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NUMERICAL MODELING OF IMPACT-INDUCED HYDROTHERMAL ACTIVITY ON EARLY MARS.  
O. Abramov and D. A. Kring1, 1Lunar and Planetary Laboratory, University of Arizona, Tucson, AZ 85721-0092, 
abramovo@lpl.arizona.edu 

 
 

      Introduction:  Recent research suggests that im-
pact generated hydrothermal systems may have played 
an important role on early Earth and potentially early 
Mars. Several lines of evidence point to a dramatic 
increase in the number of impact events at ~3.9 Ga [1-
3], which coincides remarkably well with the earliest 
isotopic evidence of life at ~3.85 Ga [4]. This period, 
often referred to as the Lunar Cataclysm, lasted 20 to 
200 million years [2,5], during which time hydrother-
mal heat generated by impact events may have ex-
ceeded that generated by volcanic activity [6]. These 
impacts would have resurfaced most of Earth and 
Mars, and may have vaporized any existing oceans for 
short periods of time, virtually eliminating surface 
habitats [7]. At the same time, an abundance of subsur-
face habitats in the form of large subsurface hydro-
thermal systems would have been created. These habi-
tats could have provided sanctuary for existing life or 
perhaps the site of life’s origin. Genetic evidence in 
the form of phylogenies that suggest that Archaea, 
Bacteria, and Eukarya have a common ancestor com-
parable to present day thermophilic or hyperthermo-
philic organisms [8], further underscores the potential 
importance of hydrothermal systems in general, and 
impact-induced hydrothermal systems in particular, at 
the dawn of life.  
      Several hydrothermal systems generated at terres-
trial impact craters have been identified based on min-
eralogical evidence [e.g. 9-12] and have been sug-
gested to occur on Mars as well [13,14].  The primary 
heat sources driving a hydrothermal system associated 
with a complex impact crater are the shock-emplaced 
heat , the central uplift and melt sheet. 
      Perhaps the most important question in assessing 
the importance of impact-induced hydrothermal sys-
tems is that of system lifetime. The lifetimes of hydro-
thermal systems in craters 20 to 200 km in diameter 
are 103

 to 106
 years if purely conductive cooling is as-

sumed [15,16]. It has been suggested that convective 
cooling by circulating water would cool the crater 
faster than purely conductive cooling [14], but specific 
effects of circulating water on crater cooling are not 
thoroughly understood. In order to better constrain the 
expected lifetimes of these systems and further under-
stand their mechanics, we use a finite-difference com-
puter simulation to evaluate the additional effects of 
convective cooling.  
      Modeling technique: The numerical code used to 
model the post-impact water and heat flow is a modi-
fied version of the publicly available program 

HYDROTHERM (source code available from au-
thors). HYDROTHERM is a three-dimensional finite-
difference model developed by the U.S. Geological 
Survey to simulate water and heat transport in a porous 
medium [17]. Its operating range is 0 to 1200 C and 
0.5 to 1000 bars; however, in this work the upper tem-
perature limit has been extended to 1700  C to model 
the initial temperature of the impact melt sheets. The 
code solves the mass and energy balance equations at 
every mesh element and time step. HYDROTHERM 
has been successfully applied to hydrothermal systems 
of volcanic origin [18] and Martian impact craters 
[19].  
       HYDROTHERM requires input in the form of 
topography and temperature distribution, in addition to 
rock properties and planet-specific parameters such as 
gravity, atmospheric pressure, and the basal heat flux. 
The surface topography is reconstructed using laser-
altimetry derived Martian crater dimensions [20] and 
morphometry of lunar craters [21]. The temperature 
distribution underneath Martian craters is obtained 
from hydrocode simulations [e.g. 22] or computed 
analytically using models for shock-emplaced heat, 
amount of uplift, and the volume of melt. Rock proper-
ties appropriate for the Martian basalts are used, with a 
density of 2600 kg/m3, thermal conductivity of 2.5 
W/(m K), and heat capacity of 800 J/(kg K). The sur-
face porosity is conservatively estimated at 20% [23] 
and decreases exponentially with depth, while the per-
meability has a maximum surface value of 10-2

 darcies 
and varies with both depth and temperature. The effect 
of other permeability values has also been evaluated. 
The geothermal gradient is taken to be 13 °C/km [24]. 
We assume an atmospheric pressure of 0.5 bars for 
early Mars and thus stable liquid water at the surface, 
and that the water table is within 150 m of the surface. 

Results: We applied this numerical code to a range 
of craters from 30 km to 180 km in diameter. Our 
modeling suggests the evolution of a post-impact 
hydrothermal system at a crater on early Mars devel-
oped as follows. The first step was gravity-driven 
rapid draining of the rim and the flooding of the crater 
cavity by groundwater and possibly seawater. The in-
teraction between the incoming water and the hot inte-
rior of the crater would have produced large quantities 
of steam. Because the boiling point of water increases 
rapidly with pressure, steam generation was limited to 
near-surface regions, except for production of super-
critical fluid deep below the surface. Therefore, once 
the near-surface cooled there was probably little steam 
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emission from the ground. Eventually, a crater lake 
should have formed in the basin of the crater, changing 
the flow of water from a gravity-driven to a hotspot-
driven state. Newsom et al. [14] showed that the ther-
mal energy of the impact melt and the central uplift 
can keep a lake from completely freezing for thou-
sands of years under a thick sheet of ice, even under 
the current climatic conditions. Our model simulations 
and observations at terrestrial impact sites suggest that 
the most extensive hydrothermal alteration would have 
occurred in the central peak (for smaller craters) and in 
the peak ring and the modification zone where fluid 
flow is further facilitated by faults (for larger craters). 
The region of active hydrothermal circulation extends 
laterally almost to the crater rim and to a depth of sev-
eral kilometers. The volume of target material that has 
water flow through it and a temperature between 50 
and 100 °C reaches a maximum of ~20,000 km3 for the 
180 km crater.  
      The lifetimes of impact-induced hydrothermal sys-
tem on early Mars range from 50,000 years for a 30 
km crater to 1.1 Ma for a 180 km crater, and depend 
strongly on assumed ground permeability. These long 
lifetimes are partly explained by the most vigorous circula-
tion taking place near the surface and the hotter parts of the 
models being impermeable due to the brittle/ductile transi-
tion at about 360 ºC. Thus, conduction remains the dominant 
form of heat transport in much of the model, especially for 
larger craters. Another important consideration is the vertical 
heat transport by flowing water, which can increase the tem-
perature of near-surface regions and prolong the lifetime of 
the system. These systems produce suitable environments 
that could potentially have been habitats for thermophiles. 
 

 
Figure 1. Results of a numerical simulation of the hydrother-
mal system at a 30-km impact crater on early Mars. Surface 
permeability is 10-2

 darcies. Black lines are isotherms, labeled in 
degrees Celsius, and blue and red arrows represent water and 
steam flux vectors, respectively. The length of the arrows scales 
logarithmically with the flux magnitude, and the maximum value 
of the flux changes with each plot. Panels a to d show the state 
of the system at 25  years, 1000 years, 10,000 years, and 100,000 
years, respectively. 
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MARS EXPLORATION ROVER MISSION.  M. Adler1, 1Jet Propulsion Laboratory, California Institute of 
Technology, Pasadena, CA 91109, U.S.A. 
 
 

Introduction:  Two rovers[1] with a sophisticated geological payload have been operating on the surface of Mars 
since January of 2004.  Future missions and their related technology developments will benefit from the lessons 
learned during these surface operations.  The planning cycle was dictated by the communications opportunities and 
the times of day that the rovers could operate, and the team and tools were tuned to optimize the mission return for 
that cycle time.  The ability to traverse and to approach and perform in situ investigations on targets was limited in 
speed by the same cycle time, due to required human involvement in the related planning and risk decisions.  In 
addition traverse was limited by the speed of the on-board terrain and hazard assessment, and in situ operations were 
limited by a lack of autonomy.  Different planning cycles and levels of autonomy should be considered for future 
surface missions, which will result in different approaches to science decision making. 

 
[1] Crisp, J. A., et al. (2003) J. Geophys. Res., 108(E12), 8061. 
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FE ISOTOPES IN MARTIAN METEORITES: ROLE OF WATER AND POSSIBILITY 
OF LIFE ON MARS  M. Anand1, E. Mullane1, M. Grady1, 1Dept. of Mineralogy, The Natural 
History Museum, Cromwell Road, London, SW7 5BD, UK (E-mail: M.Anand@nhm.ac.uk) 

 
 
Introduction:  The suggestion of McKay 

et al. [1] that one of the Martian meteorites 
(ALH 84001) has preserved traces of Martian 
bacterial life led to a surge in scientific re-
search on Martian meteorites. This has also 
resulted in the discovery and identification of 
more Martian meteorites from various places 
on the Earth. The total number of Martian 
meteorites known till date stands at 30 (53 
numbered individuals); almost a three-fold 
increase in the total number of known Mar-
tian meteorites in the last decade. The major-
ity of these are shergottites, which account 
for 22 samples. The next most common group 
of meteorites are nakhlites (6), followed by a 
sample each of Chassigny and ALH 84001. 

The tantalizing possibility that life might 
once have existed on the red planet has stimu-
lated much of the scientific community for 
quite some time. However, as we know it, for 
life to survive, the presence of liquid water is 
essential. The present day climate on Mars is 
inhospitable for sustaining any life form. Data 
from several orbiter, lander, and robotic mis-
sions have demonstrated convincingly that 
Mars was once a warmer and wetter place, as 
a result of a higher atmospheric pressure, 
leading to active circulation of fluids between 
atmosphere, hydrosphere and lithosphere 
[e.g., 2]. 

Until we have a returned sample mission 
from Mars, one of the ways to look for past 
evidence of aqueous activity on Mars is 
through mineral, chemical and isotopic stud-
ies of primary and secondary minerals in 
Martian meteorites. The focus of this research 
is on understanding the action and effects of 
water on Mars by using fractionation of iron 
isotopes (which can be significant during low 
temperature aqueous processes), in conjunc-
tion with other transition metal isotopes, to 

trace the alteration of primary to secondary 
minerals by water on Mars. Previous research 
has resulted in recognition and characteriza-
tion of an evaporite sequence preserved 
within nakhlites [3, 4]. This finding high-
lighted different alteration processes affecting 
Martian meteorites and Mars, and has pro-
found implications for the timing, extent and 
duration of hydrous activity at the planet’s 
surface.  

Methodology and Samples:  The goals of 
the project are pursued through a detailed 
study of the elemental and isotopic composi-
tion of components within Martian meteor-
ites. Iron is an important constituent of rock-
forming minerals, produced at the elevated 
temperatures experienced during magma 
genesis. Iron has four stable isotopes and is 
also an important constituent of secondary 
minerals produced by alteration of primary 
minerals, occurring in clay minerals and car-
bonates. Kinetic, equilibrium and nuclear 
processes fractionate the isotopes, in the same 
way as is commonly observed for light ele-
ments. Iron isotopes are also thought to be 
fractionated by biological processes, and thus 
have potential in providing bio-signatures in a 
sample. However, in order to differentiate 
abiotic and biotic fractionation signatures in 
Martian samples, a highly sensitive instru-
mentation, such as MC-ICP-MS is required.  
Preliminary whole-rock iron isotope data, ob-
tained by MC-ICP-MS technique, on some 
Martian meteorites indicate limited but dis-
tinct fractionation patterns compared to ter-
restrial and lunar samples [5]. 

Discussion: We have just begun the first 
phase of the project wherein we are character-
izing primary magmatic fractionation proc-
esses on Mars by elemental and isotopic 
analysis of bulk samples from Martian mete-
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orites. Once the baseline fractionation pat-
terns are established, individual primary and 
secondary minerals will be analyzed for their 
isotopic characteristics. Suitable terrestrial 
analogues, such as some Proterozoic lava 
flows and sedimentary rocks, are also being 
studied for their transition metal isotopic sig-
natures. Results obtained from this study will 
be compared with representative samples 
from ‘dry’ and ‘wet’ asteroidal parent bodies 
to constrain the end member fractionation 
patterns among solar system materials. 

It is anticipated that this approach will 
help in identifying the cause of the transition 
metal isotopic fractionation in Martian mete-
orites and the role of water, and possibly of 
life, on Mars. 

References: [1] McKay et al., (1996), Sci-
ence, 273, 924-930. [2] Squyres S. W. and 
Kasting J. F., (1994) Science 265, 744-749; 
[3] Bridges J. C. and Grady M. M., (2000) 
Earth Planet. Sci. Lett. 176, 267-279; [4] 
Bridges J. C. et al., (2001) In: Chronology 
and Evolution of Mars. Eds. R. Kallenbach et 
al., Kluwer, Dordrecht. 365-392; [5] Poitras-
son et al., (2004) Earth Planet. Sci. Lett. 223, 
253-266. 
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IMPACT CRATER PALEOLAKES IN HELLAS AND THAUMASIA AREAS, MARS V. Ansan1 and N. 
Mangold1, 1Laboratoire ORSAYTERRE-FRE2566-CNRS, bât. 509, Université Paris-Sud, 91405 ORSAY cédex, 
France- ansan@geol.u-psud.fr and mangold@geol.u-psud.fr. 

 
 
Introduction:  Impact crater paleolakes have been 

identified by morphological analysis on Viking images 
[1, 2, 3,4]. These impact craters show not only an 
atypic morphology with an inner flat floor associated 
with sedimentary features such as alluvial fans, deltas, 
sedimentary terraces and lacustrine shore… but also 
one or a series of valleys converging towards their 
depression. The presence of these paleolakes indicates 
that hydrological cycle was related with erosion-
transport and sedimentation cycle during their forma-
tion. Moreover, we can wonder when they formed, 
how long time they lived and in which climatic condi-
tions they formed. The good spatial resolution (few m 
to 100 m/pixel) of MOC [5] and THEMIS [6] images 
improves the geomorphic analysis of erosional and 
sedimetary features in paleolakes. We focussed our 
study on a closed impact crater paleolakes, Terby cra-
ter, located at the northeastern part of Hellas basin and 
an opened paleolake located in Thaumasia region. 

 
TERBY CRATER:  Terby crater is located at the 

northeastern part of Hellas basin  (75°E - 30° S) on 
densely cratered terrains dated of Noachian. It shows 
an atypical morphology related to an Martian impact 
crater of ~200-km in diameter. Instead of a circular 
depression with a central peak, it exhibits an inner flat 
topography locally eroded by a 2-km deep, W-shaped 
closed depression.  

The mid-infrared (IR) THEMIS (100 m/pixel) al-
lows us to determine three geologic units : the W-
shaped depression floor consists of soluble material 
because of paches of closed-ovale depressions, the flat 
topography and “mesas” spaced of branches of the W-
shaped depression consist of bright material observed 
on sides of the depression, the top of plateau and me-
sas is covered by a thick grey layer.  

The visible THEMIS image (18m/pixel) allows us 
to determine the geometry of bright material observed 
on sides of the depression. It consists of a series of 
sub-horizontal layers with a constant thichness of few 
meters. The MOC images available on bright layers 
show that their sub-horizontal geometry is locally dis-
turbed by stratigraphic unconformities between which 
bright layers exhibit a ~ 5° dip southward. This sug-
gests that bright layers could correspond to detritic 
sediments (mixing of sand and clay) regularly depos-
ited in alluvial fan or delta prograding southwards. 
However, we have no direct evidence of fluvial valley 
converging in Terby crater and carrying sediments. If 

it existed, it has been underlain by post sediments or 
eroded by later external processes. 

In the southern part of crater filling (plateau), the 
geometry of material has not been observed because of 
no image on the side of plateau. We think that it could 
be composed of evaporites easily soluble, which could 
explain the closed W-shaped depression. 

When the detrictic and evaporite filling of Terby 
crater finished, a chemical process has been at the 
origine of closed W-shaped depression inside the 
Terby Crater. Then overall surface has been covered 
by a 100m thick dust layer locally eroded later allow-
ing to observe the bright layers of plateau and mesas. 
Then recent dark sand deposited in the W-shaped de-
pression, showing dunes and thin layer. 

The age of Terby crater is Noachian. Its sedimen-
tary filling occurred in lacustrine envrironment until 
Hesperian (2.8 Gyr) based on crater count. Then, 
chemical erosion leads to the W-shaped closed depres-
sion covered by a thick layer of dust. In depression, 
recent dunes composed of dark sand form at present-
day. 

 
THAUMASIA PALEOLAKE:  In the southeast-

ern part of Thaumasia region, an other 20 km-in-
diamter impact crater paleolake has been newly identi-
fied on THEMIS image. It is located (103° W – 39.2° 
N  ) at the end of 100-km long valley which displays a 
delta at its mouth inside the impact crater. The delta is 
6-km long and 9-km wide with a slope of 11° in the 
prodelta areas. This suggests that delta formed in 
lacustrine environment compared to prodelta slope of 
terrestrial delta. This interpretation is supported by the 
presence of a valley diverging from paleolake associ-
ated with sedimentary area corresponding to a flood 
deposit. The paleolake occurred during Hesperian at 
least because the flood deposit superposed on Hespe-
rian plain [7].  
 

Conclusion: The two impact crater paleolakes has 
collected the record of climatic and hydrological 
changes on Mars. They show that there was a hydrogi-
cal and sedimentary cycle during the Hesperian time. 
This implies that liquid water was stable and sufficient 
in quantity to erode, transport and deposit sediments. 
This sustains the climatic model in which an atmos-
pheric water cycle [8] occured until late Hesperian [9].  
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CLIMATOLOGICAL AND HYDROLOGICAL EVOLUTION OF EARLY MARS AS 
INFERRED FROM THE GEOLOGICAL RECORD 
Victor R. Baker1,2, 1Department of Hydrology and Water Resources, The University of Arizona, Tucson, 
AZ  85721-0011 baker@hwr.arizona.edu,  2Lunar and Planetary Laboratory, The University of Arizona, 
Tucson, AZ   85721 

 
Exciting new results from current Mars 

missions are transforming our understanding 
of Mars’ early planetary history. Current news 
releases to the contrary, many geological 
investigators have known for thirty years that 
Mars had an early history with aqueous 
activity on its surface.  However, new mission 
results are only now revealing the extensive 
sedimentary and geochemical evidence for 
that history.  The new results strongly 
corroborate the long-standing geological and 
geomorphological inferences that early Mars 
had extensive lakes and probably transient 
seas (“oceans”) that were associated with a 
climate capable of generating the precipitation 
and runoff to sculpt its landscape and to 
transport materials to sedimentary basins.  
Well-preserved alluvial fans and fluvial deltas 
show that early Mars was surprisingly 
Earthlike in its geological processes.   

The MIDDEN hypothesis. The early 
Mars (Noachian) epoch is well recorded in the 
heavily cratered highlands of the planet, 
mostly in equatorial and southern latitudes. 
Based on a selective interpretation of the 
Mars fluvial history, a common view, 
especially among theoreticians, had been that 
nearly all the aqueous activity on Mars was 
confined into this early epoch.  This 
theoretical view of Mars prevailed during the 
data-impoverished decade that extended from 
the late 1980s to the late 1990s. Because it 
invoked a continuously wet climate for early 
Mars, it can be designated the Mars Is 
continuously Dead and Dry Except during the 
Noachian (MIDDEN) hypothesis.  The 
MIDDEN hypothesis is finally being 
recognized as inconsistent with numerous 
important aspects of Martian geology.  Mars 
Global Surveyor discoveries provided some 
of the initial indications of inadequacies in the 

MIDDEN hypothesis, notably the extensive 
evidence for very recent water-related 
landforms [1.2].  

The MEGAOUTFLO hypothesis.  In 
contrast to the MIDDEN hypothesis, results 
from recent spacecraft missions have 
increasingly corroborated a theory[3] that 
episodes of cataclysmic outburst flooding, 
commonly associated with volcanism, 
resulted in extensive, transient surface-water 
inundation and associated climate change on 
Mars.  Labeled “the episodic ocean 
hypothesis” by Carr [4], this theory was 
initially considered outrageous by much of 
the science community [5]. 

The 1991 hypothesis has been recently 
regenerated as MEGAOUTFLO –“Mars 
Episodic Glacial Atmospheric Oceanic 
Upwelling by Thermotectonic Outburst” [6]It 
holds that episodic heat flow and volcanism 
lead to long periods (perhaps on the order of 
108 years) in which Mars has a stable 
atmosphere that is cold and dry like that of 
today, with nearly all its water trapped as 
ground ice and underlying ground water.  The 
stable state is punctuated by relatively short-
duration (perhaps 104 or 105 years) episodes 
of quasi-stable conditions that are warmer and 
wetter than those at present.   

Perhaps the strongest argument that early 
Mars cannot have been continuously cold and 
dry is that highland craters and basins are 
extensively eroded, most likely by processes 
involving rainfall and surface runoff.  
Prolonged, intense fluvial erosion occurred, 
with cratering competing with drainage basin 
development, such that the latter was 
restricted to localized areas.  Relatively high 
denudation rates are inferred for the 
Noachian, which are much greater than those 
of later periods.  These observations are 

Second Conference on Early Mars (2004) 8073.pdf



consistent with the discovery that the ancient 
Martian crust of the highlands is layered to 
considerable depths, probably because 
sedimentary rocks were emplaced during the 
intense denudation phase.    

MOC imagery shows that the Martian 
highlands do not consist of an initial lunar-
like surface, underlain by an impact-generated 
megaregolith, as presumed in previous 
hydrogeological models.  Instead, cratering, 
fluvial erosion, and deposition of layered 
materials probably all occurred 
contemporaneously, leading to a complex 
interbedding of lava flows, igneous intrusions, 
sediments, buried crater forms, and erosional 
unconformities [7]. 

A theory for the geological evolution of 
early Mars.  A very early phase of plate 
tectonics could have generated the Martian 
highland crust by continental accretion [8].  
concentrating volatiles in a local region of the 
Martian mantle, the early plate-tectonic phase 
of Mars would have led to a superplume at 
Tharsis.  The resulting immense concentration 
of volcanism at Tharsis would itself have a 
great influence on climate change [9] and the 
generation of megafloods, in analogous 
fashion to Earth plume centers [10].  The 
persistence of this volcanism episodically 
through later Martian history [11] would 
provide a mechanism for the episodic, short-
duration aqueous phases that generated 
transient “oceans” and fluvial landforms.   

Internal planetary heat provided the 
trigger for the massive outflows that 
transformed Martian climate during the 
geologically short epochs of ocean formation.  
Superimposed on the long-term monotonic 
decline in mantle heat flux for Mars were 
short-duration episodes of higher heat flow to 
the surface.  Such episodes of higher heat 
flow seem consistent with the magmatic and 
tectonic history of Mars [11].  Preliminary 
correlation of the geological history of the 
Tharsis magmatic complex to the geology of 
the northern plains [12] shows broad 

consistency with the MEGAOUTFLO 
hypothesis.    

Comparisons to early Earth.  Earth’s 
early history of megaglaciations has some 
broad similarities to the early geological 
history of Mars.  The late Proterozoic 
glaciation is particularly enigmatic since there 
is considerable geological evidence that Earth 
may have temporarily switched to Mars-like 
icehouse conditions by freezing of the surface 
of the global ocean [15]..  The extreme 
glaciation is explained alternatively as a result 
of a huge change in planetary obliquity [16], 
or as a runaway cooling that terminates 
cataclysmically  with a super-greenhouse 
buildup caused by volcanism [15].  The rapid 
melting of ice and weathering of the land 
surface lead to carbonate precipitation in the 
ocean, thereby terminating the super-
greenhouse.  This model has striking 
similarities to MEGAOUTFLO 
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IMPLICATIONS OF THE UTOPIA GRAVITY ANOMALY FOR THE RESURFACING OF THE
NORTHERN PLAINS OF MARS.  W. B. Banerdt, Jet Propulsion Laboratory, California Institute of Technology
(M.S. 183-501, 4800 Oak Grove Drive, Pasadena, CA 91109; bruce.banerdt@jpl.nasa.gov).

Introduction:  Whereas the surface units of the
northern plain of Mars generally exhibit ages ranging
from late Hesperian to Amazonian [1], interpretation
of precise topographic measurements indicate that the
age of the underlying “basement” is early Noachian,
or almost as old as the southern highlands [2]. This
suggests that widespread but relatively superficial
resurfacing has occurred throughout the northern
plains since the end of early heavy bombardment. In
this abstract I examine some of the possible implica-
tions of the subsurface structure inferred for the Uto-
pia basin from gravity data [3, 4] on the nature of this
resurfacing.

The large, shallow, circular depression in Utopia
Planitia has been identified as a huge impact basin,
based on both geological evidence and detailed
analysis of MOLA topography [5-9]. Its diameter
(~3000 km) is equivalent to that of the Hellas basin,
as is its inferred age (early Noachian). However,
whereas Hellas is extremely deep with rough terrain
and large slopes, the Utopia basin is a smooth, shal-
low, almost imperceptible bowl. Conversely, Utopia
displays one of the largest (non-Tharsis-related)
positive geoid anomalies on Mars, in contrast to a
much more subdued negative anomaly over Hellas.

As these two features presumably formed roughly
contemporaneously by similar mechanisms, it is rea-
sonable to assume that they were originally quite
similar, and that their differences are due largely to
different paths of subsequent modification. An obvi-
ous source for these differences is in their elevations:
Hellas is located in the southern highlands at a rim
elevation of about +3 km, whereas Utopia is in the
low-lying northern plains, at an average elevation of
–4 km. Thus Utopia has been in an especially gravi-
tationally favorable position to be subjected to infill-
ing, for example, by lava flows, sedimentation, or
water. In fact, it is likely that its floor was the lowest
point on the planet at one time. Based on current
large-scale topography, which is unlikely to have
changed significantly since the late Noachian [10,
11], the Utopia basin would have been the termina-
tion point for down-slope drainage from over two-
thirds of Mars [8,12].

Thus the nature of the material filling this basin
has strong connections to the erosional, sedimentary
and/or volcanic processes acting on Mars in the Noa-
chian and Early Hesperian periods. In particular, in-
sofar as the processes which resulted in the filling of
Utopia may also have been responsible for burying

the rest of the northern plains, it may be able to shed
some light on this key aspect of the early history of
Mars.

Approach:  Recently I used the inferred early
correspondence between Hellas and Utopia to inves-
tigate Utopia’s subsurface structure [3]. I assumed
that the present-day topography and geoid (which
implies a particular configuration of the crust-mantle
boundary) of Hellas is similar to that of Utopia
shortly after its formation. (The geoid representation
of the gravity field was chosen because of its sensi-
tivity to the longer wavelengths associated with these
features.) This obviates the need to explicitly specify
the current distribution of anomalous density with
depth beneath Hellas, as it is assumed to be the same
for both cases. A nominal subsurface structure (char-
acterized by lithosphere and crust thickness, crust and
upper mantle density) was specified for a variety of
cases and these configurations were then mathemati-
cally “filled” with material of a given density until
the computed topography and geoid matched those
presently observed for Utopia. The loading and de-
flection were modeled using a thin shell code [10,
13], allowing the modeling of the actual gravity and
topography rather than an idealized geometry.

Results:  Fig. 1 shows the match between the
geoid anomaly computed for a filled Hellas and the
observed geoid anomaly for Utopia, confirming the
plausibility of the approach. Fig. 2 shows the re-
sponse of the model to variations in some of the pa-
rameters. We find that the most likely fill densities
are in the range of 2000-2500 kg/m3. Comparing this
to typical densities of basalts (~2800 kg/m3) and
sedimentary rocks (~2400 kg/m3), we conclude that
the fill is probably sedimentary in nature, with per-
haps up to 30% water. However these results are also
consistent with a mix of volcanic material intermixed
with massive ice deposits.

Discussion:   In a typical case the deflection
caused by the load is about 10 km, adding to the
original topographic hole of 8 km (note that this load
column is similar in magnitude to that calculated for
the Tharsis plateau [10]). Thus a huge volume of
material is involved, ~50 million km3, roughly half
the volume of the surface expression of the Tharsis
plateau. Note that this filling must have occurred
relatively early, as many subtle craters have been
identified in the basin interior which could not have
been that deeply buried [2]. If all this material were
derived from the southern highlands, it would have

Second Conference on Early Mars (2004) 8056.pdf



required an average removal of about 3/4 kilometer
from the entire southern hemisphere. Coincidentally,
it would have similarly taken about 40 million km3 to
bury the remaining northern plains to a depth of
about one kilometer.

Conclusions:  The gravity anomaly of Utopia can
be explained by filling a Hellas-size basin with sedi-
ments and water. This implies a massive erosional
source of sediments, of order 50 million km3. If a
similar mechanism were invoked for the resurfacing
of the ancient surface of the northern plains, it would
require a comparable volume of material. If this ma-
terial covering the northern plains and filling Utopia

includes a few tens of percent water, this might con-
stitute the largest reservoir on Mars today.
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Figure 1. Comparison of observed geoid over Utopia Planitia (left) and calculated geoid anomaly for the Hellas ba-
sin (right) with the currently observed topography filled with material (allowing for flexural response) until level.
These representations are complete for harmonic degrees 5-50. The assumed parameters in this case were: litho-
sphere thickness 100 km, crustal thickness 50 km, crust and mantle density 2800 and 3400 kg/m3, respectively, and
fill density 2350 kg/m3. Note the similarity in both form and amplitude.

2(a) 2(b)

Figure 2. (a) Variation of the amplitude of the computed geoid anomaly with lithosphere thickness and fill density.
Crustal thickness and density are held constant. The colored 150 m contour indicates the region of the parameter
space corresponding to the observed Utopia anomaly. (b) Geoid anomaly variation with crustal thickness and den-
sity, holding lithosphere thickness and fill density constant.
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Introduction:  Recent evidence for the presence of 

liquid water and the formation of palagonite during the 
evolution of Mars has sparked considerable interest in 
determining if life could have existed early in the 
planet’s history. Previous indications of life in Martian 
meteorite ALH84001 [1] have been criticized [e.g., 
2,3] and new studies have been looking for terrestrial 
proxies for life on Mars. Evidence for early life on 
Earth [e.g., 4-8] has also proven to be controversial 
[e.g., 9-11]. We have recently discovered indicators of 
early life in the formerly glassy rims of ~3500 million-
year-old basaltic pillow lavas [12]. Ancient volcanic 
glass represents a previously unexplored setting in the 
search for early life on Earth. The cratered surface of 
Mars likely hosts countless glassy basaltic impact 
breccias that may have been submerged in water for 
extended periods of time. Such rocks represent a vi-
able habitat for early life on Mars. 

Life in Modern Oceanic Crust:  Studies of vol-
canic glass from oceanic crust have demonstrated the 
importance of endolithic microbes in the alteration 
process [13-17]. Microbial alteration is ubiquitous 
within the oceanic crust, having been observed in ba-
salts of all ages, wherever fresh glass is preserved. 
Petrographic analysis of basaltic glass invariably re-
veals the presence of textures produced by etching of 
the glass during microbial colonization, ahead of a 
palagonite alteration front. (Fig. 1A). Detailed SEM 
imaging of the microbial alteration textures reveal the 
presence of delicate filament-like structures and mate-
rial resembling desiccated biofilm. The filaments dis-
play complex morphologies, suggestive of a biogenic 
origin, and are primarily composed of clay minerals 
similar in composition to palagonite. X-ray element 
maps show elevated levels of C, N, P, and K associ-
ated with the microbial alteration features. Bulk-rock 
carbon isotope ratios of disseminated carbonates in 
samples of microbially altered volcanic glass are 
commonly depleted by as much as –20‰ (Fig. 2). 
Conversely, crystalline basalt generally has values 
bracketed between normal marine carbonate (0‰) and 
mantle values (–5‰ to –7‰). The low δ13C values of 
carbonates in microbially altered basaltic glass are 
attributed to metabolic by-products of microbes oxi-
dizing dissolved organic matter from pore waters. The 
presence of DNA/RNA associated with areas of mi-

crobial alteration has been confirmed by treating sam-
ples with various nucleic acid stains followed by imag-
ing using laser scanning confocal microscopy. 

 
Fig. 1. Microbially generated tubes in 6 Ma basaltic 
glass from modern oceanic crust (A). Mineralized 
tubes in the formerly glassy rim of a ~3500 million-
year-old pillow lava from the BGB (B). From [12]. 
 

Evidence for Early Life in Pillow Basalts:  Stud-
ies in ophiolites (fragments of ancient oceanic crust 
now exposed on land) have extended the evidence for 
microbial alteration of oceanic basalts beyond the re-
cord preserved in the modern oceans [18, 19]. We 
have previously found biosignatures in the relic glassy 
rims of ophiolitic pillow lavas ranging in age from the 
Cretaceous (92 Ma) Troodos ophiolite (Cyprus) to the 
Middle Proterozoic (1950 Ma) Jormua ophiolite 
(Finland). We recently reported evidence of life in 
~3.5 billion-year-old pillow lavas from the Barberton 
Greenstone Belt (BGB) in South Africa [12]. The 
BGB pillow lavas are exceptionally well-preserved 
and represent unequivocal evidence that these rocks 

A

B

palagonite 

glass 
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were erupted in a sub aqueous environment. The for-
merly glassy rims of the BGB pillow lavas contain 
micron-sized, microbially generated, tubular structures 
mineralized by titanite (Fig. 1b). These structures are 
interpreted to have formed during initial microbial 
etching of the originally glassy pillow rims. The tubes 
were subsequently mineralized by titanite during sea-
floor hydrothermal alteration. X-ray mapping indicates 
the presence of carbon along the margins of the tubes 
(Fig. 3). The δ13C value of disseminated carbonate 
within the microbially altered BGB pillow rims is de-
pleted by as much as –16‰, supporting a biogenic 
origin for the tubular structures (Fig. 2). In contrast, 
the crystalline pillow interiors, which are devoid of the 
tubular structures, exhibit δ13C values bracketed be-
tween those of Archean marine carbonate (~0‰) and 
mantle CO2 (from –5‰ to –7‰). Overlapping meta-
morphic and magmatic ages for the pillow lavas indi-
cate microbial life colonized these rocks almost 3.5 
billion years ago. 

 

 
 
Fig. 2. Relationship between weight % vs. δ13C for 
disseminated carbonate in pillow rims from the BGB, 
ophiolites, and modern oceanic crust. From [12]. 

 
Early Life on a Wet Mars:  The observation of 

palagonite on Mars is significant because it suggests 
extended exposure of basalts to water on the Martian 

surface. Our work has shown that palagonitization on 
Earth proceeds by both biotic and abiotic mechanisms. 
We have also shown that glass altering microbes have 
existed on Earth since the Archean. Perhaps sub aque-
ous basaltic glass on early Mars was also altered by 
both biotic and abiotic processes. On Earth, biosigna-
tures in glass are robust and have survived mild meta-
morphism for billions of years, implying their likely 
preservation in basalts on Mars today. Since basalts are 
likely to be returned by any extra-terrestrial sample 
return mission they should be assessed for their poten-
tial in recording and preserving traces of life. 

 

 
Fig. 3 X-ray element maps showing the presence of 
residual carbon along the walls of the tubular struc-
tures in ~3500 million-year-old basalts. From [12]. 
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Introduction:  Identifying diagenetic mineralogy 
on Mars is essential for understanding the history of 
groundwater geochemistry and fluid flow related 
alteration.  Hyperspectral imaging spectroscopy 
provides a diagnostic tool for identifying chemical 
diagenetic alteration in sedimentary rocks.  In situ, 
airborne, and satellite spectral analysis of iron oxide 
mineralization and related chemical alteration within 
the Jurassic Navajo Sandstone in southern Utah 
provide remote methods for evaluating spatial 
variations in paleo-groundwater geochemistry. 
       Remote sensing provides a non-destructive way 
of identifying regional and local geochemistry based 
on spectral characteristics of minerals.  The semi-arid 
climate and relative lack of vegetation on the early 
Jurassic strata of southern Utah provide unique 
conditions, suitable for remote mineral identification.  

Diagenesis within the Navajo Sandstone is the 
result of a complex history of groundwater flow and 
involved multiple episodes of mineral precipitation, 
dissolution, and reaction.  Iron oxides, carbonates, 
and clays have been mobilized and re-precipitated 
several times within the interstitial system (Fig. 1), 
indicating a multi-phase history of basin-wide fluid-
rock interactions.  Formation-wide relationships 
between mineralogy and geochemistry allow for 
identification of several diagenetic facies.  These 
diagenetic facies have diagnostic geochemical 
signatures, as well as distinctive spectral signatures 
(Fig. 2).   

Several types of common diagenetic alteration 
can be identified with spectral data, including 
reduction of ferric iron (bleaching), alteration of 
mixed-layer clays and feldspars to kaolinite, and 

changes in carbonate content (Fig. 2).  Alteration 
patterns are typically influenced by permeability 
variations related to structural and stratigraphic 
heterogeneity. Spatial relationships between 
structural deformation and geochemical alteration can 
help constrain the timing of fluid flow.   

In the Navajo Sandstone, secondary iron oxides 
are commonly precipitated as both diffuse (few %) 
and dense (<35%) zones of diagenetic mineralization 
within the sandstone.  Concretions form interstitially 
along redox fronts when reducing iron-saturated 
waters mix with oxidizing meteoric groundwater 
(Fig. 1).  The iron oxides occur as hematite (Fe2O3), 
goethite (FeO(OH)), and/or a mixture of both.   

On Mars, hematite is one of the few known 
minerals with formation mechanisms genetically 

linked to the presence of water.  There are several 
different types of iron oxide deposits in the terrestrial 
geologic record that have been proposed as potential 
analogs for the formation of hematite on Mars.  It has 
been suggested that at least some of the hematite on 
Mars is diagenetic, precipitated from oxidation of 
iron-rich groundwater flow1,2,3.  The recent discovery 
of hematite concretions on Mars indicates the 
importance of iron mobility and precipitation in 
groundwater systems4,5.  Evaluation of spatial 
relationships between zones of iron oxide 
mineralization and other associated types of 
alteration in the Navajo Sandstone can help constrain 
controls and geochemical variability in groundwater-
related iron oxide deposits.      

Figure 2.  Unique spectra of common diagenetic 
minerals found within the Navajo Sandstone. Data from 
Clark et al., 2003, USGS Digital Spectral Library.  

Figure 1.  Examples of diagenetic alteration common 
within the Navajo Sandstone in southern Utah.  A) 
Aerial photo of reaction front, scale bar = 500 m. B) 
Reaction front with spherical iron oxide concretions, 
scale bar = 10 cm. C) Dense zone of iron oxide cement.
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Concept: On Mars, all mineral identification 
occurs remotely with various types of spectral data 
(e.g. Mössbauer spectroscopy, Thermal Infrared, 
Visible and Near Infrared).  The Navajo Sandstone 
has a well-studied concretionary iron oxide system 
that is potentially analogous to the hematite 
concretions on Mars3.  Detailed spectral analysis and 
spectroscopic imaging of Navajo Sandstone 
diagenetic concretionary iron oxides within the 
original geologic context will help to identify 
diagnostic characteristics of such deposits.  

Methods: Alteration zones are evaluated in-situ 
with a hand-held Analytical Spectral Device (ASD), 
regionally with Landsat 7 ETM+ multi-spectral 
satellite data, and locally with HyVista hyperspectral 
airborne imaging.  This suite of spectral sensors 
allows identification of spatial variations in types of 
iron oxide (hematite versus goethite), and spatial 
variability in other types of mineralogy near the iron 
oxide zones (e.g. carbonates).  Hematite has a 
diagnostic absorption feature at ~ 0.86 µm, whereas 
goethite is closer to 0.93 µm (Fig. 2).  The diagenetic 
alteration products in the Navajo Sandstone are also 
analyzed with x-ray diffraction and whole rock 
geochemistry for mineralogic verification. 

Landsat 7 Enhanced Thematic Mapper (ETM+) 
multispectral data are sufficient for identification and 
mapping of regional diffuse alteration in the Navajo 
Sandstone, with a spatial resolution of 30 m6. 
Unsupervised classification (Fig. 3) and supervised 
classification (Fig. 4) of this data allow for regional 
mapping of diagenetic facies.  However, analysis of 
localized iron mineralization requires a significantly 
higher spatial and spectral resolution sensor.  Use of 
HyVista hyperspectral airborne imaging allows for 
detailed (few feet spatial resolution) mapping and 
mineralogic analysis. Spectral and geologic field 
verification facilitate interpretation of the airborne 
data. 

Implications: Analysis of terrestrial examples of 
diagenetic iron oxide deposits can enable us to better 
understand the diagenetic mineralogy on Mars.  The 
host rock for the Navajo Sandstone deposits is a fine- 
to medium- grained quartz arenite with minimal 
spectral absorption features related to the host 
mineralogy.  Most of the absorption features are 
related to secondary mineralization.  If the host rock 
mineralogy is well known, the host spectral 
component can be “subtracted,” to simulate a spectral 
signature of only the diagenetic alteration and fluid 

flow related minerals.  On Mars, host rocks 
compositions may vary, and are likely more 
complicated than the terrestrial quartz arenite 
example.  It may be necessary to identify the detrital 
mineralogic component, for a similar subtraction to 
accurately evaluate the effect of post-depositional 
fluid flow within these rocks.   

The recent discovery of hematite concretions in 
Meridiani Planum4,5 indicates the importance of 
evaluating groundwater-related alteration within 
martian sedimentary units.  Diagnetic alteration holds 
valuable information, as it is influenced by variations 
in interstitial and atmospheric chemistry, as well as 
tectonic setting.  In addition, mobility and 
precipitation in iron systems are commonly 
influenced by biologic activity7.  Spatial spectral 
evaluation of geochemistry in a potential earth analog 
can provide a basis for how to recognize, evaluate, 
and interpret diagenetic products on Mars.  
References:  [1] Ormö and Komatsu, (2003) LPS 
XXXIV, Abstract #1356. [2] Beitler, B. et al. (2004) 
LPS XXXV, Abstract #1289. [3] Chan, M.A. et al. 
(2004) Nature. [4] Glotch, T.D. et al. (2004), LPS 
XXXV, Abstract #2168. [5] Squyres, S.W., & Athena 
Science Team, (2004) LPS XXXV, Abstract # 2187. 
[6] Beitler, B. et al. (2003) Geology, 31. [7] Ehrlich, 
H.L., Chemical Geology 132, 5-9, 1996.  
 

Figure 3. Aerial and spectral view of variably altered 
Navajo Sandstone, Calf Creek, Grand Staircase-
Escalante National Monument, Utah, scale bars = 1 km. 
A) Arial photo (courtesy of BLM). B) Landsat 7 ETM+ 
unsupervised maximum likelihood classification of 
same area. Original spatial resolution = 30 m/pixel. 
Arrows point to prominent exposed bleached outcrop. 

Figure 4.  Supervised classification of sandstone 
alteration, Escalante region, Grand Staircase-Escalante 
National Monument, Utah. A) Field map of diagenetic 
facies as ground control for accurate spectral 
classification from Landsat 7 ETM+ satellite data. 
Scale bar = 5 km. B) Supervised classification of 
bleached versus unaltered sandstone. The most accurate 
classification was developed using a parallelepiped 
algorithm (inset).
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WHAT IRON OXIDES/OXYHYDROXIDES CAN TELL US ABOUT SURFACE ALTERATION,
AQUEOUS PROCESSES AND LIFE ON MARS.  J. L. Bishop1, M. D. Dyar2, M. Parente3, A. Drief4 and R. L.
Mancinelli1, 1SETI Institute/NASA-ARC, MS 239-4, Moffett Field, CA 94035,  2Dept. of Earth and Environment,
Mount Holyoke College, South Hadley, MA 01075,  3Dept. of Elec. Eng., Stanford University, Stanford, CA 94309,
4Dept. of Geology, University of California, Davis, CA 95616.    (contact:  jbishop@mail.arc.nasa.gov)

We have performed oxidation and reduction
reactions on the hydrated ferric oxide minerals
ferrihydrite and goethite in order to investigate how
these minerals might alter under a variety of
conditions on the surface of Mars. Our experiments
showed that heating these minerals in a dry oxidizing
environment produces fine-grained hematite, while
heating these minerals in a reducing environment
produces fine-grained magnetite. Under Mars-like
oxidation levels this magnetite then oxidizes to
maghemite. These reactions are dependent on the
presence of water and organic material that can act as
a reductant. We are using reflectance and Mössbauer
spectroscopy to characterize the reaction products
and TEM to analyze the sample texture. Our
preliminary results indicate that magnetite and
maghemite could be formed in the soil on Mars from
ferrihydrite and goethite if organics were present on
early Mars.

I n t r o d u c t i o n :  Ferrihydrite and goethite
frequently form in aqueous terrestrial environments
and may have formed on Mars if water was present.
However, goethite contains OH and ferrihydrite
contains both OH and H2O, which might make these
minerals unstable on the surface of Mars today.
Investigating the alteration of ferrihydrite and
goethite enables us to understand what to look for on
Mars today if these minerals formed on early Mars
and what the current iron oxide/oxyhydroxide
composition of Mars can tell us about the alteration
pathways for these minerals.  Aqueous alteration of
ferrihydrite results in goethite or hematite, and high
temperature alteration of goethite or ferrihydrite
results in hematite [1]. Alteration under lower
temperatures and in the presence of a reductant forms
magnetite and maghemite [2]. We have performed
alteration experiments in the lab on synthetic
ferrihydrite and goethite samples through low-
temperature heating experiments under various
oxidizing and reducing conditions.

Low-temperature alteration experiments:
Synthetic ferrihydrite and goethite samples were
heated at a rate of 10 °C/min. using differential
thermal analysis (DTA). Samples were run in air,
99.8% N2 and 99.998% N2 and differences were
observed depending on the amount of oxygen
present. DTA results are shown in Fig. 1 for a
ferrihydrite (409) and goethite (54) that were heated
to 300 °C (Fh: 425, Gt: 435). Additional samples

were run with organics under N2 (Fh: 428, Gt: 436)
and with organics under 0.2% O2 (Fh: 431, Gt: 438).
Material was collected from the DTA reactions for
TEM analyses and reflectance and Mössbauer
spectroscopy. The texture of the samples are shown
in Fig. 2 where small pockets of fine-grained
crystalline material are observed in the altered
ferrihydrites.

Figure 1.  DTA of ferrihydrite and goethite.  Without
organics as a reductant there are few features in this
temperature range.  With the presence of organics
major changes are observed in the DTA curves.

Figure 2.  TEM image of altered ferrihydrite (432).
This image shows the presence of a dominant
amorphous phase (ferrihydrite and/or amorphous
product) plus another crystalline phase that is less
abundant (indicated by arrow).

Mössbauer characterization: Mössbauer spectra
are displayed in Fig. 3 that readily show changes in
the ferrihydrite and goethite samples with alteration.
The majority of the Fe in the altered ferrihydrites is
Fe3+ in unreacted ferrihydrite and an amorphous
phase. The poorly resolved magnetic phases are best
fit with a combination of three sextets due to
magnetite, maghemite, and goethite. The altered
goethite (438) has been completely replaced with a
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combination of hematite and a small amount of a
(probably Fe2+) paramagnetic phase, possibly
amorphous material.  We are hoping to clarify these
phases with low temperature measurements.

Figure 3.  Mössbauer spectra (295 K) of altered
ferrihydrite and goethite compared with other iron
oxide minerals. The altered goethite contains
abundant hematite while the altered ferrihydrite
contains magnetite plus other phases.

Figure 4.  VNIR spectra of altered goethite and
ferrihydrite showing differences upon heating with
(431, 438) and without organics (425, 435).

Reflectance spectroscopy: Visible/near-infrared
(VNIR) spectra are shown in Fig. 4. These spectra
exhibit changes in the Fe bands and water/OH bands
in this region. Subtle differences are also observed
between the pure N2 reactions and 0.2% O2 reactions.
The mid-IR spectra in Fig. 5 also exhibits changes in
several bands between 1000-2000 cm-1 (~5-10 µm).
In order to examine changes in the VNIR region in
detail a continuum was removed and the spectra were
fit to Gaussians. Examples are shown in Fig. 6 for
ferrihydrite and an alteration product. Changes in the
number and strength of bands are due to changes in
the mineralogy.

Figure 5.  Mid-IR spectra of altered goethite and
ferrihydrite showing differences upon heating with
(431, 438) and without organics (425, 435).

F i g u r e  6 .   Continuum-removed spectra of
ferrihydrite and altered ferrihydrite modeled with
Gaussian bands. The band near 1.1 µm is much larger
due to magnetite formation and additional bands are
observed (pink) that are consistent with goethite.

References: [1] Cornell R. and U. Schwertmann
(1996) The Iron Oxides, VCH, New York. [2]
Campbell A. et al. (1997) Clay Miner. 32, 615-622.
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CRYPTOENDOLITH ALTERATION OF ANTARCTIC SANDSTONE SUBSTRATES: PIONEERS OR 
OPPORTUNISTS?  R. L. Blackhurst1, M. J. Genge1, A. T. Kearsley2 , and M. M. Grady2, 1IARC, Department of 
Earth Sciences and Engineering, Imperial College London, Exhibition Road, London, SW7 2AZ, U.K, 
(rebecca.blackhurst@imperial.ac.uk), 2IARC, Department of Mineralogy, The Natural History Museum, Cromwell 
Road, London, SW7 5BD, U.K. 

 
 
Introduction:  Lichen dominated cryptoendolithic 

communities from the Dry Valleys of Antarctica have 
been the subject of much research over recent years 
owing to their potential as analogues of Martian life-
forms. This is primarily owing to the stress tolerant 
nature of the microorganisms, remarkable adaptive 
achievements and the similarities between the Antarc-
tic Dry Valley ecosystems and conditions pertaining at 
the Martian surface. Endolithic microbial communities 
have a photosynthetic primary producer, so translucent 
rocks through which sunlight can penetrate are their 
only suitable substrate. They also favour colonization 
of rocks which either have a porous structure or are 
weathered and permeated by fractures, as they are re-
ported not to penetrate the substrate by solution [1]. 
The predominant rock-colonizing  organisms are cryp-
toendolithic lichens [1]. They form conspicuous multi-
coloured zones under the surface of the Beacon Sand-
stones. All zones are produced by filamentous fungi 
(mycobionts) and unicellular green algae (phycobi-
onts), which together form a symbiotic lichen associa-
tion. 

 
Figure 1: Colonized Beacon Sandstone sample 

BP2 showing upper lichen zone. Field of view 2cm  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cryptoendolithic lichens interact with the substrate 
they have colonized by producing oxalic acid [2]. 
They can mobilize iron compounds, which results in 
their inhabited zone being leached of iron-bearing 
minerals, causing the thin crust above this zone, and 
rock substrate a few millimetres below it, to appear 
darker owing to redeposition of iron at these levels, 
leaving a white zone in the rock [3] (fig.1). The oxalic 

acid also dissolves the cementing substance between 
the crystals in the colonized zone leading to exfoliation 
of the surface crust resulting in loss of biomass [3].  

We have been investigating the possible effect 
these microbes have on the overall chemistry of the 
sandstones they inhabit. Our interest lies in whether 
these microbial communities can alter the chemistry of 
more hostile substrates to favour their survival. Alu-
minosilicates and silicates are easily degraded by fungi 
as silicate minerals are readily attacked by the oxalic 
acid they produce [4]. Though the communities have 
been reported not to penetrate the substrate by solubi-
lization and favour colonization of rocks which have a 
pre-existing porous structure [1], they have the means 
for mineral dissolution and could therefore inhabit a 
less porous substrate and modify it to create more fa-
vourable conditions (a motive).  The detection of ele-
mental variations and the nature and extent of any 
elemental disparity could add value to the potential 
role of cryptoendolithic communities as suitable ana-
logues of “Martian” microorganisms and as bio-
markers when considering future in situ analysis of 
Martian surface materials and Mars sample return 
rocks. 

Previous Work: Utilizing ICP-AES and ICP-MS 
techniques we conducted a major, minor and trace 
element study of a suite of colonized and uncolonized 
sandstones collected by a British Antarctic Survey 
expedition to Terra Nova Bay and the McMurdo Base 
during the Antarctic summer of 1995-1996 [5]. The 
results of this analysis have shown significant elemen-
tal disparity between sandstones that are colonized by 
the cryptoendolithic microorganisms and those that are 
not (Fig. 2a, b). Complimentary to the chemical study, 
electron microscopy was employed to determine accu-
rate percentages of each mineral phase present in the 
different sandstones. To achieve this we mapped the 
major elemental composition of characteristic areas 
within each specimen. Phase map analysis showed 
significant disparity in mineral composition between 
the different samples and highlighted that the samples 
fall into three distinct categories in terms of minera-
logical maturity; mature (colonized), intermediate 
(colonized), and immature (uncolonized). The chemi-
cal data also showed this trend in terms of elemental 
concentrations with the intermediate samples appear-
ing to be the medial representatives of the specimens 
of sandstone (fig.2a, b).  

lichen zone 

redeposited iron  
compounds 
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Figure 2: Elemental concentrations in colonized 
sandstones (mature, red and intermediate, green) com-
pared to uncolonized sandstones (immature, blue). (a) 
Major elements measured by ICP-AES; (b) minor ele-
ment concentrations measured by ICP-MS. 
 
 

 
 
The un-normalized major, minor and trace element 
data (Fig. 2) revealed sizeable differences in the con-
centrations of elements between colonized and un-
colonized samples, and seem to indicate that the cryp-
toendolithic microorganisms had altered the chemistry 
of their host rocks. The intermediate samples have 
higher elemental concentrations compared to their 
colonized counterparts (Fig 2a, b); phase map analysis 
shows that these samples have different mineral abun-
dances from the other colonized samples, lying in ef-
fect between these and the uncolonized samples. The 
results may indicate that the microorganisms undertake 
mineral weathering in order to change the substrate to 
one that is more favourable. The intermediate samples 
may represent a median stage of a biogenic weathering 
process, not yet having reached the mineralogical ma-
turity of the other colonized sandstones when they 
were collected. But from this dataset, we cannot de-
termine whether this depletion is secondary, i.e., the 
result of cryptoendolith action, or whether it is a pri-
mary feature of the different rock types. The signifi-

cant elemental disparity between the mature colonized, 
intermediate colonized and immature uncolonized 
specimens may not simply be explained just by organ-
ism activity, and overall differences in mineralogy may 
provide a stronger argument. Chemical, rather than 
biological weathering may be the alteration process. 
These intermediate samples may have been at an ear-
lier stage of this weathering process, but were still 
suitable for colonization, having the pore space re-
quired by the colonists. In order to take account of 
inherent differences in mineralogy between the rocks 
from different locations, further study will examine in 
greater detail the major elemental compositions of the 
individual layers in each sample. 

Current Analysis:  The prepared samples were all 
derived from close to the outer edge of each rock – 
rather than the unaltered interior. Thus a ‘like with 
like’ comparison within individual specimens was not 
possible. Several layers can make up these rocks, a 
siliceous crust, colonized upper lichen zone, a micro-
algal zone, a red layer formed of redeposited iron com-
pounds and the deeper rock substrate, which is pre-
sumably unaltered. New maps of major elemental 
compositions are currently being created, but of differ-
ent layers through the profile of the samples. This will 
allow comparison of differences in mineralogy be-
tween each layer in an individual sample. By compar-
ing phase map analysis of colonized layers and un-
colonized layers in the same sample and the chemistry 
of these individual layers, we may be able to ascertain 
whether the cryptoendoliths do interact further with 
their substrate.  

Discussion: This further study on the cryptoen-
dolith habitat may confirm whether chemical differ-
ences are a result of secondary alteration by endoliths 
‘digesting’ the rocks, or are purely a reflection of pri-
mary differences in mineralogy of the sandstones. Are 
these microorganisms limited to colonization of rocks 
with pre-existing maturity, porosity and permeability 
or, as pioneers might the endoliths be able to infiltrate 
substrates that are not ideal but have adequate pore 
space, then once established they may be able to adopt 
a euendolithic role and alter the substrate to increase 
its habitability. 

References: [1] Friedmann E.I. (1982) Science, 
215, 1045-1053. [2] Johnson C.G. and Vestal J.R. 
(1993) Microbial Ecol. 25, 305-319. [3] Sun H.J. and 
Friedmann E.I. (1999) Geomicrobiol. J., 16, 193-202. 
[4] Sterflinger K. (2000) Geomicrobiol. J. 17, 97-124. 
[5] Edwards H.G.M et al., (1997) J. Raman Spectrosc., 
28, 685-690. 
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ON THE POSSIBILTY OF A STABLE GREENHOUSE REGIME ON MARS.  J. E. Brandenburg Florida 
Space Institute MS:FSI Kennedy Space Center FL 32899 . 

 
 
Introduction:  It has long been recognized that 

warmer wetter conditions existed on early Mars than at 
present . This has been evidenced by the presence of 
many extinct water channels on ancient terrians in the 
South of Mars and even what appear to be dendritic 
networks suggesting precipitation. However, evidence 
for an extinct paleocean has been found in the North-
ern younger terrains indicating the possibility that 
conditions allowing liquid water may have been pre-
sent until the early Amazonian [1,2]. Recent imagery 
has suggested that precipitation existed in the Late 
Hesperian [3]. The simplest explaination for such such 
warmer wetter climate in Mars Past is that a Carbon 
dioxide greenhouse existed. However, such CO2 
greenhouse models are subject to short term pressure 
and temperature instability in the presence of insola-
tion and large impacts [4].  In the long term such a 
CO2 greenhouse is chemically unstable because CO2 in 
the presence of liquid water and warm temperatures 
yields carbonic acid solution which attacks Ferro 
Magnesian silicates to form siderites, such as are found 
in the primordial mars meteorite ALH84001 [5], and 
thus rapidly depletes the CO2 until the greenhouse 
fails. Given the lack of Plate Tectonics on Mars, no 
mechanism is known to exist for recycling the CO2 
into the atmosphere. Thus even a greenhouse that went 
through several episodes of warm temperatures driven 
by insolation would eventually end with the bulk of 
CO2 bound irretrievably in the rocks and present Mars 
conditions but with large amounts of surface carbon-
ates. Thus, the absence of large amounts of carbonates 
on the Martian surface and in Mars meteorites creates 
a mystery: what process can create a long-lived green-
house on Mars and what would be its signature?  In 
this abstract the model is proposed that a strong oxy-
gen component in the Mars atmosphere, by raising 
surface components to high oxidation states, can stabi-
lize the carbon dioxide atmosphere and prevent is cap-
ture by surface minerals. In addition, the presence of a 
paleo-ocean, by its thermal and atmospheric buffering 
can stabilize the greenhouse against short-term pres-
sure and temperature perturbations. 

High Oxidation States:  The present surface of 
Mars is highly oxidized, and Mars meteorites appear to 
have been exposed to oxidizing groundwater. Layers 
exposed by recent landslides in the Vallis Marineris 
appear lightly colored, suggesting they are composed 
of highly oxidized minerals. Recent discoveries of 
hematite and jarosite at Meridani Terra, both minerals 
formed under oxidizing conditions, are also consistent 

with a past Mars atmosphere contained a large oxygen 
component. Such a component would, as on earth, 
push all exposed surface chemistry to the highest oxi-
dation state. Model compositions of the Martian sur-
face, based on Lander analysis, show excess iron and 
sulfur compared to earth soils. Iron will not form a 
carbonate in its highest oxidation state. Thus siderites 
give up CO2 as they oxidize to hematite and other min-
erals, thus chemical CO2 recycling occurs. In addition, 
sulfur and phosphorus, when oxidized in the presence 
of water, form sulfuric and phosphoric acids, which 
also displace CO2  from carbonates. Only calcium 
forms carbonates that remain stable in the oxygen rich 
conditions on earth. Thus an oxygen component in the 
atmosphere, as on earth, helps chemically stabilize a 
CO2 greenhouse. Such component would have other 
effects. Molecular oxygen and its daughter molecule 
ozone are potent UV absorbers and block UV that 
would break up water and also other greenhouse gases 
such as methane and ammonia. Thus oxygen may al-
low other greenhouse gases to contribute to the green-
house effect lessen sensitivity to temperature and pres-
sure perturbations. In this paper calculations based on 
a model atmosphere of 1 bar CO2 and containing 20% 
oxygen over liquid water will be presented. Of particu-
lar focus will be geo-chemical weathering of Magee 
rich silicates in such an environment, with identifica-
tion of possible mineral signatures. Also life times of 
methane and other greenhouse gases in such an oxidiz-
ing greenhouse will be calculated.  

Paleo-Ocean Buffering:  Mars is a planet where 
temperatures can plunge to levels where the major 
component of the atmosphere can sublimate. This 
means a warm dense atmosphere on Mars is half of a 
bi-stable state, where a cold thin atmosphere with most 
of the CO2 frozen at the poles is also possible. How-
ever, the presence of a paleo-ocean, containing vast 
amounts of dissolved CO2 and having a high heat ca-
pacity, can act as a massive “flywheel “ on the climatic 
system of Mars and thus stabilize a greenhouse against 
excursions of pressure and temperature.  To attempt to 
quantify the buffering effects of such a paleo-ocean, 
calculations of effective thermal capacity and amounts 
of readily exchangeable CO2 will be presented for a 
model northern paleo-ocean.  This ocean will be mod-
eled as covering ¼ of the planets surface with ap-
proximately 2 km average depth. Such paleo-ocean 
buffering effects against short term perturbations and 
geochemical stabilization by oxidizing conditions may 
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allow a persistent greenhouse of Mars for geologically 
significant periods.  
References: [1] J.E. Brandenburg, (1986) MECA 
Symposium LPI Tech. Report 87-01p99. [2] James W. Head 
et. al. (1999 AGU spring meeting 1999. [3] N. Mangold et. 
al Science, Vol 305, pp78-81. [4] J.E Brandenburg (2002  
Meteoritics Society meeting [5] Mittlefehldt, D.W.(1994) 
Meteoritics, 29, 214-221. 
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VALIDATING ANCIENT AGE OF THE BURIED FLOOR OF THE NORTHERN LOWLANDS, MARS.  
D. L. Buczkowski1, H.V. Frey2, J.H. Roark2 and G. E. McGill1, 1Dept. of Geosciences, University of Massachusetts, 
Amherst, MA 01003, dbucz@geo.umass.edu, gmcgill@geo.umass.edu, 2Geodynamics Branch, Goddard Space 
Flight Center, Greenbelt, MD 20771, frey@denali.gsfc.nasa.gov, roark@denali.gsfc.nasa.gov. 
 

Introduction:  Hesperian and Amazonian plains 
units cover the northern lowlands [1,2,3] but little is 
known about what this surface covers.  Models for the 
creation of the lowlands and the dichotomy boundary 
implement mechanisms which vary from internal proc-
esses, such as plate tectonics [4,5] or first-order mantle 
convection [6,7,8], to external processes, such as a 
single large impact [9] or multiple impacts [10,11].  
Different models require different time scales for low-
land formation; determining the age of the buried low-
land surface would help constrain the formation mod-
els. 

The Mars Orbiting Laser Altimeter (MOLA) has 
yielded a high-precision, topographic gridded data set 
that reveals the presence of Quasi-Circular Depres-
sions (QCDs) in both the southern highlands and the 
northern lowlands [12,13,14,15].  Most of these 
roughly circular depressions have no corresponding 
visible structural feature on the surface.  It is proposed 
that these QCDs are the surface representation of bur-
ied impact craters [12,13,14,15].  Based on this as-
sumption, cumulative number vs. diameter curves were 
constructed, which placed the age of the buried surface 
of the northern lowlands in the Early [15] or pre-
Noachian [16].  A Noachian basement is supported by 
the remnants of large craters and multi-ring basins 
discovered in earlier research 
[7,17,18,19,20,21,22,23], but the QCDs provide the 
first evidence of this for the entire lowland.  Constrain-
ing the age of the basement floor to the earliest Noa-
chian, however, would require that the process that 
formed the northern lowlands either occurred in the 
early Noachian [13,14,15,16] or involves removal of 
material from the bottom of the crust [e.g. 7] without 
destroying the previously formed craters to achieve the 
modeled crustal thinning [24].  But can we establish that 
the QCDs do in fact represent buried impact craters, and thus 
validate an Early Noachian age for the buried lowland floor? 

Topographic Analysis:  Some QCDs do have a 
structural representation on the surface.  Frey et al. 
[14,15] identified 644 QCDs larger than 50 km in di-
ameter in the northern lowlands; 90 of these were visi-
ble impact craters.  Viking images reveal circular gra-
bens, with diameters less than 50 km, in the polygonal 
terrains of Acidalia and Utopia Planitiae that were in-
terpreted to overlie the rims of buried impact craters 
[25,26] even before analysis of MOLA data showed that 
that they bound topographic depressions [27,28]. 

Differential compaction models predict that topographic 
depressions will form over buried impact craters [27].  The 
percent compaction at any depth within a cover material of 

uniform compressibility must be a function of the total over-
burden pressure.  This means that percent compaction should 
increase with the depth of the cover deposit, and thus that the 
average fractional compaction should be proportional to 
cover thickness.  Surface relief then is a function of the relief 
of the buried basement floor, the average percent compaction 
and the total thickness of the cover deposit.  For any given 
regional cover thickness, total cover thickness is greater over 
the centers of completely buried craters than over their rims; 
thus total compaction is greater over the center of craters 
than their rims and topographic depressions will form.  Since 
large craters are deeper than small craters, the differential 
compaction models also predict that surface relief will be 
proportional to the diameter of the buried crater [27]. 

Recent work [28]  shows that this prediction holds 
true for  37 circular grabens southwest of the Utopia 
Basin (22º-42ºN, 95º-120ºE).  Surface relief in this 
study was defined as the absolute value of the differ-
ence between the average elevation on the ring's rim, 
excluding anomalous highs and lows, and the lowest 
point it surrounds.  If all QCDs, not just those bound 
by circular grabens, are the surface representations of 
buried impact craters, then the surface relief of each 
QCD should be directly proportional to its diameter.   

It is possible that the correlation between surface 
relief and diameter is an effect of ring size.  Any ran-
dom circle is more likely to bound a lower point than a 
smaller ring because it covers a greater area.  Thus, a 
large QCD should be expected to have a greater sur-
face relief than a small QCD.  A test was designed to 
evaluate whether the correlation of surface relief to 
diameter of QCDs is a result of differential compaction 
or an effect of size.  If the coefficient of determination 
(R2) of the linear best fit of the surface relief vs. di-
ameter plot of a series of randomly selected rings is 
similar to the R2 of the actual QCDs, then it is likely 
that any correlation of surface relief to diameter is an 
effect of size.  However, if the R2 of the QCDs is much 
closer to 1 (ie. closer to a true line) than the R2 of the 
random pseudo-QCDs, then it is more likely that a 
correlation of surface relief to diameter is due to dif-
ferential compaction of cover material over buried 
impact craters. 

 
Results:  Refinements to the interactive computer 

graphics tool GRIDVIEW [29,30] can now allow the 
detection of QCDs smaller than 50 km, such as the 
circular grabens of Utopia Planitia, which range from 
7-32 km in diameter [28].  A systematic search of 
MOLA gridded data for 30º-60ºN, 90º-150ºE yielded 
117 QCDs within approximately 1500 km to the center 
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of the Utopia Basin that were not visible impact cra-
ters; this includes the 37 circular graben depressions 
reported by [28].  These QCDs have surface reliefs 
that are directly proportional to diameter (Fig. 1).   

Since surface relief is a function of basement relief and 
average fractional compaction for a particular thickness of 
cover material, it can not be expected to be the same over 
two buried impact craters of similar diameter if the thickness 
of the cover is not comparable.  Since many researchers [e.g. 
21; 31; 32] have proposed that cover thickness should in-
crease towards the center of the basin, the distance of a QCD 
from the center of the Utopia Basin should serve as a proxy 
for relative cover thickness.  The QCDs were thus divided 
into subgroups depending on their approximate distance to 
the center of the Utopia Basin.  The coefficient of determina-
tion of the surface relief vs. diameter relationship for QCDs 
within each of the distance contours was slightly closer to 
one than the R2 of the entire dataset; that is, the relationship 
improved when QCDs were compared to those under a simi-
lar thickness of cover.         

A further division of QCDs was made between QCDs to 
the north and QCDs to the south.  The northward regional 
slope of < 0.1º in the northern lowlands [31; 33] suggests 
that cover to the south of the Utopia Basin could be a differ-
ent thickness than cover an equal distance to the north of the 
basin.  Where the thickness is actually greater depends upon 
the slope of the buried floor.  The surface relief vs. diameter 
relationship improved for most cases when QCDs to the 
north within each of the distance contours were evaluated 
separately from those to the south.  

Fifty-five random pseudo-QCDs were created; di-
ameters and coordinates were randomly selected from 
within the range of diameters and coordinates of the 
observed QCDs.  The majority of the pseudo-QCDs do 
not bound depressions, although two completely en-
close actual QCDs, two partially cover actual QCDs, 
and three surround polygonal troughs.  In many cases 
the lowest point within the ring is next to or very near 
the ring itself, rather than in its center.  The lowest 
elevation, regardless of its position within the ring, 
was used in surface relief calculations, as was the av-
erage elevation of  the ring's rim, disregarding any 
anomalous highs or lows.  While there is a surface 
relief vs. diameter relationship for the random pseudo-
QCDs, it is not good.  The linear best fit of the pseudo-
QCDs has a coefficient of determination of only R2 = 
0.33 (Fig. 1).  In contrast, the linear best fit of the sur-
face relief of the 115 actual QCDs has a R2 = 0.86 
(Fig. 1).  Therefore, the correlation of surface relief to 
diameter is more likely to be an effect of differential 
compaction, and supports the contention that the 
QCDs are a surface representation of buried impact 
craters.  This validates the use of QCDs by Frey et al. 
[15,16] to date the buried floor of the northern lowland.  
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Figure 1.  Comparison of surface relief vs. diameter 
for 115 actual QCDs around the Utopia Basin (red) 
and 55 random pseudo-QCDs (black).   
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“BLUEBERRIES”: A SUMMARY OF THE HEMATITE CONCRETIONS FOUND AT THE 
OPPORTUNITY LANDING SITE.  W. Calvin1, S. Squyres, R. Arvidson, J. Bell, P. Christensen, K. Herkenhoff, 
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Introduction:  The thermal infrared spectral 
signature of bulk, grey hematite was the chemical 
“beacon” that focused the selection of Meridiani 
Planum as the landing site for MER-B, Opportunity 
[1-3].  Although processes from anhydrous volcanic 
to aqueous sedimentary were possible for the origin 
of the bulk hematite, aqueous processes, and in 
particular deposition in basins, were preferred [2,4].  
Orbital data suggesting more bound water in 
accessory minerals at the hematite sites also 
supported this interpretation [5]. 

 After landing January 24, 2004, the Mini-TES 
instrument on Opportunity rapidly confirmed the 
thermal spectral signature of bulk hematite in soils on 
the plains surrounding Eagle crater and unevenly 
distributed within the crater.   

Figure 1: The “Berry Bowl” Pancam enhanced 
false color image. Numerous berries are observed on 
and around the outcrop rocks.  
 
determined by the team). Grains are spherical to 
subspherical ranging in size from one to a few mm up 
to about 1cm in diameter.  We have observed the 
following properties: 

Approach and observations of the outcrop within 
Eagle crater soon uncovered unusual millimeter sized 
spherical grains in abundance surrounding the 
outcrop and Microscopic Imager (MI) showed these 
grains eroding from within these rocks.  They were 
dubbed “blueberries” by the team due to their 
spherical nature and their grey or blue appearance 
compared to their surroundings in various color 
composites of Pancam images.  This term was also 
easier on the tongue in early science discussions than 
spherules or spherical grains, and avoided 
connotations of origin as would be  implied by lapilli 
or oolites. 

• Dominantly spherical or sub-spherical. 
• Some are split, and can exhibit angular 

or irregular shapes. 
• Appear loose on top of outcrop 

materials, plains units, and crater 
interiors (Figure 1). 

• Appear in various stages of erosion from 
within outcrop materials (Figure 2). 

• Cross layers within finely bedded 
sedimentary structures. Although some initial debate existed as to the 

carrier of the thermal infrared hematite signature, 
extensive observations within and around Eagle 
crater and especially of the “Berry Bowl” (Figure 1) 
confirmed with the Mössbauer, Alpha-Particle X-ray 
Spectrometer (APXS) and Mini-TES instruments that 
the “blueberries” are the source of hematite.  Pancam 
spectra of individual blueberries also match 
laboratory spectra of hematite. 

• Are split by fractures in surrounding host 
rock. 

• Occur primarily as single berries, but can 
be connected as composite grains or 
strings. 

• Occasional presence of latitudinal 
grooves either parallel or at an angle to 
bedding. 

• Surrounding sediment is more coarsely 
crystalline than in the outcrops in 
general. 

Morphology and Distribution:  To date 
Opportunity has imaged numerous of these small 
spherules with the front and rear hazard avoidance 
cameras, Pancam and MI.  They are found within and 
around outcrop rocks, across the plains of Meridiani, 
and rolling into the interior of Endurance crater.  
They are ubiquitous and remarkably even in size and 
tone (though only limited size statistics have yet been  

• Appear weathered and in some cases 
coated by brighter materials. 

• Are not aggregated along bedding 
planes, which might be expected for 
lapilli or impact sphereules. 
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Figure 2: MI of emerging berries at McKittrick.  
 
Appearance after Ratting: In the first 160 Sols 

Opportunity has performed 14 different operations 
with the Rock Abrasion Tool (RAT), leaving 
“ratholes” in outcrop materials in Eagle, Fram and 
Endurance craters. Six of these ratholes expose a total 
of 10 sliced blueberries.  The appearance of the 
berries after ratting shows limited or no interior 
structure (Figure 3) and they remain uniformly grey 
in color (Figure 4).  They can preserve scratches from 
the grinding wheel or become dislodged by ratting, 
indicating they are harder than the host rock.  In cases 
where berries present flat surfaces (split or cleaved 
on the surface from non-RAT processes) they also 
have uniform faces.   

 

 
Figure 3: Microscopic imager mosaic of Tennessee 
(at Endurance Crater) with sliced blueberry. 

 
Figure 4: Enhanced false color Pancam of  

McKittrick Rathole in Eagle Crater with two sliced 
berries visible.  

 
Origins and Analogs: Several lines of evidence 

suggest the blueberries are concretions. These curious 
beads occur in and erode from the sulfur-rich outcrop 
rocks of Eagle, Fram and Endurance craters. Those 
units are interpreted as impure sedimentary evaporite 
sequences with complex depositional and diagenetic 
histories.  In many cases the blueberries cross 
sedimentary layers or form in strings along interior 
open surfaces suggesting post depositional formation.  
The blueberries do not deform layers but rather 
emerge from surrounding sediments suggesting they 
have displaced textures or scavenged surrounding 
material as they form.  Chan et al. [6] have recently 
proposed that concretions in Utah may be analogous 
to the blueberries and oolitic iron exists in the Clinton 
Formation outcropping from New York into Alabama 
[7].  Both these examples have strong contrasts with 
what is observed on Mars, including differing 
composition of the host rock (quartz sandstone or 
limestone vs sulfate), diverse size, shape and 
composition of terrestrial samples, significant interior 
lamination and presence of nucleation centers that are 
lacking in the martian blueberries.  However, models 
for these types of formations may provide clues to 
some elements of the formation processes on Mars. 
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2004. [6] Chan et al., Nature, 429, 731, 2004. [7] 
Guilbert and Park, The Geology of Ore Deposits, Ch. 
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DEFLECTIONS IN LAVA FLOW DIRECTIONS RELATIVE TO TOPOGRAPHY IN THE THARSIS 
REGION OF MARS: INDICATIONS OF POST-FLOW TECTONIC MOTION.  D. J. Chadwick1 , S. S. 
Hughes1, and S. E. H. Sakimoto2, 1 Dept. of Geosciences, Idaho State University, Pocatello, ID 83209, 
chadjohn@isu.edu; 2 Code 921, Geodynamics Branch, NASA Goddard Space Flight Center, Greenbelt, MD 20771. 

 
 
Introduction:  High-resolution topographic data 

from the Mars Orbiter Laser Altimeter (MOLA), and 
imagery from the Mars Orbiter Camera (MOC) and the 
Thermal Emission Imaging System (THEMIS) allow 
for the first accurate assessment of lava flow directions 
relative to topographic slopes in the Tharsis region.  
Tharisis has long been recognized as the dominant 
tectonic and volcanic province on the planet, with a 
complex geologic history [e.g. 1, 2, 3].  In this study, 
lava flow directions on Daedalia Planum, Syria 
Planum, Tempe Terra, and near the Tharsis Montes are 
compared with MOLA topographic contours to look 
for deviations of flow directions from the local slope 
direction.  The topographic deviations identified in this 
study are likely due to Tharsis tectonic deformation 
that has modified the regional topography subsequent 
to the emplacement of the flows, and can be used to 
model the mechanisms and magnitudes of relatively 
recent tectonism in the region.  A similar approach was 
used to identify possible post-flow tectonic subsidence 
on the Snake River Plain in Idaho [4]. 

Method:  In areas where lava flows are large 
enough to be visible in MOLA topography data, 
topographic contours were generated and overlaid on 
the digital elevation data for direct comparison with 
flow directions (Figure 1).  These products were used 
to look for a consistent divergence of the local 
direction of flow from a direction perpendicular to 
contours.  In areas where the flows are smaller or 
poorly defined, geo-located daytime THEMIS and 
MOC imagery was used to compare flow directions 
with topography.   

Results:  In most of the test areas considered in 
this study, lava flows closely adhered to local 
topographic contours and show no indication of post-
emplacement tectonic deformation.  Small-scale local 
aberrations from the apparent downhill direction that 
affected only part of a lava flow were considered to be 
the result of local topographic undulations that are not 
apparent in the elevation data, and not to tectonic 
deformation.   

In a few of the test areas, such as in eastern 
Daedalia Planum and to the east of Arsia and Pavonis 
Mons, there is a clear indication of regional divergence 
of lava flow directions from topography.  In Figure 1, 
for example, flows in an area to the north of Noctis 
Labyrinthus consistently deviate approximately 25-55   

degrees from a direction perpendicular to the 
topographic contours.  This is an indication that the 
contours have been deflected and the regional 
topography has changed slightly due to tectonic 
deformation after flow emplacement. 
 

 
 

 
 
Figure 1a and 1b.  Lava flow directions in this area are 
consistently deflected in a clockwise direction relative 
to the regional topographic contours. 
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Figure 2.  Deflection of topographic contours relative 
to lava flow directions in response to tectonic uplift.  
Similar changes in regional topography can also be 
caused by subsidence or folding. 
 

Tectonic Deformation:  Figure 2 illustrates the 
effect of tectonic uplift on regional topographic slopes.  
In 2A, lavas flow downhill in a direction perpendicular 
to local topographic contours.  In 2B, contours are 
subsequently deflected by an uplift (or subsidence) 
event that changes the regional topography, and the 
lava flows no longer appear to flow directly downhill. 

When this study is complete, lava flows that show 
indications of topographic change will be mapped 
throughout the Tharsis area.  The topographic 
deflections identified in this study may potentially be 
used to understand the timing and mechanisms of the 
deformation (uplift or subsidence), and to estimate the 
magnitude of the deformation. 

References: [1] Zimbelman J. et al., (1991) 
Proceedings of Lunar and Planetary Science, Vol. 21, 
613-626. [2] Frey H. and Grant T., (1990), JGR vol. 
95, 14,249-14,263. [3] Banerdt W. B. and Golombek, 
M., 1990, Scientific Results of the NASA-Sponsored 
Study Project on Mars: Evolution of Volcanism, 
Tectonics, and Volatiles, LPI Tech. Rept. 90-06, 63-64. 
[4] Wettmore, P. H. (1998), Master’s Thesis, Idaho 
State University, 118 pages. 
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UTAH MARBLES AND MARS BLUEBERRIES: TERRESTRIAL ANALOGS FOR HEMATITE 
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Introduction: Images of in situ and loose 
accumulations of abundant, hematite-rich spherical 
“blueberries” (<0.5 cm) from the Mars Exploration 
Rover ‘Opportunity’ landing site at Meridiani 
Planum1,2 bear a striking resemblance to diagenetic 
(post-depositional), iron oxide-cemented “marbles” 
that are common in southern Utah.  The Jurassic 
Navajo Sandstone in Utah contains a great variety of 
well-exposed iron oxide concretionary forms.  We 
present a conceptual groundwater flow model for the 
production of these concretions, and suggest the 
implications for analogous hematite concretions on 
Mars.  Although host rock compositions as well as 
iron sources and mobilization mechanisms may 
differ, the morphology, character and distribution of 
Navajo hematite concretions allow us to infer host-
rock properties, and subsurface fluid processes 
necessary for similar features to develop on Mars.  

Hematite is one of few minerals found on Mars 
that can be linked directly to water-related processes.  
The potential role of biomediation in the precipitation 
of some terrestrial hematite concretions can hold 
important clues in the search for extraterrestrial life.  
The study of the terrestrial analogs will increase our 
insight to understanding fluid flow history and the 
possibilities of life on Mars.  

Terrestrial hematite nodules: Hematite (Fe2O3) 
and other iron-oxide (e.g., goethite- FeOOH) nodules 
occur in a variety of geological settings and have a 
wide range of expressions including pedogenic (Fig. 
1A), oolitic (Fig. 1B), and concretionary (Fig. 1C-E).  
The hematite spherules at Meridiani Planum show 
geometries, physical spacing, and weathered 
accumulations most consistent with concretions3. 

Concretions consist of a minor mineral 
component (e.g., iron oxide) that builds up a 
localized mass and precipitates as a pore filling 
cement, sometimes around a nucleus.  Concretions 
differ in chemical composition from the matrix of 
their host rocks. On the Colorado Plateau, iron-oxide 
concretions occur in PreCambrian through Mesozoic 
units.  However, the Navajo Sandstone examples bear 
a strong resemblance to the Mars concretions, and the 
existing studies of the Navajo diagenesis4,5,6 provide a 
valuable framework for terrestrial comparisons.  

Utah model and concretions: Navajo sandstone 
color variations and zones of iron mineralization 
indicate a diagenetic history of groundwater 

flow3,4,5,6.  Near surface, meteoric waters and 
processes of weathering commonly distribute thin 
disseminated iron films that impart a pink to orange-
red color to the quartz sandstone early in the 
depositional or burial history.  During burial, 
reducing fluids moving through the sandstone 
reservoir and remove the thin hematite films and 
mobilize the iron, leaving the sandstone “bleached” 
white.  When these reducing fluids carrying the iron 
mix with oxidizing groundwater, concentrated 
hematite precipitates as a concretionary cement. 

Field observations of numerous Navajo Sandstone 
concretion sites indicate abundant spherical forms, 
and different population sizes (mm to cm) (Figs.1-3). 
Many different shapes such as bulbous nodules, 
pipes, sheets, and banding are also common3. The 
spherical geometry is the minimum free-energy shape 
that forms in where the host rock is relatively 
homogeneous and lacks strong anisotropy7 (e.g., 
joints, fracture, faults, or other concretions). 
Concretion growth appears to be concentric, and 
typical concretions display an outer cementation rind 
(Fig. 1) that may range from a thin ‘egg shell’ (< 
few mms), to a thicker rind (> few mms), to a series 
of nearly coalescing ‘onion-skin’ layers.  Some 

Figure 1.  Iron-oxide nodules: A. Pedogenic - Miocene
from Mali; B. Oolitic – Miocene from Puerto Rico; C.
Concretionary (well-developed) of spherical and bulbous
shapes (some show cross sections and shell/rinds) - Jurassic
from Utah; D. Concretionary (moderately-developed, and
more homogeneous lacking shell/rinds)- Jurassic from
Arizona; and E. Concretionary (reworked Jurassic nodules
enveloped in a later/modern caliche) – from Utah. 
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concretions appear homogeneous or solid without 
any apparent rind (Fig. 1D). Fe2O3 comprises up to 
~35% in whole-rock analysis and x-ray diffraction 
analyses indicate hematite and/or other metastable 
iron oxides (e.g., goethite) are the mineral cement.  

Physical relationships of concretion size and 
spacing reflect host-rock characteristics as well as 
fluid chemistry, Eh (oxidation potential), pH, flow 
paths, and timing3.  Regular spacing and the lack of 
macro-nuclei suggest a self-organized distribution for 

the spherical concretions, at an optimal nearest-
neighbor spacing in zones along reaction fronts7. 
Small spherical concretion populations (mm-size) are 
typically more closely spaced, and larger concretion 
populations (cm-size) are more widely spaced (Fig 
2).  The concretion size, shape and spacing may also 
vary depending on the amount of fluids available and 
the growth time.  Anisotropy of individual lamina can 
affect the fluid flow, and thus the spherical 
concretions may have a ridge-like feature around the 
periphery (Fig. 3D). There are likely a combination 
of processes at work in forming the concretions that 
range from advective flow (indicated by oriented 
concretionary flow forms) as well as diffusive flow 
(e.g., gradational inward change) (Fig. 3). 

The conditions for formation of Utah concretions 
is interpreted to be diagenetic (<100 °C) based on 
Navajo Sandstone burial estimates3 and lack of other 
high-temperature mineral assemblages.  However, 
more work is needed to fully understand the role of 
temperature regimes in the terrestrial example.  

Comparisons: The Utah analogue is similar to 
the Mars concretions in: iron-rich fluids and 
oxidizing groundwater for precipitation of hematite 
mineralogy, in situ and accumulated distributions, 

and the small spherule geometry.  There are clearly 
differences between Utah and Mars concretions. The 
hematite in the Mars spherules is reportedly pure and 
crystalline2, and the iron mobilization may utilize 
acidic conditions (vs. reducing mechanisms in the 
Utah case). Concretions in the Navajo Sandstone 
span tens of kilometers with variable conditions, 
expressions, and chemical reaction fronts, which all 
contribute to the diversity of forms.  However, within 
a limited or local area akin to the 22-m diameter scale 
of the Meridiani Planum Eagle crater1,2, the spheres 
are typically a consistent size population for a given 
bed, unit, or lithologic type.  Based on the Utah 
model, we expect other geometries of hematite 
concretions to be present on Mars as well.   

The presence of spherical hematite concretions 
implies significant pore volumes of moving 
subsurface fluids through porous rock. Terrestrial 
examples such as this Utah analogue, offer useful 
comparative models for interpreting the fascinating 
history of fluid flow in the hematite region of Mars. 

References: [1] Squyres, S.W., & Athena 
Science Team, (2004) LPS XXXV, Abstract # 2187. 
[2] Glotch, T.D. et al. (2004), LPS XXXV, Abstract 
#2168. [3] Chan et al., (2004) Nature 429, 731-734 
[4] Chan, M.A. and Parry, W.T., (2002), Utah Geol. 
Surv. Public Info. Ser. 77, 19 p. [5] Beitler, B. et al. 
(2003) Geology, 31. [6] Chan, M.A., et al. (2000) 
AAPG Bull. 84, 1281-1310. [7] Ortoleva, P.T., (1994) 
Geochemical Self-Organization. 

Figure 2.  Different
size populations of 
iron-oxide 
concretions with 
smaller sizes at 
closer spacing than 
larger sizes.  
A. Two size 
populations, 
Jurassic Navajo 
Sandstone, near 
Highway 89 and 
the Utah-Arizona 
border. Scale=15 
cm) B.  Different 
measured “marble” 
size and spacing 
populations from 
southern Utah areas 
(N=545). 

Figure 3.  Flow patterns (arrows) indicated by preferential
geometries in Navajo concretions: A-B. Advective flow
indicated by strong unidirectional patterns; and C-D.
diffusive flow indicated by inward directed patterns (left,
along conjugate joints becoming more less angular inward;
and right, “bleeding” along more permeable laminae). 
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MARS CRATERING ISSUES: SECONDARY CRATERING AND END-NOACHIAN DEGRADATION.  . 
Clark R. Chapman, Southwest Research Institute, Ste. 400, 1050 Walnut St., Boulder CO 80302 USA (cchap-
man@boulder.swri.edu). 

 
 

     Introduction: Since the formation of impact craters 
is a well characterized physical process (primary im-
pacts form explosion craters with characteristic initial 
shapes, distributed at random across a planet’s sur-
face), they provide a baseline for many fundamental 
issues involving the geological evolution of the sur-
face.  I explore two of these issues here, both of which 
have important implications for understanding the 
early history of Martian geology: 
     The first issue concerns the possible importance, or 
even dominance, of crater populations by secondary 
craters.  If many or most craters are secondaries, then 
the presumption of randomness (among other attrib-
utes of primary craters) is wrong, undercutting long 
used methods of relative and absolute age dating of 
geologic units on Mars. 
     The second issue concerns a long-standing question 
about the nature and duration of a major episode of 
crater obliteration (relative to the cratering rate) that 
occurred toward the end of the Noachian.  The hy-
pothesis, developed from crater morphology data 
measured from Mariner 9 images, was never re-
evaluated in the post-Viking timeframe.  With exqui-
site images now available from MOC and THEMIS, 
the time is overdue to evaluate the global obliteration 
episode in the context of our more recent, higher reso-
lution understandings of Martian surface processes. 
     Secondary Cratering:  Current understanding of 
Martian cratering, age-dating of units and features, and 
the entire evolution of Mars is based on a fundamental 
assumption [1-3]: cratering on the terrestrial planets, 
especially the Moon and Mars, is dominated by pri-
mary craters.  But that assumption may be wrong, es-
pecially as applied to smaller units, which can be dated 
only by using more frequent, small craters.  There is 
new, strong evidence that secondary cratering may be 
much more important, in comparison with primary 
cratering, than has been accepted during the past three 
decades.  The first recognition of the importance of 
secondary cratering came from analysis of over 25,000 
small craters on Galileo images of Europa by Bierhaus 
and his colleagues [4-9]; the vast majority of small 
craters on Europa are spatially clustered and must be 
secondaries.  More recently, McEwen et al. [10] have 
shown that a single, recent 10 km crater may have pro-
duced ~107 – 108 secondary craters >10 m in size on 
Mars.  Unless this particular crater formed in a very 
unusual manner, secondary craters dominate over pri-
mary craters on rocky Mars, as well as on icy Europa. 

     Shoemaker's 
[11] secondary cra-
ter branch (craters 
<3 km diameter) 
was interpreted to 
be an attribute of 
the primary produc-
tion function by 
Neukum [12].  
Vickery’s  [13,14] 
efforts to character-
ize secondary cra-
ters on the Moon 
were impeded by 
the crowding of 
small craters.  At 
large distances from 
the primary, "back-
ground" secondaries strike at higher velocity and look 
like primary craters, blending in.  The same problems 
affected Vickery's studies of Martian secondaries, 
which were restricted to the rarer, larger sizes due to 
resolution limits of the available images.  Conversely, 
at very small diameters (less than several hundred me-
ters on the Moon) it becomes especially difficult to 
study any morphological or statistical attributes of cra-
ters at all because they become saturated, crater-upon-
crater.  Thus far-field, distal, background secondaries 
have not been considered, since the 1970s, to contrib-
ute significantly to the small-crater populations on the 
Moon, Mars, or elsewhere.  Bierhaus [9], however, 
finds that if the production of secondaries is as effi-
cient on the Moon as on Europa, secondaries could 
fully account for the lunar steep branch. 
     Of course, small clusters of craters have been rec-
ognized on Mars over the years.  Originally some were 
attributed to break-up of primary projectiles by the thin 
Martian atmosphere [15], but it is now recognized (cf. 
[16]) that such effects pertain only to craters a few 
meters across and smaller (unless the atmosphere was 
much thicker in the past).  More recent studies [17, 18] 
properly attribute most of these clusters to secondary 
cratering.  Secondary cratering has also long been 
theoretically considered as an inevitable process since 
Melosh's [19] explanation for the derivation of Martian 
SNC meteorites on the Earth: the same spallation proc-
ess that accelerates fragments to escape the gravity of 
Mars surely contributes many more distant secondary 
craters, made by the fragments that fall somewhat 

Fig. 1. Clustered craters in MOC image.
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short of escape velocity.  Nevertheless, it has taken the 
McEwen work to posit that secondary cratering may 
be far more pervasive than supposed by researchers 
studying isolated clusters and production of SNC's. 
     Since secondary craters are produced in temporal 
bursts as well as in spatial clusters, they greatly de-
grade the possibility for inferring relative ages of units 
from crater frequencies (unless worse-than-order-of-
magnitude accuracies are still useful).  Many published 
relative and absolute ages for units on Mars are sus-
pect if based on densities of craters <5 km diameter, 
and especially <2 km diameter, where the steep branch 
predominates over an extrapolation of the primary 
branch. 
     Late-Noachian Crater Degradation:    Two end-
member hypotheses frame our understanding of late 
Noachian landform degradation:  (a) Degradation of 
early craters on Mars might have been temporally as-
sociated with impact processes themselves (either 
caused directly by the impacts, or due to some indirect 
but impact-triggered cause), which dominated the Noa-
chian epoch and declined toward the end of the Noa-
chian.  Perhaps this decline in impacts coincided with 
the end of the LHB, recorded on the Moon as peaking 
near ~3.9 Ga and quickly ending by ~3.82 Ga ("early" 
in Martian history but "late" compared with the epochs 
of planetary accretion; the absolute Martian chronol-
ogy is tied to the LHB through only a single rock age, 
ALH84001 [20,3]).  (b) Alternatively, the landform 
degradation might have happened after the LHB 
ended, implicating specific endogenic – that is non-
impact – processes (one example might be: an episode 
of volcanism, which began emplacing northern hemi-
sphere plains and melted much of the cryosphere, thus 
giving rise to a thick, warmer atmosphere and resulting 
precipitation runoff). In end-member case (a), the evo-
lution of the Noachian terrains might resemble what 
happened at similar epochs on the Moon and Mercury 
(even these two bodies, whose geology is dominated 
by impacts and early volcanism only, differ in the de-
gree of inter-crater plains formation).  Perhaps the ad-
ditional flattening of Martian craters, beyond what is 
observed for lunar or Mercurian craters, is more super-
ficial than it appears (e.g. a bit of filling of low spots 
on crater floors by windblown dust) rather than reflect-
ing an epoch dominated by a hydrological cycle.  In 
that case, it might be less likely that the late Noachian 
was a wetter era.  
      Chapman & Jones [21] argued that case (b) is 
closer to what happened.  If the obliteration episode 
took place after the LHB (i.e, it was decoupled from 
it), then major landform modification must have been 
due to separate, endogenic causes and it may be more 
likely that there are profound implications for envi-

ronmental conditions at the time, including a climate 
favoring the early evolution of life on Mars. 
     The technical basis for inferring a spike in oblitera-
tion rates toward the end of the Noachian is robust.  
(Carr has questioned whether limited resolution might 
be responsible for the statistics of crater morphologies 
interpreted by Chapman & Jones [21]; but the ob-
served systematics vary in an opposite sense to resolu-
tion effects.) Unfortunately, the early work was never 
redone, even using Viking images.  Now there is 
abundant evidence from high-resolution images ob-
tained during the past decade concerning specific geo-
logical processes, ranging from gully processes to ter-
rain softening, which need to be evaluated to see how 
their specific effects in degrading craters can be mani-
fested in the much coarser, low-resolution degradation 
states employed in the early work.  Whether it was one 
process or a combination, some endogenic process/es 
dramatically affected Mars during an episode in its 
comparatively early history that we need to under-
stand. 
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THE SALTS OF MARS – UPDATE 2004 
Benton C. Clark 
Lockheed Martin, Denver, CO  80201 
 
Abstract 
 
 Anomalously high abundances of the salt-forming elements S, Cl and Br, in 
martian soils is now established for all five sites visited by Landers with appropriate 
analytical capabilities.  Although the variability of concentrations is by a factor of two for 
the major components, this is far less than expected if salts were produced and 
concentrated locally.  Duricrust has been shown (at one site, at least) to be further 
enriched in these elements.  Based upon these elements alone, salt abundances can 
approach 15% by weight of salts compared to silicate and iron minerals.  Additional 
contributions by carbonate and nitrate salts may occur.  These results have now been 
extended by the discovery of even higher sulfate and chloride concentrations in outcrop 
materials at Meridiani Planum; by significant traces of bromides in igneous rocks at 
Gusev Crater; and by emerging discoveries of isolated sulfate deposits from orbital 
observations.  The implications for the past history of water on Mars, including its 
destruction and current reservoirs; the ramifications on the required phsiological 
characteristics of any surviving indigenous biota; the consequences for the potential 
spread of terrestrial microbe contaminants; and the range in models for explanation of 
salt enrichments will be discussed.      
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THE EARLY CLIMATE OF MARS: WARM, COLD OR FOREVER UNKNOWABLE? AMBIGUITIES RESULTING FROM 
IMPACT SEISMICITY AND HYDROTHERMAL ACTIVITY S. M. Clifford, Lunar and Planetary Institute, 3600 Bay Area Blvd., 
Houston, TX 77058, clifford@lpi.usra.edu.  

 
Introduction: The resemblance of the Martian valley net-

works to terrestrial runoff channels, and their almost exclusive 
occurrence in the planet’s ancient cratered terrain, has suggested 
to some that the networks are the relics of a substantially warmer 
and wetter greenhouse climate that may have existed throughout 
much of the Noachian (e.g., [1,2]).  Additional support for this 
possibility is provided by the apparent deficit of craters with di-
ameters <30 km, and the poor preservation state of most large 
craters, within the intercrater plains [3].  These observations have 
been cited as possible evidence of a dense early atmosphere that 
both warmed the early climate and accelerated the rates of fluvial 
and eolian erosion [4].  Skeptics of the warm early Mars hypothe-
sis have noted the theoretical difficulty of creating and sustaining 
an atmospheric greenhouse sufficient to raise surface tempera-
tures above 273 K – particularly in light of the early Sun’s ex-
pected ~25% lower luminosity [5].   

Here we consider another possibility: that the valley net-
works, as well as other frequently cited geomorphic evidence of a 
warm early Mars, are simply the byproducts of the geologic evo-
lution of a water-rich planet – created by a variety of processes, 
including rainfall, that may have occurred under ambient global 
atmospheric and climatic conditions no different than those we 
observe on Mars today.  Specifically, we investigate how impact 
cratering (and, to a lesser extent, volcanism and tectonism) may 
have affected the geomorphic evolution of a water-rich Mars on 
the local, regional and global scale – focusing on the potential 
effects of impact-generated liquefaction and hydrothermal sys-
tems.   

Liquefaction: Under conditions where the pressure of water 
in a soil’s pores exceeds the local lithostatic stress, there can be a 
sudden and catastrophic loss of soil strength called liquefaction.   
Liquefaction is often triggered when a saturated soil experiences a 
sudden acceleration due to the passage of a seismic shear (S-) or 
compressional (P-) wave, disrupting and consolidating the origi-
nal soil structure and causing massive slumping, folding, and 
faulting on slopes; violent eruptions of water and sediment; the 
formation of extensive collapse depressions arising from the flu-
idization and lateral extrusion of susceptible underlying layers; 
and catastrophic flow slides (which can occur on slopes as shal-
low as one degree).  Terrestrial examples of such phenomena are 
well documented, having been observed and recorded in associa-
tion with major earthquakes all over the world (e.g., [6,7]).  In 
those locations where extensive liquefaction has occurred (prefer-
entially, at low elevation), the resurfaced landscape often exhibits 
a variety of textures – ranging from smooth expanses of erupted 
sediment to complex distributions of depressions and ridges – 
morphologic characteristics that are similar to those exhibited by 
the Martian intercrater plains.   

Factors that Promote Liquefaction. -- Liquefaction occurs in 
unconsolidated materials when the effective stress reaches zero.  
Terrestrial field and laboratory studies have demonstrated that a 

soil’s susceptibility to liquefaction is dependent on a variety of 
factors and conditions, including particle size, soil density, extent 
of lithification, pore and confining pressure, as well as the magni-
tude and frequency of ground acceleration [6,7,8]. All other 
things being equal, the soils most susceptible to liquefaction are 
well-sorted angular sands, loess, and volcanic ash, although soils 
of virtually any particle size – from clays to gravel – can liquefy 
under appropriate conditions of pore pressure and confinement 
[6].   

Historical Observations. -- A variety of large-scale liquefac-
tion phenomena have been observed in association with major 
earthquakes on Earth.  In one of the most destructive events on 
record, flow slides triggered by the 1920 Kansu earthquake (Mw = 
8.5) buried ten large cities and numerous villages in an ~8x104 
km2 area of China, killing almost 200,000 people (5).   Similar 
events are known to have accompanied virtually every major 
earthquake (Mw> ~5.0-5.5, for epicentral distances >100 km, [8]) 
of the past two centuries [6,10].   

Seismicity of Mars.  -- Based on estimates of the total slip of 
Martian surface faults, Golombek et al. [11] have estimated the 
magnitude and frequency of past and present tectonic seismicity.  
Although extensive resurfacing has complicated this assessment, 
they conclude that the magnitude and frequency of Martian tec-
tonic activity has always been substantially smaller than on Earth.   

However, as discussed by Clifford [12], Tanaka and Clifford 
[13], Leyva and Clifford [14], and Williams and Greeley [15], 
analysis of the Martian cratering record suggests that, during its 
first half-billion years, Mars experienced seismic disturbances up 
to 3-4 orders of magnitude greater than the largest terrestrial 
earthquakes on record.  This estimate is based on a combination 
of observationally, experimentally, and theoretically derived rela-
tionships between the initial kinetic energy of the projectile, Ek, 
the final crater diameter, Df, and the fraction of the projectile’s 
initial kinetic energy that is ultimately partitioned into seismic 
energy Es at the time of impact [14].  

Liquefaction on Mars. -- Given the evidence that early Mars 
was water-rich, and the magnitude and frequency of impacts sug-
gested by the calculations summarized in [14], it appears likely 
that liquefaction played a major role in the geomorphic evolution 
of the Noachian landscape.  In this study, we examined the in-
crease in pore pressure originating from the passage of a compres-
sional wave through a confined aquifer, based on the poroelastic 
model of Pande et al. [16].   We found that pore pressures of up to 
~200-300 kPa were readily generated out to several crater radii.  
Because our 1993 model was based on the older Gutenburg-
Richter relationship of seismic energy vs. magnitude, we have 
recently repeated these calculations based on the more accurate 
moment magnitude relationship of Kanamori [17,18].   

Specifically, we examined the response of a confined aquifer 
to the propagation of P-waves generated by the formation of im-
pact craters in the 70 - 1700 km size range (equivalent to an Mw 
range of 9.0-12.0, assuming a kinetic-to-seismic energy efficiency 
factor of 10-4).  The resulting changes in effective stress and pore 
pressure were then calculated for both water-saturated basalt and 
sandstone, based on the assumptions that: (i) all of the seismic 
energy radiated by an impact is transmitted as a single compres-
sional wave, (ii) both the host rock and groundwater are com-
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pressible, and (iii) no net flow occurs between the water-filled 
pores.   

When applied to investigate the pore pressures generated at 
the maximum distance (400 km) that water and sediment ejections 
were observed during the Mw = 9.2 1964 Alaska earthquake, the 
model calculated pore-pressure changes of ~200-300 kPa in the 
near-surface sediments. On Mars, an impact of equivalent seismic 
energy (D ~87 km) will produce this same pressure change in a 
basalt aquifer at a distance of ~225 km, while a 200 km impact 
(equivalent to an Mw = 10 quake) extends this range to ~1,000 
km.  For impacts  600 km (Mw   11), we found that pore pres-
sures in excess of 100 kPa are generated on a global scale, with 
substantially higher pressures occurring within several crater radii 
of the point of impact.   

Given a more realistic representation of seismic-wave propa-
gation through a planetary body, it is likely that the far field pore-
pressures we calculated would be amplified significantly as the 
waves converged toward the impact's antipode.  Under conditions 
where the hydraulic head in a local confined aquifer is already 
near lithostatic levels, the resulting excess pressure could con-
ceivably disrupt a several km-thick layer of frozen ground over a 
large area.  These results support the belief that, during the Noa-
chian, liquefaction due to impact-generated seismic disturbances 
may have resurfaced much of the planet by triggering massive 
flow slides on a geologically frequent timescale. 

Impact-Generated Hydrothermal Systems: As discussed by 
Newsom [19], a major impact will result in the production of a 
large quantity of impact melt.  The interaction of this melt with 
any ground ice or groundwater present in the surrounding terrain 
can result in the development of a long-lived hydrothermal circu-
lation system centered on the impact.   Cool water may enter the 
system from the crater’s periphery or from an underlying aquifer.  
Directly beneath the impact, the groundwater may boil, carrying 
away heat by the convection of super-heated water and steam.  
Fractures around the impact may then serve as conduits to the 
surface, allowing the steam and boiling water to discharge as hot-
springs and geysers from the crater walls.  It has been argued that 
this process may explain the apparent association of the valley 
networks with the rims of large craters throughout the cratered 
highlands [19,20,21,22,23]. 

The volume of water that is potentially discharged by an im-
pact-generated hydrothermal system is expected to be propor-
tional to the quantity of melt produced by the impact [19,22].  
Unfortunately, because large discrepancies exist between the 
observed and theoretically predicted melt volumes of many terres-
trial impact craters, reliable estimates of impact melt production 
have been difficult to make.  To address this problem Grieve and 
Cintala [24] have presented a revised scaling relationship that 
provides a better fit to the observed data.  Given a global crater 
size-frequency distribution equivalent to that preserved in the 
cratered highlands [25], and the melt volumes calculated from the 
revised expression of [24], Clifford [12] has estimated that the 
cumulative thickness of impact melt on Mars is equal to a global 
layer ~110 m thick.  The amount of melt generated in the forma-
tion of a single 50-km impact is nearly ~300 km3.  But melt vol-
ume increases dramatically with increasing crater size.  Thus, the 
amount of melt produced by a 100-km impact is nearly 3x103 
km3, while – for a 400-km crater, it rises to ~2.5x105 km3.  For a 
basin the size of Hellas or Utopia, the projected volume of impact 
melt exceeds 107 km3 – an estimate so large that it likely exceeds 

the scale of impacts for which the calculation of [24] remain 
valid.   

The consequences of large basin-forming impacts is an issue 
of extreme importance to understanding the variability of the 
Earth’s early surface environment and its implications for the 
origin of life.  Recent calculations of the effect of basin-forming 
impacts on Mars [26], suggest that collisions with large asteroid-
size bodies caused the vaporization of the polar ice caps and the 
precipitation of a global rain of rock melt many-meters deep over 
the planets’ surface.  
 To date, the primary interest in Martian impact-generated 
hydrothermal systems has been their potential to erode the valley 
networks by direct fluid discharge from geysers and springs 
[19,22,23].  Less appreciated, however, is the potential such sys-
tems have for creating local environments where rain and snow 
may occur (in disequilibrium with the ambient atmosphere).  The 
basis for this belief is that the development of vigorous hydro-
thermal systems can heat and introduce substantial amounts of 
vapor and steam into the air above the melt sheet.  As the air is 
convected away, it cools, reducing its water-holding capacity and 
leading to the precipitation of excess moisture as rain or snow 
[27].  Depending on the size and vigor of the hydrothermal sys-
tem, this effect could be highly localized, or extend over an ap-
preciable fraction of the planet [26]. The impact-
induceddevelopment of transient local, regional and global condi-
tions that permitted precipitation to occur, in disequilibrium with 
the pre-impact atmosphere and climate, has profound implications 
for the geomorphic evolution of early Mars – potentially under-
mining any attempt to assess the true nature of Noachian climate 
by geomorphic analysis alone.  Further, because these transient 
conditions may have occurred anywhere – numerous times – it is 
difficult to conceive of any sample return strategy, or field inves-
tigation by future human explorers, that could resolve the debate 
over whether early climate of Mars was warm or cold. Indeed, in 
the final analysis, the magnitude and frequency of impact-
associated precipitation may have played such a dominant role 
that it could render the debate over the true nature of the early 
climate mute.    
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Introduction:  The first images returned by the Mari-
ner 7 spacecraft of the Martian surface showed a land-
scape heavily scared by impacts. Mariner 9 imaging 
revealed geomorphic features including valley net-
works and outflow channels that suggest liquid water 
once flowed at the surface of Mars. Further evidence 
for water erosion and surface modification has come 
from the Viking Spacecraft, Mars Pathfinder, Mars 
Global Surveyor's (MGS) Mars Obiter Camera 
(MOC), and Mars Odyssey’s THEMIS instrument. In 
addition to network channels, this evidence includes 
apparent paleolake beds, fluvial fans and sedimentary 
layers.  The estimated erosion rates necessary to ex-
plain the observed surface morphologies (Craddock 
and Maxwell, 1993; Golombek and Bridges, 2000) 
present a conundrum. The rates of erosion appear to be 
highest when the early sun was fainter and only 75% 
as luminous as it is today.  All of this evidence points 
to a very different climate than what exists on Mars 
today. The most popular paradigm for the formation of 
the valley networks is that Mars had at one time a 
warm (Taverage > 273), wetter and stable climate.  Possi-
ble warming mechanisms have included increased sur-
face pressures (Pollack et al, 1987), carbon dioxide 
clouds (Forget and Pierrehumbert, 1997) and trace 
geenhouse gasses.  Yet to date climate models have 
not been able to produce a continuously warm and wet 
early Mars (Haberle, 1998).  The rates of erosion ap-
pear to correlate with the rate at which Mars was im-
pacted (Carr and Waenke, 1992) thus an alternate pos-
sibility is transient warm and wet conditions initiated 
by large impacts.  It is widely accepted that even rela-
tively small impacts (~10 km) have altered the past 
climate of Earth to such an extent as to cause mass 
extinctions (Toon et al., 1997).  Mars has been im-
pacted with a similar distribution of objects.  The im-
pact record at Mars is preserved in the abundance of 
observable craters on it surface.  Impact induced cli-
mate change must have occurred on Mars.  

 
Impacts:  The impacts of asteroids and comets larger 
than 100 km in diameter have left more than thirty 
craters on Mars (Kieffer et al. 1992).  Collisions of 
such large, energetic objects result in the production of 
meters thick debris layers that are global in extent 
(Melosh 1989; Sleep and Zahnle, 1997).  For example, 
an object with a diameter of 100 km will result in a 
global melt/vapor debris layer approximately 10 cm 
thick (Melosh 1989; Sleep and Zahnle, 1997).  This 

debris layer will be very hot having temperatures in 
excess of 1000 K. 
 
In addition to the heat introduced by the impact, a sub-
stantial amount of vaporized water, both from the im-
pactor itself and from the target material is injected 
into the atmosphere.  Following the impact, the ther-
mal pulse that travels downward into the regolith may 
release additional water from subsurface reservoirs 
adding to the total liquid water amount at the surface.  
Water vapor is an excellent greenhouse gas and works 
to trap the impact generated heat within the atmos-
phere.  The heat from the debris combined with the 
additional greenhouse afforded by the injected water 
vapor could result in periods of warmth.  Segura et al. 
(2002) demonstrated that asteroids with diameters lar-
ger than 100 km could warm the surface of Mars for 
several years to decades.  However, numerous valley 
networks have been dated to periods after the majority 
of these large (D > 100 km) objects had impacted 
Mars.   
 
The simulations conducted by Segura et al. (2002) 
were limited to 1D and thus only considered impacts 
which would have a thick (> several cm) global debris 
layers.  There are, however, more than 1000 craters 
with diameters larger than 60 km on Mars.  A 60 km 
crater would result from an impactor with a diameter 
of approximately 6 km.  While these smaller impactors 
do not have thick global debris layers, they do have 
dramatic regional effects that are similar to those pro-
posed by Segura et al. (2002). 
 
GCM Simulation:  The obvious limitation of the 1D 
calculations of Segura et al. (2002) is the absence of 
dynamics and the ability to model smaller impacts that 
do not have thick global debris layers.  An accurate 
assessment of the effects of impacts on the climate will 
need to include the transport of both heat and water 
vapor. Reported here are the results of post impact 
climate simulations using the Ames Mars General Cir-
culation Model (MGCM). A hydrological cycle has 
been incorporated into the Ames MGCM that includes 
the formation of clouds, precipitation, and surface and 
regolith reservoirs. In these simulations, impacts by 
objects as small as 4 km in diameter can be simulated. 
 
Each simulation is initialized to represent the condi-
tions just following an impact.  After a period of simu-

Second Conference on Early Mars (2004) 8016.pdf



lation time, an impact debris layer and atmospheric 
thermal plume is emplaced at any location in the 
model.  The impact debris layer thickness and extent, 
and the thermal plume temperature and extent, is de-
fined as a function of impact diameter.  Regolith water 
abundance and distribution can be specified for each 
simulation.  If regolith temperatures rise above freez-
ing water is allowed to diffuse to the surface at a fixed 
rate.  Infiltration of the subsurface by surface water is 
not currently modeled.  Both water clouds (wet and 
cold microphysics) and carbon dioxide clouds are 
modeled.  Water and CO2 cloud radiative effects are 
included.  In this presentation results are shown for an 
early Mars atmosphere containing 300 mbars of CO2 
and a solar flux that is 75% current levels. 
 
Results: Two key simulation results include the total 
precipitation and the total liquid water at the surface.  
Total precipitation is defined as either snow or rain.  
The total liquid water (TLW) at the surface is a meas-
ure of any water at the surface that is warmer than 273 
K.  This water may be in the form of surface melt (e.g. 
melting snow or ice) or large bodies of water (e.g. seas 
or lakes).  Figure 1 shows and example of the total 
precipitation resulting from a 20 km diameter impactor 
(no cloud radiative effects).  Following impact surface 
temperatures can rise well above freezing for several 
years even for impacts smaller than 10 km in diameter. 

 
A range of impact sizes has been modeled so that the 
total amount of resulting precipitation as a function of 
impact diameter can be parameterized.  Using this 
parameterization it is possible to estimate the total in-
tegrated precipitation and TLW that has occurred over 
the history of Mars based on the observed crater record 
(Figure 2).  Based on these results it is likely that im-
pacts have been a significant, and possibly the domi-
nant source of erosion during Mars distant past. 

 

 

 
Figure 1  The total integrated rain following the impact
of a 20 km diameter impactor.  In this simulation the
regolith water abundance as assumed to be 20% (by
mass) and to be uniformly distributed. 
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Figure 2  Total precipitation and total liquid water
amounts assessed from a series of simulations for a
range of impact diameters and the observed Martian
crater record.  These results do not include the radiative
effects of clouds. 
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IMPLICATIONS FOR THE ABUNDANCE OF WATER ON EARLY MARS AS EVIDENCED BY THE 
PRESENCE OF SECONDARY MINERALS IN MARTIAN METEORITE ALLAN HILLS 84001.  C. M. 
Corrigan1 and R. P. Harvey2; 1Dept. of Mineral Sciences, Smithsonian Institution, National Museum of Natural His-
tory, MRC-0119; 10th St. and Constitution Ave., Washington DC, 20560-0119; corrigan.cari@nmnh.si.edu, 2Dept. 
of Geological Sciences, Case Western Reserve University, 10900 Euclid Ave., Cleveland, OH 44106-7216. 
 
Evidence for Water on Early Mars:  Although nu-
merous lines of evidence suggest that Mars must have 
been a "wet" planet at some time in its past, there is no 
universal agreement on the volume of hydrous activity, 
its style, or the characteristics of the corresponding 
climates through time.  Morphological evidence for the 
presence of surface water on Mars is abundant [1-3] as 
is evidence for the existence of ground ice [4-9].  Evi-
dence for glacial activity on Mars supports a colder, 
though still hydrous planet [10,11].  Other features 
suggest that some fluid and ground ice activity on 
Mars has not been limited to the ancient past 
[6,8,9,12].  Mineralogical and geochemical evidence 
for a wet Mars arise from hematite deposits found on 
the surface [13,14] and from igneous minerals in the 
martian meteorites [15-17]. 

The question, therefore, is not whether water ex-
isted on Mars, but when it existed, in what state, its 
abundance, the locations of reservoirs (both spatially 
and in terms of depth), and if/when this water became 
less active.  Interpretations of the martian hydrologic 
history range from a warm and wet Mars with oceans 
and an active hydrologic cycle [18] to a drier planet, 
where short-term hydrospheres were activated by im-
pact events [19], to a frozen Mars where a water is 
present as a frozen subsurface layer [20].   

Estimates for the abundance of water on Mars 
range from an initial 3.6 m to a current 0.2 m global 
thickness layer [21] to an initial depth of >100 km ac-
creted and lost early [22] to a current subsurface 1400 
m [20].  A global layer of frozen, saturated ground ice 
has been proposed by [18]. 

Little of this hydrous inventory is available for di-
rect inspection.  Only in the last few years have we 
been able to quantitatively measure the abundance of 
water in the outermost surface layers by remote means 
[23,24] though remotely sensed images have provided 
us with evidence for decades. 

Ground Truth: The Martian Meteorites:  The 
~30 martian meteorites serve as “ground truth” for the 
examination of the historical record of Mars, including 
the abundance of water present in the crust over time.  
The record of alteration within these rocks should be 
an indication of the pervasiveness of water in the crust.  
The fact that the amount of aqueous alteration present 
in the martian meteorites is very low suggests that ei-
ther the availability of liquid water at the depths in 
which these rocks resided must be drastically overes-
timated by some models, or that the martian meteorites 

mated by some models, or that the martian meteorites 
are an unrepresentative sampling of the martian crust. 

The meteorites represent a wide range in age from 
~160 Ma [25] to ~4.5 Ga [26].  Although they have 
been extensively mechanically altered, possibly by 
numerous impact events [27,28] these 30+ meteorites 
exhibit a surprisingly low abundance of secondary 
minerals lacking the alteration expected in rocks con-
tinuously exposed to liquid water.  The martian mete-
orites are all mafic, and contain olivine, pyroxene and 
glasses [29].  No observation of the conversion of 
these vulnerable minerals to phyllosilicates has been 
reported on anything larger than the nanometer scale.   

The very small quantities of secondary minerals the 
martian meteorites do contain instead indicate limited 
exposure to water over time.  The abundances of sec-
ondary minerals in these rocks vary with their age.  
Allan Hills 84001, by far the oldest of the martian me-
teorites at 4.5 Ga, contains ~1% carbonate minerals 
[30].  These carbonates likely formed early in the his-
tory of the rock, around 3.8 Ga [31].  In addition, these 
minerals represent depositional events, not weathering 
of the rock's minerals.  Rare occurrences of phyllosili-
cates have also been reported in ALH 84001 [32].  
Smaller abundances of alteration minerals, including 
iddingsite, occur in the intermediate age (~1.3 Ga) 
Lafayette, Nakhla and other nakhlites [33,34].  Some 
evidence of glass alteration exists in these rocks, but it 
is very minimal.  The youngest martian meteorites, the 
shergottites, contain only trace amounts of secondary 
minerals, and, in fact, are almost pristine.  

Evidence of multiple generations within carbonate 
occurrences studied by [35] still only suggests a maxi-
mum of three secondary mineral precipitation events, 
none of which exhibits evidence of having been the 
result of long-term, hydrous mineral-water interaction.  
In fact, the microcrystalline and possibly metastable 
compositions of the carbonate suggest that these events 
were very short in duration, not measured in years but 
in hours and/or days.  The lack of abundant hydrous 
silicates, the presence of feldspathic and silica glasses 
and the presence of only two or three generations of 
carbonate in ALH 84001 strongly suggest that this 
rock has seen only limited interaction with water dur-
ing its duration on Mars, and that these hydrous events 
were stochastic, rare and short-lived. 

In sharp contrast to martian meteorites of equiva-
lent ages, terrestrial rocks rapidly show pervasive signs 
of aqueous alteration and metamorphism.  Very few 
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Earth rocks of 100 Ma lack signs of weathering or 
metamorphism, and by the time terrestrial rocks reach 
1.3 Ga, signs of alteration are ubiquitous.  The extreme 
example of ALH 84001 at 4-4.5 Ga does not even 
have applicable terrestrial weathering analogs - Earth 
rocks of that age have long been destroyed.  In envi-
ronments such as those found on Earth, where water is 
ubiquitous and volcanism and plate tectonics are ac-
tive, aqueous alteration begins to affect rocks immedi-
ately and olivine and glass have lifetimes measured in 
hundreds to thousands of years, not billions. 

Possible Scenarios Consistent with the Martian 
Meteorites:  It is difficult to reconcile the lack of al-
teration in martian meteorites with the obvious pres-
ence of at least minor volumes of water on Mars and 
the likely existence of more extensive volatile invento-
ries and possibly more active hydrologic cycles in the 
past.  Possible explanations for this conundrum are:  
(1) Dry/Frozen Mars:  Aqueous alteration in the mar-
tian crustal rocks may be limited because the martian 
hydrosphere has always been frozen and is nearly inac-
tive compared to that of the Earth.  For this to be true, 
either Mars has never contained a large abundance of 
water (though most evidence points to the contrary) or 
if water did exist, most of it present in the surface units 
must have remained frozen through time, sporadically 
released during impact and/or volcanic events.  This 
hypothesis is not implausible given the "Iceball Mars" 
scenario [36] but it is an extreme.  It says nothing, 
however, about the abundance of water present deeper 
in the crust or in the mantle, which, according to recent 
studies [17] suggest that martian volcanic rocks may 
have originally contained up to ~1.8% water in their 
parent magmas.  This water, outgassed during mag-
matic ascent, may have provided a mechanism for a 
hydrologic cycle on Mars and for the formation of 
surface reservoirs, frozen or liquid.   

Therefore, it is possible that early Mars was just 
not as warm or as wet as hypothesized.  ALH 84001, 
and to a lesser extent, the rest of the martian meteor-
ites, are not entirely void of secondary minerals, thus, 
they have experienced some exposure to hydrous ac-
tivity, though they suggest that interactions between 
surface rocks and the crustal fluids of Mars were spo-
radic and discontinuous.  The activation and mobiliza-
tion of fluids and the fracturing within many of the 
meteorites was likely driven by impact.  The evidence 
for punctuated impact-driven melting (and therefore 
interaction between fluids and the rocks) supports hy-
potheses [19] that large impacts may have created 
temporary hydrous environments.  This process, taking 
place at a variety of scales from hemispherical/global 
to extremely local, would produce a crust that is het-
erogeneous in terms of aqueous alteration of samples.   

(2) Not the whole story.  It is also possible that the 
martian meteorites are unrepresentative of the martian 
near-surface.  There are only ~30 distinct rocks repre-
sented by the martian meteorites and not all substrates 
shed rocks that would survive impact [37].  A small 
number of impacts into the earth similar to the n=7 
thought to supply the martian meteorites [37] would 
not likely produce a representative sampling of the 
planet's broad geologic spectrum.  Even if martian 
meteorites are not representative of the entire surface 
of Mars, the fact that impact is a random event com-
bined with the fact that the rocks that we do have must 
come from places where aqueous alteration was essen-
tially absent, suggests that major parts of the planet 
were unaffected by thermal and/or aqueous metamor-
phism for billions of years. 

Most of the martian meteorites are young and are 
thought to come from surface volcanics post-dating 
proposed large-scale wet periods.  However, even if 
the warm and wet period ended in the late Noa-
chian/early Hesperian [38], which would explain the 
lack of alteration in the younger meteorites, the ALH 
84001 conundrum still remains, as it has experienced 
very little aqueous alteration.   
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GEOLOGIC EVOLUTION OF EASTERN HELLAS, MARS: STYLES AND TIMING OF VOLATILE-
DRIVEN ACTIVITY.  David A. Crown1, Leslie F. Bleamaster III1, and Scott C. Mest2, 1Planetary Science 
Institute, 1700 E. Ft. Lowell Rd., Suite 106, Tucson, AZ 85719, crown@psi.edu, 2Geodynamics, NASA Goddard 
Space Flight Center, Greenbelt, MD, 20771. 
 
 

Introduction. The east rim of the Hellas basin 
and the surrounding highlands comprise a 
geologically significant region for evaluating volatile 
abundance, volatile distribution and cycling, and 
potential changes in Martian environmental 
conditions.  This region of the Martian surface 
exhibits landforms shaped by a diversity of geologic 
processes and has a well-preserved geologic record, 
with exposures of Noachian, Hesperian, and 
Amazonian units, as well as spans a wide range in 
both latitude and elevation due to the magnitude  
of Hellas basin.  In addition, geologically 
contemporaneous volcanism and volatile-driven 
activity in the circum-Hellas highlands provide 
important ingredients for creating habitats for 
potential Martian life. 

Previous Work. The eastern Hellas region 
includes the highland terrains of Tyrrhena Terra and 
Promethei Terra, extensive ridged plains of Hesperia 
Planum, the highland volcanoes Tyrrhena and 
Hadriaca Paterae, the Dao, Harmakhis, and Reull 
Valles canyon systems, and the basin floor deposits 
of Hellas Planitia.  Geologic mapping studies and 
geomorphic analyses of landforms characteristic of 
the region have employed Viking Orbiter, Mars 
Global Surveyor (MOC and MOLA), and Mars 
Odyssey (THEMIS) datasets to examine the geologic 
processes operating in the region and its surface 
evolution.  Specific areas of interest include: 
highland degradation styles and regional stratigraphy 
[1-5], explosive volcanism associated with the 
highland paterae [6-8], emplacement of Tyrrhena 
Patera lava flows [6, 9-10], the timing and nature of 
fluvial systems [2, 11], formation of valles and 
relationships to associated sedimentary plains [2, 12-
16], geomorphology of lobate debris aprons [17], and 
the morphologies and population characteristics of 
impact craters [18-19]. 

Geologic History of Eastern Hellas.  A 
generalized geologic history for eastern Hellas has 
been derived by synthesizing results from numerous 
studies of the region. The Noachian Period included 
the formation of Hellas basin and numerous other 
large impact events that formed the adjacent rugged 
highlands. Degradation of cratered terrains by a 
combination of processes was initiated; extensive, 
well-integrated valley networks formed in some areas 
and many highland crater rims show numerous, 

parallel troughs. The Late Noachian and Early 
Hesperian Epochs were marked by continued 
modification of older surfaces, volcanism forming the 
main structures of Tyrrhena and Hadriaca Paterae 
(subsequently eroded by fluvial processes), and the 
emplacement of Hesperia Planum. In the Late 
Hesperian Epoch, channeled and smooth varieties of 
sedimentary plains filled low-lying areas within the 
highlands and were dissected by the extensive 
canyons of Dao, Harmakhis, and Reull Valles, which 
presumably contributed sediment and volatiles to 
Hellas Planitia. A complicated sequence of erosional 
and depositional events at the east rim and on the 
basin floor may have included lacustrine and glacial 
activity [20-21].  In the Amazonian Period, volatile-
driven activity is represented by the later stages of 
canyon development, prominent lobate debris aprons 
associated with highland massifs, potentially ice-rich 
debris flows, and gully systems on crater and canyon 
walls [22-23]. Ice-cemented mantling deposits, as 
have been described for Martian mid-latitude regions 
[24-25], are variably preserved throughout the region 
and show interesting spatial and temporal 
relationships with recent flow features. 

Fluvial Valleys. Cratered terrain and intercrater 
plains surfaces, crater rims, and flanks of the 
highland paterae exhibit valley systems interpreted to 
results from a combination of groundwater sapping 
and surface runoff. Integrated valley networks with 
sub-parallel, rectilinear, or dendritic patterns are 
found within Tyrrhena Terra and Promethei Terra. 
Drainage basins in Promethei Terra are significantly 
smaller in areal extent but more numerous than those 
in Promethei Terra, reflecting differences in the 
topographic characteristics of these two highly 
cratered regions. Mapping studies suggest that 
Tyrrhena Terra fluvial systems are ancient, whereas 
those in Promethei Terra are Hesperian in age and 
dissect an intermontane basin unit that accumulates in 
low-lying regions of the highlands. The apparent age 
difference between valley networks in the two 
regions is consistent with the more pronounced and 
long-lived presence of volatile-driven activity near 
Promethei Terra.  The highland paterae exhibit radial 
valley systems dissecting their flank materials. 
Deeply incised valleys within the wider, flatter-
floored troughs along the flanks of Hadriaca Patera 
suggest a greater component of surface runoff than at 
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Tyrrhena Patera. Recent analyses of THEMIS images 
show fine-scale parallel troughs perpendicular to the 
larger radial valleys, consistent with friable 
pyroclastic deposits and sustained fluvial erosion of 
the highland paterae. The interior crater rims of many 
large impact craters in the region also have numerous 
parallel troughs, although good constraints for the 
timing of the erosion are not available. 

Vallis Systems. Dao, Harmakhis, and Reull 
Valles extend through the cratered highlands and 
sedimentary plains of eastern Hellas toward Hellas 
Planitia. Dao and Harmakhis Valles are characterized 
by steep-walled depressions, zones of subsided 
plains, and prominent central canyons whose walls 
display gullies with associated depositional aprons 
covering parts of canyon floors.  Reull Vallis’ distal 
regions are similar, but its upper reaches exhibit 
streamlined islands, scour marks, narrow, sinuous 
channels, and lateral terraces or benches, evidence for 
a fluvial stage or zone. The emplacement and erosion 
of a sequence of plains adjacent to Reull Vallis may 
be directly tied to flooding associated with this 
channel system Recent studies suggest that the lateral 
and vertical growth of Dao and Harmakhis Valles are 
dominated by collapse and sapping. Surface runoff 
may only have occurred locally.  The prominent role 
of collapse and sapping at both small and large scales 
as well as sequences of finely layered deposits at the 
margin of Hellas Planitia suggest a volatile-rich 
substrate in eastern Hellas that denotes an 
accumulation zone for atmospheric volatiles and/or 
the edge of a volatile-rich deposit associated with the 
basin floor. 

Recent Ice-related Features. The regional 
geology of eastern Hellas is overprinted with a suite 
of more recent feature indicative of contained ice, 
melting of ice, or its release to the atmosphere. 
Lobate debris aprons with lineated surfaces showing 
viscous flow are observed extending from canyon 
walls, highland massifs, and crater rims. These 
features may be analogous to rock glaciers or debris-
covered glaciers.  A variety of smaller ice-rich flow 
features have also been recognized in similar settings. 
These are often found in association with the ice-
cemented mantling deposits characteristic of the 
Martian mid-latitudes and prominent gully systems. 
Geologically recent volatile-driven activity occurs in 
select localities over much of eastern Hellas and 
appears to be intense but concentrated on steeper 
slopes of interior crater rims and canyon walls. 

Conclusions.  The eastern Hellas region of Mars 
is clearly characterized by an extensive history of 
volatile-driven activity, although the style, spatial 
extent, and magnitude may have varied considerably  

over the time represented by the preserved geologic 
record.  The general progression from widespread 
and spatially distinct valley development across the 
region in the Noachian Period to concentrated 
activity associated with large canyon systems in the 
Hesperian Period and finally to smaller-scale, more 
localized flow features in the Amazonian Period may 
represent a transition from a water- to an ice-
dominated surface environment due to changes in 
climatic conditions. The consistent representation of 
volatile-driven activity in the geologic record suggest 
that eastern Hellas was always “wet” to some degree. 
The transition may have been gradual, occurring at 
different times and rates in different parts of the 
region due to the local effects of geology, 
topography, and climate.  Hesperian and Amazonian 
activity, though still influencing large areas of the 
Martian surface, appear to have been restricted to a 
narrower band in latitude than the older valley 
networks. Sedimentary plains and layered deposits 
both within Hellas Planitia and on the east Hellas rim 
may indicate periods of enhanced volatile deposition 
in low-lying regions of the highlands. Remobilization 
of volatiles deposited earlier and/or subsequent, more 
localized deposition/preservation may account for the 
distribution and form of younger ice-rich flow 
features. 
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BIOGEOCHEMICAL CYCLES OF CARBON AND SULFUR ON EARLY EARTH (AND ON MARS?)
D. J. Des Marais, MS 239-4, Ames Research Center, Moffett Field, CA 94035-1000, David.J.DesMarais@nasa.gov

Introduction:  The physical and chemical
interactions between the atmosphere, hydrosphere,
geosphere and biosphere can be examined for
elements such as carbon (C) and sulfur (S) that have
played central roles for both life and the environment.
The compounds of C are highly important, not only
as organic matter, but also as atmospheric greenhouse
gases, pH buffers in seawater, oxidation-reduction
buffers virtually everywhere, and key magmatic
constituents affecting plutonism and volcanism. S
assumes important roles as an oxidation-reduction
partner with C and Fe in biological systems, as a key
constituent in magmas and volcanic gases, and as a
major influence upon pH in certain environments.
These multiple roles of C and S interact across a
network of elemental reservoirs interconnected by
physical, chemical and biological processes. These
networks are termed biogeochemical C and S cycles.

Cycle Architecture: The overall C and S cycles
actually include multiple, nested cyclic pathways
(subcycles) that differ with respect to some of their
constituent reservoirs and processes [1]. The
subcycles also differ with respect to the time
typically required for C or S to traverse the subcycle.
For example, the “Habitable Subcycle” (HAB) is
dominated by biosphere processes and includes C and
S reservoirs on the land surface, oceans and
atmosphere. Reservoirs in the HAB subcycle
exchange rapidly on timescales of hours to 103 yr.
The “Sedimentary Subcycle” (SED) includes crustal
sediments, and these are recycled typically on 105 to
108 yr timescales.  The “Mantle Subcycle” (MAN)
includes mantle reservoirs and processes that cycle
them with surface and crustal reservoirs on 107 to 109

yr timescales. The HAB, SED and MAN subcycles
all include the C and S hydrosphere and atmosphere
reservoirs, which thus unite the entire C and S cycles
and allow even their most remote components
ultimately to affect the environment and biosphere.

Earth’s very dynamic biosphere and climate cycle
C and S very rapidly within the HAB subcycle. The
pace of the SED subcycle reflects the effects of
crustal tectonics on mountain building, basin
subsidence, and other factors that affect the crustal C
and S reservoirs. The turnover of the MAN subcycle
reflects the effects of heat flow and tectonics upon
the exchange of C and S between the mantle, surface
environment and crust.

Long-Term Change of Earth’s Biogeochemical
Cycles: The evolution of Earth's mantle and crust

between 4 and 2 billion years ago (Ga) substantially
affected the C and S cycles. Following the inevitable
decay of radioactive nuclides in the mantle, the heat
flow from Earth's interior declined. This decline
decreased the rates of both sea floor hydrothermal
circulation and the volcanic outgassing of reduced C
and S species. The tectonic reworking of Archean
continental crust created larger, stabilized continental
crust (cratons). Extensive stable shallow-water
platforms became sites for productive benthic
microbial communities and also for the deposition
and long-term preservation of carbonates, organic C,
evaporates and sedimentary sulfides. The patterns of
carbonate deposition and the abundances of
gypsum/anhydrite in associated evaporites indicate
that, since 2.5 Ga, seawater concentrations of HCO3

-

and CO3
= declined and SO4

= increased. The
abundance, style and biological control of mineral
precipitation in the global oceans had changed. Biota
ultimately came to dominate carbonate precipitation.

(Bio?)geochemical Cycles and Long-Term
Changes on Mars:  The processes that have driven
the geochemical cycles of C and S on Earth probably
also operated on Mars, with the potential exception of
biological activity. The major differences in the
outcomes of geochemical cycling on the two planets
arose from substantial differences in the rates of these
shared processes. Heat flow declined much faster on
Mars, thus its MAN subcycle has operated very
slowly for billions of years. This has had negative
consequences for atmospheric greenhouse warming.
Due to Mars’ much weaker tectonics, the martian
SED cycle has been dominated instead by the effects
of impacts, volcanic and aeolian processes. The
absence of a modern ocean and surface-dwelling
biosphere has limited the martian equivalent of
Earth’s “HAB” cycle mostly to abiotic processes that
exchange of C and S between the atmosphere and
crust. Processes of atmospheric escape of C might
have been important on Mars and relatively
negligible on Earth.

In the past, did the martian C and S cycles
resemble those of Earth more strongly? Has the
smaller size of Mars always imposed key differences
from Earth? Recent and planned orbital and surface
missions are addressing these questions.

Reference:  [1] Des Marais D. J. (2001) Reviews
in Mineralogy , Vol. 43, 555.

Second Conference on Early Mars (2004) 8077.pdf
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Introduction:  Mars formed about 4.55 Ga ago in 
the same general region as Earth.  Dynamical studies 
suggest substantial mixing of material in the inner 
solar system, yet Earth, Mars, and the asteroids have 
distinctive compositions.  Mars like Earth underwent 
a magma ocean epoch.  The Martian atmosphere and 
hydrosphere outgassed within 100 my of 
nucleosynthesis of 129I.  Below I discuss the evidence 
for these conclusions. 

Accretion:  Isotopic measurements of Martian 
meteorites point to accretion beginning about 4.55 Ga 
ago and taking a few tens of millions of years to 
complete [1].  This growth rate was sufficient to melt 
the outer portion of Mars, perhaps repeatedly, to an 
apparent depth of 60-90 kbar [2].  This conclusion is 
based on the ability to fit moderately siderophile 
element abundances inferred for the Martian mantle 
from Martian meteorites to a model in which metal 
equilibrates with molten silicate at the base of a deep 
magma ocean. 

Bulk Composition: Using Martian meteorites, 
Dreibus and Waenke [3] have found that the bulk 
composition of Mars is similar to H chondrites and 
quite distinct from Earth.  Drake and Righter [4] 
reached the same conclusion on the basis of major 
element analyses of Mars Pathfinder and Martian 
meteorite data.  For example, on a plot of Mg/Si 
versus Al/Si, the Pathfinder and Martian meteorite 
data define a trend that is parallel to but offset from 
Earth and passes close to the H chondrite point.  

Volatile Inventories:  By plotting Martian 
meteorite elemental abundances as a function of 
volatility, Dreibus and Waenke [3] show that the 
volatile content of Mars is higher than that of Earth.  
Because Mars lacks plate tectonics, it is likely that 
most of that volatile inventory remains trapped within 
the Martian mantle.  However, there is strong 
evidence for early partial outgassing of Mars and the 
development of an early ocean.  Musselwhite et al. 
[5] demonstrated that the most efficient way to 
fractionate I from Xe to account for the distinct 
129Xe/132Xe reservoirs in Mars was through the 
medium of liquid water.  As 129I has a half life of 
about 16 my, and all 129I would have decayed by 5-7 
half lives, a Martian ocean along with an atmosphere 
must have formed within 100 my of nucleosynthesis. 

References: [1] Lee D.-C. and Halliday A.N. 
(1997) Nature 388, 854-857.  [2]  Righter K. and 
Drake M.J. (1996) Icarus 124, 513-529.  [3]  Dreibus 
G. and Waenke H. (1985) Meteoritics 20, 367-381.  
[4]  Drake M.J. and Righter K. (2002) Nature 416, 
39-44.  [5] Musselwhite D.S., Drake M.J., and 
Swindle T.D. (1991) Nature 352, 697-699. 
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Tanton, S. E. Zaranek, and E.M. Parmentier (Department of Geological Sciences, Brown University, Providence, RI 
02912; (Linda_Elkins_Tanton@brown.edu, Sarah_Zaranek@brown.edu, EM_Parmentier@brown.edu ). 
 

Introduction:  Dynamical models of early Martian 
evolution need to be consistent with several major 
characteristics of Mars believed to have developed 
before 4.0 Ga: differentiation of mantle source regions 
into compositionally distinct reservoirs; development 
of an early, strong magnetic field; and the formation of 
an early crust to record that field. The conversion of 
kinetic energy to heat during accretion and the 
potential energy release of core formation should have 
caused significant and perhaps complete melting of the 
large terrestrial planets [e.g., 1-5]. Previous results 
indicate that magma ocean crystallization and 
subsequent overturn on Mars could be fast and 
complete [6] and is consistent with magma source 
region differentiation and the development of an 
alumina-poor Martian mantle [7]. The further results 
presented here demonstrate that magma ocean 
crystallization and overturn can produce an early crust 
consistent with known constraints. 

Magma ocean model: The fundamental, relevant 
processes of cooling and crystallizing a magma ocean 
are well summarized in Solomatov [8].  Vigorous 
convection in a low viscosity liquid magma ocean is 
assumed to result in an adiabatic variation of 
temperature with depth. Because an adiabat is steeper 
than the solidus a solid region develops at the bottom 
of the mantle as the ocean cools (fig. 1).  

The presence of solids increases the viscosity of 
the liquid, and at some critical crystal fraction 
(between 10 and 60%, e.g., [9-12]) the crystals in the 
partly liquid zone form networks, and the viscosity 
becomes close to that of solid, deforming by thermally 
activated creep. Mars has a mantle sufficiently deep 
that only a small portion of the adiabat of the cooling 
magma ocean lies between the solidus and liquidus 
until shallow pressures and low temperatures are 
reached. Critical crystal fraction networks will not 
likely interfere with settling of dense garnet crystals at 
pressures where olivine and pyroxene float (see [7]).  
Critical crystal fraction becomes important on Mars at 
pressures less than ~6 GPa, after which remaining 
liquid is likely to crystallize interstitially to previous 
solids rather than rise buoyantly to the surface. Such 
networks may inhibit compaction of the solid and thus 
allow cumulates to retain more incompatible elements, 
in particular heat producing U, Th, and K. 

The simplified Martian mantle mineralogy used 
here follows from the bulk composition of Bertka and 
Fei [13] and the phase relations of Longhi et al. [14]. 
All phases are fractionally crystallized in increments of 
one-half percent from the evolving liquids of the 

magma ocean. One percent of interstitial liquid is 
retained in the solids throughout the magma ocean, 
acting as a reservoir for the incompatible elements Sm, 
Nd, Lu, and Hf, which are partitioned from the solid 
phases using coefficients from [15-17].  Majorite + 
gamma olivine crystallize from the bottom of the 
ocean at 24 GPa to 16 GPa, above which an ~150 km 
layer of dense garnet forms through crystal settling.  
The remainder of the magma ocean crystallizes as 
olivine + pyroxene, until an Mg# of ~20 is reached in 
the solids. Low-pressure and evolved phases are 
disregarded.  

During crystallization solids remain at their solidus 
temperatures, but the solidus temperature decreases as 
the liquid composition evolves.  The solidus 
temperature is based on results from the MELTS 
program [18], which predicts a solidus 400°C colder at 
95% total crystallization than that of the initial bulk 
liquid composition. The final cumulate stratigraphy, 
lying at its solidus, ranges in temperature from 
2,100°C at the core-mantle boundary to about 700°C 
near the surface (fig. 2). 

The resulting cumulate stratigraphy is unstable to 
gravitational overturn mainly due to the effects of iron 
enrichment as fractional solidification proceeds. 
Because the time scale for Rayleigh-Taylor overturn is 
inversely dependent upon the thickness of the layer, 
overturn is not likely to initiate until the magma ocean 
is largely crystalline, whereupon the cumulates flow as 
solids into an equilibrium density profile [5,7].   

Inverting a silicate cumulate stratigraphy does not 
produce sufficient potential energy release to raise the 
Martian mantle more than a couple of degrees and so 
will not result in melting.  Moving hot cumulates to 
lower pressures, however, can allow them to exceed 
their solidii and produce significant volumes of 
decompression melt. 

Results for magma ocean crystallization and 
overturn: During overturn the shallowest cumulates 
fall to the core-mantle boundary, carrying with them 
the bulk of radiogenic trace elements.  Hot olivine + 
pyroxene cumulates at about 1,600°C rise from the 
mid-mantle to near or at the surface (fig. 2). These 
cumulates melt extensively during overturn due to 
adiabatic rise, producing an initial early crust with an 
average composition of about 50 to 55% silica and an 
Mg# near 70, approximately a magnesian andesite. 
This first crust would come from a source produced 
just after garnet settling was complete, with an initial 
147Sm/144Nd ratio near 0.20, and its volume would be 
sufficient to spread over the surface of Mars to a depth 
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of >=100 km. While larger than geophysical estimates 
of the current Martian crust of about 50 km [19,20], 
this model estimate must be considered an extreme 
upper bound. Segregation of melt from cumulates is 
likely to be incomplete, and a cold, solid lid may halt 
ascent of buoyant materials during overturn and limit 
their adiabatic melting.  The modeled melt volumes are 
therefore considered roughly consistent with Martian 
crustal estimates. 

Portions of the next deepest layer after overturn 
also melt during overturn. One olivine + pyroxene 
assemblage remains approximately where it originated, 
between about 600 and 200 km depth, and therefore 
will not melt adiabatically.  A second assemblage at 
about 2,100°C consisting of majorite + gamma olivine 
converted to garnet + pyroxene + olivine rises from 
depth to intrude the olivine + pyroxene cumulates. The 
deep cumulates cease rising when their density is 
neutral, producing a mantle laterally heterogeneous in 
temperature (fig. 3) and in composition.  This 
previously deep material partially melts to produce a 
high-alumina magma with ~45 to 50% silica and an 
Mg# in the 60s, coming from a source with a higher 
initial 147Sm/144Nd ratios than the shallower melting 
event, in places as high as 0.5. This later magma may 
be intrusive or extrusive. 

Discussion and conclusions: Estimates for the 
initial 147Sm/144Nd of the Martian juvenile crust are 
0.15 to 0.17 [21], and estimates for the initial 
147Sm/144Nd of the nakhlite, shergottite, and QUE 
sources range from 0.23 to 0.50 [22-24]. These 
estimates are consistent with the initial 147Sm/144Nd 
values obtained by these models for shallow source 
regions for early crust and possibly later melting and 
volcanism. Magma ocean cumulate overturn on Mars 
is consistent with the compositions and heterogeneities 
of the Martian mantle observed through SNC 
meteorites (both alumina-depleted and iron-enriched), 
and provides a method for creating two compositions 
of early crust, both of which may be appropriate for 
retaining a remanent field in terms of their composition 
and temperatures at the time. 
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Figure 1. Solidus and liquidus with schematic adiabats 
showing the process of magma ocean crystallization. 
 

 
Figure 2. Martian mantle cumulate density profiles 
before and after overturn to a stable configuration. 
 

 
Figure 3. Martian cumulate mantle temperature profile 
following overturn, showing the layers that melt 
adiabatically to produce the earliest crust. 
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Introduction:  Dynamical models of Martian 
differentiation and early evolution need to be 
consistent with several major attributes of Mars 
believed to have developed before 4.0 Ga: 
differentiation of mantle source regions into 
isotopically distinct reservoirs; development of an 
early, brief, strong magnetic field; and the formation of 
an early crust to record that field. Significant and 
perhaps complete melting of the large terrestrial 
planets is expected due to the conversion of kinetic 
energy to heat during accretion of planetesimals, and 
to the potential energy release of core formation [e.g., 
1-5]. Previous results of Martian magma ocean 
investigations indicate that magma ocean 
crystallization and subsequent overturn on Mars could 
be fast and complete [6], and is consistent with magma 
source region differentiation and the development of 
an alumina-poor Martian mantle [7]. The further 
results presented here demonstrate that magma ocean 
crystallization and overturn can produce a magnetic 
field of between 10 and 50 million years duration. 

Magma ocean model: The fundamental, relevant 
processes of crystallizing the magma ocean are well 
summarized in Solomatov [8].  Vigorous convection in 
the low viscosity liquid magma ocean is assumed to 
result in an adiabatic variation of temperature with 
depth.  Because an adiabat is steeper than the solidus a 
solid region develops at the bottom of the mantle as 
the ocean cools.   

The simplified Martian mantle mineralogy used 
follows from the bulk mantle composition of Bertka 
and Fei [9] and the phase relations of Longhi et al 
[10]. All phases are fractionally crystallized in 
increments of one-half percent from the evolving 
liquids of the magma ocean. One percent of interstitial 
liquid is retained in the solids throughout the magma 
ocean, acting as a reservoir for radiogenic 
incompatible elements, which are partitioned from the 
solid phases using coefficients from [11-13]. 

As crystallization progresses the solids remain at 
their solidus temperatures, but the temperature of the 
solidus decreases as liquid composition evolves. The 
final cumulate stratigraphy, lying at its solidus, ranges 
in temperature from 2,100°C at the core-mantle 
boundary to about 700°C near the surface. 

Overturn and subsequent mantle evolution:  
The resulting cumulate stratigraphy is unstable to 
gravitational overturn mainly due to the effects of iron 
enrichment as fractional solidification proceeds. 
Because the time scale for Rayleigh-Taylor overturn is 

inversely dependent upon the thickness of the layer, 
overturn is not likely to initiate until the magma ocean 
is largely crystalline, whereupon the cumulates flow as 
solids into an equilibrium density profile [7].   

All the models in this suite produced a final 
cumulate overturn stratigraphy where the coolest, 
shallowest cumulates fell to the core-mantle boundary. 
(Results from [7] showed the garnet layer falling to the 
core-mantle boundary, but the more evolved liquid 
compositions allowed in these more sophisticated 
models prevent complete fall of the garnet layer in 
every case.) 

The density profile after overturn is highly stable, 
as shown in Fig. 2 in the companion abstract in this 
volume and in Elkins-Tanton et al. [7].   This 
stratification will strongly inhibit thermal convection.  
In the solid state, a temperature at the bottom of the 
mantle significantly higher than the melting 
temperature would be required to cause solid-state 
thermal convection.  Many earlier studies attribute 
Tharsis volcanism to decompression melting in a solid-
state mantle plume, but this hypothesis will need to be 
revised if strongly stable compositional stratifications 
are present after overturn. 

Core heat flux model: Because cumulate overturn 
is expected to occur on a time scale much shorter than 
that of heat conduction over significant distances, the 
core-mantle boundary will effectively retain its pre-
overturn temperature during overturn.  The density 
profile of the solidified magma ocean predicts the 
stratigraphy of the overturned cumulates, from which 
the temperature profile directly follows since the solids 
move adiabatically during the rapid reshuffling. 
Moving cold cumulates from near the surface to the 
core-mantle boundary during overturn can produce a 
brief and intense heat flow out of the hot core and into 
the cold cumulates.  

A finite difference computer program in spherical 
coordinates has been written to predict heat flux from 
the core by solving the conductive heat equation while 
incorporating conductive cooling at the surface, 
cumulate heating from radiogenic elements (whose 
distribution is produced by the initial fractional 
crystallization of the magma ocean), and the initial 
temperature distribution in the overturned cumulates. 
No convection is allowed in this model; the stable 
density profile created by cumulate overturn should 
prevent initiation of convection on these time scales. 

Stevenson [14] estimates that a superadiabatic core 
cooling rate on the order of 80K per Ga (~0.022 

Second Conference on Early Mars (2004) 8034.pdf



 

J/m2sec) is required to initiate a Martian core dynamo. 
Our calculations indicate that the superadiabatic heat 
flux required to initiate a dynamo may be as high as 
0.10 J/m2sec, but is likely between 0.05 and 0.02 
J/m2sec, using equation 3 from [14].  

Results for core heat flow following cumulate 
overturn: Assuming that the Martian silicate mantle 
begins with a chondritic trace element composition, 
the final one percent of liquid contains a trace element 
concentration of about 65 times chondritic, similar to 
bulk Earth crust. An evolved liquid fraction is spread 
over a radius of about 250 km by a critical crystal 
network and possible stagnant crust at the surface of 
the planet. This ~700°C radiogenically-enriched 
material falls during overturn to the core-mantle 
boundary, which remains at the silicate solidus 
temperature of ~2,100°C. The radiogenic layer is 
sufficiently thick that even a stagnant lid on the planet 
will not prevent some quantity of the material from 
foundering. Core heat flux is therefore driven by the 
initially steep temperature gradient between the core 
and the cold fallen cumulates, but increasingly limited 
both by core cooling and by radiogenic heating in the 
lowermost cumulates. The preferred initial temperature 
difference across the core-mantle boundary is therefore 
2,100-700°C = 1,400°C.  

Models vary in the distribution of radiogenic 
elements: some are distributed exponentially with 
depth and others have homogeneous layers at the core-
mantle boundary (fig. 1). Fig. 2 shows the mantle 
temperature evolution for each model. Heat flux from 
the core begins for almost all models at ~0.6 J/m2sec, 
dropping off exponentially and falling below 0.05 
J/m2sec between 40 and 100 million years later.  The 
Martian core therefore has sufficient superadiabatic 
heat flux in all of these models to initiate a core 
dynamo for 40 to 100 million years after magma ocean 
crystallization. 

If the temperature difference across the core-mantle 
boundary due to cumulate overturn is only 1,000°C, 
heat flux remains above the necessary 0.05 J/m2sec for 
~30 Ma. To prevent heat flux from ever exceeding the 
0.05 J/m2sec value the temperature difference across 
the core-mantle boundary must be 150°C or less. 

Discussion and Conclusions: Convective 
instability of the lower mantle could result in a second 
episode of magnetic field generation, though this has 
not been observed.  Those who favor an origin of 
long-lived Tharsis volcanism by decompression 
melting in a deep mantle plume likewise must question 
whether this solid-state convection could result in 
sufficiently rapid heat transfer to generate a magnetic 
field. 

All the models run in this suite produced 
superadiabatic core heat flux thought to be sufficient to 

produce a core dynamo magnetic field for 40 to 100 
million years after magma ocean cumulate overturn. 
The deepest cumulate are heated radiogenically to the 
point that they may melt.  

Overturning moves cold cumulates to the core-
mantle boundary, producing core heat flux, and also 
moves hot cumulates nearer the surface where they can 
melt adiabatically and produce an early crust. These 
models predict the formation of tens of kilometers of 
new crust during the time the magnetic field is active. 
This new crust is cooling to and then below the Curie 
temperature of approximately 600°C, available to 
record the magnetic field. 
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Figure 1. Mantle profile of radiogenic elements 
immediately after cumulate overturn. 

 
Figure 2. Temperature profiles in the Martian mantle 
immediately following overturn, and at 100 Ma. 
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Different-sized bodies of water have been proposed 
to have occurred episodically in the lowlands of Mars 
throughout the planet’s history [1], largely related to 
major stages of development of Tharsis [1,2] and/or 
orbital obliquity [3]. These water bodies range from 
large oceans in the Noachian-Early Hesperian, to a 
minor sea in the Late Hesperian, and dispersed lakes 
during the Amazonian. To evaluate the more recent 
discoveries regarding the oceanic possibility, here we 
perform a comprehensive analysis of the evolution of 
water on Mars, including: 

1. Geological assessment of proposed shorelines. 
Proposed martian paleoshorelines have been mapped 

[1,4-9] (see Figure 1 for a comprehensive description of 
the shorelines). Here we disregard Arabia shoreline [5] 
as a true paleoshoreline, as suggested by its elevational 
range and geologic relations, especially with respect to 
the Tharsis region. In fact, elevations in the putative 
Meridiani shoreline [8], are roughly similar to those of 
the Arabia shoreline in northeast Arabia, Utopia (not 
taken into account the Isidis basin), Elysium, and 
Amazonis regions [1,9]. A paleoshoreline through these 
Arabia shoreline portions and the Meridiani shoreline 
would be a better candidate to represent a true ancient 
oceanic limit.  

1.a. Equipotentiallity. After high-resolution MOLA 
topography analyses, it has been suggested that the 
Deuteronilus shoreline is the only putative 
paleoshoreline which correlates to an equipotential 
surface [10]. However, by taking into account 
lithosphere rebound due to water unloading associated 
with the disappearance of an ocean [11,12] or different 
thermal isostasy histories among regions [13], 
especially relevant for the Tharsis and Elysium areas, it 
has been argued that it is not necessarily true that a 
paleoequipotential surface must match a present-day 
equipotential surface. In any case, Meridiani-extended 
shoreline is much more close to an equipotential surface 
than Arabia shoreline. 

1.b. Shoreline features. The limited geological 
evaluation of concrete locations of the shorelines [14] 
merits reconsideration: the absence of shoreline features 
would not imply dry conditions in the Noachian, as 
billions of years of mainly cold and dry climate have 

followed the oceanic epoch. But, in fact, some features 
remain there even in such reduced test, unambiguously 
probing the presence of oceans. 

Obviously, we found no evidence for shorelines of 
any type north of the central volcanic structure Alba 
Patera and west and southwest Olympus Mons, as these 
are areas of relatively young lava flows whose 
thickness may be great enough to completely bury all 
relief associated with  
possible pre-existing coastlines. Thus, the analysis by 
Malin and Edgett [14] in Lycus Sulci, on the west flank 
of Olympus, is in itself invalid to test the presence of 
ancient (i.e., pre-Amazonian) shorelines. Equally, their 
analysis on the Acidalia Plains [14] searching for 
morphologies and landforms related to temperate-
climate shorelines, resulting from the action of waves, 
results in fact in the discovery of lines of boulders, 
scour marks or gravel bars, associated to the action of 
ice-covered oceans [1], evidencing Arctic and 
Antarctic-like shore morphologies, as expected in a 
planet with episodic milder conditions in a long-term 
cold and dry climate. 

2. A volumetric approximation to the plains-filling 
proposed oceans. 

Topography in regions lower than the mean elevation 
of the main proposed paleoshorelines has been 
previously used to propose preliminary estimations of 
water volume in these putative oceanic basins [10,15]. 
But, as those studies are based on present-day 
topography, they can only provide lower basin volume 
limits. Indeed, if an ocean occupied the lowlands, the 
weight of the water column would result in a significant 
load on the lithosphere in the regions inundated by 
water [11,16-18], sagging the sea floor, and thus 
increasing the total volume of the water body. We have 
previously considered [19] the lithosphere rebound due 
to water unloading associated with the disappearance of 
an ocean to estimate the actual volume content of the 
ancient martian oceans. By assuming Airy isostasy, we 
calculated areas and volumes below mean altitudes of 
the proposed Meridiani, Arabia, and Deuteronilus 
shorelines, by using 32 pixel/degree maps produced 
from MOLA data. Our results are reproduced in Table 
1. 
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3. Geochemistry of the oceans and derived 
mineralogies. 

The Noachian oceans, and possibly also any 
subsequent liquid water-mass on Mars, were enriched 
in iron hydroxides and magnesium sulphate salts, as 
revealed by the MER Opportunity after analyses on the 
sediments deposited at Meridiani Planum [20]. The 
CO2, SO2 and water generated from the volcanism and 
flood outbursts would have produced the acidic 
conditions to generate extensive sulfate salt 
emplacement on the martian surface. Aqueous 
thermodynamic calculations considering a CO2-
dominated atmosphere and a steady supply of iron and 
sulphate to seawater that respectively raised 
concentrations up to 0.8 mM and 13.5 mM, result in 
acidic oceanic waters with pH<6.2 (pH~2 when iron is 
in the form of ferric ion), thus suggesting 
paleoenvironmental surface and near-surface conditions 
at least moderately acidic. This precluded carbonate 
formation by oceanic sedimentation as a widespread 
global phenomena [21]. 

4. Post-oceanic (i.e., Amazonian) evolution of the 
shorelines. 

For the long-term evolution of the shorelines, we 
consider: (1) local and/or temporal changes in the 
effective elastic thickness of the martian lithosphere 
[22]; (2) possible local variations of the thermal 
structure of the lithosphere producing differential 
thermal isostasy [13,23]; (3) the emplacement of lava 
flows [16] and/or deposition of sediment [24] in the 
putative northern ocean basin region, such as recorded 
for the Early and the Late Hesperian, respectively; (4) 
water transfer between different regions [11]; (5) 
degradation of basins boundaries related to endogenic 

or exogenic activity [7]; and (6) the influx of water into 
the basins throughout time [25]. 

5. Ultimate water evolution on Mars. 
The possible fate of the ancient oceans includes 

escape to space and infiltration into the ground to form 
groundwater and permafrost. This later can be tested on 
future missions that follow up to the Phoenix mission. 
Phoenix will land in the northern hemisphere between 
60 and 70 N and will dig down to ice cemented ground. 
A follow-up mission with a drill capable of reaching 10 
meters could provide a core of ice-rich permafrost that 
may contain evidence of an early ocean. 
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Figure 1: Main proposed martian shorelines. From left to right: Meridiani shoreline (the maximum extent of a Noachian ocean, see 
[1,9]), Arabia shoreline ([5], not likely a complete ancient paleoshoreline), and Deuteronilus shoreline ([5], representing the maximum 
extent of a Late Hesperian ocean [1]). 
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Figure 2: Basins elevations and areas for present-day topography, and lower (present-day topography) and upper (water load 
compensated by Airy isostasy) limits for basins volumes, mean depths and global equivalent layers (GEL). (See [19]). 
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TARGETING SITES FOR FUTURE ASTROBIOLOGICAL MISSIONS TO MARS. Jack Farmer 
(Arizona State University, Dept. of Geological Sciences, PO Box 871404, Tempe, AZ 85287-1404; 
jfarmer@asu.edu)  
 
 
In defining a site-selection strategy to explore 
for a martian fossil record, a key concept is 
contemporaneous chemical precipitation, or 
mineralization. This process entombs 
microorganisms, stabilizes morphological 
information and protects biosignatures during 
subsequent diagenetic changes. On Earth, 
geological environments where microorganisms 
are often preserved in this way include: 1) 
mineralizing spring systems (subaerial, 
subaqueous, and shallow subsurface 
hydrothermal systems, and cold springs of 
alkaline lakes), 2) saline/alkaline environments 
of arid marine shorelines (sabkhas), or terminal 
(evaporative) lake basins, 3) duricrusts and sub-
soil hard-pan environments formed by the 
selective leaching and re-precipitation of 
minerals within soil profiles, and 4) periglacial 
environments ground ice or permafrost (frozen 
soils) have captured and cryopreserved 
microorganisms and associated organic 
materials.  
Successful implementation of a strategy for 
Mars exopaleontology will depend on targeting 
the most favorable landing sites for in situ 

robotic exploration and sample return. As 
demonstrated by the MER mission, mineralogy 
provides the most robust means for discovering 
ancient aqueous environments and comprises a 
fundamental step in selecting the sites that have 
the best chance for having capturing and 
preserved a record of ancient life or pre-biotic 
chemistry. Given the complexity of heavily 
cratered ancient terrains, the identification of 
exopaleontological targets is likely to require 
orbital mapping at a spatial resolution that can 
resolve small outcrops. The aqueous mineral 
deposits of most interest (silica, phosphate, 
clays, carbonates, evaporites, oxides and 
sulfides) have characteristic spectral signatures 
and may be identifiable from orbit using 
hyperspectral methods that allow the 
identification of discrete mineral signatures 
within complex mixtures. The CRISM 
instrument to be delivered to Mars in 2005 is 
likely to provide a quantum jump in our 
knowledge of Martian surface mineralogy, 
marking an important next step toward 
implementing focused missions for 
Astrobiology. 
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Introduction:  The Meridiani Planum landing site for 
the Mars Exploration Rover Opportunity was chosen 
largely on the basis of compositional uniqueness as 
determined from orbital observations.  The MGS TES 
detected spatially extensive exposures of a surface 
cover unit with spectral emittance properties consistent 
with coarse gray hematite (grain size > 10  m) [1].  
TES results indicated the gray hematite was a signifi-
cant fractional component of an overall basaltic sur-
face unit with a spectral signature consistent with the 
“surface type 1” or Syrtis Major unit [2].  Meridiani 
Planum had previously been noted as a location with 
significant exposures of layered rocks [3,4,5]. 

Opportunity landed in a small 20 m diameter cra-
ter, since named Eagle Crater. After spending the first 
56 sols of the mission examining rock outcrops and 
soils exposed in that crater, Opportunity traversed 
across  approximately 750 m of the plains to the 140 m 
diameter Endurance Crater.  From the start of the mis-
sion to the time of the writing of this abstract, Oppor-
tunity has encountered three types of “rocks” (materi-
als the size of pebbles or larger).  These are: (1) the in 
situ exposures of light-toned rocks examined at Eagle 
crater, observed at scattered exposures during the trav-
erse and on the outer flanks and upper inner walls of 
Endurance crater; (2) the 5 mm (on average) diameter 
spherules that have been observed to be weathering out 
of the light-toned rocks and which litter the plains; (3) 
dark pebble to cobble sized rocks which, based on 
Pancam VNIR spectra and one in situ examination are 
basaltic in composition.  

In this paper, the chemistry, mineralogy and physi-
cal properties of the light-toned rocks and basaltic cob-
bles will be discussed.  The spherules associated with 
the light-toned rocks are covered in greater detail in 
another paper presented at this workshop [6] 

Light-Toned Outcrop Rocks:  Multispectral Pan-
cam images reveal subtle color differences between 
different layers in the rocks outcropping at Eagle and 
Endurance craters.  At Eagle, more resistant layers are 
more likely to have patches of reddish material with a 
strong 535 nm absorption, a phase tentatively assigned 
to red hematite [7].  In Endurance crater, the upper 
layers examined to date reveal subtle color differences, 
in visible wavelengths.  These color differences have 
been used in conjunction with textural and morphol-
ogic differences to define stratigraphy in the outcrop. 
A more detailed chemical stratigraphic survey is un-

derway at Endurance crater as progressively lower 
stratigraphic levels are subjected to in situ analysis by 
Opportunity [8,9]. 

Fine-scale textures of the outcrop revealed by the 
rover’s Microscopic Imager (MI) [10] are variable 
over different portions of the outcrop ranging from 
pitted to highly textured with tabular voids evocative 
of minerals since dissolved/eroded (see Fig. 1). A gen-
erally common trait is the presence of component 
granules. Layering in the rocks ranges from uniform to 
displaying crossbedding consistent with unidirectional 
flow [8,9,11].  Chemical analyses performed by Op-
portunity’s APXS instrument reveal that the light-
toned rocks are highly enriched in sulfur containing 17 
to 23% SO3.  Depending on the attendant cation(s), 
this indicates that the rocks are composed of up to as 
much as 40% sulfate minerals.  In terms of Fe-bearing 
minerals, examination of these rocks by the Mössbauer 
spectrometer (MB) has identified a mix of hematite, 
jarosite, plus additional Fe2+ and Fe3+ phases [11]. 
RAT holes made in the rock produce red dust (Fig. 2) 
with VNIR spectra consistent with red hematite. Ob-
servations of the light-toned rocks by Mini-TES are 
consistent with the in situ measurements in that they 
indicate the light toned outcrop rocks are a mixture of 
roughly 20 to 40% sulfates, 20% clay minerals or 
amorphous silicates 10 to 20% hematite, and 10 to 
20%  Fe2+ phases [12].  Measurements of different 
rocks in the Eagle crater outcrop showed generally 
similar chemistry between the layers, with a prominent 
exception being differences in the amount of Br.  The 
chemistry of the sulfate-rich deposits at Meridiani are 
addressed in more detail in another paper at this work-
shop [13].  The high abundance of sulfates and subtle 
chemical difference between layers has led to the sug-
gestion that the light-toned rocks are a form of 
evaporite deposit [8,9,11]. 

The depth of holes ground by the RAT in conjunc-
tion with the known load force and grinding time has 
provided direct information on the hardness of the 
rocks. Indirect evidence of the relative softness of 
these rocks relative to the gray hematite-bearing 
spherules was provided dramatically by rocks exposed 
near the small plains crater “Fram” that have been 
eroded by the wind, with the more resistant spherules 
sometimes supported by small erosional pedestals (see 
Fig. 2). 
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Dark Cobbles:  In Eagle crater, scattered over the 
Meridiani plains, and within and around Endurance 
crater are numerous pebbles and cobbles that are low 
in albedo and have long wavelength NIR absorptions 
consistent with a basaltic composition.  There is vari-
ability in the VNIR Pancam spectra of these materials- 
some with a shorter 900 nm absorption and others with 
a longer wavelength 1000 nm absorption [7].  A rock 
examined just outside of Eagle crater, “Bounce” rock 
has a chemical composition and Fe mineralogy (as 
determined by the APXS and MB) indicating a pyrox-
ene-dominated composition similar to the SNC mete-
orite EETA 79001 lithology B.  The Pancam spectra of 
some of the cobbles are consistent with those observed 
of “Bounce” rock, others are different with a longer 
wavelength absorption indicative of the presence of 
more calcic pyroxenes and/or olivine.  The provenance 
of “Bounce” rock and of the cobbles remains to be 
determined.  Within Endurance crater, there is a dune 
deposit on the floor of the crater and sand patches scat-
tered at other locations, noticeably beneath the resis-
tant wall outcrop dubbed “Namib.” These deposits 
have Mid-IR spectral signatures, as determined by 
Mini-TES, that are highly similar to the “Surface Type 
1” spectral signature determined from orbit by TES 
[2].  There are also boulders near the floor of the crater 
that have NIR absorptions, as determined by Pancam, 
that are consistent with a basaltic composition and 
Mid-IR spectral signatures that are consistent with 
basalt, although uncertainties in pointing and the 
abundance of basaltic sand (ie., the potential for man-
tling by basaltic sands) dictate caution in conclusions 
drawn from these remote observations.   A single cob-
ble, “Barberton”, examined with Opportunity’s in situ 
instruments on the rim of Endurance crater, has a 
composition consistent with an olivine basalt, but is 
significantly more magnesian than the basaltic soils 
examined by Opportunity and dissimilar to the pyrox-
ene dominated composition of “Bounce” rock. 
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Figure 1. Microscopic Imager views of different tex-
tures exposed in light-toned rocks. 
 

 
 
Figure 2. Rock at Fram with spherules on pedestals 
and RAT hole with red grindings.  Pancam composite 
of bands centered on 673, 535, and 440 nm; sol 88, seq 
ID p2542. 
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Introduction:  The Gusev crater and surrounding ter-
rains contain the geological record of Martian proc-
esses from approximately 3.9 Ga to present. This re-
cord includes the Noachian evolution of the Martian 
Highlands, fluvial processes in the Hesperian, and 
more recent aeolian processes. 
 
The Gusev Crater highlands: Gusev crater is 
situated at 155 degrees longitude and 15 degrees south 
of the equator, within the highlands.  
This part of the Martian highlands exhibits large mag-
netic anomalies. The Martian anomalies are much lar-
ger in size than terrestrial ocean floor magnetic anoma-
lies (200 x 2000 km per “stripe”) and the magnetiza-
tion is about an order of magnitude stronger than 
Earths crustal magnetization [1]. Several alternative 
hypotheses have been proposed to explain these 
anomalies, including folding, hydrothermal alteration, 
dyke intrusion and accretion of terrains. However, 
Viking and THEMIS images of the magnetic area do 
not show any large scale geological features that may 
explain the magnetic anomalys. It is interesting to note 
that Gusev crater itself does not show a magnetic 
anomaly. This may be the result of impact shock de-
magnetization. That would suggest that Gusev crater 
formation postponed the decline of the Martian dy-
namo. Alternatively, the magnetic anomaly may reside 
in the uppermost Martian crust that was ejected from 
the crater during the Gusev impact. 
 
The highlands around Gusev crater are characterized 
by a plateau of most likely basalt [2]. The most con-
spicuous features in the highland plateau are impact 
craters. Towards the northwest of Gusev crater the 
plateau is transformed into a chaotic terrain, with 
lower altitude. The basalt plateau rises 2 to 3 Km 
above the crater basin. 
 
Analysis: Surface units of the Gusev area have been 
mapped in the past, based on Viking images by Ruslan 
et al. [3]. The floor of the Gusev crater has been 
mapped in more detail [4] in preparation of the landing 
of the Mars Exploration Rover Spirit. Using Themis 
IR and visual images, combined with narrow angle 
MOC images and recent HRSC data, we mapped the 
wider region of the Gusev crater (172° E to 179° E by 

10° S to 18° S), focussing on the geological units and 
their geometrical relationships. 

HRSC data from orbits 24, 72, 283 and 335 were 
used, covering the central and eastern part of the 
Gusev crater. The HRSC nadir channel (panchro-
matic), with 12 m/pixel  resolution fills the resolution 
gap between the Themis IR 100 m/pixel and Themis 
visual at about 20 m/pixel on the one hand and MOC 
images with 2 m resolution on the other hand. This 
makes it possible to study geological units and struc-
tures in detail, and within the wider context.  

 
Topography and 3 dimensional analysis: In addition 
to the image data, the stereo data from HRSC were 
used to study the three dimensional geometry of units 
and structures. To this end a number of geological 
cross sections were constructed, based on HRSC digi-
tal elevation models. The cross-section are used to 
establish the thickness of various geological units and 
their relative age relationship. In combination with the 
unique “ground truth” from Spirit, the geological map-
ping and cross sections make it possible to more accu-
rately define the geological evolution of the Gusev 
area.  

 

 
 

Fig.1 Themis IR reflectance projected over MOLA 
topography  
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Fig.2 Themis IR day emission (left) and night 

emission (right) of Gusev area.  
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Introduction:  Jarosite, KFe3(SO4)2(OH)6, a hy-
drated sulfate of iron and potassium is a widespread 
mineral in nature, mostly connected with alteration of 
sulfides and  present in acid mine drainages [1, 2] or 
connected with volcanic or postvolcanic activity  (al-
teration of volcanic rocks in acid fumaroles [3, 4], or hydro-
thermal activity [5]) with or without implication of bacterial 
activity [6, 7]. Jarosite has recently been found in out-
crops on the Martian surface. This identification is 
based on Mossbauer spectroscopy, alpha particle X-
ray spectrometry, and infrared spectroscopy on the 
Opportunity rover [8]. The presence of this hydrous 
sulfate and the morphology of the deposit strongly 
suggest its formation from aqueous solution, implying 
a wetter and potentially life-friendly environment on 
Mars in the past.  The mineralogical fingerprints on 
planets can indicate the past thermo-baric and atmos-
pheric chemistry changes, and can be used for study of 
the history of the planets. Due to the low pressure on 
Mars surface, the low temperature does not automati-
cally imply jarosite stability. 

The goal of this study was to calculate the stability 
of jarosite in Martian environment and discuss some of 
the informations (fingerprints) it carries.  

Experiment: Yavapaiite, the decomposition product 
of jarosite (Equation 1) [9] were synthesized and char-
acterized by X-ray diffraction, scanning electron mi-
croscopy with EDS, and Fourier transform infrared 
spectroscopy (FTIR).  
KFe3(SO4)2(OH)6 (jarosite) → KFe(SO4)2 (yavapaiite) + 
Fe2O3 + 3H2O                 (1) 
The yavapaiite enthalpy of formation from elements 
we determined using high temperature oxide melt solu-
tion calorimetry [10, 11] in molten 3Na2O.4MoO3 at 
700 ºC, a technique which has been used successfully 
to obtain enthalpies of formation of sulfates [10, 12, 
13]. The entropy and heat capacity we estimated from 
thermodynamic data on KAl(SO4)2, Fe2(SO4)3, 
Al2(SO4)3, Fe2O3, and Al2O3 [14],  using solid state 
reactions, under the assumption that the heat capacities 
of the assemblages on the left and right sides of the 
reactions are equal [15]. 

The thermodynamic data for yavapaiite [14] and 
recent data for jarosite [9] where used to calculate the 
stability of jarosite under the Martian environment. 

Results:  Thermodynamic calculations show that 
under the low total atmospheric pressure (6 mbar) on 

Mars [16], where the partial pressure of the H2O is 
~0.0025 mbar, the equilibrium decomposition of 
jarosite to yavapaiite, hematite and water vapor (Equa-
tion 1) takes place at +18 ºC. The highest temperature 
reported for the Martian surface is  
-17 ºC [17] (or +30ºC [18]). For most locations and 
measurements, the temperatures, which vary with lati-
tude and season, are considerably lower than +30ºC. 
Thus we conclude that jarosite is within its thermody-
namic stability field under all or almost all present 
surface conditions on Mars.   

Arguing that jarosite remained in its thermody-
namic stability field at all times, without decomposi-
tion or major recrystallization, we suggest that its mor-
phological, chemical, and isotopic signatures may pro-
vide clues about the past history of Mars, including 
possible biological activity (such as sulfur or iron me-
tabolizing microorganisms). We also consider that the 
mineralogical fingerprints in this sulfate can be used in 
space science to understand the evolution of planets. 
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Introduction: MOLA data have revealed a large 

population of “Quasi-Circular Depressions” (QCDs) 
with little or no visible expression in image data. 
These likely buried impact basins [1,2] have important 
implications for the age of the lowland crust, how that 
compares with original highland crust, and when and 
how the crustal dichotomy may have formed [3-6]. 
The buried lowlands are of Early Noachian age, likely 
slightly younger than the buried highlands but older 
than the exposed (visible) highland surface. A depopu-
lation of large visible basins at diameters 800 to 1300 
km suggests some global scale event early in martian 
history, maybe related to the formation of the lowlands 
and/or the development of Tharsis. A suggested early 
disappearance of the global magnetic field can be 
placed within a temporal sequence of formation of the 
very largest impact basins. The global field appears to 
have disappeared at about the time the lowlands 
formed. It seems likely the topographic crustal dichot-
omy was produced very early in martian history by 
processes which operated very quickly. Thus there 
appears to have been a northern lowland throughout 
nearly all of martian history, predating the last of the 
really large impacts (Hellas, Argyre and Isidis) and 
their likely very significant environmental conse-
quences. 

 QCDs > 200 km Diameter: Figure 1 shows polar 
views of QCDs  > 200 km diameter. Features of this 
size, which number >500, are difficult to bury com-
pletely (rim heights 1-1.5 km, depths ~4 km [7]) and 
therefore might be expected to survive over all of mar-
tian history. This is also a size appropriate for com-
parison with gravity and magnetic anomalies [8-11]. 

     In both highlands and lowlands the buried popula-
tion is always much greater than the visible population. 
There is a significant number of very large basins 
(D>1000km), equally divided between the two hemi-
spheres, including two Utopia-size buried highland 
features. One is near but not identical to an earlier pro-
posed “Daedalia Basin” [12,13] and the other centered 
near 4N, 16W. This “Ares” basin may have influenced 
early fluvial drainage through the Uzboi-Ladon-Arden 
Valles and Margaritifer-Iani Chaos depressions.  

Cumulative Frequency Curves and Crater Re-
tention Ages: A small (~10) population of very large 
basins (D=1300-3000km) follow a –2 power law slope 
on the log-log cumulative frequency plots. At D < 
~500 km the total populations in both highlands and 
lowlands again follow a –2 slope; for the planet-wide 
visible population this is the same slope as for the very 
large diameter basins. The relative positions of the 
lowland and highland curves indicate the buried low-
land crust is slightly younger than the original (now 
buried) highland crust, consistent with our earlier re-
sult [2]. By direct comparison with the oldest exposed 
surface units on Mars (Nh1, SE of Hellas [3,4]), the 
buried lowland crust is Early Noachian in age [14]. 

At intermediate diameters (1300 to about 800 km) 
the global visible population falls off the –2 slope be-
fore recovering at smaller diameters. This depletion of 
intermediate size basins may be the signature of some 
global-scale event very early in martian history. Can-
didates include formation of the slightly younger low-
land crust (i.e., the formation of the topographic 
crustal dichotomy), and the growth of Tharsis (or 
both), both of which could have removed pre-existing 
intermediate-size basins. 

Implications for the Age and Origin of the 
Crustal Dichotomy: Unless there is some way to pre-
serve the large population of Early Noachian (now 
buried) impact craters while lowering the crust, the 
lowland crust not only formed in the Early Noachian 
but also became low during that time [2,14]. It may be 
hard to form the lowlands by endogenic processes in 
the short time available. Most mechanisms suggested 
[15-17] take hundreds of millions of years to operate 
and have a relatively late formation of the lowlands. In 
contrast, large “lowland-making” QCDs (Utopia, Aci-
dalia and Chryse) do account for most of the lowland 
topography and offer a simple, “instantaneous” impact 
mechanism for the early formation of a topographic 
dichotomy on Mars [18]. The QCD record strongly 
suggests that a lowland in the northern third of Mars 
has been in place since the Earliest Noachian. 

 

Figure 1:  Polar views of visible, buried and total (=
visible + buried) QCDs > 200 km diameter. Note the
larger number of buried basins in both hemispheres, 
and the larger total number in the south. 
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Comparison with Magnetic Anomalies: We com-
pared the distribution of QCDs (both buried and visi-
ble) with the distribution of magnetic anomalies 
[9,10,19-21]. Only the two oldest very large basins, 
Daedalia and Ares, have prominent anomalies lying 
within their main rings. Daedalia and Ares likely pre-
date the disappearance of the global magnetic field. 
The “lowland-making” basins Utopia, Acidalia and 
Chryse have only a few moderate amplitude anomalies 
within their main rings, and are of intermediate age 
between Ares and the younger Hellas, Argyre and Isi-
dis basins (see below). The demise of the global mag-
netic field may have been at about the time of forma-
tion of these “lowland-making” basins. 

A Chronology of Major Events in the Early His-
tory of Mars:  We used the cumulative number of 
basins larger than 200 km diameter per million square 
km [N(200)] to place the large diameter basins in a 
relative chronology [6, 18, 22]. The N(200) relative 
crater retention ages can be converted into “absolute 
ages” [22,23] using the Hartmann-Neukum (H&N) 
model chronology [24].  This is uncertain by at least a 
factor 2 [25]. We use Tanaka’s [26] crater counts at 
small diameters (2, 5, 16 km) to convert his N(16) ages 
for major epoch boundaries (Early Noachian/Middle 
Noachian [EN/MN], etc.) to N(200) ages assuming a -
2 power law. Hartmann and Neukum [24] give a 
model absolute age for each of these epoch bounda-
ries. We consider two cases for the H&N value for the 
earliest age we find, extrapolated from the large basin 
population (D>1300 km diameter): a linear extrapola-
tion from the EN/MN and MN/LN points and the 
unlikely case that the origin of Mars at 4.6 BYA is the 
upper limit. 

Table 1 shows the N(200) and “absolute ages” in 
billions of Hartmann-Neukum years for major events 
in martian history. The buried highlands are slightly 
younger (4.08-4.27BYA) than the Ares Basin (4.09-
4.28BYA), and distinctly older than the buried low-
lands at 4.01-4.11 BYA. The buried lowlands are 
slightly younger than the “lowland-making” basins 
Utopia, Acidalia and Chryse at 4.04-4.20 BY, as they 
should be. We take this to be the age of the formation 
of the crustal dichotomy, and also the boundary be-
tween Early Noachian and “pre-Noachian” time. This 
is also close to the time when the global magnetic field 
died, based on which basins do and do not have 
anomalies within their main rings. It may be that the 
two events, formation of the fundamental crustal di-
chotomy and the demise of the global magnetic field, 
are related. 

The last of the really large impacts, Isidis, occurred 
at 3.92BYA. This major event likely had significant 
environmental effects, including thermal sterilization 
of the surface and blow-off of the atmosphere [27]. 

Table 1.  A  Proposed  N(200)  Time-Line  for  the
Early  Crustal  Evolution  of  Mars

N(200) Feature Event Epoch H/N Age

~0.1 Visible Lowlands EH 3.65
0.16 EH / LN BOUNDARY EH/LN 3.70 
~0.6 Visible Highlands LN/MN 3.79
0.64 LN / MN BOUNDARY LN/MN 3.80
1.28 MN / EN BOUNDARY MN/EN 3.92
~1.3 Isidis Impact EN 3.92
~2.2 Argyre Impact EN 4.00-4.07
~2.5 Buried Lowlands EN 4.01-4.11
~2.7 Hellas Impact EN 4.02-4.14

3.0-3.2 Chryse, Utopia, Acidalia Lowlands formed? 4.04-4.20
~3.5? Core Field Dies? 4.07-4.23

~3.8 Buried Highlands pre-N 4.08-4.27
~4.0 Ares Impact pre-N 4.09-4.28
~4.5 Total Highlands pre-N 4.10-4.33

~8.5 Large Basin Highlands (ext) Impacts pre-N 4.20-4.60  
Conclusions:  Large diameter QCDs suggest the 

lowlands are Early Noachian in age and that there has 
been a northern lowland over nearly all the history of 
Mars. Thus scenarios involving an early northern 
ocean are plausible at least from the topographic per-
spective. In a Hartmann-Neukum model chronology, 
“lowland-making” impact basins occurred at 4.12 +/- 
0.08 BYA and the global magnetic field died at about 
or slightly before the same time (4.15 +/- 0.08 BYA).  
The last very large impact, Isidis, with likely signifi-
cant environmental consequences, occurred at 3.92 
BYA. 
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