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Abstract

One of the most puzzling aspects of Mars is that organics have not yet been found on the surface. The simplest of organic molecules,
methane, was detected in the Martian atmosphere for the first time in 2003. The existence and behavior of methane on Mars is of great
significance, as methane is a potential biomarker. In this paper we review our current understanding of possible sources and sinks of
methane on Mars. We also investigate the role of other trace species in the maintenance and removal of methane from the atmosphere, as
well as of other organic material from the surface. In particular, we examine the exogenous, hydrogeochemical—especially
serpentinization—and biological sources, for supplying methane to Mars. We suggest that comets and meteorites are the least likely,
whereas low-temperature serpentinization is the most plausible of all candidates to explain the methane observations. Nevertheless, it is
premature to rule out the role of biology in producing methane on Mars, in view of available data. It is important to note that the loss of
methane to surface must also be factored into any “source” scenarios for methane. Ordinary heterogeneous loss process to surface tends
to be very slow. On the other hand, a reactive surface could potentially accelerate the destruction of methane. If correct, it would imply
that a larger source of methane is present than currently estimated on the basis of photochemical loss alone. A reactive surface can also
explain why no organic material has ever been detected on the Martian surface. The surface could become reactive if some oxidizer were
present. We suggest that vast quantities of a powerful oxidant, hydrogen peroxide, can be produced in electrochemistry triggered by
electrostatic fields generated in the Martian dust devils and dust storms, and in normal saltation process close to the surface. Finally,
current observations are inadequate to prove or disprove the existence of life on Mars, now or in the past. The question of extraterrestrial
life is a fundamental one, and it should be addressed meticulously on future missions to Mars. Measurements planned on the Mars
Science Laboratory (MSL), especially carbon isotopes and chirality, will go a long way in meeting this goal. A brief overview of the MSL
Mission and measurements relevant to the question of life and habitability of Mars is also presented in this paper.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Trace quantities of methane gas have been detected by
the Planctary Fourier Spectrometer (PFS) on Mars Express
(Formisano et al., 2004). The Fourier Transform Spectro-
meter (FTS) at Canada-French-Hawaii Telescope (CFHT)
yields similar (10 ppbv) global abundance (Krasnopolsky
et al., 2004). However, a high-resolution spectrograph
(CSHELL) at the Infrared Telescope Facility (IRTF) and
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the Gemini telescope data imply substantially greater
(>250 ppbv), localized amounts (Mumma et al., 2004),
which is puzzling. The PFS and IRTF/Gemini data also
indicate that methane is variable over the planet. This too
is puzzling, considering the relatively long lifetime of CH4
on Mars (300—600 years, Wong et al., 2003; Krasnopolsky
et al., 2004). It is tantalizing to surmise that widely
dispersed microbial colonies—extinct or extant—may be
responsible for the existence and non-uniform distribution
of methane on Mars. After all, between 90% and 95% of
methane on Earth has a biological origin, either from living
things now, organic waste, or fossilized matter, as
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illustrated in Fig. 1. For Mars, the biological source
viewpoint may be bolstered by the mineralogical evidence
of past (liquid) water at the Mars Exploration Rover
(MER) sites, especially Meridiani Plenum and the non-
uniformly distributed subsurface ice reported by the Mars
Odyssey researchers (Feldman et al., 2002).

A microbial source could indeed be one possible scenario
for the existence and non-uniform distribution of methane
on Mars. However, it is by no means the only one (Atreya
et al., 2004; Atreya and Wong, 2004; Atreya, 2005). In fact,
methane production through serpentinization is a common
occurrence on Earth, and the interior of Mars poses no
unusual challenge (Atreya et al., 2004; Atreya and Wong,
2004; Atreya, 2005). An effective surface sink could also be
responsible for non-uniform CH,. Oxidizers in the surface
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Fig. 1. Methane sources on Earth. Values shown in the figure were
adapted largely from Paul and Clark (1996).
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could scrub not only the methane gas from the atmosphere,
but may also destroy or transform (Benner et al., 2000;
McDonald et al., 1998) any organic material that is present
in the soil. Electrochemistry triggered by the Martian
aeolian processes—dust devils, storms, and normal salta-
tion—is potentially a large source of an oxidant, hydrogen
peroxide (Atreya et al., 2006; Delory et al., 2006). In this
paper we will summarize the current state and discuss
missing links in the above story, especially the isotope data
(e.g., '>C/13C), organics, oxidants, sulfur and halogen
species, and more. We will also discuss briefly the tests
required for determining the existence of life on Mars,
together with the measurements planned by the Sample
Analysis at Mars (SAM) Suite on the 2009 Mars Science
Laboratory (MSL) Mission.

2. Methane sources and sinks

Methane on Mars could be produced from any one of
the four potential sources:

1. Internal, such as volcanoes.

2. Exogenous, such as meteorites, comets, or interplane-
tary dust particles.

. Internal, such as a hydrogeochemical process involving
serpentinization.

4. Biological.

w

We illustrate these sources in Fig. 2.

In order to understand how realistic the source is,
it is important to know how methane is destroyed, as it
places a constraint on the required source strength.
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Fig. 2. Potential sources and sinks of methane on Mars, as discussed in this paper.
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The conventional loss mechanism for methane on Mars is
photolysis by the solar ultraviolet light in the upper
atmosphere and oxidation closer to the surface (Fig. 2).
This results in a photochemical lifetime (e-folding time) of
methane between 300 and 600 years (Wong et al., 2003;
Formisano et al., 2004), depending upon the amount of
water vapor, solar flux, and ozone. Assuming a CHy,
photochemical lifetime of ~2 x 10'”s near the surface, we
estimate that a flux of ~1 x 10°moleculescm s~ is
required to explain a CH4 mixing ratio of 10ppbv on
Mars. This implies a disk averaged source strength of
~4¢s7!',  which is equivalent to approximately
1.26 x 10°kgyr~" or 126metrictonyr~'. This is relati-
vely small compared to the source strength of
515 x 10°metrictonyr~' needed to maintain approxi-
mately 1700 ppbv of methane in the Earth’s atmosphere
(although the destruction mechanisms on Earth are similar
to Mars, the methane lifetime is shorter, ~10 years, due to
greater solar flux and the rate of oxidation on Earth).

2.1. Volcanic source

Volcanoes are not a large source of methane on Earth.
Less than 0.2% of all methane on Earth comes from
fumarolic sources (Fig. 1). A part of that could ultimately
be from the fossilized matter also. A more important
consideration is that in the terrestrial fumarolic gases,
sulfur dioxide is between 100 and 1000 times more
abundant (e.g. Walker, 1977). If the composition of the
volcanic gases on Mars were similar to that on Earth, and
if the observed 10ppbv of methane on Mars were of
volcanic origin, then one should expect on average
1-10 ppmv of SO,. However, SO, has not been detected
on Mars. Only a low upper limit of 3 x 10~® for SO, has
been derived from observations from the ground and
spacecraft (Encrenaz et al., 1991; Encrenaz, 2001; Table 1).
Thus a volcanic origin of methane on Mars is unlikely.

2.2. Meteoritic and cometary source

Only a fraction (<25%) of the approximately 300 gs™"
or ~9000 tonyr~" of micrometeoritic dust is expected to
reach the surface of Mars (Flynn, 1996), as most of it
would be oxidized in the atmosphere. Moreover, carbonac-
eous material comprises a very small proportion of the
total micrometeoritic dust. There is little likelihood of any
surviving organic material to be converted to methane, as
we discussed previously (Formisano et al., 2004). Direct
infusion of methane carried by meteorites is also negligible.

The only exogenous source with some potential is
cometary. With an average impact rate of 1.6 x 10 % yr™!
for the ecliptic comets at Mars (Levison et al., 2000) and a
typical cometary radius of 1km, the amount of methane
delivered to Mars by the comets would be on the order of
1tonyr~' on average, i.e. less than 1% of that needed to
maintain a steady state mixing ratio of 10 ppbv of methane.
Besides, the “average’ flux from the comets is not a very

Table 1

Constituent Mixing ratio

(a) Composition of the Martian atmosphere

CO, 0.9532%

N, 27%x10722

YOAr 1.6x1072%

0, 13x10732

CcoO 7x 10748

H,0 2x1074°

H,0, 4x1078¢

0; (1-80) x 107* ¢

CH, (1405 x 1078

CH,O <5x 1077 (tentative)f
<3x107%¢

36T 8AL 53%x107¢2

Ne 25%x10762

He (1.1+04)x 10761

Kr 3x 10772

Xe §x 10782

H, (1.540.5)x 107>

(b) Global upper limits to possible minor constituents

C,H, 2x107%4

C,H, 5% 10771

C,Hg 4% 10779

N,O 1x 10773

NO, 1x10787

NH,4 5% 10701

PH, 1x 10779

SO, 3x 1078k

0CS 1x10787

HCI 2x 10701

H,S 1x10779

Ratio Earth Mars

(¢) Isotope ratio™

D/H 1.56 x 107* ©+4)x 1074

(7.840.3) x 107

2¢/3¢ 89 (inorganic) 90+5

HN/SN 272 170+15

160,180 489 490425

545420

190/10 2520 2655425

AT 8Ar 5.3 55+1.5

YOAr/Ar 296 3000+ 500

129%e/13?Xe 0.97 2.5(+2, —1)

#Owen et al. (1977).

®Smith (2004), variable.

“Encrenaz et al. (2004) variable; Clancy et al. (2004).
dBarth (1974).

‘Formisano et al. (2004); Krasnopolsky et al. (2004).
fKorablev et al. (1993), equatorial region, solar occultation.
£Krasnopolsky et al. (1997), southern hemisphere spring.
"Krasnopolsky et al. (1994).

iKrasnopolsky and Feldman (2001), above 140 km.
Maguire (1977).

XEncrenaz et al. (1991); Encrenaz, 2001.

'Krasnopolsky et al. (1997).

MTable compiled by Owen (1992).

meaningful quantity, considering that the probability of a
typical size comet (1 km radius) striking Mars is once in
every 62 million years. Could it be that a comet did impact
Mars in the last few hundred to few thousand years,
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injecting methane whose relic we see today? We discuss this
possibility below.

In Fig. 3, we show the results of a calculation for the size
of comet vs. time of impact, with the constraint that the
methane delivered by the comet to Mars at the time of
impact has declined to its current value, 2.2 x 10'>cm >
CH,4 molecules, or 10 ppbv. Assuming an average of 1%
CH, by weight for the Oort cloud comets (Gibb et al.,
2003), together with a methane lifetime of 600 yr, we find
that an impact by a comet of radius as small as ~130m
that impacted Mars as recently as 100 years ago, to an
impact by a comet with radius as large as ~360m that
occurred as long as 2000 years ago, will be required if the
10 ppbv of methane detected on Mars today was supplied
by a comet. Although an impact of a few hundred meter
comet on Mars in the recent past cannot be ruled out from
the observations made from space, such as those by the
High Resolution Stereoscopic Camera on board the Mars
Express spacecraft, the non-uniform distribution of
methane on Mars remains difficult to explain, as it takes
only a few months for methane to be redistributed
uniformly over the planet. The same difficulty would arise
even if there were a constant drizzle of cometesimals
bringing in methane. On the other hand, if some localized
surface sinks are present to efficiently scavenge methane
from the atmosphere, the cometary source could be
plausible, but highly unlikely in our opinion.

2.3. Hydrogeochemical (serpentinization) source

Hydration of ultramafic silicates (Mg, Fe-rich) results
first in the formation of serpentine (Mg, Fe);Si,O5(OH)y,
and molecular hydrogen (Haq)),

(Mg, F6)28i04 + H,O — Mg3Si205(OH)4
+ Mg(OH); + Fe304 + Hyg)
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Fig. 3. Comet size vs. time of impact in the past, for different methane
lifetimes. The constraint is that the impactor delivered an amount of CHy
at the time of impact that has declined to its present day global value of
10 ppbv.

or, olivine/pyroxene + water — serpentine + brucite + mag-
netite + hydrogen.
Key hydrogeochemical reactions are:

6Fe,Si04 + 7TH,O — Hz(aq) + 3F€3Si205(OH)4 + Fe;0y4

2MgZS1O4 + 3H20 — Mg3 Sles(OH)4 + Mg(OH)z,
followed by:

2Fe;S1,05(0OH)4 + 6Mg(OH)2 — 2H2(aq)
+ 2Mg3Si205(OH)4 + 2Fe504 4+ 4H,0

The Hj,q) produced in above serpentinization process is
key to the formation of methane by the hydrogeochemical
process. Hauq) reacts with carbon grains or CO, of the
crustal rocks/pores to produce methane and possibly
higher order hydrocarbons in decreasing abundances, i.e.

COsag) + [2 4 (m/2n)Hoaq) — (1/n) C,Hy + 2H20
COxaq) + 4Hs(aq) — CH4 + 2H,0

C+ 2H2(aq) —> CH4

In laboratory experiments simulating the p-T' (~390 °C,
~400 bar) of the Black Smoker vents, Foustouskos and
Seyfried (2004) found a relatively large production of
methane in the above reactions catalyzed by Fe-Cr oxide
(in addition to being rich in Mg and Fe, oceanic rocks—
ultramafic silicates—are also rich in Cr).

Although Black Smokers, first discovered 25 years ago
by the submersible Alwyn in the mid-Atlantic Ridge, are
commonplace in terrestrial oceans, their occurrence in the
interior of Mars is questionable. First, for possible range of
Martian geotherms (Fig. 4), Black Smoker type tempera-
tures are expected to be reached 25-50km beneath the
surface of Mars, which is well below the depth where liquid
water would be stable (Oze and Sharma, 2005), and the
above serpentinization reactions require aqueous phase.
Secondly, if by some remote chance methane was
produced, it may be nearly impossible for it to push its
way out into the atmosphere from such great depths. It is
also doubtful that the high temperature-high pressure
“aqueous’ alteration of silicates to produce methane could
have occurred on Mars in the past either.

A more likely scenario involves serpentinization at
relatively “low temperatures”. Recently, Kelley et al.
(2005) have observed that in “Lost City”’, 15-20km from
spreading centers in terrestrial oceans, methane is found in
copious quantities. The process that produces this methane
is believed to be serpentinization, as outlined above for the
Black Smoker vents. However, the temperatures in Lost
City are relatively mild, 40-90 °C. For possible range of the
Martian geotherms, such temperatures are reached at
depths as shallow as ~2km below the surface (Oze and
Sharma, 2005). Moreover, the region of stability of liquid
water extends from approximately 2-20km below the
surface (Oze and Sharma, 2005). Although aquifers are yet
to be detected on Mars, if present, they would be a fertile
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Fig. 4. Possible range of Martian geotherms (Oze and Sharma, 2005). Geotherms of 5, 10, 15, and 20 K km ™" are shown on a 7-P-depth diagram where
the surface of Mars in relation to Hellas Basin is noted. The depth and T at which H,Oy, can be present is shown with a grey polygon. Crustal Ps were
calculated using a Martian crust density of 2900 kgm™ and the gravity of Mars (3.71 ms™2).

ground for the above water-rock reactions to take place,
and to produce methane in turn.

In fact, a chemical equilibrium computer model of basaltic
alteration by serpentinization at low temperatures of
<150°C yields as much as 0.2bar, or approximately
10%tons (10"8kg) of CH, (Wallendahl and Triemann,
1999). The process involves wet phase conversion of
carbon—initially present as CO, in the crustal pores—into
CH,. Such a process could well be active on Mars today.
Alternatively, if methane was produced in the past, it could
have been stored as stable methane hydrate in subpermafrost
aquifer, and gradually risen to the planet’s surface (Max and
Clifford, 2000) Although the rate of release to the atmosphere
is unknown, the above mechanism yields a maximum CH,
flux of approximately 200,000tonsyr™', assuming that
leaking has been taking place at a uniform rate over the
geologic time. This is a factor of 2000 times greater than the
100tons or so per year needed to maintain a steady state
mixing ratio of 10 ppbv of CH4 on Mars today, thus easily
accommodating a slower or non-uniform release.

2.4. Biogenic source

Despite our own enthusiasm for a hydrogeochemical
process as the source of methane on Mars, it behooves us
to consider the possibility that the methane we see on Mars
today could have a biological origin. If the source is
biogenic and current, methanogens that use CO or H, for
energy are candidate sources. The measured abundances of
both of these molecules may constrain the global activity of
such a biomass (Weiss et al., 2000).

Subterranean and oceanic chemolithotrophic microbial
ecosystems are common on Earth. Such microbes are
known to produce methane as a product of metabolism
(Chapelle et al., 2002; Stevens and McKinley, 1995; Parkes

et al., 1994). The chemical reactions involved are:

4CO + 2H,0 — CH4 + 3CO;,

4H, + CO, — CHy4 + 2H,0

Microbial colonies could exist in the subpermafrost
aquifer environment of Mars, where microorganisms
utilize CO and/or H,, and produce methane in turn. The
Martian atmosphere provides a ready source of CO
(~700 ppmv) and H, (40-50 ppmv), based on models and
observations (Atreya and Gu, 1994, 1995; Nair et al., 1994;
Krasnopolsky, 1993). These gases are expected to diffuse
through the regolith to the subsurface aquifers. Abundant
H, may also be made available locally via the hydration of
ultramafic silicates. It has been suggested that the source of
methane need not be current. If microorganisms existed on
Mars only in the past during its (possible) warm and wet
phase and produced methane, that methane could have
been stored in methane-hydrates for later release, as
discussed above. A comparison of the CH,4 source strength
at Mars (4 gs~") with that on Earth (1.67 x 10" gs™', Yung
and DeMore, 1999) indicates that if methane on Mars is
microbial in origin, the microbe population must be small.
This is because nearly all of the 1700 ppbv of CHy in the
Earth’s atmosphere has its ultimate origin in organisms
(Fig. 1), and the Martian source pales in comparison. The
quantification of any microbial source on Mars should take
into account the possibility of methanotrophs. The latter
would consume methane, thus providing another mechan-
ism for the loss of methane from the atmosphere.

2.5. Loss processes: surface oxidants, and organics

As discussed in the introduction to Section 2, the
conventional loss mechanism of methane in the Martian
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atmosphere is photochemistry, i.e. UV photolysis in the
middle and upper atmosphere and oxidation by O('D) and
OH below. This results in a “photochemical” lifetime of
300-600 years for CH4. Wong et al. (2003, 2004) found that
CH,4 does react with chlorine species, but its loss rate is
quite small, even assuming the maximum possible value of
HCI as given by its upper limit in Table 1. Loss due to
reaction with other trace constituents (Table 1) is also
negligible. On the other hand, there is a distinct possibility
of heterogeneous loss to the surface. Generally, such loss
processes tend to be slow, so that they do not alter the
methane lifetime substantially. This could change signifi-
cantly if the surface were reactive, as the atmospheric
molecules are constantly in the process of diffusing on to
the surface. A species that could render the surface of Mars
reactive is hydrogen peroxide (H,O;). In fact, hydrogen
peroxide was proposed as a possible candidate to explain
the results of Viking Life Sciences Experiments (LSE). One
of the more startling LSE findings was the lack of detection
of organics in the Martian surface by the Viking Gas
Chromatograph Mars Spectrometer (GCMS; Biemann et
al., 1977). Moreover, no convincing evidence of organic
material in the surface of Mars has been found to date by
remote sensing observations either.

The lack of organics on the surface of Mars is puzzling!
It is important to attempt to unravel this mystery as the
answer could also affect our thinking about the source of
methane gas in the atmosphere. Even if there were no
organics indigenous to Mars, organic material must have
been delivered in vast quantities by meteorites, comets, and
interplanetary dust particles over the past 4.5 billion years.
While the Viking GCMS failed to find organics, other life
detection devices on the Lander, in particular the Gas
Exchange (GEX) and Labeled Release (LR) experiments,
indicated a reactive surface. In the LR experiment, gas was
given off when nutrients were added to the soil (Levin and
Straat, 1979). In the GEX experiment, both O, and CO,
were released from the soil (Oyama, et al., 1977, Oyama
and Berdahl, 1977), but the rate of release was fast. In the
beginning, presence of microorganisms was invoked, but
the rapidity of reactions implied an unrealistic metabolism.
A simpler solution was proposed, instead. The seemingly
contradictory findings of the Viking GCMS: absence of
organics, and the GEX and LR experiments: possible
presence of microorganisms, hence organics, could be
reconciled if a powerful oxidizer were present in the
Martian surface. This led to a suggestion that H,O, was
that oxidizer (Oyama et al., 1977).

After three decades of relentless pursuit, H,O, was
detected finally in 2003. Encrenaz et al. (2003, 2004)
detected it at a dozen lines in the 8.04-8.13 um range, and
Clancy et al. (2004) at a single submillimeter line at
362.156 GHz with JCMT. The H,O, mixing ratio was
found to vary between 20 and 40 ppbv over the planet
(Encrenaz et al., 2004), in reasonable agreement with
photochemical models (Krasnopolsky, 1993; Atreya and
Gu, 1994; Nair et al., 1994) corresponding to the time of

observation (southern spring, Ls = 206°). The observed
abundance of H,O, is at least a factor of 1000-10,000 too
small compared to the amount of oxidizer in the surface
estimated from the reactivity of soil measured by Viking
(Mancinelli, 1989), even after accounting for H,O, vapor
diffusion from atmosphere on to the surface (Atreya et al.,
2006). Could there be another mechanism responsible for
the presence of excess oxidant in the surface?

Reaction between H,O frost and ultramafic silicate rock,
such as pyroxene or olivine, may produce H" and OH™ ion
pair, and eventually H,O,, from the recombination of
residual OH after surface neutralization (Huguenin et al.,
1979). Electrical discharges between wind-blown sand
particles could produce alkali earth and alkali metal
superoxides, peroxides, etc. (Oyama and Berdahl, 1979).
Smectite clays could also catalyze oxidation of organics
(Banin and Rishpon, 1979). And, recently, taking a cue
from the medical literature on silicosis and toxicity of
mineral dust (Fubini and Hubbard, 2003), Hurowitz et al.
(2005) have found that a large quantity of H,O, is
produced from aqueous suspension of freshly ground
samples of labradorite, augite, foresterite, and fayalite.
It is surmised that cleavage of mineral surfaces during
grinding and crushing results in radical species, whose
solution in water gives rise to highly reactive oxidants such
as H,O, (Fubini and Hubbard, 2003; Fenoglio et al., 2000).
However, it is not apparent how minerals will undergo
crushing on Mars in order to produce reactive species, and
then how they would become suspended in aqueous
solution as aquifers may be present only several kilometers
below the Martian surface. Nonetheless, above geologic
processes for producing oxidants on Mars are promising,
but their quantification and the test of their efficacy for
producing H,O, or other oxidants would require con-
trolled laboratory measurements under appropriate Mar-
tian environmental and interior conditions. On the other
hand, aeolian processes that are so prevalent on Mars may
turn out to be a potent source of oxidants, as discussed
below.

Atreya et al. (2006) have investigated this new mechan-
ism for producing oxidants, especially H,O,, on Mars.
Large-scale electrostatic fields generated by charged sand
and dust in the Martian dust devils and storms and in the
normal saltation process, can induce chemical changes near
and above the surface of Mars. The most dramatic effect is
the production of H,O,, as illustrated in Fig. 5. The normal
photochemical process requires self-recombination of two
HO, radicals. The triboelectric process results in excess
OH, and subsequently excess H, followed by excess HO»,
which in turn gives rise to excess H,O».

In fact, the calculated abundance of H,O, could reach
10* times that produced by photochemistry alone, assum-
ing the production rates of the CO/O™ and OH/H™ pairs
from electric fields as calculated by Delory et al. (2006)
using a collisional plasma physics model. With large
electric fields of 20kV/m based on terrestrial analogs,
H,0, abundance can get so large that saturation would
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Fig. 5. Electro-photochemical scheme in the atmosphere of Mars.
Normally, H,O, is produced by the self-recombination of two HO,
radicals; HO, results from the reaction between H and O,. In
photochemistry, H comes from the UV dissociation of H,O, and O,
comes from the UV dissociation of CO,. In electrochemistry, triboelectric
processes break down H,O to produce additional OH, which when
combined with CO produces additional H. The rest of the chemistry
proceeds as normal, with the end result being excess H,O, production.

occur (at 200 times the photochemical value of approxi-
mately 20 ppbv). This would lead to the condensation of
H,0,, followed by its precipitation out of the atmosphere
on to the surface in the form of H,O, ice adsorbed on
airborne dust particles. We suggest that this hydrogen
peroxide “dust”, or another superoxide processed from it
in the surface, may be responsible for scavenging organic
matter from the surface of Mars.

Presence of an oxidizer in the surface could have
important consequences for methane also. A reactive
surface could remove methane much more efficiently than
the photochemical loss processes mentioned earlier. This
would place a greater burden on the source, as the
production rates are inversely proportional to the methane
lifetime. In other words, a faster loss rate would imply a
faster production rate in order to maintain the same
amount of methane in the atmosphere. It could also mean
greater non-uniformity in methane.

3. Life and habitability

Present observations of methane neither prove nor
disprove the existence of extant or extinct life on Mars.
The observed non-uniformity in methane could be due to
localized microbial colonies or localized hydrogeochemical
sources. The habitability of Mars is another matter,
however. Oxidants in the surface, widespread aeolian

processes and associated electrical storms, harmful solar
ultraviolet radiation passing through the thin Martian air
and constantly bombarding the surface, all have the effect
of sterilizing the surface and possibly rendering it inhos-
pitable to life. If life exists on Mars today, or if it ever
existed in the past, e.g. during or after any warm, wet
phase, the subsurface is a more friendly environment.
We should stress that, life in this context means life as we
know it.

3.1. Life tests: carbon isotopes

Several tests need to be carried out to determine the
existence of life on Mars, now or in the past. One such test
is based on the carbon isotopes. Life on Earth has evolved
to favor “light” carbon, '*C. This is because when organic
molecules, including the simplest of organic molecules,
CH,, combine, it takes less energy to form a bond between
12C and '*C elements than between '>C and '*C elements.
This kinetic “preference” led to amino acids combining to
form protein molecules, the building blocks of life, in such
a way that the resulting organic molecule contained more
12C than *C, hence a deficiency in '*C. Such an isotopic
fractionation in organic matter is a good indicator of life,
as we know it. The isotopic fractionation relative to some
known “inorganic” standard is expressed as 0'°C. For
example, 6'°C for methane is given by:

813C (CHy)pio vs. [std] = (Rpio — Rstd)/Rstd x 1000,

where Ryq = *C/'?C =0.0112372, is the PDB (Pee Dee
Belemnite) Inorganic  Standard value, so that
12C/13C = 89.0 (inorganic).

With a —60%o fractionation of 6'*C (CHy)pio =, one
obtains Ry, = 0.010563, or '>C/"*C = 94.7 (biogenic).

The typical range of 6'°C (CHy)pio vs. [PDB std] for
extant autotrophs including methanogens, methanotrophs,
cyanobacteria, etc., is —10%0 to —40%., with average
around —30% (Schidlowski, 1988), resulting in
12C/"C = 92. Values even lower than —85%o have been
found for some microorganisms, with corresponding
2C/BC of approximately 97. Thus, for all organic
molecules associated with life on Earth, the '*C/!3C ratio
is greater than the inorganic standard value of 89. Note,
however, the inorganic standard for '*C is based on
Belemnite of the Pee Dee Belemnite formation in South
Carolina (PDB) that originally came from the bones
(carbonate) of a marine animal, which is no longer
available. A new reference standard, Vienna-PDB, or
simply V-PDB, has been defined, based on the US National
Bureau of Standards (now NIST) limestone material
NBS19. The V-PDB reference standard is only very slightly
different from the previous (PDB) reference, and is agreed
to be '*C/"?C =0.0111797. Note that both V-PDB and
PDB standards are used in the literature, often without
making any distinction.

The above discussion on the carbon isotope fractiona-
tion in organic molecules illustrates a monumental
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challenge for determining the existence of life on Mars. The
mere detection of methane on Mars is not sufficient. Precise
carbon isotopic measurement will be required. The average
mixing ratio of CHy is 1078, so that the '*CH, would be
only approximately 1% of this, or a mixing ratio of ~10~'°
for *CH,. Thus the '*C/'?C determination would require
measurement capability of at least 0.1 ppbv, which is quite
difficult. But even that will not suffice, because it is the
deficiency of '*C due to biology, if any, that needs to be
measured. The '*C fractionation due to biology, 6'°C
(CHy)pio, could be as low as —3%o relative to an inorganic
standard. Thus a very accurate and precise determination
of the '>C/'3C ratio is essential, and requires an instrument
that is capable of measuring methane at 0.01 ppbv levels.
The second challenge is to determine an inorganic
standard “reference” value for '’C/'*C ar Mars, again
with a very high degree of precision. Present values using
CO, are hopelessly uncertain. Even if '>C/"*C could be
determined from CO, accurately in the future, there is no
guarantee it will represent the inorganic standard reference,
as this ratio could have been altered due to escape, for
example, leading to an “excess” of '*C over geologic time.
The trick is to measure the carbon isotopes in CO, and
CHy (possibly CO as well) in the atmosphere, along with
the same in (yet to be found) organic material and
carbonates and in the surface, subsurface and the rocks.

3.2. Life tests: chirality

Although the carbon-isotope ratio can provide a critical
test for the presence of life on a planet, it is not a good
discriminator between extant (present) or extinct (past) life.
One possible test for present life is chirality, or handedness,
of organic molecules. Life on Earth has evolved to favor
“left handed” organic molecules. All of the amino acids
used to make proteins are chiral, although in nature (non-
life) they can exist in equal numbers of left- and right-
handed configurations. The origin of such chirality is
obscure. However, amino acids in meteorites rich in
organic material (carbonaceous chondrites, such as Murch-
ison and Orgueil) are also left-handed. Organic molecules
associated with life can exist either as left-handed, as on
Earth, or right-handed, but not both. Could it be that life
on Earth was started by extraplanetary material? Could it
be that the chirality of organic material was fixed in the
dense molecular clouds before the formation of the solar
system? In such clouds, the absorption characteristics of
molecules with left and right circularly polarized ultraviolet
light are different. Although it is not apparent how and
when chirality of organic molecules was determined,
chirality is test of life, but only for present life. This is
because over time a racemic mixture will be formed, i.e. one
with equal number of left-handed and right-handed
configurations. The chirality test at Mars is difficult
technically, but crucial. The MSL mission is designed to
address the important questions of life and habitability on
Mars, and considerable effort will made to carry out

precise measurements of chirality and isotope abundances
amongst other things, as we discuss below.

4. Tests for habitability with the Mars Science Laboratory

The sensitive detection of the trace atmospheric species
CH,4 and H,O, from Earth and from Mars orbit motivates
not only the systematic investigation of sources and sinks
for these molecules but also, a broader exploration of the
range of geochemical conditions and processes that impact
habitability. The combination of the increasingly compre-
hensive imaging, spectroscopy, altimetry, and neutron
measurements available from present and future Mars
orbital platforms together with the ground truth provided
by the MER rovers provide a good basis for the selection
of optimal sites for future landers and rovers that can most
directly address the question of the likelihood of past or
present life on Mars. For example, prime candidates for
such surface sites might be those that contain evidence of
sedimentary layers or those that show morphological or
chemical evidence for previous transport of ice or liquid
water.

The MSL currently under development with a planned
launch date of 2009 is designed to achieve a more detailed
exploration of habitability. Its goals are to assess and
characterize over the period of a full Martian year (1) the
biological potential of the target environment, (2) its
geology and geochemistry (3) planetary processes that
influence habitability, and (4) the surface radiation.
A payload for this mission was recently selected that is
designed to enable a more detailed in situ analysis of the
chemical state of elements such as C, H, O, N, S, P, Ca, and
Fe that are essential for terrestrial life. In a significant step
forward in analytical capability from the Mars Exploration
Rovers, the MSL is designed to provide resources for a
capable chemical and mineralogical Analytical Laboratory
to sample the atmosphere and processed solid phase
samples of regolith or rock cores. The Analytical Labora-
tory includes the suite of instruments to analyze volatiles
that is described in the next section and an X-ray
diffraction/X-ray fluorescence (XRD/XRF) instrument
that will be able to establish definitive mineralogy of
powders delivered by the MSL sampling tools. A diverse
set of contact and remote surface and subsurface survey
tools will establish context for measurements of this
Analytical Laboratory and will facilitate sample identifica-
tion and selection.

4.1. The Sample Analysis at Mars suite

The primary MSL investigation for organic, volatile, and
light isotope analysis is the Sample Analysis at Mars
(SAM) Suite Investigation. The primary scientific objec-
tives of the SAM investigation are (1) to take inventory of
carbon compounds including those relevant to terrestrial
life to determine their sources and processing, (2) to
determine the chemical state of light elements through
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analysis of volatiles from minerals that trace aqueous and
geological processes, (3) to examine oxidation chemistries
that might play a role in the destruction of organic
compounds, and (4) to establish isotope ratios in noble
gases and light elements that may constrain models of
atmospheric evolution and past habitability conditions.

SAM consists of three instruments (Mahaffy et al.,
2005), a 2-535 Dalton Quadrupole Mass Spectrometer
(QMS), a 6-column Gas Chromatograph (GC), and a
4-channel Tunable Laser Spectrometer (TLS). The effluent
from the GC is sent to the QMS to enable GCMS analysis.
The SAM instrument interrelationships and sample flow is
illustrated in Fig. 6 and a model of the current baseline
configuration of the SAM instruments and subsystems is
illustrated in Fig. 7.

4.2. SAM analysis of methane and hydrogen peroxide

The TLS of SAM employing quantum-cascade and
inter-cascade infrared lasers in a 10m Harriot cell is the
primary MSL tool for the analysis of both hydrogen
peroxide and methane since both of these species fall in a
spectral region of the mass spectrometer that is likely to
contain interferences from the ion fragments from other
species. The TLS technique has been used extensively for
measurements of water D/H, '%0/'°0, and '70/'°0 isotope
ratios in the Earth’s atmosphere (Webster and Heymsfield,
2003) and the technique for the measurement of water and
trace methane in the atmosphere of Mars has also been

developed (Webster et al., 2004, 2005; Webster, 2005).
Although, several parts per billion volume mixing ratio
(ppbv) of these species can readily be measured directly by
the TLS, the SAM Chemical Separation and Processing
Laboratory (CSPL) is able to substantially enrich methane
for detections substantially below the ppbv mixing ratio.
This enrichment will allow the '*C/'>C isotope ratio in
methane to be obtained.

4.3. SAM analysis of other organic compounds

SAM provides the capability to search for carbon
compounds in MSL delivered samples by three different
measurement protocols.

(1) Pyrolysis of the sample with direct QMS measurements
followed by GCMS

(2) Solvent extraction of organics followed by chemical
derivatization and GCMS analysis, and

(3) Combustion of carbon compounds followed by TLS
analysis of the CO; produced and its isotopic composi-
tion in both carbon and oxygen.

In the first measurement protocol, several tens of cubic
millimeters of a crushed sample of Mars regolith or rock
delivered from the MSL sample processing tools are heated
in an inert carrier gas stream from the ambient temperature
to 1000-1100°C in a programmed temperature ramp.
As volatiles are released, these are detected by introducing

SAM SAMPLE FLOW DIAGRAM
MARS SAM SUITE
Atmospheric: | | GCMS
CO,, Ny, noble | | I
gases, trace species ce ams
1
GSPL )
Evolved gas ILs
P analysis
S S
Solid samples: Enrichment &
Fines, ice or rocks separation
Pyrolysis &
v derivatization
MSL PROCESSING WRP
‘ Acquisition System | [ Gas Samples
\ Rock Crusher | p—  SMS | I Solid Sampks
m= |nstrument/Subsystem Dependencies

Fig. 6. Flow of solid or gas samples through the instruments and major subsystems of the SAM suite including the quadrupole mass spectrometer (QMS),
the gas chromatograph (GC), the tunable laser spectrometer (TLS), the sample manipulation system (SMS), the wide range pump (WRP), and the
Chemical Separation and Processing Laboratory (CSPL).
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Fig. 7. The baseline mechanical configuration of the SAM suite of instruments is illustrated without the external contamination and shielding covers.

a small volume of the gas stream into the ion source of the
QMS. The QMS will ionize a fraction of all gases that are
sufficiently volatile and inert to be transported through the
heated transfer tubes of the gas manifold to the ion source.
Simultaneously, the gas containing thermally evolved and
pyrolyzed products is directed over a trap that selectively
removes hydrocarbons from the gas stream. Subsequently,
the trapped hydrocarbons are injected by a sharp thermal
pulse into one of the SAM capillary chromatograph
columns and a GCMS measurement is implemented by
continuously scanning the QMS while ramping the
temperature of the column. Even if a sample is delivered
that contains no organic compounds, the evolved gas
analysis will reveal the hydration state of the sample as
water is evolved and signatures of the mineralogy as
inorganic compounds break down at higher temperatures
into simple gases such as CO,, SO,, and nitrogen oxides
that can be detected by the SAM QMS and/or the TLS.
In the second organics measurement protocol, the solid
sample is delivered into a cup containing both a solvent
and a chemical derivatization agent. As organics are
extracted from the samples, certain classes of compounds
will react with the derivatization agent, in this case the N, N
Methyl, (dimethyl ter-butylsilyl) trifluoro acetamide. We
have demonstrated that this reagent successfully produces
volatile species for a range of amino and carboxylic acids

and nucleobases. Non-volatile compounds, such as car-
boxylic acids (Benner et al., 2000), to which the Viking
GCMS was not sensitive, can also be detected with a single
step derivatization (Cabane et al., 2001).

Finally, SAM will bring to Mars an oxygen containing
reservoir that can be used to combust kerogen-like organic
material that may be difficult to analyze without this
destructive chemistry. The CO, produced in a stepped
combustion process will be analyzed in the TLS for both
abundance and '*C/"?C, '®*0/'°0, and '"0/'°0. Compar-
ison of the stepped combustion products with the release of
CO, from the direct pyrolysis, will help distinguish organic
carbon from the carbon released as carbonates decompose.
Independent measurements from the XRD/XRF may also
provide information on carbonates. Of particular interest
will be a comparison of the '*C/'*C ratios in carbonates
and organic material, as this could be diagnostic of the
origin of the organic compounds.

The SAM chemical processing that removes hydrocar-
bons for injection into the GC after a pyrolysis sequence,
will also be used to trap trace species from a stream of
atmospheric gas that is driven through the system by the
pressure differential produced by the turbomolecular
pumps. The ratio of methane to other trace hydrocarbons
such as ethane and more complex species may provide
another clue in understanding the origin of the atmospheric
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methane. A search will be carried out for other potential
atmospheric biomarkers such as dimethylsulfide, metha-
nethiol, or hydrogen sulfide (Pilcher, 2003) with this gas
enrichment technique.

5. Summary

The detection of methane in the atmosphere of Mars has
rejuvenated interest in the possibility of life on the planet,
now or in the past. Life and habitability are fundamental
reasons for the exploration of solar systems. Current data
sets on methane are inadequate for answering these issues
for Mars. One of the first measurements to be carried out is
to confirm the high, localized methane sources and to map
them. Methane could be biological in origin, or it could
just as well be a product of hydro-geochemistry in the
interior. Many coordinated measurements with a high
degree of accuracy need to be carried out to answer this
and related questions. Measurements of the isotopes of
carbon and other elements, together with chirality,
organics, oxidants, and other trace species, in samples of
the surface, rock, and the atmosphere are essential. The
Analytical Laboratory on board the MSL Mission will
carry a suite of instruments whose combined results are
expected to assess whether Mars is biologically active
today, or if it was ever habitable.

Acknowledgments

Part of the research discussed here was performed under
the auspices of NASA’s MSL Project. SKA’s research was
supported in part also by NASA’s Jet Propulsion
Laboratory for his participation as a US Investigator on
ESA’s Mars Express Mission, and by NASA’s Planetary
Atmospheres Program for development of a generalized
numerical photochemistry code. Discussions with Thérése
Encrenaz, Christopher Webster and Ricardo Amils have
been valuable to this research.

References

Atreya, S.K., 2005. Methane and related trace constituents: sources, sinks,
implications for life, habitability. Bull. Am. Astron. Soc. 37 (3), 669
abst. 27.01.

Atreya, S.K., Gu, Z.G., 1994. Stability of the martian atmosphere—is
heterogeneous catalysis essential? J. Geophys. Res. 99, 13133-13145.

Atreya, S.K., Gu, Z.G., 1995. Photochemistry and stability of the
atmosphere of Mars. Adv. Space Res. 16, 57-68.

Atreya, S.K., Wong, A.S., 2004. Methane on Mars—origin, loss,
implications for extinct or extant life. AGU Fall Meeting, ED13D-
0745.

Atreya, S.K., Encrenaz, Th., Formisano, V., Wong, A.S., 2004. Methane
on Mars: sources, sinks, and implications for life. International Mars
Conference, Ischia, Italy, 21-24 September.

Atreya, S.K., Wong, A.S., Renno, N.O., Farrell, W.M., Delory, G.T.,
Sentman, D.D., Cummer, S.A., Marshall, J.R., Rafkin, S.C.R.,
Catling, D., 2006. Oxidant enhancement in Martian dust devils and
storms: implications for life and habitability. ASTROBIOLOGY 6 (3),
439-450.

Banin, A., Rishpon, J., 1979. Smectite clays in Mars soil: Evidence for
their presence and role in Viking biology experimental results. J. Mol.
Evol. 14, 133-152.

Barth, C.A., 1974. The atmosphere of Mars. Ann. Rev. Earth Planet. Sci.
2, 333.

Benner, S.A., Devine, K.G., Matveeva, L.N., Powell, D.H., 2000. The
mission organic molecules on Mars. Proc. Natl. Acad. Sci. 97,
2425-2430.

Biemann, K., Oro, J., Toulmin III, P., Orgel, L.E., Nier, A.O., Anderson,
D.M., Simmonds, P.G., Flory, D., Diaz, A.V., Rushneck, D.R., Biller,
J.E., LaFleur, A.L., 1977. The search for organic substances and
inorganic volatile compounds in the surface of Mars. J. Geophys. Res.
82, 4641-4658.

Cabane, M., Coll, P., Rodier, C., Israel, G., Raulin, F., Sternberg, R.,
Niemann, H., Mahaffy, P., Jambon, A., Rannou, P., 2001. In situ
inorganic and organic analysis (Pry/CD-G/MS) of the Martian soil, on
the Mars 2005 mission, Planet. Space Sci. 49, 523-531.

Chapelle, F.H., O’Neill, K., Bradley, P.M., Methe, B.A., Ciufo, S.A.,
Knobel, L.L., Lovley, D.R., 2002. A hydrogen-based subsurface
microbial community dominated by methanogens. Nature, 312-315.

Clancy, R.T., Sandor, B.J., Moriarty-Schieven, G.H., 2004. A measure-
ment of the 362 GHz absorption line of Mars atmospheric H,O,.
Icarus 168, 116-121.

Delory, G.T., Farrell, W.M., Sentman, D.D., Renno, N.O., Atreya, S.K.,
Wong, A.S., Cummer, S.A., Marshall, J.R., Rafkin, S.C.R., Catling,
D., 2006. Oxidant enhancement in Martian dust devils and storms:
storm electric fields and electron dissociative attachment. ASTRO-
BIOLOGY 6 (3), 451-462.

Encrenaz, Th., 2001. The atmosphere of Mars as constrained by remote
sensing. Space Sci. Rev. 96, 411-424.

Encrenaz, Th., Lellouch, E., Rosenqvist, J., Drossart, P., Combes, M.,
Billebaud, F., de Pater, 1., Gulkis, S., Maillard, J.-P., Paubert, G.,
1991. The atmospheric composition of Mars: ISM and ground-based
observational data. Ann. Geophys. 9, 797-803.

Encrenaz, Th., Bézard, B., Greathouse, T., Lacy, J., Richter, M., Atreya,
S.K., Wong, A.S., 2003. Hydrogen peroxide detection on Mars. IAU
Circular 8254.

Encrenaz, Th., Bézard, B., Greathouse, T., Richter, M., Lacy, J., Atreya,
S.K., Wong, A.S., Lebonnois, S., Lefevre, F., Forget, F., 2004.
Hydrogen peroxide on Mars: spatial distribution and seasonal
variations. Icarus 170, 424-429.

Feldman, W.C., Boynton, W.V., Tokar, R.L., Prettyman, T.H., Gasnault,
O., Squyres, S.W., Elphic, R.C., Lawrence, D.J., Lawson, S.L.,
Maurice, S., McKinney, G.W., Moore, K.R., Reedy, R.C., 2002.
Global distribution of neutrons from Mars: results from Mars
Odyssey. Science 297, 75-78.

Fenoglio, I., Martra, G., Prandi, L., Tomatis, M., Coluccia, S., Fubini, B.,
2000. The role of mechanochemistry in the pulmonary toxicity caused
by particulate minerals. J. Mater. Synth. Proces. 8 (3—4), 145-153.

Flynn, G., 1996. The delivery of organic matter from asteroids and comets
to the early surface of Mars. Earth, Moon, Planets 72, 469-474.

Formisano, V., Atreya, S.K., Encrenaz, T., Ignatiev, N., Giuranna, M.,
2004. Detection of methane in the atmosphere of Mars. Science 306,
1758-1761.

Foustouskos, D.I., Seyfried, W.E., 2004. Hydrocarbons in hydrothermal
vent fluids: The role of chromium-bearing catalysts. Science 304,
1002-1005.

Fubini, B., Hubbard, A., 2003. Reactive oxygen species (ROS) and
reactive nitrogen species (RNS) generation by silica in inflammation
and fibrosis. Free Radical Bio. Med. 23, 1507-1516.

Gibb, E.L., Mumma, M.J., Dello Russo, N., DiSanti, M.A., Magee-
Sauer, K., 2003. Methane in Oort cloud comets. Icarus 165, 391-406.

Huguenin, R.L., Miller, K.J., Harwood, W.S., 1979. Frost-weathering on
Mars: experimental evidence for peroxide formation. J. Mol. Evol. 14,
103-132.

Hurowitz, J.A., Tosca, N.J., McLennan, S.M., Schoonen, M.A.A., 2005.
Mechanically produced radical species at silicate surfaces and the
oxidant in Martian soils. LPI conference, Houston.



S.K. Atreya et al. | Planetary and Space Science 55 (2007) 358-369 369

Kelley, D.S., Karson, J.A., Fruh-Green, G.L., Yoerger, D.R., Shank,
T.M., Butterfield, D.A., Hayes, J.M., Schrenk, M.O., Olson, E.J.,
Proskurowski, G., Jakuba, M., Bradley, A., Larson, B., Ludwig, K.,
Glickson, D., Buckman, K., Bradley, A.S., Brazelton, W.J., Roe, K.,
Elend, M.J., Delacour, A., Bernasconi, S.M., Lilley, M.D., Baross,
J.A., Summons, R.T., Sylva, S.P., 2005. A serpentinite-hosted
ecosystem: The lost city hydrothermal field. Science 307 (5714),
1428-1434.

Korablev, O., Ackerman, M., Krasnopolsky, V.A., Moroz, V.., Miiller,
C., Rodin, A.V., Atreya, S.K., 1993. Tentative identification of
formaldehyde in the Martian atmosphere. Planet Space Sci. 41, 441.

Krasnopolsky, V.A., 1993. Photochemistry of the Martian atmosphere
(mean conditions). Icarus 101, 313-332.

Krasnopolsky, V.A., Feldman, P.D., 2001. Detection of molecular
hydrogen in the atmosphere of Mars. Science 294, 1914-1917.

Krasnopolsky, V.A., Bowyer, S., Chakrabarti, S., Gladstone, G.,
McDonald, J.S., 1994. First measurement of helium on Mars:
Implications for the problem of radiogenic gases on the terrestrial
planets. Icarus 109, 337-351.

Krasnopolsky, V.A., Bjoraker, G.L., Mumma, M.J., Jennings, D.E., 1997.
High-resolution spectroscopy of Mars at 3.7 and 8§ pum: A sensitive
search for H,O,, H,CO, HCI, and CH4, and detection of HDO.
J. Geophys. Res. 102, 6525-6534.

Krasnopolsky, V.A., Maillard, J.P., Owen, T.C., 2004. Detection of
methane in the Martian atmosphere: evidence for life? Icarus 172,
537-547.

Levin, G.V., Straat, P.A., 1979. Completion of the Viking labeled release
experiment on Mars. J. Mol. Evol. 14, 167-183.

Levison, H.F., Duncan, M.J., Zahnle, K., Holman, M., Dones, L., 2000.
Planetary impact rates from ecliptic comets. Icarus 143,
415-420.

Mahaffy, P.R., Atreya, S.K., Brinkerhoff, W., The MSL/SAM Team,
2005. Organics and Isotopes on the 2009 Mars Science Laboratory.
Bull. Am. Astron. Soc. 37 (3), 652 abst. 18.13.

Maguire, W.C., 1977. Martian isotopic ratios and upper limits for possible
minor constituents as derived from Mariner 9 infrared spectrometer
data. Icarus 32, 85.

Mancinelli, R.L., 1989. Peroxides and the survivability of microorganisms
on the surface of Mars. Adv. Space Res. 9, 191-195.

Max, M.D., Clifford, S.M., 2000. The state of potential distribution and
biological implications of methane in the Martian crust. J. Geophys.
Res. 105, 4165-4171.

McDonald, G.D., deVanssay, E., Buckley, J.R., 1998. Oxidation of
organic macromolecules by hydrogen peroxide: implications for
stability of biomarkers on Mars. Icarus 132, 170-175.

Mumma, M.J., Novak, R.E., DiSanti, M.A., Bonev, B.P., Dello Russo,
N., 2004. Detection and mapping of methane and water on Mars.
American Astronomical Society, DPS meeting 36, 26.02.

Nair, H., Allen, M., Anbar, A.D., Yung, Y.L., Clancy, R.T., 1994. A
photochemical model of the Martian atmosphere. Icarus 111, 124-150.

Owen, T., Biemann, K., Rushneck, D.R., Biller, J.E., Howarth, D.W.,
Lafleur, A.L., 1977. The composition of the atmosphere at the surface
of Mars. J. Geophys. Res. 82, 4635.

Owen, T.C., 1992. The composition and early history of the atmosphere of
Mars. In: Kieffer, H., et al. (Eds.), Mars. Arizona Press, p. 818
Chapter 25.

Oyama, V.I., Berdahl, B.J., 1977. The Viking Gas Exchange experiment
results from Chryse and Utopia surface samples. J. Geophys. Res. 82,
4669—4676.

Oyama, V.I., Berdahl, B.J., 1979. A model of Martian surface chemistry.
J. Mol. Evol. 14, 199-210.

Oyama, V.I., Berdahl, B.J., Carle, G.C., 1977. Preliminary findings of
Viking gas-exchange experiment and a model for Martian surface-
chemistry. Nature 265, 110-114.

Oze, C., Sharma, M., 2005. Have olivine, will gas: Serpentinization and
the abiogenic production of methane on Mars. Geophys. Res. Lett. 32,
L10203.

Parkes, R.J., Cragg, B.A., Bale, S.J., Getliff, J.JM., Goodman, K.,
Rochelle, P.A., Fry, J.C., Weightman, A.J., Harvey, S.M., 1994. Deep
bacterial biosphere in Pacific Ocean sediments. Nature 371, 410-413.

Paul, E.A., Clark, F.E., 1996. Soil Microbiology and Biochemistry, second
ed. Academic Press, New York.

Pilcher, C.B., 2003. Biosignatures of early earth. Astrobiology 3, 471-486.

Schidlowski, M., 1988. A 3800-million-year isotope record of life from
carbon in sedimentary rocks. Nature 333, 313-318.

Smith, M.D., 2004. Interannual variability in TES atmospheric observa-
tions of Mars during 1999-2003. Icarus 167, 148-165.

Stevens, T.O., McKinley, J.P., 1995. Lithoautotrophic microbial ecosys-
tems in deep basalt aquifers. Science 270, 450-454.

Wallendahl, A., Triemann, A.H., 1999. Geochemical models of low-
temperature alteration of Martian rocks. Lunar Planet. Sci. Conf.
Abstract 1268.

Walker, J.C.G., 1977. Evolution of the Atmosphere. Macmillan, Old
Tappan, NJ, 205pp.

Webster, C.R., 2005. Measuring methane and its isotopes on the surface of
Mars with in situ tunable laser spectroscopy. Appl. Opt. 44, 1226-1235.

Webster, C.R., Heymsfield, A.J., 2003. Water isotope rations D/H,
180/'0, 70/'0 in and out of clouds map dehydration pathways.
Science 302, 1742-1745.

Webster, C.R., Flesch, G.J., Mansour, K., Haberle, R., Bauman, J., 2004.
Mars laser hygrometer. Appl. Opt. 43, 4436-4445.

Webster, C.R., Mahaffy, P.R., Atreya, S.K., 2005. Methane, oxides of
hydrogen and carbon, and their isotope ratios: Significance and
measurement on NASA’s 2009 Mars Science Lab (MSL) Mission.
Bull. Am. Astron. Soc. 37 (3), 694 abst. 33.15.

Weiss, B.P., Yung, Y.L., Nealson, K.H., 2000. Atmospheric energy for
subsurface life on Mars. Proc. Natl. Acad. Sci. 97, 1395-1399.

Wong, A.S., Atreya, S.K., Encrenaz, Th., 2003. Chemical markers of
possible hot spots on Mars. J. Geophys. Res. 108 (E4), 5026,
doi:10.1029/2002JE002003. Correction and updated reaction in JGR,
110, E10002 doi:10.1029/2005JE,002509,2005.

Wong, A.S., Atreya, S.K., Formisano, V., Encrenaz, Th., Ignatiev, N.,
2004. Atmospheric photochemistry above possible Martian hot spots.
Adv. Space. Res. 33, 2236-2239.

Yung, Y.L., DeMore, W.B., 1999. Photochemistry of planetary atmo-
spheres, Oxford.


dx.doi.org/10.1029/2002JE002003
dx.doi.org/10.1029/2005JE,002509,2005

	Methane and related trace species on Mars: Origin, loss, QJimplications for life, and habitability
	Introduction
	Methane sources and sinks
	Volcanic source
	Meteoritic and cometary source
	Hydrogeochemical (serpentinization) source
	Biogenic source
	Loss processes: surface oxidants, and organics

	Life and habitability
	Life tests: carbon isotopes
	Life tests: chirality

	Tests for habitability with the Mars Science Laboratory
	The Sample Analysis at Mars suite
	SAM analysis of methane and hydrogen peroxide
	SAM analysis of other organic compounds

	Summary
	Acknowledgments
	References


