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Abstract: On Earth, the deep subsurface biosphere of both the oceanic and the continental
crust is well known for surviving harsh conditions and environments characterized by high
temperatures, high pressures, extreme pHs, and the absence of sunlight. The
microorganisms of the terrestrial deep biosphere have an excellent capacity for adapting to
changing geochemistry, as the alteration of the crust proceeds and the conditions of their
habitats slowly change. Despite an almost complete isolation from surface conditions and
the surface biosphere, the deep biosphere of the crustal rocks has endured over geologic
time. This indicates that the deep biosphere is a self-sufficient system, independent of the
global events that occur at the surface, such as impacts, glaciations, sea level fluctuations,
and climate changes. With our sustainable terrestrial subsurface biosphere in mind, the
subsurface on Mars has often been suggested as the most plausible place to search for
fossil Martian life, or even present Martian life. Since the Martian surface is more or less
sterile, subsurface settings are the only place on Mars where life could have been sustained
over geologic time. To detect a deep biosphere in the Martian basement, drilling is a
requirement. However, near future Mars sample return missions are limited by the
mission’s payload, which excludes heavy drilling equipment and restrict the missions to
only dig the topmost meter of the Martian soil. Therefore, the sampling and analysis of
Martian impact ejecta has been suggested as a way of accessing the deeper Martian
subsurface without using heavy drilling equipment. Impact cratering is a natural geological
process capable of excavating and exposing large amounts of rock material from great
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depths up to the surface. Several studies of terrestrial impact deposits show the
preservation of pre-impact biosignatures, such as fossilized organisms and chemical
biological markers. Therefore, if the Martian subsurface contains a record of life, it is
reasonable to assume that biosignatures derived from the Martian subsurface could also be
preserved in the Martian impact ejecta.

Keywords: subsurface biosphere; hydrothermal systems; impact ejecta; life on Mars

1. Introduction

Life is a strong force on our planet, and it has endured for billions of years despite global
catastrophies, such as meteorite impacts, global glaciations, mass extinctions, and climate changes.
From the fossil record, we know that microbial life has been present on Earth since at least 3.5 Giga
annum (Ga) [1-3] and perhaps as early as 3.8 Ga [4]. Eukaryotes have been present since ~1.8 Ga
[5,6], and the atmosphere has been oxygenated due to photosynthesis since ~2.4 Ga [7]. Life is
intimately involved with most of the processes that shape the surface of our planet, like weathering and
the distribution of vegetation on the continents, as well as the influence on the chemical composition
of the atmosphere. Earth’s appearance from space is highly characterized by the presence of life, and
from an alien perspective, it would not be difficult to detect life on our planet. Spectral signatures that
indicate habitability, and that would be detectable from the other side of our galaxy, are, for example,
atmospheric spectra of O,, O3, CH4, and N,O gases, and spectra from surface reflections indicating
absorptions by pigments [8]. From such a remote perspective, Earth is the only planetary body in our
solar system that harbors life. Nevertheless, it is possible that other planets harbored life earlier in their
history, but that this life later went extinct. It could also be a possibility that life still exists on other
planets, but that it has been forced to abandon the surface, or never inhabited the surface due to
environmental reasons, and now only exists in isolated subsurface havens, where it is not detectable
from Earth [9].

The last two decades have involved a change of view regarding the distribution of life on Earth,
which may have consequences for our understanding of habitability on other terrestrial bodies. The
knowledge of a deep subsurface biosphere that thrives at depths of as much as ~5 km in continental
settings [10], as well as in the sub-seafloor crust [11], is constantly growing. This biosphere is not
directly exposed to sun radiation and exists at conditions that previously were thought of as hostile for
life. The subsurface communities are composed of extremophiles that can survive at high and low
temperatures, high pressures, and extreme pHs. This life is more or less independent of the sun’s
radiation as an energy source (even though some oxidants used by the microorganisms may be due to
photosynthesis at the surface). Instead, the microorganisms gain energy from inorganic sources, like
minerals or volcanic gases, and extract carbon from inorganic carbon sources, like carbon dioxide.

The fossil record tells us that microbial life has existed in deep oceanic crust that is associated with
hydrothermal activity throughout life’s history on Earth. Some of the earliest fossils on Earth are found
in pillow lavas [12] and hydrothermal deposits [13]. In fact, deep subsurface settings probably served
as protected havens for life on a young Earth, which was constantly subject to heavy bombardment [14].
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The knowledge of life’s capability to inhabit the terrestrial subsurface also displays new niches of
where to search for life on other terrestrial planets, like Mars [15]. Hopefully, a world does not
necessarily need to be lifeless just because its surface appears to be sterile and inhospitable. Life can
survive at depths for long periods of time, and thus be out of reach for our detection. The current
conditions on the Martian surface are extremely hostile to life. The subsurface, on the other hand,
provides a more hospitable environment and stimulates speculation on possible life on Mars. Future
Mars Sample Return (MSR) missions will be targeted to areas with great potential to detect present, or
perhaps, more likely, fossil life. Potential subsurface settings, where water can be liquid and life can
survive would be at depths of several km and out of reach for future MSRs. However, the current goal
of the MSR missions is to reach areas unaffected by radiation and oxidation, and where organic
molecules indicative of life or fossilized microorganisms might have been preserved. To reach areas
unaffected by the radiation and oxidation at the Martian surface, the missions need to drill between 2
and 5 metres [16-18]. This need exceeds their capabilities. The payload of European Space Agency
(ESA)’s planned 2018 Exomars rover is restricted to a drill with the capacity of 2 m [19]; that is why
alternative ways to reach the subsurface are discussed. Areas with recent hydrothermal outflow due to
impacts or volcanic activity have been suggested for sampling [20]. Another way to reach the Martian
subsurface without drilling is by sampling from impact ejecta [9]. Examination of impact ejecta might
be the best alternative way of reaching the fossil record of the subsurface. Impact ejecta are composed
of material excavated from great depths below the surface. Impact cratering is a high energy event, but
several studies show that fossil biomarkers can survive a hypervelocity impact [21,22]. Therefore, the
study of impact ejecta on the Martian surface in future missions would enable a search for a fossil
record of a sustainable Martian deep biosphere without using heavy drilling equipment.

In this paper, we review the current knowledge of sustainable subsurface ecosystems on Earth and
their analogous nature to possible Martian counterparts. We also give suggestions of how to search for
a putative Martian subsurface biosphere, and how to access the subsurface in future missions, through
the sampling of Martian impact ejecta.

The Subsurface as a Protected Haven for Life

Subsurface settings, usually associated with hydrothermal activity, have been suggested by several
authors to serve as protected havens for life on planetary bodies with less favorable surface conditions
for life [9,14,15,23]. There are mainly two reasons for this. The first reason is that subsurface
environments can supply a deep biosphere with the important prerequisites for sustaining life: water and
accessible nutrients. This has led several authors to suggest subsurface or subseafloor hydrothermal
settings as the most plausible environment where life originated on the early Earth [24,25]. However, we
will not go into detail regarding biogeochemical conditions for the origin of life.

The second reason is that the subsurface environments can protect life against hostile surface
conditions like damaging UV-radiation or hypervelocity impacts. The early Earth, for example, at the
time when life is thought to have originated and evolved (~3.9-3.8 Ga), was experiencing heavy
meteorite bombardments that probably sterilized the surface of the planet at several occasions [26].
Life could have existed on the surface between the devastating impacts, but it was the subsurface that
could protect communities during the harsh periods, and hence made life sustainable on Earth. It is not
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only on the early Earth that subsurface environments could have acted as protected havens for life. The
evolution of life has been punctuated by mass extinction events throughout Earth’s history due to
impacts or global glaciations like the Snowball Earth [26-31]. During such catastrophic events, deep
subsurface settings could have acted as refuges for microscopic life on Earth. Even if the impacts wiped
out substantial portions of the surficial fauna and flora, fossil signatures of life could still be preserved in
impact ejecta derived from the subsurface. These ejecta will be discussed later on in this article.

Mars is substantially different from Earth, and the conditions for a possible Martian subsurface
biosphere would be markedly different. Even though oceans may have existed on Mars early in its
history, the Martian surface has been dry for the majority of the planet’s history. The current
conditions on the Martian surface are extremely hostile to life. The low atmospheric pressure (~6 hPa),
low surface temperature (average of ~240 K), lack of liquid water, UV radiation fluxes three orders of
magnitude more damaging to DNA than those on Earth, and the oxidized soil chemistry, make the
Martian surface uninhabitable for life as we know it. The subsurface is, on the other hand, much more
hospitable for biota, and, in fact, the Martian subsurface might be more hospitable and protective than
the Earth’s subsurface. First of all, Mars’ lower background heat flow and lower gravity allow deeper
colonies [14]. Secondly, the thermal heat pulse from a major impact is briefer. On Earth, much of the
thermal radiation from minor impacts is absorbed by boiling the oceans: Global thermal excursions are
buffered by the heat capacity of the oceans, but at impacts large enough to vaporize the oceans, the
thermal buffering serves only to prolong the disaster for thousands of years, while the oceans rain out.
Without oceans, thermal buffering does not occur on Mars, but on the other hand, the low Martian
escape velocity results in the fact that most of the energetic ejecta escape more easily into space, while
massive quantities of less energetic ejecta are globally distributed.

2. Earth
2.1. The Deep Subsurface Biosphere on Earth

The concept of the deep subsurface biosphere of the lithosphere has been known for several
decades, but in the last twenty years, there has been an explosion in the exploration of this biosphere.
Much of this is due to the drilling of deep holes, both in terrestrial and marine settings. As early as the
1920s, sulfate reducing bacteria were found in oil well brines at depths greater than 300 m [32,33], and
in coal deposits at a depth of 1,089 m [34]. Sediments, as well as sedimentary rock, have also been
known, for a long time, to contain microorganisms (e.g., [35-37]). Microorganisms have also been
found in crystalline hard rock [38,39], and during the 1990s, the knowledge about subsurface microbes
in hard rock greatly increased [40]. The depth at which life is being found is constantly increasing, and
today, microorganisms have been found at depths that exceeds 5 km [10,41]. Putative fossilized
filamentous microorganisms have been found in a variety of subsurface environments, such as hydrous
alteration products in volcanic rocks, in oxidation zones of ore deposits, cavities in sediments, in
Mississippi-Valley Type ore deposits, and in vein-type hydrothermal mineral deposits in crystalline
rocks. In general, fossilized microorganisms are found in rocks that contain low-temperature aqueous
alteration assemblages and the microfossils occur in veins and vesicles filled with secondary quartz,



Sustainability 2010, 2 1973

carbonates, zeolites, or clays. The fossilized microorganisms usually occur as Fe/Mn-hydroxide
filaments upon which later oxides are precipitated [42-44].

The sub-seafloor biosphere is much less well-known than its continental counterpart due to
obstacles involved in the sampling. It is only during the last two decades that this biosphere has been
explored extensively. Sub-seafloor sediments [45,46], as well as hydrothermal vent areas [11,47,48],
are known to harbor a vast biosphere of bacteria and archaea, and microorganisms have been found in
sediments from depths of 10,897 meters below sea level in the Mariana Trench [49]. Our knowledge of
the sub-seafloor biosphere of the basaltic crust, on the other hand, is still today more or less based on a
fossil record. Drilled samples of basalt have been shown to contain two types of microfossils:
ichnofossils (tracefossils) in volcanic glass [12,50] (Figure 1) and body fossils (fossilized
microorganisms) in carbonate filled veins and vesicles [51-53] (Figure 2). Fossilized microorganisms
have been found at depths of as much as ~950 meters below the seafloor (mbsf). Both ichnofossils in
volcanic glass and fossilized microorganisms in the carbonate-filled vugs of basalts are interesting
within an astrobiological context. This is because, in the future, they present potential features to
search for in rock samples returned from Mars [51,54].

Figure 1. Line drawing showing the various ichnotaxa of tubular and granular ichnofossils
found in oceanic volcanic glass worldwide. From left to right: helical shaped or coiled
Tubulohyalichnus spiralis isp. nov.; simple unornamented and unbranched Tubulohyalichnus
simplus isp. nov.; on the lower side of the fracture, branched Tubulohyalichnus stipes isp.
nov.; annulated Tubulohyalichnus annularis isp. nov.; on both sides of the fracture,
Granulohyalichnus vulgaris isp. nov. (Note: this is a schematic juxtaposition of the
ichnotaxa; all five have not been observed alongside one another in natural samples;
approximate relative scales are illustrated). Modified from McLoughlin et al. (2009) [55].
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Figure 2. Microphotographs of microfossils in carbonate-filled veins and vesicles in
basalts. (A) Microfossils at the interface between zeolites and carbonates in the Ocean
Drilling Program (ODP) sample, 1206A-37R-3,72. Scale bar: 100 pm. From [52].
(B) microfossils in carbonate filled veins in basalts from the ODP sample,
1206A-18R-1,104. Scale bar: 10 pum. From [51]. See references [51,52] for more
information and discussion regarding the biogenicity of the microfossils.

The concept of the deep subsurface biosphere can be problematic when it comes to distinguishing
between the ground-surface biosphere, and the subsurface or subterranean biosphere, and there is no
general consensus. In our opinion, there is no obvious boundary between the ground-surface biosphere
and the subsurface biosphere. Instead, there is merely a gradual transition from the surface biosphere
to the subsurface biosphere, such that the influence of the surface decreases with depth. Due to the
main focus of this paper on the potential microbial life in deep Martian rocks, we will mainly refer to
the subsurface biosphere as microbial life that occurs in the crystal basement or oceanic crust, and not
in the overlying sediments. On Earth, subsurface microbial life occurs in most rock types from
sedimentary rock to volcanic rock and crystalline granitic rock. On Mars, however, the basement
consists of basalt, and we will focus mostly on terrestrial subsurface environments that can be used,
more or less, as analogous environments to Martian conditions.

The main prerequisite of the subsurface and sub-seafloor biosphere is the presence of migrating
fluids. Microorganisms exist in cracks and fissures in the rock, where fluids migrate and the
microorganisms are dependent on the fluids for their transport through the system (Figure 3). Usually,
they progress through the system in a passive and non-motile way. Thin films of water are probably
enough for the passive transportation of microorganisms by capillary forces. The fluids also contain
dissolved elements and compounds that are used by the microorganisms for their metabolism. Since
the microorganisms are out of reach from the sun, the base of these ecosystems consists of
chemolithoautotrophic microorganisms. Chemolithoautotrophs obtain their energy from the oxidation
of inorganic compounds, rather than from sunlight, and use inorganic carbon as a carbon source.
Usually, chemolithoautotrophs occupy habitats at the interface between two environments with
divergent redox chemistry [56]. In sub-seafloor settings, for example, microbes have been found
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mostly associated with highly reduced volcanic glass (e.g., [57-59]). In contact with oxidized seawater,
volcanic glass is out of equilibrium, and redox reactions favorable for microorganisms may occur. The
reactions are relatively slow at low temperatures, and the microorganisms take this opportunity to
catalyze the reactions and gain metabolic energy in the process. The most accessible compounds for
chemolithoautotrophs in subsurface settings would be Fe®*, H,, H,S, S, CO, CH,4, and Mn*, and
electron acceptors could be O,, NOs~, Mn**, Fe**, SO,*, S, and CO,. Heterotrophs do occur as well,
and use organic C in various constellations, like CH,, as an energy source.

Figure 3. Schematic drawing of the occurrence of microorganisms in the pore spaces of
sediments or sedimentary (upper box) rocks, as well as fractures and veins in crystalline
rock (lower box). The drawing also indicates the greatest depths at which microorganisms
have been observed in the oceanic and continental lithospheres, respectively. * indicates
the maximum depth where microorganisms have been found in marine settings: the
Mariana Trench at 10,897 meters below sea levels indicate s the maximum depth where
microorganisms have been found in continental settings at ~5 km depths.

it

| —

The Aspd Hard Rock Laboratory (HRL), Sweden, is an underground laboratory focused on the
geological and biological issues associated with nuclear waste storage. This underground laboratory is
situated 450 m underground, and is a unique location to study the subsurface biosphere, and is
probably one of the places on Earth where the subsurface biosphere has been explored most
extensively. At Aspd HRL, iron-, sulfide-, manganese-, and methane-oxidizing bacteria have been
found in large numbers, as well as nitrate-, iron-, manganese- and sulfate-reducing bacteria, acetogens,
and methanogens [41,60].

Usually, the subsurface biosphere is associated with prokaryotes exclusively, but eukaryotes have
been found as well. Fungi have been isolated from a wide variety of subsurface environments like
soils, deep subseafloor sediments, sedimentary rocks, ground waters, and igneous rock [61]. In soils,
fungi are abundant in symbiosis with roots as mycorrhizae, but further down in subsurface settings,
fungi are considered to occur more sparsely. Ground water aquifers in sedimentary rocks have been
shown to contain a diversity of yeasts and fungi [62,63], as well as ground water from crystalline
granite bedrock at Aspo, Sweden [64]. Ekendahl et al. [65] isolated five yeasts, three yeast-like fungi,
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and 17 filamentous fungal strains at depths between 201 and 448 m below sea level at Asp6 HRL
(Hard Rock Laboratory). Phylogenetic analysis of the 18S rDNA of the five yeasts’ isolates revealed
their relationships to Rhodotorula minuta and Cryptococcus spp.

2.2. Sustainability of the Deep Biosphere

The metabolic pathways of chemolithoautotrophs show how well adapted the microorganisms of
the subsurface biosphere are to their environment. It is the geochemical conditions of the habitats that
define the environmental limitations that the microorganisms have to adapt to. The conditions, at
which the subsurface biosphere exists, are normally thought of as extreme, and the microorganisms are
often referred to as extremophiles. This is a term that includes a wide array of different
microorganisms adapted to certain extreme conditions. Thermophiles are microorganisms with an
optimum growth temperature of ~50 °C or above, but with a maximum of 80 °C. Hyperthermophiles
are microorganisms with optimum growth temperatures above 80 °C, with a maximum of ~120 °C.
Psychrophiles are the opposite, and represent microorganisms that thrive at low temperatures,
preferably below 15 °C. Barophilic microorganisms thrive at high pressures, acidophiles at low pHs
(preferably below pH 3), and alkaliphiles thrive at high pHs (above pH 9). Combinations of different
extremophilic abilities occur. For instance, thermoacidophiles prefer temperatures of up to 80 °C and
pH levels below 3.

Adaptation is crucial for the survival and sustainability of the subsurface biosphere, since these
organisms are restricted to the subsurface conditions, and are more or less isolated from the surface
biosphere. Environmental stress forces the microorganisms to adapt as geochemical conditions change
over time in the subsurface settings due to, for example, rock weathering, alterations in fluid flow, or
increases in temperature. Microorganisms cope with environmental stress in different ways. Some
microorganisms are mixotrophic, which means that they can use a mix of different energy and carbon
sources. Shewanella spp, for example, a marine bacterium commonly occurring in seafloor basalts, is
capable of iron-, manganese- and sulfate reduction [48]. There are also mixotrophs that can alternate
between photo- and chemotrophy, litho- and organotrophy, or auto- and heterotrophy. In subsurface
settings, microbial communities are forced to adapt to microenvironments with varying redox
potentials within a limited spatial scale. The establishment of local niches with varying metabolic
pathways increases the enrichment of taxa from diverse metabolic groups, but also the capability of
mixotrophy [11].

Environmental changes can sometimes occur instantaneously and many microorganisms are
equipped with specific mechanisms to cope with such changes. Various heat shock response
mechanisms, such as the thermally stable design of proteins and efficient DNA repair are examples of
protective microbial responses to shifts in temperature. Similar response mechanisms have been
developed among microorganisms to cope with changes in pressure, acidity, radiation, etc. Most of the
processes are far from being understood. The organisms have been studied as single isolates, or as part of
a limited suite of organisms removed from their natural environments. However, by coupling gene
expression studies with analysis of geochemical variations, one may elucidate some of the driving forces
of evolution in subsurface ecosystems.
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If the microorganisms are subject to unfavorable conditions for a long period of time, they can go
into dormancy, which is an inactive period when growth and metabolic activity slows down or
completely ceases. This helps an organism to conserve energy. When the environmental conditions are
favorable again, the organism can resume from its dormant state and increase its growth rate and
metabolic activity. The dormant state can last for very long periods of time. Microorganisms as old as
eight million years have been retrieved and grown in a laboratory from ice core samples from
Antarctica [66]. However, the sustainability of a biosphere is not maintained by frequent dormant
periods. Even if the conditions are considered extreme and the nutrient supply is low in subsurface
environments, a stable ecosystem is needed to achieve a steady growth rate. Microorganisms in
subsurface environments are known to adapt their growth rate to the supply of nutrients, and thus their
metabolic activity is relatively low [67].

Microbial communities can also adapt to dynamic physical and chemical conditions in other ways,
such as biofilm formation or motility [68]. Biofilm formation ensures robust stable communities to
resist environmental stress. In fact, the production of exopolysaccharides is increased under conditions
of stress. Motility, on the other hand, provides a mechanism for microorganisms under environmental
stress to find new habitable environments.

2.3. Endoliths

Microorganisms living in the interior of rocks are referred to as endoliths. The microorganisms attached
to the external surfaces of rocks are termed epiliths. Endoliths are divided into euendoliths, cryptoendoliths,
and chasmoendoliths, depending on their occurrence and interaction with the host rock [69]. Euendoliths
are organisms that actively bore in the rock and create etched pits or microtubular cavities.
Cryptoendoliths are organisms that inhabit pre-existent cracks and fractures in the rock, and interact
with the host rock in the area that they inhabit. Chasmoendoliths are organisms that inhabit
pre-existent cracks and fractures without interacting with the host rock.

On Mars, the dominating rock type is basalt, just like the ocean crust on Earth. Future missions that
will search for fossilized endolithic life on Mars will thus be facing basalt as the main substrate. It is
therefore interesting that remnants of all types of endolithic life have been found in basalts from Earth.
Euendolithic boring is a common feature in volcanic glass from the ocean crust. McLoughlin et al. [54]
pointed out that this type of ichnofossils will be an important textural biomarker in future
astrobiological exploration, and Fisk et al. [70] reported microtubular structures in a Martian meteorite
similar to biologically formed microtubular ichnofossils from Earth. Putative fossilized cryptoendoliths
in carbonate filled vesicles in pillow basalts have been reported by Peckmann et al. [53] and
Eickmann et al. [71] and chasmoendoliths in carbonate and zeolite filled veins and vesicles in deep
drilled basalts from the ocean floor have been reported by Ivarsson et al. [51,52]. Ivarsson and
Holm [72] performed a study on fossilized microorganisms in basalts from the oceanic crust that have
implications for the sustainability and the search for a putative Martian subsurface biosphere. They
pointed out that fossilized microorganisms and ichnofossils in sub-seafloor basalt are associated with
minerals and materials (volcanic glass) that represent different stages of the alteration of the ocean
crust. This indicates that the microorganisms have been able to colonize various micro-niches in the
sub-seafloor environments as the alteration of the crust proceeded and as the geochemical conditions
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changed. Palagonitization is the process in which volcanic glass is altered to palagonite (a gel-like,
amorphous, yellowish material that replaces glass) and secondary phases like zeolites and smectites.
Palagonitization has been described differently by various authors, but according to Honnorez [73],
palagonitization takes place in three stages that are distinguished by the presence or absence of glass or
secondary minerals. Ichnofossils or fossilized microorganisms are observed in each of the three stages
of the palagonitization process [72]. Microbially etched ichnofossils are found in the fresh, unaltered
volcanic glass, which represents the first stage. As the alteration proceeds, and the glass, as well as the
rest of the basalt, is subject to fluid circulation and related hydrothermal alteration, fossilized filaments
are found attached to both altered basalt and altered volcanic glass in the second stage. In samples that
represent the third and final stage of palagonitization, and in which the veins are characterized by
palagonite, smectite and phillipsite materials, fossilized filamentous microorganisms, as well as
globular fossilized microbial cells and fossilized biofilms are found. Considering the microbial
interaction with the host rock, the first stage is thus dominated by euendoliths, compared to the second
and third stages. These latter stages are dominated by crypto- and chasmoendolithic microorganisms. It
appears as if the alteration of the oceanic crust creates micro-habitats for the microorganisms to dwell
in, and it is apparent that the microorganisms, by adapting to these new niches, can survive in the
systems while their living conditions change with time [72].

3. Mars
3.1. The Martian Subsurface

Theoretically, subsurface life is as plausible on Mars as it is on Earth. The Martian lithosphere
consists of basalts, with a high amount of reduced minerals that, when in contact with oxidized fluids,
offer conditions with high redox potentials that microorganisms can take advantage of to gain energy.
As we have seen in previous sections of this article, basalt systems on Earth harbor extensive microbial
ecosystems. Carbon accessible for microorganisms is also present on Mars; the most common form of
carbon is probably CO, or CH,4 [74,75]. The most plausible source of carbon are volcanic gases from
the planet’s interior.

The habitability of Martian rocks for endolithic communities is probably comparable to the
habitability of rocks on Earth. In fact, Martian rocks may be better suited to host endolithic
communities than terrestrial rocks. On Earth, fracturing and the production of micropores where
endolithic communities may thrive are a result of cooling and, above all, processes related to plate
tectonics. The Martian lithosphere has not been subject to plate tectonics as the terrestrial lithosphere
has. However, the present Martian lithosphere has been subject to more impacts than the present
terrestrial basement. The terrestrial basement has been recycled many times through plate-tectonics.
Fracturing caused by impacts can create new habitats for crypto- and chasmoendoliths and
can substantially increase the possibilities for fluid flow and microbial growth in subsurface
environments [76-78].

Thus, energy, carbon, and habitats do most likely exist on Mars. The major difference between
Earth and Mars is the distribution of water. Liquid water is a prerequisite for the existence of
sustainable life. Several observations suggest a wetter past on Mars that might even include oceans,
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but the current situation on Mars is the opposite. At the moment, Mars is a dry planet and water mostly
occurs as ice. However, liquid water can occur at great depths, and recent observations indicate that
occasional outflows occur on the Martian surface.

3.2. Hydrothermal Activity on Mars

Hydrothermal systems develop wherever a fluid phase coexists with a heat source to drive
convective energy. On Earth today, the heat that drives hydrothermal processes originates from
internal radioactive decay and core crystallization. Such heat dissipates by mantle convection from the
interior of Earth and is finally released by surficial volcanism. Most volcanism on Earth is
concentrated in the plate margins, and this is also where the most abundant hydrothermal activity is
found. Mars differs fundamentally in this respect, since it never developed plate tectonics [79].
However, crustal volcanism has played an important role in the thermal evolution of the planet.
Abundances of radiogenic isotopes (K, U, Th) in Martian meteorites are similar to terrestrial igneous
rocks, and it is most likely that radioactive decay provided a long-term heat source to sustain
magmatism [80]. Furthermore, morphological evidence of shallow magmatism and volcanism is
widespread over the red planet.

Water on Mars in the form of ice is known to exist at the polar caps, in the ground, locally on the
surface, and in the atmosphere [74,81-84]. We also know that liquid water has been abundant both on
the surface and as groundwater earlier in Mars’ past [85,86]. Thus the conditions, heat and water, that
are required for hydrothermal activity exist on Mars.

A number of observations on Mars and of Martian meteorites have been suggested to be the result
of hydrothermal processes. Martian meteorites indicate that there has been an active and ongoing
process of crustal atmosphere exchange on Mars [87], and hydrothermal convection provides the most
compelling mechanism for such exchanges [88]. Martian meteorites also contain trace quantities of
minerals like clays, sulfates, carbonates, halides, and ferric oxides that have formed through
interactions with aqueous solutions [89]. Another feature that has been assigned to hydrothermal
activity is the loss of the early atmosphere. Thermodynamic models indicate that hydrothermal
mineralization could have sequestered atmospheric CO, in the Martian crust [90]. Furthermore, several
authors have suggested that the occurrence of iron and sulfur rich minerals, like hematite and jarosite,
indicates aqueous and hydrothermal processes (e.g., [20,91-95]). The origin of some of these minerals
is still debated, and alternative interpretations have been presented that involve more surficial
processes, such as deposition in stagnant water [96].

Numerous geomorphic observations of channel systems have also served as evidence for
hydrothermal activity [20]. The most convincing geomorphic evidence is that of channel systems along
the margins of impact craters, and on the slopes of Martian volcanoes. Accumulation of water ice in
non-polar regions has also been interpreted as representing hydrothermal activity. The fluid was
probably released through melting of the cryosphere or snow caps by volcanically induced heating
from underground [97]. In general, hydrothermal activity on Mars is characterized by cryospheric or
magmatic systems, compared to hydrothermal processes on Earth that are characterized by meteoric or
magmatic systems [20]. Mars contains an extensive subsurface cryosphere that can provide, when
heated, a source of water for hydrothermal systems [81]. Hydrothermal systems generated by impacts
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are widespread in terrestrial impact craters [98-100], and an alternative heat source that could
have given rise to hydrothermal activity on ancient Mars is the heat generated by impact
cratering [15,101,102].

Recent observations by Mars missions are even more compelling and support the idea of past
hydrothermal activity on Mars. The rover, Spirit, discovered silica-rich deposits in the Gusev crater.
These have been interpreted to be of hydrothermal origin [103]. The silica-rich deposits were found in
close association with volcanic materials and ferric sulfates, which are probably also of hydrothermal
origin. The deposits resemble the silica deposits sometimes found in the vicinity of fumaroles or hot
springs on Earth. No evidence of standing or flowing surface water were observed at the site. This
further supports the idea of hydrothermal origin.

Observations of phyllosilicates by the Mars Express spacecraft and the Mars Reconnaissance
Orbiter at several sites on Mars have also been used to argue for past hydrothermal activity on the
planet [104-106]. The presence of minerals, such as nontronite, chamosite, montmorillonite, saponite,
kaolinite, chlorite, and illite are indicative of the long-term presence of liquid water and of the
alteration of mafic rocks like basalts. These minerals could have been formed on a surface with a warm
and humid climate similar to the climate on Earth. However, the most probable explanation is that the
minerals originate from hydrothermal processes in the shallow crust.

While hydrothermal systems appear to have existed on the ancient Mars, it is difficult to determine
whether hydrothermal activity still exists on the planet or if it has ceased. Liquid water is presently
unstable at the surface of Mars today, but extensive groundwater environments may exist at a depth of
several km [107]. As a result of overburden pressure and the geothermal gradient, subsurface ice can
melt at a given depth, and water can occupy rock pore spaces, forming aquifers. Subsurface zones of
liquid water may also exist at more shallow depths in the vicinity of young volcanic centers that have
recently erupted through the cryosphere on the high northern plains of Mars. Recent observations of
repeated volcanic activation with phases of activity as young as two million years suggest that
volcanoes are potentially still active today [97]. The contemporary accumulation and resurfacing of ice
caps show that liquid water, possibly a hydrothermal fluid, has been involved. However, no major
aquifers have been found at shallow depths by orbiters.

Active hydrothermal systems can be detected by localized anomalies in surface temperature or
atmospheric composition [20]. Recently, seasonal concentrations as high as tens of ppb of methane
have been detected by Earth-based observations of some localized regions on Mars [75]. The origin of
the methane is unclear since the residence time of methane in the Martian atmosphere is expected to be
hundreds of years, and appears to be seasonal. This suggests mechanisms of actively releasing,
capturing, or breaking-down methane. This can be explained by biological processes. However, further
studies of the distribution of methane and the environment of release on Mars are necessary in order to
assess the scenarios for methane’s formation.

3.3. Sustainability of a Potential Subsurface Biosphere on Mars

With the knowledge of sustainable microbial ecosystems in subsurface basalt systems on Earth, as
well as the potential for deep hydrothermal settings on Mars, it is possible to speculate on a subsurface
biosphere on Mars. Subsurface hydrothermal systems on Mars can provide protection against extreme
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daily temperature variations, UV-radiation, oxidized soil chemistry, low atmospheric pressure (~6 hPa)
and impacts. Additionally, the systems can offer heat, liquid water, and nutrients. The redox conditions
of basalts with high amounts of reduced elements, like iron and manganese, in combination with the
presence of oxidized liquid water, can provide energy to the base of the ecosystems and carbon can be
scavenged from volcanic gases. Basalt is known from Earth to support microbial ecosystems for long
periods of time and it has been shown that microorganisms can adapt to changing geochemical
conditions as the basalt is subject to alteration [72,108,109]. The lower background heat flow and
lower gravity on Mars allows for deeper colonies. Thus, the spatial distribution of a subsurface
biosphere may be more extended on Mars than on Earth [14].

Another factor that is of interest, concerning a potential Martian subsurface biosphere, is the lack of
active plate tectonics. On Earth, volcanic and hydrothermal active areas constantly move and the plate
tectonics recycle the crust. It is a dynamic system that constantly causes non-equilibrium conditions in
the crust and on the surface. Mars, on the other hand, is characterized by the opposite. No plate
tectonics are present to recycle the crust and the volcanic centers are fixed, much like intra-plate
volcanism on Earth (except where the plate moves above the active center). This means that a volcanic
area on Mars associated with a potential hydrothermal system, as well as a potential subsurface
biosphere, would be fixed and spatially isolated. Hydrothermal circulation would be concentrated
around the volcanic active area, and probably would not be in contact with another active
hydrothermal system. It could have been different on the young Mars, with its warmer climate and
liquid water, both on the surface and in the ground. However, today, there is a risk that sporadic
hydrothermal systems are isolated. This would have an effect on a potential biosphere: despite the
subsurface’s capacity to sustain life for long periods of time, eventually, the biosphere would suffer
from lack of external contact. Survival of a closed system over billions of years is hard to imagine.
However, the present state of Mars may not be a permanent state. The occurrence of water is strongly
obliquity-driven and the stability of water has changed periodically [110]. Near-equatorial regions are
especially sensitive to obliquity-driven periodicities of water stability, and it has been shown that much
of the equatorial regions of Mars had periglacial landscapes indicating surface ice with melt water
within the past few million years [111]. Such periods of water stability probably influence the
subsurface as well and isolated regions of hydrothermal activity might experience contact with other
hydrothermal environments by subsurface throughflow.

Even though the spatial fixation of volcanic active areas and associated hydrothermal systems might
result in limited contact with other active hydrothermal systems and limit the input of necessary
nutrients and microorganisms, these areas and systems may be able to support a deep biosphere for
long periods of time. The volcanic areas, including potential hydrothermal systems, will be extended in
both time and space compared to volcanism on Earth. The volcanic areas are larger than on Earth, and
thus can support a more extensive hydrothermal system. The largest volcano in the solar system,
Olympus Mons, is present on Mars. The volcano is 27 km higher than the mean surface level of Mars,
and is 550 km in width. The Martian volcanoes are also active for longer periods of time. Olympus
Mons, for example, was active between 3,800 and 100 million years ago. This is equal to 80% of the
lifetime of the planet [97] and coincides with a wetter past for the planet. A potential subsurface
biosphere that thrives in a hydrothermal system associated with a fixed heat source would have an
extensive period of time to evolve in an extensive area of habitat.
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4. Impact Deposits: A Window to the Subsurface

As previously discussed, on Mars, the subsurface is a suitable target to search for life in. However,
the sampling and analysis of the Martian subsurface is a tricky business for future planetary missions,
due to the heavy drilling equipment needed in order to reach down into the subsurface. Therefore, it
has been suggested that sampling and analysis of impact ejecta is one alternative way of studying the
subsurface [9]. Impact ejecta are available for sampling at the Martian surface, but they represent
geological units from the subsurface (Figure 4). Obviously, the extent and nature of the ejecta depend
on the size of impact, but impact cratering is able to excavate large amounts of material from the deep
subsurface. For example, in the Haughton impact crater of Canada, material from the crystalline
basement, which is located more than 1,880 m below the surface sedimentary rocks, is exposed as
crystalline clasts in impact deposits are available today at the surface [112]. It is only through the
Haughton impact event that material from the crystalline basement is exposed at the surface. Outside
the crater, the basement is buried by almost 2 km of sedimentary rocks.

Figure 4. Schematic drawing illustrating a rover at an impact site sampling ejecta that have

been excavated from great depths.
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Estimates of terrestrial impact frequencies are compiled by French [113]. Based on these impact
frequency calculations (references within French [113]), about 1-5 craters of a size >20 km should be
produced every million years. These impact frequencies are based on data from the terrestrial record
(in stable and well-preserved regions), but also from the cratering record on the moon and on asteroids.
It is very hard to estimate impact frequencies, but it is evident that cratering is widespread in our solar
system, through, for example, looking at the scarred surface of our moon. The Earth has been
reworked by plate tectonics, and many craters are now wiped out. The impact frequency was much
higher in the early history of our solar system, but large impacts still happen today, as is evident from,
for example, the comet Shoemaker-Levy colliding with Jupiter in 1994. On planetary bodies with little
or no crustal-reworking, such as Mars, impact-processed rocks can cover a significant proportion of
the surface. This means that impact deposits would be readily available for sampling on the
Martian surface.

The Martian surface still is subject to impact cratering and it would be possible to sample relatively
fresh excavation material. Mars orbiters observed that between May 1999 and March 2006, 20 impacts
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created craters 2-150 meters in diameter on Mars [114]. These craters are accompanied by vast ejecta
blankets and recent observations further show that the ejecta not only include excavation of rock debris, bui
also of ice [115]. The sampling of excavated ice would be highly interesting in an astrobiological context.

Impact cratering is a high-energy event, and involves extremely high pressures and temperatures
which could wipe out any pre-impact signatures of life, but the physical and chemical reactions during
an impact are far from equilibrium, and the extreme conditions will not apply to all the materials
involved in the impact. This gives rise to disordered material next to highly crystalline and shock
metamorphosed material [113]. There are several examples of fossil biological signatures which are
preserved in impact deposits after an impact event. Organic matter does not necessarily oxidize or
change in to highly crystalline forms during an impact event, but substantial amounts can be preserved
in a disordered form. For example, Blank et al. [116] showed that significant concentrations of organic
compounds survived in the shock experiments of amino acids. Fossil biological markers are preserved
within lithic clasts of the Haughton impact melt breccia [22], as well as in the carbonate bedrock of the
Haughton impact crater [117]. Pre-impact biological markers are also preserved in shale fragments of
impact breccias from the Ries impact crater in Germany [118]. Also, experimental impacts show the
preservation of fossil biological markers [21].

The examples of the preservation of life from terrestrial impacts all concern a fossil record of life.
But since the conditions on Mars today are rather harsh, with an unstable climate, a thin atmosphere,
strong irradiation at the surface, and possibly no liquid water, it is more likely that any evidence of life
on Mars would occur in the subsurface, and is more likely to be a fossil, which nevertheless would be
of a great significance. Therefore, a strong emphasis in Mars exploration is on the search for a fossil
record of life [15].
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