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Introduction: In order to be habitable for micro-

bial life as we know it, an environment must provide 
nutrient elements, energy and liquid water. Some mi-
croorganisms can survive for extended periods in the 
absence of these constituents. But they must be avail-
able at least intermittently in order to permit biota to 
repair cellular damage caused by environmental chal-
lenges. This report assesses the potential for habitable 
environments in the areas explored by the MER rover 
Spirit in Gusev crater. These areas include basaltic 
plains near Columbia Memorial Station, West Spur, 
Husband Hill, and the inner basin south of Husband 
Hill. We evaluate Spirit’s observations in the context 
of previous Mars missions, Earth-based studies of mar-
tian meteorites and studies of microbial communities 
on Earth that might be useful analogs of martian biota. 

 

 
 
Figure 1: Schematic illustration (green box) of a habitable 
environment, which requires liquid water, nutrients, and 
source(s) of biologically useful energy.  The ranges of abun-
dances of these constituents act synergistically to define the 
limits of habitable environments (perimeter of the box). In 
order to determine whether habitable environments ever 
existed in Gusev crater, it must be demonstrated that all of 
the necessary constituents had been simultaneously available 
at some time in the past. 
 

Liquid Water: Spirit landed on basalt-rich plains 
that represent a major component of the floor near the 
center of Gusev crater. It soon became apparent that 
volcanism, impacts, aeolian activity, and a dry cold 
climate had shaped the terrane surrounding the landing 
site, perhaps for 3 billion years or longer [1]. Evidence 
that the basalts had sustained at least limited aqueous 

alteration included chemically altered coatings and 
void fills, and their softness and anomalously high 
contents of sulfur, chlorine and bromine, relative to 
basalts on Earth [2]. However, the elemental abun-
dances and most of the minerals were identical to those 
of the original unaltered basalts. Therefore the water 
that partially altered these rocks must have been very 
limited in its abundance relative to the quantity of rock 
and the fluids did not remove a significant fraction of 
any soluble alteration products. Well-developed soils 
on the plains exhibited positively correlated concentra-
tions of magnesium and sulfate, consistent with limited 
mobilization by water [2]. However this water might 
have occurred ephemerally and sparingly as brine that 
was saturated with respect to magnesium sulfate. Such 
brine was unlikely to have sustained habitable condi-
tions [3]. Apparently, little aqueous activity had oc-
curred in Gusev crater since the basaltic plains were 
emplaced in Hesperian times [4]. 

The Columbia Hills, located ~3 km southeast of the 
landing site, are older than the surrounding basaltic 
plains and therefore might be Noachian in age [5]. The 
hills might be remnants of volcanic deposits and/or 
older sediments that were subsequently exposed by 
erosion and/or uplifted as part of an ancient crater rim 
or by movement along a fault. Accordingly, hills mate-
rials were assessed for any evidence of aqueous proc-
esses, nutrient contents (e.g., Ca, Fe, K, Mg, P and S), 
and potential sources of energy for metabolism.  

Aqueous processes have extensively altered bed-
rock in the Columbia Hills, in contrast to the minimal 
alteration observed for rocks on the basaltic plains. 
Ferrous iron in the original, unaltered parent rock (the 
“protolith”) of hills materials has typically been oxi-
dized extensively to form ferric oxides, hydroxides, 
other ferric minerals and ultra-fine grained materials 
[6]. Migrating fluids have removed Ca and other 
cations, allowing residual Al to become relatively 
more abundant, and fluids added sulfates and chlorides 
[7]. These patterns indicate that fluids ranging from 
highly acidic to near-neutral pH values had migrated 
through and altered these rocks. Evidence of fluid flow 
contributes significantly to an assessment of poten-
tially habitable environments. Not only do migrating 
fluids sustain alteration reactions that can release nutri-
ents from the rocks, they can also deliver exogenous 
nutrients to and remove waste products from microbial 
communities living in rock fractures and voids. The 
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evidence that Columbia Hills rocks had both gained 
and lost elemental constituents as a direct consequence 
of aqueous alteration is consistent with the presence of 
at least one key attribute of subsurface habitable envi-
ronments. 

It remains uncertain whether the chemical activity 
of the waters that altered Columbia Hills rocks had 
ever attained the values required to sustain active me-
tabolism in Earthly microorganisms. Nor can it yet be 
determined whether any Martian microbiota could 
have adapted to even lower water activity levels. (The 
“chemical activity” of water is a measure of its “avail-
ability” for chemical interactions, where distilled water 
has an activity of 1.0. For example, because some of 
the water in saline brine is coordinated with cations 
and anions, it’s activity lies between 1.0 and 0.) The 
minimum water activity that is necessary to sustain 
microbial processes on Earth [8] is ~0.75 for haloar-
chea in NaCl brines and ~0.61 for fungi in high sugar 
media. Organisms can maintain a viable but dormant 
state for extended periods at even lower water activi-
ties, but they must become active at least periodically 
in order to repair cellular damage caused by radiation 
and other environmental challenges. This would be 
particularly true for life in the modern Martian near-
surface environment, which experiences much higher 
exposure to UV radiation and cosmic rays than the 
Earth’s surface environment. 

Nutrients: Living organisms require certain key 
elements in order to synthesize cellular components 
and to maintain key functions such as enzymatic proc-
esses and self-replication. In subsurface environments 
on Earth, microorganisms can obtain key nutrients 
from the weathering of basalts [9]. Typical mid-
oceanic ridge basalt (MORB) has the following abun-
dances of key nutrients [10]:  calcium (8.7 wt. %), iron 
(6.6), potassium (0.05), magnesium (5.8), phosphorus 
(0.03) and sulfur (0.07). Materials examined in the 
Columbia Hills have comparable or greater abun-
dances of these elements than do MORB [7]. Wish-
stone rock and Watchtower outcrop have very high 
contents of phosphorous (2.23 and 1.97 wt. %, respec-
tively). The Spirit rover could not measure abundances 
of carbon and nitrogen. However if the circulating flu-
ids that altered these rocks had exchanged with the 
atmosphere, they might have contained dissolved CO2 
and N2. Thermodynamic calculations indicate that if 
acidic CO2-bearing fluids equilibrated with Martian 
crustal rocks, carbonates might have formed and been 
sequestered within the crust [11]. Martian landers have 
not yet detected nitrogen compounds in Martian rocks 
and soils, however fixed nitrogen compounds might 
have been sequestered in the regolith [12]; some of 

these might have been delivered by circulating fluids 
to the subsurface.  

Energy: Following the example of our own bio-
sphere, any Martian organisms conceivably might have 
obtained their energy from sunlight and/or from redox 
chemical reactions. The surface environment must 
have been habitable to allow any phototrophs (“light-
feeders”) in Gusev crater to exploit sunlight. Although 
the Ma’adim Vallis system might have maintained a 
body of standing water in Gusev crater sometime in the 
distant past, the Spirit rover has not yet obtained (at the 
time of this writing) evidence indicating that liquid 
water necessarily existed at the surface. Chemoautot-
rophs (“chemical-feeders” that can obtain their energy 
exclusively from inorganic chemicals) do not necessar-
ily require sunlight; therefore they can thrive in subsur-
face environments where conditions are otherwise fa-
vorable. For example, Thiobacillus ferrooxidans ob-
tains energy by oxidizing reduced iron and sulfur com-
pounds. Microbial oxidation of sulfur compounds is a 
very important biogeochemical process [13]. Mixing 
oxidized constituents from surface environments with 
generally more reduced constituents from subsurface 
rocks and thermal emanations provides nonequilibrium 
conditions that can sustain microorganisms.  

Observations by the Spirit rover indicate that fer-
rous iron in parent materials in the Columbia Hills has 
been oxidized to form a variety of ferric minerals [6,7]. 
For example, the abundances of several of the elements 
in Wishstone and Watchtower are similar, indicating 
perhaps that the abundances of the iron containing oli-
vine and pyroxene were similar in these two rocks be-
fore they were altered. Of these two rocks, Watchtower 
was altered to a greater extent than Wishstone, as indi-
cated by its lower olivine and pyroxene contents and 
greater abundances of nanophase oxides, hematite and 
goethite [6,7]. The mineral jarosite was not detected, 
indicating that these alteration reactions occurred un-
der pH conditions that were mildly acidic to neutral. 
Microbial processes have been documented to contrib-
ute to the production of goethite, hematite and other 
iron oxides in terrestrial environments [14]. Evidence 
for the dissolution of olivine in rock rinds [15] indi-
cates that geologically recent climate regimes were 
accompanied by weathering under more acidic condi-
tions. 

The aqueous alteration of ultramafic rocks pro-
duces H2, a near-universal source of energy and reduc-
ing power for microorganisms. Below 250o C, olivine 
and water react to form serpentine and brucite. If Mg 
and Fe are partitioned so that the chemical potentials of 
MgO and FeO are the same in both serpentine and bru-
cite, magnetite and H2 are produced. Serpentinization 
reactions also cause rock volumes to expand and 
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propagate rock fractures, which allows invading waters 
to continue to react with olivine and other reduced 
minerals. 

Martian igneous rocks exhibit a broad range of sil-
ica and olivine abundances (Figure 2) that broadly 
overlap compositions of mafic and ultramafic rocks on 
Earth, including rocks that have been shown to sustain 
subsurface microbial communities.  Olivine abun-
dances in basalts encountered in the plains west of 
Columbia Hills [16] and as erratics on Husband Hill 
[7] fall between those of the Shergottites and ultrama-
fic Martian meteorites. However bedrock situated in 
Haskin ridge to the east and southeast of Husband Hill 
(e.g., Comanche, Figure 2) has substantially higher 
abundances of olivine and other mafic minerals [17]. If 
the appropriate environment ever existed to support 
aqueous alteration, at least some of the bedrock in the 
Columbia Hills could have undergone serpentinization. 

 

 
Figure 2: Olivine abundances in Martian meteorites and 
mafic and ultramafic rocks in Gusev crater. Other minerals 
are noted in order of relative abundance (Mt: magnetite, Ox: 
oxides). Sources of olivine abundance data are as follows: 
Shergotty [18], EETA79001: [19], Backstay: [7], Humphrey: 
[16], Comanche: [17], ALH 77005: [20], Chassigny: [21]. 

 
Materials that contain a larger percentage of their 

iron as ferric minerals also have greater abundances of 
sulfur, indicating that migrating fluids containing sul-
fur were responsible for the oxidation of the iron. The 
Paso Robles soil contains abundant ferric sulfate [7], 
indicating that strongly acidic solutions having pH 
values <1 had contributed to the Paso Robles deposit. 
The abundant sulfate indicates that sulfuric acid was 
the source of the acidity in the Paso Robles fluids and 
perhaps also in the fluids that altered other materials in 
the Columbia Hills. Sulfuric acid typically forms by 
the oxidation of reduced sulfur compounds, elemental 
sulfur or sulfur dioxide. Microorganisms can utilize 
these oxidation reactions in habitable environments. 

Summary: Observations by the Spirit rover are 
consistent with the possibility that liquid water, nutri-
ents and sources of chemical energy were simultane-
ously available to sustain habitable conditions in sub-
surface Columbia Hills materials at least some time in 
the distant (Noachian?) past. There is as yet no evi-
dence that these conditions ever existed at the surface. 
Habitable conditions probably have not occurred near 
the surface since the time that the basalts were em-
placed in the plains surrounding the Columbia Hills. It 
remains unknown whether the aqueous alteration proc-
esses occurred episodically or were sustained over 
periods sufficiently long to sustain habitable environ-
ments. Early in its history, the floor of Gusev crater 
received large impacts that might have sustained hy-
drothermal activity for extended periods of time. New-
som estimated that large impacts could have sustained 
hydrothermal systems that persisted for thousands of 
years or longer [22]. Future research must seek to de-
termine whether ancient migrating fluids in Gusev ever 
achieved the water activity necessary to sustain life [8]. 
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