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Abstract. Data collected from recent spacecraft missions to Mars are making it possible to scien-
tifically evaluate whether habitable environments are present, or existed in the past, on the planet.
Determining where, when, and how such environments occur will play a crucial role in guiding
future exploration efforts. Mars appears to possess the critical elements for life as we know it,
including the required chemical elements, energy sources, and the presence of water. Identification
of potential habitats for life therefore depends on the convergence of these factors under favorable
circumstances. Spacecraft observations are more clearly defining the history of water on Mars,
and appear to indicate that significant amounts of liquid water have been present at the surface in
the past. Most of this water has been lost over time or retreated underground, although there is
some evidence for periodic near-surface water in recent eras. If Mars did indeed have a warmer,
wetter past, the possibilities for habitable environments were substantial and diverse. On the other
hand, the inhospitable nature of the present surface indicates that potential habitats for extant life
are much more limited. Nevertheless, habitable environments might exist in the subsurface or at
the surface during more favorable climatic periods.

6.1 Introduction

Human beings have long been fascinated with the possibility that Mars might be inhabited
by extraterrestrial life, and looking for signs of life is currently one of the foremost goals
of human exploration of the planet. Whether or not life might exist on Mars has been
the subject of scientific debate for well over a century, and over the years opinions on
the likelihood of life on Mars have spanned the entire spectrum from “There can’t be
anything there!” to “Life’s a virtual certainty!” Around the turn of the last century, claims
by Percival Lowell and others that they had sighted canals on the planet brought visions
of a Mars teeming not only with life, but with civilized, sentient beings. But Lowell’s
claims quickly dried up under scientific scrutiny, and when the first spacecraft flybys of
Mars in the early 1960’s revealed an arid, heavily cratered surface, Mars seemed as cold
and forever-dead as the Moon (Fig. 6.1). Within a few years, however, new spacecraft
missions began to reveal abundant signs that water had played a prominent role in the
planet’s history, reviving the belief that Mars could harbor some form of life.

Confidence that evidence of life might be detected on Mars was high in the 1970’s
when NASA sent two Viking landers to the surface equipped with several experiments
designed specifically to look for evidence of life. When the landers not only failed to re-
turn signs of life but also found the surface was highly oxidized, bombarded with intense
UV radiation, and seemingly devoid of organic molecules, it once again appeared that
life was only a distant possibility. Yet, scrutiny of the images returned by the accompa-
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Fig. 6.1. Image of the martian surface returned by the Mariner 4 spacecraft in 1965. The surface,
from the southern hemisphere of Mars, is dominated by impact craters, providing little evidence
of a habitable world. Image is about 250 km across. Image credit: NASA/JPL.

nying Viking orbiters in the years following the missions continued to provide evidence
for wetter and more clement epochs in the past. At the same time, scientists were finding
that the diversity of life on Earth is much broader than had been previously recognized,
and many terrestrial environments once thought to be too extreme to be inhabited by
organisms, such as thermal springs and the deep subsurface, have now been found to be
capable of supporting substantial microbial populations. Together, these factors renewed
interest in the possibility that life could be present on Mars, even under the challenging
conditions found there.

Debate over the potential for life on Mars was once again brought to the forefront in
1996 when scientists from NASA claimed they had found evidence for life in the martian
meteorite ALH84001 [McKay et al., 1996]. While the majority of the scientific commu-
nity appears to have concluded that all of the putative evidence for life in ALH84001 can
be explained by non-biological processes and therefore provides doubtful evidence for
life [Treiman, 2003; Golden et al., 2004], a minority still maintains that some features of
the meteorite can only be explained by biological processes [e.g., Gibson et al., 2003].
Wherever one stands on this debate, it has brought renewed interest and research into
the potential for life on Mars and how to go about looking for it.

After a drought of almost 20 years following the Viking missions, spacecraft explo-
ration of Mars returned in earnest in the 1990’s, and during the past decade the planet
has been visited by an armada of highly capable spacecraft that has included both or-
biters and landers. Additional spacecraft are on their way or planned for launch in the
next few years. These missions are ushering in a new era in the astrobiological study of
Mars. Whereas in the past the possibility of life on Mars had been largely a matter of
speculation based on a modicum of fact, the enormous amount of data being collected by
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current spacecraft missions are more clearly defining the geologic and climatic history
of the planet, and allowing more concise hypotheses about the potential for life to be
formulated and tested. Unless we are particularly fortunate in our selection of future
samples and landing sites, it may take many more missions and several decades to ob-
tain compelling evidence for the presence of life on Mars (or to convince us of the lack
thereof). For the present, however, we can begin to make concrete assessments about
where, and when, biologically habitable environments occur, and to infer the types of
organisms that might live there. These assessments will play a major role in formulating
future exploration plans, and increase our prospects for recognizing any traces of life
that might be present.

6.2 Mars and the Bare Necessities of Life

Life, at least as we currently know it, has three fundamental requirements: a complement
of basic chemical elements, a source of metabolic energy, and the presence of liquid
water (although it has frequently been speculated that exotic lifeforms might exist that
are based on silicon rather than carbon and use ammonia or other solvents rather that
water, as yet such lifeforms remain purely hypothetical and will not be discussed further
here). On Earth, biomass is composed primarily of organic molecules constructed from
the elements C, H, O, N, P, and S, with the addition of some salts (mainly K, Ca, and
Mg chlorides) and a few trace metals such as Fe and Co that function as co-factors for
enzymes. All of the elements that are required by terrestrial life are known to be present
in abundance in the crust or atmosphere of Mars; therefore, it appears likely that the
necessary elements for biomass synthesis would be available to any organisms living
there and that elemental availability is not a factor constraining the potential distribution
of life [Banin and Mancinelli, 1995; Fisk and Giovannoni, 1999]. Accordingly, the
availability of liquid water and suitable energy sources have been the focus of most
discussion about whether life could exist on Mars.

Up until a couple of decades ago, it was widely believed that life could tolerate only a
limited range of physical conditions, and therefore required environments within narrow
limits of temperature, pressure, pH, salinity, etc. In recent years, however, scientists have
found microorganisms in many environments once thought to be too ”extreme” to be
inhabitable, and organisms are now known that have adapted to life at extremes of
temperature, pH, salinity, dissolved metal concentrations, radiation, etc. (Table 6.1).
Given the apparent flexibility of life to adapt to a broad range of physical conditions,
it is likely that essentially any environment with liquid water and a sufficient source of
biologically available energy can be inhabited.

6.2.1 Water on Mars

Because of its critical importance to life, the search for habitable environments on Mars is
closely linked to the search for liquid water, so much so that NASA has adopted “Follow
the Water” as the central theme in their current exploration strategy for the planet. The
large amount of attention given to this subject over the last couple of decades has resulted
in a sharp increase in scientific understanding of the history of water on Mars. It would
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Table 6.1. Range of physical environments known to be tolerated by microorganisms on Earth
[see Nealson, 1997; Rothschild and Mancinelli, 2001].

Parameter Known Limits

Temperature < −15◦C to >121◦C
Pressure <1 bar to >10 kbar
pH 1 to >10
Salinity Distilled water to NaCl saturation
Radiation At least 20 kGy gamma radiation &

at least 1,000 J m−2 UV radiation
Dessication Survival in stasis for thousands of years or more

be impossible to do justice in a few paragraphs to the tremendous progress made in
this field, and only a few of the highlights with the greatest relevance to habitability
will be covered here. For a more thorough discussion, the reader is referred to recent
comprehensive reviews of the topic [Baker, 2001; Jakosky and Phillips, 2001; Jakosky
and Mellon, 2004].

It has long been recognized that liquid water is currently unstable at the surface
of Mars owing to the extremely cold conditions and low atmospheric pressure there.
Nevertheless, some water is present at the surface in the form of ice and as vapor in
the atmosphere. Water occurs in the ice caps at both of the planet’s poles, along with
solid CO2 [Bibring et al., 2004]. In addition, recent observations made by the Odyssey
spacecraft indicate that water in the form of hydrated minerals and/or ice within pores
spaces comprises a significant fraction of the regolith over much of the planet (as much
as 35% at high latitudes), including some areas near the equator [Boynton et al., 2002].
However, owing to the low temperatures, the water in these shallow deposits is either
frozen or tightly bound to mineral structures, and thus is unlikely to be readily available
to biological organisms.

By any measure, the current inventory of water at the martian surface is sparse;
atmospheric and surface water inventories are only about one ten-thousandth of that
on the Earth. It is widely believed, however, that the surface reservoirs represent only a
fraction of the planet’s current inventory of water, and that a substantially larger reservoir
of water could be distributed within pore spaces in the subsurface (Fig. 6.2) [Clifford,
1993; Clifford and Parker, 2001]. At shallow depths (several hundred meters to a few
kilometers beneath the surface), this water is probably frozen to form a global subsurface
cryosphere. At greater depths, higher temperatures owing to geothermal heating would
keep water in pores spaces liquid, suggesting that Mars may have a planet-wide, liquid
water aquifer at some depth within its crust. Furthermore, atmospheric processes and
hydrologic constraints might allow for continuous, gradual circulation of water through
this aquifer.

In contrast to the scarcity of water on the present surface of Mars, many ancient
surfaces are covered with valley networks apparently carved by flowing water as well as
areas that have been interpreted by some to represent basins that contained large lakes
or seas [e.g., Irwin et al., 2002]. These features indicate that there were periods in Mars’
distant past when the surface was much wetter and warmer than it is at present [Kargel,
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Fig. 6.2. Schematic pole-to-pole cross-section representing a model of the martian hydrosphere
along 157◦W longitude, showing hypothesized subsurface reservoirs of frozen (cryosphere) and
liquid (saline groundwater) water [after Clifford and Parker, 2001].

2004]. Although many of the valley networks had been interpreted in the past to be
fed by groundwater sapping [Carr, 1995], analysis of more recent higher resolution im-
agery indicates these features were instead fed by atmospheric precipitation [Hynek and
Phillips, 2003; Mangold et al., 2004], implying that surface conditions were sufficiently
warm and wet to allow hydrologic cycles to operate and rainfall to occur. Such periods
may have been intermittent, but would have had to persist for sufficient time to carve
the valley networks. Although other explanations are possible, the valley networks and
putative seas may reflect an ancient Mars that once had a much larger inventory of water
than it currently has, much of which has either been gradually lost to space or retreated
into underground reservoirs.

In addition to the precipitation-fed valley networks, there are numerous geologic
features that are believed to be formed by groundwater expelled to the surface, providing
evidence for the existence of water in subsurface reservoirs (Fig. 6.3). The scale of these
landforms range from large, catastrophic outflow channels (hundreds of kilometers in
length) to small gullies (hundreds of meters) [Carr, 1995; Malin and Edgett, 2000].
The larger outflow channels may result from extensive melting of subsurface water ice
reservoirs during thermal anomalies such as volcanic activity or large impacts [Squyres
and Kasting, 1994; Cabrol et al., 2001]. While most of the outflow channels are ancient,
a paucity of craters in some channels suggests they may have young ages (perhaps
less than a couple of million years old), indicating that mobilization of groundwater or
subsurface ice to the surface might have continued into recent history (Fig. 6.4) [Baker,
2001; Berman and Hartmann, 2002].
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Fig. 6.3. Streamlined landforms in Athabasca Valles believed to be carved by a catastrophic flood
of liquid water, possibly the result of groundwater and/or ice released from a subsurface aquifer by
volcanic processes. The paucity of craters indicates the feature was formed recently, perhaps within
the last million years. Scale of figure is about 3 km top to bottom. Image credit: NASA/JPL/Malin
Space Science Systems.

The gullies are of particular interest because they may provide evidence for the
presence of relatively shallow liquid water on Mars in recent times. Gullies are found
carved into slopes over much of the planet, but are particularly prevalent at high latitudes
in the southern hemisphere [Malin and Edgett, 2000; Heldmann and Mellon, 2004]. The
lack of superimposed landforms and paucity of impact craters on the gullies indicates that
they are mostly very recent in age. While there have been several mechanisms proposed
to account for their formation, the most plausible appears to be that they are formed by
water expelled from subsurface aquifers [Malin and Edgett, 2000; Mellon and Phillips,
2001; Heldmann and Mellon, 2004]. The source of the liquid water is not certain, but it
appears feasible that heating from the background geothermal gradient within the planet
may be sufficient to drive convection of liquid water to near the surface (i.e., within a
couple hundred meters) [Travis et al., 2003]. If this interpretation is correct, it suggests
that liquid water may currently be present at relatively shallow depths at some locations
on Mars, and that this water periodically erupts to the surface, possibly carrying with it
evidence for any biological activity occurring within the aquifer.

The largest of the outflow channels drain into the northern lowlands which cover
most of the northern half of the planet. The lowlands are much younger (as indicated
by lower crater counts) and smoother than the ancient, heavily cratered highlands that
dominate the southern hemisphere. The presence of subdued features such as buried
craters indicates that the northern plains are covered by a mantle a couple of hundred
meters in thickness overlying a more ancient cratered surface [Frey et al., 2002]. One
interpretation for the origin of the mantle is that it represents sediments flushed into the
northern lowlands by floods that carved the outflow channels and valley networks. If so,
the fluids carrying these sediments are likely to have formed large bodies of water that
persisted at the surface for extended periods of time, perhaps as frozen or ice-covered
liquid seas. Some researchers have even suggested that a large ocean may have covered
much of the northern half of the planet at one time [e.g., Parker et al., 1989; Baker et al.,
1991]. However, whether or not the northern plains were ever covered by a large sea,
when that sea might have been there, and how long it may have persisted, are matters
that remain unresolved (Baker, 2001).
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Fig. 6.4. Gullies on the edge of an impact crater on Mars that have been proposed to be carved by
groundwater expelled to the surface. Image is about 1.6 km across. Image credit: NASA/JPL/Malin
Space Science Systems.

The picture that emerges from our current understanding of the history of water on
Mars, then, is that the planet was wetter at some periods in the past, and still retains
substantial amounts of water in a frozen form at the surface and perhaps in liquid form
several hundred meters or more in the subsurface. However, many of the larger questions
with particularly significant implications for the habitability of the planet have not yet
been answered. Foremost among these is the timing and duration of wetter periods in the
planet’s past. How much wetter the surface of Mars was, how long the wet eras persisted,
and whether or not they were accompanied by clement conditions that allowed standing
bodies of liquid water to persist for prolonged intervals are all subjects of ongoing
scientific debate [Squyres and Kasting, 1994; Solomon et al., 2005]. One side of this
debate contends that in its early history (perhaps for the first 500 million to a billion
years), Mars was characterized by warm conditions during which hydrological cycles
operated, including precipitation, and possibly even large seas were present at the surface.
This scenario, of course, requires early Mars to have been much warmer than it is today,
which is somewhat problematic since the intensity of sunlight is thought to have been
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significantly less in the early solar system than it is today. It has been suggested that early
Mars may have been warmed by an atmospheric greenhouse similar to that hypothesized
to warm the early Earth, but thus far a robust model for a stable atmosphere that could
provide enough heat has not been proposed [Squyres and Kasting, 1994].

The opposite side of the debate suggests that the features attributed to water can be
explained by several short-lived intervals during which warmer, wetter conditions were
temporarily brought about by volcanic eruptions or large impacts [Baker et al., 1991;
Baker, 2001; Segura et al., 2002]. These events may have ejected massive amounts of
water vapor and other gases as well as heat into the atmosphere, warming the surface
to the point where water was stable and leading to a temporary hydrologic cycle. Over
time, this situation would be unstable, and Mars would return to colder conditions [Baker,
2001]. The number, duration, and intervals between such events that would be required
to explain the surface features remains unclear.

The Mars Exploration Rovers (MERs) are currently returning the first ground obser-
vations providing direct evidence of water. The Opportunity rover was sent to Meridiani
Planum, where spectral evidence had been recorded from orbit for the mineral hematite,
an iron oxide that frequently forms in water. In addition to hematite, the lander has
observed bedrock rich in sulfate salts and bearing layered features resembling those
deposited by flowing water (Fig. 6.5). The MER team has interpreted the bedrocks to be
sediments deposited by wind and water that were permeated by one or more generations
of briny groundwaters that subsequently evaporated to leave behind an abundance of sul-
fate salts [Squyres et al., 2004; Squyres and Knoll, 2005]. Similar sulfate-rich layered

Fig. 6.5. Exposed bedrock, dubbed ‘Last Chance’, observed in Eagle Crater at Meridiani Planum
by the Mars rover Opportunity. The rock has been interpreted to be sediments deposited by
flowing surface water that were later cemented by sulfate salts precipitated by evaporation of
briny groundwater. Image credit: NASA/JPL.
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deposits, albeit on a smaller scale, have since been reported on the opposite side of the
planet in Gusev Crater by the Spirit rover. This interpretation invokes deposition at a time
when the surface environment was much wetter than it is now, and where the climate
was clement enough to allow standing water to persist for extended periods of time. It
should be borne in mind that we are only in the initial stages of analyses of the data from
the rovers and already alternative scenarios are emerging to explain the observations by
volcanic or impact processes that might not require warm surface conditions or standing
bodies of water [McCollom and Hynek, 2005; Knauth et al., 2005]. Nevertheless, if
the MER team’s interpretation is correct, the Meridiani deposits may record a warmer,
wetter era in Mars’ distant past where life would have been comfortable, and that might
still preserve evidence for past biological activity [Knoll et al., 2005].

6.2.2 Energy for martian life

Nearly all life on Earth relies either directly or indirectly on sunlight as a source of
metabolic energy. Although Mars is further from the sun and receives less intense sun-
light, the solar energy received on Earth far exceeds that required for photosynthesis
and, even at the distance of Mars, the intensity of sunlight would be sufficient to drive
photosynthetic metabolism. However, utilization of sunlight as an energy source requires
organisms to live at, or very near, the surface of the planet. Yet, the intensely cold tem-
peratures, absence of liquid water, and high levels of potentially damaging ultraviolet
radiation make the current surface of Mars inhospitable for life. For this reason, it has
been widely considered that the most likely habitats for extant life on Mars are beneath
the surface [Boston et al., 1992; Shock, 1997; Fisk and Giovannoni, 1999].

Since organisms in subsurface environments cannot utilize sunlight for photosynthe-
sis, they must instead rely on chemical sources of energy for metabolism. Furthermore,
in the absence of a steady stream of organic compounds from photosynthesis or some
other source, subsurface organisms would have to rely on inorganic chemical energy
sources [Boston et al., 1992; Shock, 1997; Nealson, 1997; Jakosky and Shock, 1998;
Fisk and Giovannoni, 1999]. Organisms that utilize inorganic chemical energy sources
for metabolic energy and use this energy to synthesize their own biomass are classified
by biologists as chemolithoautotrophs.

Chemolithoautotrophic microorganisms were first identified on the Earth well over
a century ago, and are widely distributed in the biosphere. A wide variety of chemical
reactions have been identified that supply metabolic energy to chemolithoautotrophs, a
few examples of which are shown in Table 6.2. Not all of the reactions shown in Table
6.2 can supply energy in all environments; rather, which reactions can supply energy in
a particular environment depends on whether or not the reactants are present in suitable
quantities to make the reaction energetically favorable [e.g., McCollom and Shock,
1997]. All known chemolithoautotrophs exploit oxidation-reduction (redox) reactions
that are out of equilibrium in the environment owing to slow reaction kinetics, and derive
metabolic energy from driving the reactions towards equilibrium. In accordance with
their metabolic requirements, chemolithoautotrophs frequently occupy habitats that are
at an interface between relatively oxidizing and reducing environments (for example,
where reducing hydrothermal fluids are exposed to oxidized surface waters or where
oxidized groundwater interacts with chemically reduced rocks like basalt).
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Table 6.2. Some chemical reactions that supply metabolic energy to chemolithoautotrophic or-
ganisms in terrestrial ecosystems.

Energy source Chemical reaction

Aerobic metabolism:

Sulfide oxidation HS− + 2O2 → SO2−
4 + H+

Methanotrophy CH4 + 2O2 → HCO−
3 + H+ + H2O

Iron (II) oxidation Fe2+ + 1/4O2 + H+ → Fe3+ + 1/2H2O
Mn (II) oxidation Mn2+ + 1/2O2 + H2O → MnO2(s) + 2H+
Hydrogen oxidation H2 + 1/2O2 → H2O

Anaerobic metabolism:

Methanogenesis HCO−
3 + H+ + 4H2 → CH4 + 3H2O

Sulfate reduction SO2−
4 + H+ + 4H2 → HS− + 4H2O

Anaerobic iron reduction 2Fe3+ + H2 → 2Fe2+ + H+

Most chemolithoautotrophs live in environments like marine sediments where the
chemical energy they live on arises as a by-product of the decomposition of photo-
synthetically produced organic matter. However, other chemolithoautotrophs inhabit
environments where the chemical energy sources arise as the result of geologic pro-
cesses with no direct link to photosynthesis. Examples of such environments include
seafloor hydrothermal systems, geothermal springs on land, and pore spaces within ig-
neous rocks in the deep subsurface. In these environments, the biomass produced in situ
by chemolithoautotrophs forms the energetic basis of the microbial community. Because
chemolithoautotroph-based microbial communities do not require any input of external
organic matter from photosynthesis or other sources and derive their energy from geo-
chemical processes, they may be particularly suitable analogs for the study of life on
Mars and elsewhere.

Those metabolic reactions in Table 6.2 that utilize H2, such as methanogenesis and
hydrogen oxidation, may be especially relevant to the study of life on Mars. Hydrogen
is generated in geologic systems by the reaction of water with ferrous iron-bearing
minerals like olivine and pyroxene. These minerals are abundant in basalt, an iron-rich
igneous rock that forms during solidification of lava flows. Basalts are widespread on
the Earth, and are familiar to most people as the predominant rock formed by volcanic
eruptions like those in Hawaii and Iceland. Basaltic rocks formed at mid-ocean ridges
also underlay all of the ocean basins that cover two-thirds of the Earth’s surface. Basalts
are also the predominant rock type comprising the surface and crust of Mars. Basalts
on Mars are even more iron-rich than those on Earth, and interaction of martian basalts
with water would be expected to produce even greater amounts of H2 than equivalent
reactions on Earth. As a consequence, production of H2 would be an inevitable outcome
of groundwater migration in the martian subsurface. Microbial communities based on
utilization of H2 by chemolithoautotrophs are increasingly recognized in basalt-hosted
hydrothermal environments on Earth that may prove to be informative analogs to life on
Mars [Chapelle et al., 2002; Spear et al., 2005].
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Fig. 6.6. Chemolithoautotrophic, iron-oxidizing bacteria growing in the lab on the surface of the
mineral pyrite (FeS2) as a source of Fe [Edwards et al., 2004]. These organisms, cultured from the
deep seafloor, are able to live on nothing but rock, inorganic nutrients, and trace levels of oxygen.
(left) Biofilm formed on the surface of the pyrite, with the altered mineral surface exposed where
the biofilm is removed. (right) Stalk-like iron oxides deposited by the bacteria are visible on the
exposed surface. Oxides like these could potentially be biomarkers for similar bacteria growing on
Mars. Scale bars are 10 µm. Images courtesy K. Edwards, Woods Hole Oceanographic Institution.

On Earth, many chemolithoautotrophic organisms gain metabolic energy by combin-
ing reduced compounds from rocks or geologic fluids with dissolved O2 (Fig. 6.6). In the
absence of photosynthesizing organisms to supply O2, similar reactions will play a much
smaller role on Mars. Nevertheless, the atmosphere of Mars does contain a small amount
of O2 (10−5 bar) produced by photochemical reactions in the atmosphere, and even this
small amount is sufficient to make many chemolithoautotrophic reactions energetically
favorable. Consequently, any fluid in contact with the atmosphere through convection
or diffusion may be able to transport O2 to subsurface environments where it could be
utilized by chemolithoautotrophs [Fisk and Giovannoni, 1999]. Atmospheric processes
might also generate compounds such as CO or H2 that could provide additional energy
sources [Weiss et al., 2002].

Even on the geologically active Earth, the amount of chemical energy generated
by geologic processes is order of magnitudes less than the energy available for photo-
synthesis, so that the total biomass produced by chemolithoautotrophic communities is
only a small fraction of that produced by photosynthetic communities [see, for example,
McCollom and Shock, 1997]. The amount of chemical energy available from geologic
processes is likely to be even less on Mars. Consequently, the total amount of biomass
that could be supported by chemolithoautotrophy on Mars is extremely low by terrestrial
standards [Jakosky and Shock, 1998; Link et al., 2005]. Nevertheless, the local abun-
dance of chemolithoautotrophic life can be very high where geologic processes focus the
available chemical energy, such as occurs at hydrothermal systems or thermal springs
[Varnes et al., 2003].
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6.3 Habitats for Life: The Present

The discovery of extant life native to Mars would doubtlessly constitute a major milestone
in the history of science, and would have repercussions well beyond science as well.
But are there really places on Mars where organisms could live there now? As indicated
by the foregoing discussion, there is reason to believe that Mars does indeed possess
each of the fundamental requirements for life. All that is required to make a habitable
environment, therefore, is to have these ingredients converge in one spot. In the current
era, habitats with liquid water appear to be confined to the subsurface, and possibly
only at depths of many hundreds of meters or more. However, because the crust of Mars
is largely composed of iron-rich basalts, there are likely to be energy sources in the
subsurface. In particular, energy within basalts and other rocks in Mars’ subsurface may
arise from two sources (Table 6.2): (1) transport of O2 or other oxidants from surface
sources into the deep subsurface by groundwater movements where it could be combined
with ferrous iron or other reduced compounds in the rocks by organisms like sulfide- and
iron-oxidizers, or (2) production of H2 by water-rock reactions giving rise to H2-based
microbial communities (e.g., methanogens, sulfate reducers; Table 6.2).

Perhaps the most closely analogous environments on Earth would be groundwater
aquifers within terrestrial basalts or within the thick basaltic layers that form the upper
part of the oceanic crust [Fisk and Giovannoni, 1999]. Recent studies have indicated
that both of these environments host indigenous, chemolithoautotroph-based microbial
communities (Fig. 6.7) [Stevens and McKinley, 1995; Fisk et al., 1998; Chapelle et al.,
2002; Fisk et al., 2003; Edwards et al., 2004, 2005]. However, owing to the difficult
accessibility of these environments, little is yet known about the specific organisms that

Fig. 6.7. Tubular structures within basalt from beneath the seafloor believed to be attributable
to the activity of microorganisms in the subsurface [Fisk et al., 1998]. The figure shows a view
through a thin-section of a piece of basalt from a hole drilled into the ocean crust. There is a
fracture to the left of the figure, while the lighter gray area to the right is unaltered basalt glass.
The darker gray material in the central part of the figure is altered basalt, and the tubules are
thought to be channels bored into the glass by microorganisms seeking nutrients from the rock.
Scale bar is 50 µm. Image courtesy M. Fisk, Oregon State University.
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are present, the size of the populations, or how they interact with their environment.
Nevertheless, the fact that these environments are very similar geochemically to those
on Mars suggests that subsurface basaltic environments on Mars should be inhabitable.

While the deep subsurface appears to be the most likely place for life on Mars
today, other environments closer to, or at, the surface may have been habitable in recent
history (i.e., within the last few million years or less), and these locations may still retain
a record of biological activities. Although no evidence has yet been found of current
volcanic activity, Mars appears to have experienced volcanic eruptions in the near past,
perhaps as recently as a million years ago or less [Neukum et al., 2004]. Intermittent
volcanic activity, as well as occasional large impacts, would generate heat that would melt
near-surface ice layers and lead to hydrothermal circulation, potentially bringing liquid
water to the surface. Fluid-rock interactions within hydrothermal environments on Mars
would create chemical gradients that provide a locally abundant source of metabolic
energy, just as they do on Earth [Varnes et al., 2003]. On Earth, chemolithoautotrophic
populations in hydrothermal environments are dominated by organisms such as sulfide-
and hydrogen-oxidizers that utilize photosynthetically produced O2 [e.g., McCollom
and Shock, 1997; Spear et al., 2005]. Many of the same metabolic reactions used by
these organisms would yield energy, albeit somewhat less, with the lower amount of O2
in the martian atmosphere. Furthermore, many reactions such as methanogenesis and
sulfate reduction can provide metabolic energy in hydrothermal environments even in
the complete absence of O2 [McCollom, 1999; Chappelle et al., 2002].

In addition, while the surface of Mars is currently too cold for liquid water to be stable,
it appears that changes in the planet’s obliquity may periodically allow for temperatures
at the surface to exceed the melting point of briny water at high latitudes [e.g., Jakosky
et al., 2004]. During periods of high obliquity when the poles are tilted towards the Sun
for prolonged periods, pockets of liquid water may develop along mineral interfaces.
Organisms living in liquid water within pore spaces in the rocks (termed endoliths)
would be protected from UV radiation, but would still be able to utilize sunlight as an
energy source for photosynthesis [Cockell and Raven, 2004].

Of course, inhabitation of intermittent surface environments would require that the
organisms persist through long periods of dormancy in a frozen state or be continuously
re-seeded from deeper habitats whenever surface conditions become favorable. However,
neither of these possibilities appears to be implausible. Microorganisms have now been
identified that appear to have survived for millions of years trapped within minerals
[Rothschild and Mancinelli, 2001], and the rapid colonization of new hydrothermal
environments in widespread locations on the Earth suggests that microorganisms can be
readily transported through subsurface conduits.

6.4 Habitats for Life: The Past

The prospect that Mars had a prolonged period of warm and wet conditions early in its
history provides many tantalizing possibilities for life. If conditions on early Mars were
really clement enough to allow liquid water to persist at the surface for long periods, for
large standing seas to form, and for a hydrologic cycle complete with precipitation to
develop, it is easy to envision a variety of habitable environments. Under these conditions,
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large areas of the surface would be open to inhabitation by photosynthetic organisms.
Increased geologic activity and impact frequency on early Mars would have provided
additional energy sources and, perhaps, delivered organic nutrients that could be utilized
by biological organisms.

It may be that the only barrier to life inhabiting early Mars under prolonged warm
and wet conditions would be whether or not these conditions persisted long enough for
life to originate and evolve. Many astrobiologists believe that life on Earth appeared very
soon after conditions were sufficiently clement to allow it (possibly within 100 million
years; e.g., Nisbet and Sleep, 2001) and rapidly diversified. While our knowledge of
the conditions required for life to originate is still rudimentary, there doesn’t appear to
be any obvious reason why life could not have evolved on Mars in a comparable time
period. Indeed, it can be plausibly argued that if wet, clement conditions persisted on
early Mars for any lengthy period of time, a separate origin of life there would have been
inevitable [Russell and Hall, 1999]. Although still a matter of debate, dating of water-
related features suggests many of the major features formed over a period spanning 500
million years.

But contemplation of the possibility of life on a warm, wet, and hospitable early
Mars must be tempered with consideration of the uncertainties over the early climate
and history of water. If the features attributed to water can be explained by a few brief
eras of warm and wet conditions separated by prolonged periods of extreme cold and
dryness resembling conditions on Mars today, the prospects for habitable environments
would be substantially diminished. Photosynthetic organisms in particular would have
fewer surface habitats to colonize, and would have had to adapt rapidly to changing
climatic conditions and to survival through long intervals of inactivity in cold, desiccating
conditions.

Even without prolonged clement conditions, however, environments for life would
likely have been more widespread on early Mars than they are today. Volcanic processes
were much more vigorous on early Mars [Solomon et al., 2005] and, combined with more
frequent impacts, may have maintained a nearly continuous presence of hydrothermal
environments on the planet. Biological niches within these environments would be sim-
ilar in character to those that might continue intermittently to the present day, but would
have been more prolific. In addition, hydrothermal environments at the surface may have
allowed oases for early photosynthetic organisms to survive between wetter periods.

6.5 Is There Anybody Out There?

It seems increasingly apparent that habitable environments very likely exist on Mars to-
day, and may have been considerably more diverse and abundant in the past. Of course,
it remains to be seen if any organisms are actually inhabiting these environments. Con-
sideration of possible inhabitable environments, however, suggests two very daunting
challenges in the search for extant life. First, the most probable environments for life
today may be at hundreds of meters deep in the subsurface, requiring elaborate drilling
equipment to gain access. Obtaining reliable samples for biological study from deep
drilling has been problematic even on the Earth. Second, the limited availability of en-
ergy sources means that life on Mars will be substantially less abundant than what we are
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familiar with on Earth, compounding the difficulties in searching for life. Given these
impediments, we may find more immediate success by looking for surviving evidence
of past life in near surface environments on Mars that may have been inhabited in recent
times. Whatever the eventual outcome of our search for life on Mars, we will gain a
better understanding of the history of life in our solar system and the prospects for life
beyond.
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