sheaths of carbonate around microbes that are them-
selves no longer present (decayed during incubation, 
microcosm recovery, and/or sample preparation for 
SEM).  Such hollow mineralized forms are known 
from other microbiologically active aquifer systems 
[19] as well as from terrestrial thermal springs [20].  
Furthermore, the entire ensemble of features satisfies a 
number of morphological criteria identified by Westall 
[21] for identifying fossil microorganisms.  Finally, the 
rapidly formed features on aquifer-exposed garnet 
compare favorably with numerous published SEM 
images of modern microorganisms, naturally fossilized 
microbes, and experimentally fossilized microbes.  

Implications: Microbes colonized the surfaces of 
experimentally introduced garnet, and were sheathed 
in carbonate, during an eleven-month exposure.  The 
microbial morphological features in the plume did not 
form on native aquifer material over the ~10ka exis-
tence of the aquifer; they only formed during a unique 
biogeochemical episode in the history of the aquifer.  
During this episode, the system was likely a predomi-
nantly methanogenic system. The short timescale for 
preservation is consistent with previous work on fos-
silization in chemically reducing environments.  The 
observed biomineralization preserves a “snapshot” of 

the overall microbial history of the aquifer. Microbial 
species preserved may not be representative of the 
complete microbial assemblage at the time of garnet 
colonization, let alone represent the microbial assem-
blage characteristic of any longer lived interval of the 
aquifer’s history.  The apparent requirement that geo-
chemical conditions must be unusual and fluctuating in 
order to facilitate preservation is similar to the neces-
sary conditions for terrestrial instances of exceptional 
preservation (e.g. Mazon Creek type) [22].   
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al. (1997) Nature, 390, 455-456. [6] Kirkland B. L. et 
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McSween H. Y. Jr. (1996) Nature, 382, 49-51. [8] 
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Fig. 1. SEM image of microcosm-exposed garnet from 25ft 
depth showing  hollow elongate forms.  Field of view is 20 
microns wide. 
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Introduction:  While our knowledge of the aque-

ous processes beneath the surface of Mars is rather 
limited, pre-terrestrially altered portions of the SNC 
meteorites provide an opportunity to directly examine 
the chemistry of low temperature reactions in the Mar-
tian crust.  Alternatively, our knowledge of the chem-
istry of the surface materials stems from direct analysis 
using instruments aboard the Viking, Pathfinder, and 
MER spacecrafts.  Some authors (e.g. [1]) have sug-
gested a similarity in the major element composition of 
the aqueous alteration found in the meteorite collection 
and the surface fines, or globally distributed dust, 
found at most landing sites. We are constructing an 
analytical protocol to provide an improved estimate of 
the local bulk composition of microscale features in 
Martian meteorite secondary mineral veinlets to further 
test this proposed linkage. 

 
Analytical approach:  Because the kinetics of the 

low temperature aqueous reactions in the Martian crust 
are slow, the end products have extremely small  grain 
sizes (micrometer to sub-micrometer in most cases), or 
are finely zoned amorphous materials [2,3,4]. There-
fore we have employed two methods to collect spa-
tially resolved elemental maps at this scale, Time of 
Flight Secondary Ion Mass Spectrometry (ToF-SIMS) 
and full-spectrum X-ray microanalysis.  Both tech-
niques result in a 3D hyperspectral “data cube” as out-
put, with 2 spatial dimensions, and one  compositional 
dimension composed of thousands to millions of data 
channels.   

ToF-SIMS: 
A submicron (~300 nm) primary beam of Ga+ ions 

was used for the ToF-SIMS analyses.  All ions of a 
given polarity were collected virtually simultaneously.   
Moderately high mass resolution (2-3000 FWHM) was 
used to collect secondary ions in the “burst mode” of 
operation.   

X-ray microanalysis: 
We employed an electron energy of 12.5 kV to col-

lect full-spectrum X-ray images using a ThermoElec-
tron Noran System Six EDS analyzer. A time constant 
of 14 microseconds was used to balance the desire for 
rapid data collection versus the degradation of spectral 
resolution at progressively higher count rates. 

Data Analysis:  The very large size of hyperspec-
tral data sets (100s of Mb to multiple Gbs) demand 
post processing routines that take advantage of the 
computational power available in today’s computers.  
Although this approach to finding covariation in com-
position in space is new to us, we believe this ap-
proach may lead to non intuitive results not available 
from a more cursory investigation of ele-
ment/molecular images. 

We have recently begun processing ToF-SIMS 
mass resolved images using the multivariate curve 
resolution (MCR) method with routines programmed 
in PLS Toolbox/MATLAB.  The benefit to the MCR 
over more familiar multivariate statistical methods is 
that the orthogonal restrictions inherent in principal 
component analysis are relaxed. This style of analysis 
should result in more realistic chemical component 
output. 

We also used MCR analysis to delineate the distri-
bution and number of chemically distinct phases in the 
EDS data cube using a proprietary method employed 
by the vendor. 

Results:  Having only adopted this parallel ap-
proach to analyzing SNC alteration veinlets we have a 
limited results at present. However, we expect that by 
combining information from the full-spectrum mass 
and X-ray resolved images will lead to an improved 
estimate of the local bulk composition of aqueous al-
teration that took place on Mars. These new data will 
then allow for a more rigorous evaluation of a linkage 
to the mechanism the resulted in the formation of sur-
face dust. 
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Introduction:  Tharsis is a vast, complex topog-

raphic rise on Mars that has undergone protracted vol-
canic and tectonic activity spanning nearly the entirety 
of Mars’ history [1].  The Thaumasia region that de-
fines the southeastern most portion of Tharsis can been 
seen as being topographically coherent with the main 
central rise containing the Tharsis Montes (Ascraeus, 
Pavonis, and Arsia) [2,3].  This region is identified as 
an arcuate mountain belt, the Thaumasia Highlands, 
which extends southward from the region of the Thar-
sis Montes (containing Claritas Fossae) that then 
curves northeastward in a “scorpion tail ” pattern to 
form a quasi-circular feature.  The Thaumasia high-
lands, the oldest preserved portion of Tharsis, contains 
heavily cratered Noachian terrains that have survived 
resurfacing by younger volcanic flows presumably be-
cause of their high elevation.  These mountains, stand-
ing 4-5 km above the surrounding cratered highlands, 
bound an interior plateau that includes Solis, Sinai, and 
Syria Planum [2].  Immediately adjacent to the Thau-
masia Highlands in the surrounding cratered plains, a 
negative free-air gravity anomaly flanks the high stand-
ing topography (Figure 1).  This gravity anomaly re-
veals a possible flexural trench created by the loading 
of the lithosphere by Thaumasia that has undergone 
subsequent burial by lava flows and debris. 

 

 
Figure 1. Free-air gravity anomaly (MGS75D).  The 
negative gravity signal flanking the Thaumasia High-
lands (blue) may indicate a buried trench.  Line is the 
location of the acceleration profile plotted in figure 2. 

 
Figure 2.  Observed los acceleration for MGS (blue) 
and expected acceleration derived from topography 
(red).  Location of trench identified by MOLA topog-
raphy and surface geology is shown.  See figure 1 for 
the ground track of the profile. 

 
Forward Model:  Direct line-of-sight (LOS) 

spacecraft accelerations have been analyzed [see 4 and 
5 for details] and confirm that the negative gravity 
anomaly associated with the Thaumasia Highlands ob-
served in the spherical harmonically represented data is 
real and is not simply an artifact (i.e. ringing).  An ac-
celeration profile crossing the trench is shown in figure 
2 along with the predicted acceleration that would re-
sult from the topography (see figure 1 for location of 
profile).  The negative gravity anomaly is evident in the 
raw spacecraft acceleration and is not correlated with 
that expected from the topography.  

We have employed a forward model to fit the flex-
ural wavelength of the gravity signal generated by the 
buried trench and estimate the elastic thickness (Te) to 
have been relatively thin (~ 20 km) at the time Thau-
masia loaded the lithosphere.  Te can be regarded as the 
depth at which a planets interior becomes too weak to 
support stresses over geologic time scales (~108 yrs).  
This depth, being related to the inverse of the thermal 
gradient, implies the value of Te increases with time as 
heat flow from the planet’s interior diminishes [6].  As 
a result, Te reflects the state of the lithosphere at the 
time of loading allowing temporal comparisons to be 
made on a regional basis [7].  The oldest features re-
flect a small flexural wavelength, as they are associated 
with young, thin lithosphere.  Values of Te ≤ 20 km are 
observed in the most ancient portions of the Martian 
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crust [7, 8] and are consistent with the Thaumasia 
Highlands having formed in the Early Noachian. 

Admittance:  From the LOS accelerations, we 
have derived the admittance, the transfer function be-
tween topography and gravity, for the southeast portion 
of Tharsis that encompasses Thaumasia.  A best fit to 
the data yields a value for Te of ~71 km (Figure 4) [see 
9 for model description].  This higher value reflects 
more recent events, such as the formation of Valles 
Marineris or the continued subsidence of the Thauma-
sia plateau, which will dominate the regional admit-
tance in which the signal of the buried trench is em-
bedded.  Even greater values of Te, >100 km, have 
been observed northwest of Thaumasia where the 
large, younger shield volcanoes of the Tharsis Montes 
are located [e.g. 7, 8].  As Te is presumed to increase 
with time, an evolutionary trend in Tharsis develop-
ment is suggested with the earliest manifestation of 
Tharsis occurring in the southeast and progressing 
northwest.  This is consistent with the surfaces ages of 
the mapped geologic units of Tharsis [10] that follow 
this same trend. 

 

 
Figure 3. Cartoon depicting forward model with best-
fit parameters: crust density ρc ~2900 kg m-3, load den-
sity ρs ~3000 kg m-3, fill density ρf,~1600 kg m-3, ini-
tial plateau height ti ~6 km), and elastic thickness 
Te~20 km. 

 
Conclusion:  The gravity signal reveals a buried 

trench resulted from the formation of the Thaumasia 
plateau during the Early Noachian.  The relatively thin 
Te implied by the signal and the Noachain terrains pre-
served on the margin of the Thaumasia plateau indicate 
that the development of Tharsis was well underway in 
the Early Noachian.  Further, Te values from admit-
tance indicate Tharsis development progressed toward 
the northwest through the Hesperian and Amazonian, 
consistent with the mapped geology which reflects the 
same trend [10].  This suggests there has been an al-
teration to the underlying convection since the Early 
Nochian resulting in a migration in volcanic activity 

away from Thaumasia and the preservation of Noa-
chian terrains on the southeast margin. 
 

 
Figure 4. The LOS admittance for Thaumasia.  
Lat/Lon range of area used in obtaining the admittance 
is that of figure 1. 
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Introduction:  From analyses of Mars Global Surveyor 
Mars Orbiter Camera (MOC) images of the Echus 
Chasma/Kasei Valles valley system we present further, new 
observations of surficial Martian features that are interpreted 
to be the result of interactions between the keels of flat-
bottomed floating ice floes with a submerged sediment sur-
face [1,2] (Figure 1).  Curvilinear ice keel scour mark 
troughs and ice floe grounding pits are proxy indicators of 
three basic environmental conditions: the former presence of 
a water body; the water body was seasonally, or perhaps 
permanently, covered by ice floes; the water area was large 
enough for winds, currents or both to drive the floes forward 
during ice/lakebed interaction. 
 
Originally we had expected to find evidence of the former 
presence of floating ice preserved, at least in some places, on 
the seafloor of an ancient north polar ocean.  It is reasonable 
to expect that there may have been seasonal or permanent 
floating sea ice, and possibly icebergs, in such an ocean [e.g. 
3,4,5] as is the case for the Arctic and Southern Oceans on 
Earth.  Kreslavsky and Head [6] present a model for catas-
trophic submergence of the north polar basin and, geologi-
cally, rapid freezing of the entire water column to the seabed 
and eventual sublimation of this thick ice mass.  For this 
scenario the conditions for creating and preserving ice keel 
scour marks and ice floe grounding pits are absent.  To date 
we have found no evidence for the presence of floating ice in 
the north polar basin. 
 
Background:  Echus Chasma comprises a flat, linear plain 
approximately 1,500 km long and 200 – 300 km wide.  The 
average slope is on the order of 0.025o.  Its southernmost 
extremity terminates just south of the equator above the 
Valles Marineris system.  Its northern limit passes into two 
branches of the Kasei Valles system between the latitudes of 
20O and 25O N (Figure 2).  A central region of rough, upland 
terrain is centered at about 10O N.  The eastern, southern and 
southwestern margins of Echus Chasma are well defined by 
a more or less continuous line of cliffs.  The central and 
northern portion of the western margin merges into the slop-
ing terrain east of the Tharsis volcanoes. 
 
Description:  Echus Chasma is separated from the south-
ern branch of Kasei Valles by a valley 40 km long and ~10 
km wide (clifftop to clifftop).  The floor of this valley is 
incised by two narrow gorges, each about 500 m wide and 15 
km (southern gorge) and 10 km long (northern gorge) re-
spectively (Figure 2).  Possible shorelines associated with the 
gorges indicate that the flow of liquid (possibly both lava 
and liquid water and floating ice, at different times) was 
confined in the gorges to maximum widths of 0.5 km (south-
ern gorge) and 2 km (northern gorge). 

The two narrow gorges geographically separate large ice floe 
pits that formed in a very large, long lake of the upper valley 
system (Echus Chasma) from much smaller ice floe pits that 
formed in a narrow river system of the lower valley (Kasei 
Valles).  We interpret this difference to be in part the result 
of mechanical breakup of the large Echus Chasma ice floes 
as they entered and passed through the narrow gorges, and in 
part because the valley floor of Kasei Valles, below the 
gorges, is relatively narrow (2-5 km wide) thus not affording 
the same opportunities for the formation of large ice floes. 
 
Floating ice-related features in the lower valley (Kasei 
Valles) are found only in the southern branch of Kasei Valles 
and do not extend eastward beyond the vicinity of Sharanov 
crater near the mouth of the valley system. 
 
We have observed similarities between interpreted ice-
grounding features and the “platy” morphologies of possible 
lava flows that occur in the valley system.  We conclude that 
both ice keel-deformed sediment surfaces and lava flows 
occur as stratigraphically separate units in the valley system. 
 
In places in the Echus Chasma portion of the valley system 
there are smooth- and rough-appearing surfaces that blanket 
an earlier deeply grooved curvilinear terrain.  These surfaces  
are commonly associated and may represent the inundation 
surfaces of sedimentary (smooth) and lava flow (rough) 
units, deposited at different times.  Draping of smooth units 
over the grooved terrain may represent deposition of sedi-
ment from a standing body of water. 
 
The youngest Valles geological unit is the early-Amazonian 
aged Kasei unit 2 mapped by Rotto and Tanaka (1995) and 
Tanaka (1997).  It is on the surface of this unit that the Kasei 
Valles ice keel scour marks all formed.  The Echus Chasma 
features occur on the surface of Member 5 of the middle-
Amazonian Tharsis Formation (Rotto and Tanaka op. cit.; 
Tanaka op. cit.).  
 
Conclusion:  Based on the geographic occurrence of scour 
marks, grounding pits, shorelines and sedimentary and vol-
canic units we interpret an ancient valley system that was 
inundated at least once by ice-covered water, possibly alter-
nating with periods of lava flow activity.  When flooded by 
ice and water the Echus Chasma/Kasei Valles lake and val-
ley system was approximately 1,500 km long and 200 – 300 
km wide (Figure 3). 
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Figure 1.  MOC image from Echus Chasma show-
ing features interpreted as ice floe prints.  Arrows 
show two possible grounding positions of the same 
floe field.  Interpreted ice keel scour marks, made 
by bottom-dragging keels, are shown as thick lines. 

 

Figure 2.  LEFT: image of the two narrow gorges 
joining Echus Chasma (to the south) to the south-
ern branch of Kasei Valles.  The gorges have a total 
length of about 25 km and are both about 500 m 
wide.  RIGHT: interpretation.  The two gorges 
shown by thick black lines. The grey area repre-
sents maximum limit of inundation based on extent 
of possible shorelines. See Figure 1 for location. 

 

Figure 2.  Interpreted extent of ice-covered lakes in 
the Echus Chasma / Kasei Valles valley system. 
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Introduction:  The surface of Mars likely consists of ba-
salt that has been shock metamorphosed by meteorite impact 
[1,2]. A fraction of the Martian soil may be derived from im-
pact produced glass particles and shocked minerals. Alteration 
processes have likely been involved in the soil formation proc-
ess, including palagonitization of the glass and aqueous and 
hydrothermal alteration of the impact materials [3-5]. Hydro-
thermal processes may also be partially responsible for the 
high mobile elements, including S and Cl in the martian fines. 
Hydrothermal deposits, both impact and volcanic may be im-
portant places to look for evidence of life on Mars. These im-
pact related processes would have most important early in 
Mars history, when the impact rate was highest. 

Because impact melts and hydrothermal alteration are a 
product of the target rocks [1-3], it is necessary to study these 
materials at a rare terrestrial impact crater that was emplaced 
into basalt [5,6].  In this study, laboratory visible and near-
infrared (VNIR) and thermal infrared (TIR) data of soils, im-
pact melts, and hydrothermally altered basalt from Lonar Cra-
ter, India are analyzed in preparation for detecting and sam-
pling similar products with current and future Mars data sets 
from landers and orbiters.  Laboratory spectroscopy of Lonar 
Crater samples and associated analyses of orbital multispectral 
images of Lonar Crater may prove useful to the interpretation 
of VNIR and TIR data from instruments on the surface of or 
orbiting Mars. 

Background:  Results from the Thermal Emission Spec-
trometer (TES) on the Mars Global Surveyor (MGS) indicate 
that the >99% of the upper 100 µm of low albedo (non-dusty) 
surfaces are composed of basalt (Surface Type 1) and andesite 
or weathered basalt (Surface Type 2) [7-9].  The dual interpre-
tation of Surface Type 2 (ST2) is due to the similarity between  
emittance spectra of glasses and clays in the TIR wavelength 
regions available for surface information.  Due to the igneous 
nature of the Martian surface, the glass is interpreted to be 
volcanic glass [7,8].  This study intends to examine the TIR 
spectra of impact melts and glasses generated from basalt that 
is analogous to Surface Type 1 (ST1) [7,10] to determine if 
this provides constraints on the nature of the Martian surface. 
The possibility of impact-generated rocks on Mars have been 
noted at the first four landing sites [11-14].  However, shocked 
rocks and impact glasses have only recently been discussed as 
contributing to the remote sensing of Mars [2, 15].  

Lonar Crater, India:  Lonar Crater has a diameter of 1.8 
km, an estimated age of ~52 ka, and is one of just two terres-
trial impacts (of ~180 known) emplaced in basalt [16,17]. Pre-
vious studies have identified Deccan basalt, the target rock of 
Lonar Crater, to be an excellent Mars analog [5-7,10].  The 
laboratory TIR spectra of sand-sized particulates of Deccan 
basalt compares favorably to orbiter spectra of the surface of 

Mars that has been interpreted as basalt [7,10]. Further, the 
geochemistry of Deccan basalts has been shown to be compo-
sitionally similar to martian meteorite basalts (shergottites) 
[5,18,19] containing higher quantities of Fe and lower Al than 
most terrestrial basalts.  As a terrestrial analog, Lonar Crater 
has been studied regarding hydrothermal alteration [5] and 
Lonar shocked and unshocked basalt were studied petro-
graphically [20] to compare to lunar basalts [21]. 

Remote sensing of terrestrial impact sites in arid regions 
have implications for Mars [22], but remote sensing of Lonar 
Crater is difficult.  Abundant vegetation, urbanization, and a 
saline lake have obscured the underlying basalt and impact 
melt sheet of the crater rim, ejecta, and floor.  However, there 
are select pixels where vegetation is absent or low (~5-10%) 
and soil and rock properties can be collected remotely.  These 
pixels and associated ground-truthing provide ideal locations 
to assess the accuracy of VNIR and TIR remote sensing of 
basaltic impactite deposits. 

Spectroscopy of shocked minerals:  The composition of 
impact melt depends upon the composition of the target rock 
[1].  Previous studies have shown that experimental shock 
alters the TIR spectra of anorthosite [23], albitite [24], or-
thopyroxenite [23], and basalt [25] and the VNIR spectra of 
plagioclase feldspar [27].  The effects of increasing experi-
mental shock pressures (17–57 GPa) on the TIR spectra of 
recovered chips and powders were quantified where compared 
to the TIR spectra of the original, unshocked sample. The im-
plications for the deconvolution and interpretation of TIR data 
of Mars were noted [23] and measured [24]. 

VNIR Reflectance Spectra: Figure 1 shows three rock 
spectra and Figure 2 shows three soil spectra from Lonar Cra-
ter. The L-75 sample spectrum shows a “standard” basalt with 
a strong 1 µm absorption attributable to clinopyroxene and a 
weaker broad 2 µm absorption. The L-60G spectrum is of a 
moderately shocked basalt. Its overall reflectance is higher and 
while it still displays the 1 µm pyroxene band, it also displays 
evidence of some hydration (weak 1.4 and 1.9 µm bands) and 
a broad absorption centered at 2.25 µm which is tentatively 
assigned to a Si-OH absorption. The L-60C sample spectrum 
is of a melt and is very low in albedo with virtually no spectral 
character in the VNIR, agreeing with previous work [26].  The 
three soil spectra in Figure 2 also have a 1 µm pyroxene band, 
display deeper water bands (increased hydration) and have 
weak cation-OH bands in the 2.2 to 2.3 µm region. The L-83 
soil has a stronger 2.3 µm absorption consistent with a Mg-OH 
absorption from a mineral such as saponite. The L-91 soil has 
a stronger 2.2 µm absorption consistent with an Al-OH absorp-
tion from a mineral such as illite or montmorillonite. 
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 Figure 1 

 
 Figure 2 
Thermal Emission Spectra:  TIR spectra of the un-

shocked drill cores are flood basalts that have identical spectra 
to earlier TIR spectra of Deccan basalts compared to ST1 
[7,10] (Figure 3).  TIR spectra of impact melts and glasses are 
shown in Figure 4. The spectra of the Lonar glass and shocked 
melt are similar to that of ST2 from ~1200 to 960 cm-1. Most 
glasses have a “V-shaped” absorption in this spectral region. 
However, it should be noted that the center of the Lonar glass 
absorption feature is located at or near ~1060 cm-1, and this is 
identical to that of ST2. This suggests that basaltic impact 
glass might be a component of certain ST2 pixels.  The 
amount of impact melt and distribution of impact glass ejecta 
on Mars have been estimated [3,2].  Deconvolutions of the 
Lonar impact glass and TES ST2 with shocked plagioclase 
feldspar (from [24]) included in the spectral library have de-
tected this end-member at high abundances, which suggests 
that shocked calcic plagioclase feldspars should be included 
into spectral libraries used to deconvolve TIR data of Mars [6, 
15]. 

Conclusions and Future Work:  Both the VNIR and TIR 
spectra exhibit spectral changes where the Deccan basalt has 
been shocked.  This agrees with the previous studies that quan-
tified these bands [23-26]. Future studies will continue to ana-
lyze materials from Lonar Crater and remote sensing and field 
work will constrain the exact locations of these materials 
within the rim and ejecta blanket.  These studies will comple-
ment previous works [5,6,23-26] and may provide insight into 
the interpretation of VNIR and TIR data of Mars.     

Acknowledgements: SPW thanks the Smithsonian MNH for the un-
shocked drill core used in this study. 
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Introduction: Throughout the history of Mars, aqueous 

solutions should have existed at some depths below the sur-
face. On early Mars, high geothermal gradients and intensive 
volcanic activity would have favored near-surface existence 
of aqueous solutions and sapping of ground water (e.g., [1]). 
During later epochs, solutions could have been stable deep 
below the surface, usually below ice-bearing rocks, and only 
episodically released on the surface, as at present. Valley 
networks and especially outflow channels demonstrate the 
effects of released waters on surface morphology. Release of 
subsurface waters should also have affected surface chemis-
try and mineralogy via processes of water-atmosphere inter-
action, dissolution of surface minerals, exchange of elements 
between solutions and minerals, and mineral deposition. 
Despite the importance for surface chemistry and mineral-
ogy, the composition of deep martian subsurface waters is 
not known. 

Here we argue that in contrast to surface and near-
surface aqueous solutions, which could have been episodic, 
oxidized, and acidic; deep subsurface waters are likely to 
have been alkaline, reduced, and may have contained dis-
solved H2, CH4 and organic species of abiotic and/or biotic 
origin. 

Surface solutions: acidic, oxidizing, but episodic:  
Acid volcanic aerosols and near-surface aqueous oxidation 
of sulfides could have caused “acid weathering” [e.g., 2, 3] 
of near-surface martian rocks and may account for the for-
mation of jarosite and other sulfates, and the deficiency of 
carbonates. Despite its potential influence on surface miner-
alogy, the impact of acid weathering could be very shallow. 
First, the amounts of SO2, H2S, and HCl in volcanic gases 
are limited by their solubilities in magmas. Only a minor 
fraction of volcanic rocks can be weathered by volcanic 
acids (aerosols, gases, or solutions) because of mass balance 
constraints. Second, rapid interactions of acidic solutions 
with minerals should result in neutralization. Third, acid 
lakes on Earth are only found in calderas in active volcanoes 
[4] or in locations sourced by acid springs [5] and they are 
not likely to be a widespread phenomenon on Mars. Fourth, 
the formation of 
acidic conditions near 
the surface is limited 
by low concentrations 
of O2 (needed to 
oxidize S2- and Fe2+), 
by the deficiency of 
massive sulfide 
deposits, as well as 
by a deficit of near-
surface aqueous 
solutions throughout 
history. Fifth, there 
are no obvious signs 
of acidic weathering 
in Martian meteorites. 

Finally, volcanic activity and weathering of massive sulfides 
occur locally on Earth and the same should be true on Mars. 
Therefore, acidic conditions were probably limited in space 
and time and “acid weathering” was probably a local near-
surface phenomenon. 

Subsurface waters: alkaline and reduced. Water-rock 
reactions, rather than interactions with atmospheric gases, 
determine the composition of deep subsurface solutions. The 
presence of olivine in the martian soil [6, 7] and the high 
abundance of mafic and ultramafic rocks on Mars inferred 
from remote sensing data and the compositions of martian 
meteorites imply that subsurface weathering on Mars proba-
bly resembles  that on Earth. On Earth, low-temperature 
aqueous alteration of olivine-bearing rocks leads to dissolu-
tion of olivine and pyroxenes and formation of alkaline solu-
tions that are often rich either in Mg2+ (at early stages of 
alteration) or Ca2+, and also have elevated concentrations of 
Na+ and Cl- [8-10], as illustrated in Table 1. Subsurface 
weathering of basalts also leads to moderately alkaline solu-
tions [11, 12]. 

Aqueous alteration of terrestrial mafic, and especially 
ultramafic, rocks demonstrates strong correlations between 
solution chemistry and secondary mineralogy. Thermody-
namic models are highly applicable to chemistry of aqueous 
solutions formed through alteration of ultramafic rocks, as 
shown by application of reaction path modeling [10, 13]. Our 
reaction path calculations, aimed at modeling weathering of 
olivine-bearing rocks on Mars demonstrate the formation of 
alkaline solutions and reveal a sharp difference in the oxida-
tion state of solutions and in secondary mineralogy between 
subsurface alteration (closed system) and atmospherically 
influenced near-surface weathering (open system), as shown 
in Table 2. Note that magnetite is among the alteration prod-
ucts in the closed system, but that goethite is present in the 
open system results. This is consistent with the presence of 
H2 in the closed system fluid, and O2 in the open system 
fluid composition. Note also that bicarbonate, CO2, and vari-
ous carbonate complexes are present in the open system 
results, but that graphite dominates the speciation of carbon 
in the closed system. The appearance of graphite in the cal-
culations suggests that metastable organic compounds may 
also be reaction products. In fact, a variety of organic solutes 
appear in the results if the formation of graphite is sup-
pressed (c.f. [14]), consistent with detection of CH4 and 
other hydrocarbons in serpentinites [9, 15, 16]. 

The results in Table 2 demonstrate that Fe(II) in olivine 
can be oxidized even if O2 is not involved. In fact, water 
plays a major role in oxidation of ferrous silicates, as exem-
plified by oxidation of ferrous iron in olivine  
2Mg1.8Fe0.2SiO4(in olivine) + 2.933H2O(l) → 
Mg2.7Fe0.3Si2O5(OH)4(serpentine) + 0.9Mg(OH)2(brucite) + 
0.33Fe3O4 (magnetite) + 0.33H2.  (1) 
Reaction (1) and similar pathways are observed during ter-
restrial alteration of ultramafic/mafic rocks and in model 
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Table 1. Typical compositions 
(mg/liter) of spring water associ-
ated with weathering of ultramafic 
rocks [8]. 

 Mg2+-HCO3
- 

type 
Ca2+-OH-

type 
pH ~9 ~12 
T°C 22° 10°-15°
Ca2+ 3.3  50 
Mg2+ 103  0.4 
Na+ 7.6  ~30 
Cl- 5.0  ~30 
HCO3

- 493  0 
CO3

2- 23.26 0 
OH- 0.12 57.0 
experiments [e.g., 17]. The limited involvement of dissolved 



Table 2.  Dominant composition of aqueous solutions 
(mol/kg H2O), secondary mineralogy (moles), and gases 
(mole ratios) that represent initial stages of aqueous altera-
tion of olivine below the martian surface (closed system) 
and near the surface (open system) at 0oC and 1 bar. 

Closed system Open system 
Antigorite  2.9E-04  Antigorite 2.9E-04
Graphite    1.0E-06  Calcite   2.8E-04
Greenalite  4.0E-05  Talc 3.9E-05
Magnetite  1.8E-03  Goethite 5.4E-03
Olivine     9.9E-01  Olivine   9.9E-01
H2,gas        9.9E-01  HCO3

-  1.4E-04
H2O,gas     5.0E-03  Ca2+             1.1E-04
OH-            1.2E-03  CO3

2- 3.6E-05
H2,aq         9.7E-04  OH- 1.2E-05 
Ca2+           6.0E-04  HSiO3

-         9.0E-06 
CaOH+       4.2E-06  SiO2(aq)  5.4E-06
HSiO3

-       3.7E-06  CaCO3,aq      5.3E-06
HFeO2

-      2.4E-06  Mg2+             4.6E-06
SiO2,aq      2.3E-08  CaHCO3

+  1.9E-07
CaHSiO3

+  2.0E-08  MgCO3,aq    1.3E-07
FeOH+       4.7E-09  CO2,aq          4.9E-08
FeO,aq       3.3E-09  O2,aq             2.2E-08 
pH           12.0  pH 10.0
Both cases model the reaction of 1 kg of liquid water with 1 
mole of olivine, (Mg0.7Fe0.27Ca0.03)2SiO4 (158.6 g) but only 
1% of olivine was allowed to ‘react’. Note that H2-rich gas 
is present when olivine reacts in the closed system. In the 
closed system, the C content is 1 ppm (in graphite). Forma-
tion of CH4 was suppressed. In the open system, pO2 is 10-5

bar and pCO2 is 6.5 mbar. For both systems, olivine molar 
amounts represent non-reacted portion of the mineral. 

O2 in oxidation of Fe(II) is supported by detection of H2 in 
spring waters, seeps, and fluid inclusions produced during 
serpentinization [9, 16, 18]. In addition, oxidation of Fe(II) 

with O2 would decrease the pH, which is inconsistent with 
the alkaline pH of terrestrial springs in serpentinites, and 
points to oxidation by H2O (see reaction 1). 

Our calculations also demonstrate highly reduced condi-
tions during early alteration of olivine and formation of a gas 
phase rich in H2 (Table 2). Reduced environments during 
early stages of alteration of peridotites can even lead to for-
mation of native metals [19, 20]. In fact, the detection of 
native metals in Chassigny [21] may indicate extremely re-
duced conditions of alteration. On Mars, low pO2 in the at-
mosphere (10-5 bar) and a high Fe content in rocks imply 
minimal participation of O2 in subsurface oxidation [22]. The 
limited aqueous alteration observed in martian meteorites 
[23] also indicates a short time for aqueous interactions 
and/or a deficiency of H2O. 

In contrast to O2, atmospheric CO2 can affect solution 
chemistry and secondary mineralogy during subsurface 
weathering. In fact, conversion of dissolved CO2 into the 
carbonate ion (CO3

2-) in alkaline solutions may cause intense 
consumption of CO2 from the atmosphere. The conversion of 

CO2 to CO3
2- is responsible for precipitation of carbonates 

through weathering (serpentinization, palagonitization) of 
ultramafic/mafic rocks [8, 10, 13, 24]. Recently, this process 
has been employed to explain stable isotopic composition of 
carbonates in the ALH84001 martian meteorite, which is a 
pyroxenenite [25]. 

Martian subsurface waters are likely to contain sulfate 
that, however, should not react with H2 and organic com-
pounds owing to inhibition of low-temperature redox reac-
tions. Disequilibria between sulfates, H2 and organic com-
pounds create a potential for biologic sulfate reduction, as it 
happens in terrestrial serpentinites [20]. Likewise, disequilib-
ria between CO3

2- (or HCO3
-) and H2 create a potential for 

biological methanogenesis, which in fact, may account for a 
greenhouse effect on early Mars and for the presence of 10 
ppb of CH4 [26] in the preset martian atmosphere. 

Concluding remarks: Considerations of terrestrial ana-
logs and test calculations of water-olivine interactions allow 
us to hypothesize that martian subsurface solutions were 
alkaline and reduced, and that they contained dissolved H2 
and organic compounds, as well as sulfates and chlorides. 
Release of these waters onto the martian surface would result 
in neutralization (or possibly, acidification) and oxidation of 
solutions through interaction with atmospheric CO2 and O2, 
surface materials, and mineral deposition. In addition to 
“acid weathering”, these processes should have affected 
martian surface mineralogy and could be responsible for 
formation of ferrous sulfates [c.f. 27] and carbonates [25].  

Weathering of ultramafic rocks results in a restricted and 
predictable set of weathering products that should be present 
in the martian subsurface. These minerals may only be pre-
sent in small isolated surface areas and may escape detection 
by orbiting spacecraft.  
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