Methane and Life on Mars
Gilbert V. Levin*a and Patricia Ann Straat**b
a
Beyond Center, College of Liberal Arts and Sciences, Arizona State
University, Tempe, AZ, USA 85287
b
Retired, National Institutes of Health, Bethesda, MD, USA, 20892
ABSTRACT
Mumma et al. 1 have confirmed earlier detections of methane in the Martian atmosphere,
finding it localized and correlated with atmospheric water vapor. They determined that,
because of the short half-life of methane, a continual replenishment is required to account
for its presence. They also conclude that the dynamics of methane on Mars require a
methane sink in the soil. It is suggested here that both phenomenon could be accounted
for by an ecology of methane-producing and methane-consuming microorganisms. Such
ecologies exist on Earth, where, generally, anaerobic methanogens live at depth and
aerobic methanotrophs live at or near the surface. On Mars, with its essentially anaerobic
atmosphere, both types of microorganisms could co-exist at or near the surface. It is
possible that the Viking Labeled Release (LR) experiment detected methanogens in
addition to other microorganisms evolving carbon dioxide since the LR instrumentation
would detect methane, carbon dioxide, or any other carbon gas derived from one of the
LR substrates. A simple modification of the LR experiment that could resolve the life on
Mars issue is discussed.
Introduction
The Labeled Release Life Detection Experiment (LR) on board the 1976 Viking Mission
to Mars sought to detect and monitor microbial metabolism by radiorespirometry2. The
results of that experiment were strongly positive3, 4. Although all the data, including
varied controls, were indicative of, or consistent with, microbial life, the possibility was
raised that a putative non-biological strong oxidant in the Martian surface material was
mimicking life. With the 1996 discovery of Martian meteorites containing possible life
forms5, with increasing evidence that liquid water could exist on Mars at least
transitorily6, 7, and with many findings of terrestrial extremophiles in harsh Mars-like
habitats, Levin (LR Principal Experimenter) concluded8 that the LR had indeed detected
Martian microbial life. This conclusion was later supported by LR Co-Experimenter
Straat9 based on data from continuing Mars missions, especially orbital images
suggesting liquid water at shallow depths beneath the Martian surface10. Nonetheless, the
life interpretation has remained controversial over the years despite mounting evidence
against strong oxidants on the Martian surface11. Now, the repeated and recent detection
of methane plumes in the Martian atmosphere, and the requirement for a surface methane
sink12, coupled with continued evidence of liquid water13, 14, 15,16, lends further credence
to the life interpretation of the LR results. Such an interpretation is consistent with and
harmonizes with all the relevant data on the crucial issue of life on Mars.
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Methane on Earth
On Earth, most atmospheric methane is of biological origin, originating from the activity
of microbial methanogens in anaerobic environments. Methanogens are a diverse group
of single cell microbes from the Kingdom Euryarchaeota, with over 40 species now
described17, 18. The most common metabolic reaction utilizes carbon dioxide and
hydrogen, as its sole energy source, to produce methane according to the reaction:
4H2 + CO2 Æ CH4 + 2H2O
The hydrogen for this reaction is often produced by other forms of anaerobic respiration.
Hydrogen can also be obtained from the thermal and radioactive breakdown of water
even in deep rocks. In addition, some genera can utilize acetate, formate, methanol,
ethanol, 2-propanol, methylamine, dimethylamine, trimethylamine, dimethylsulfide, or
carbon monoxide to produce methane as follows:
CH3COOH Æ CH4 + CO2
4HCOOH Æ CH4 +3CO2 + 2 H2O
4CH3OH Æ 3CH4 + CO2 + 2H2O
CH3OH + H2 Æ CH4 + H2O
CH3CH2OH + CO2 Æ CH4 + 2CH3COOH
4CH3CH2CH2OH + CO2 Æ CH4 + 4(CH3)2CO + 2H2O
4CH3NH2 +2H2O Æ 3CH4 + CO2 + 4NH3
2(CH3)2NH + 2H2O Æ 3CH4 + CO2 + 2NH3
4(CH3)3N + 6 H2O Æ 9CH4 + 3CO2 + 4NH3
2(CH3)2S + 2 H2O Æ 3CH4 + CO2 + H2S
4CO + 2H2O Æ CH4 + 3 CO2
Most methanogens, including genera Methanobacterium, Methanococcus,
Methanobrevibacter, Methanopyrus, and Methanosarcina utilize carbon dioxide and
hydrogen to produce methane. However, the above additional substrates are not utilized
by all genera, many being limited to just one or two of these substrates19:
Acetate (Methanosarcina, Methanosaeta)
Formate (Methanobacterium Methanococcus, Methanogenium, ,
Methanocorpusculum)
Methanol + H2 (Methanosarcina, Methanohalophilus)
Methanol (Methanosphaera, Methanomicrococcus)
Ethanol (Methanospirillum)
Propanol ((Methanospirillum, Methanobacterium, Methancorpusculum)
Methylamine (Methanosarcina, Methanococcoides,Methanolobus)
Dimethylamine (Methanosarcina, Methanococcoides, Methanolobus)
Trimethylamine (Methanosarcina, Methanococcoides, Methanolobus)
Dimethylsulfide (Methanomethylovorans, Mehanohalphilus, Methanosalsum)
Carbon Monoxide (Methanobacterium, Methanosarcina)
The two main groups of methanogens are the H2/CO2 utilizers and the acetate consumers.
Of particular interest, some of the H2/CO2 utilizers are also capable of utilizing formate,

one of the LR substrates, to produce methane, whereas acetate consumers cannot utilize
formate.
Methanogenic arachaea live in a wide range of environments, many of them extreme20.
They are found inside intestinal tracts and in the bottom of lakes, ponds, and peat bogs.
They have been found in freshwater and in marine environments, including oceans, and a
few are known to be halophilic. They have been found at temperatures ranging from 0o C
to 100o C, buried under glacial ice, and in hot dry desert soil. Most have a pH optima
around 6.0, although some have been found at pH 3.0 to 9.2. Moran et al. reported21
detection of methane, apparently of biological origin, from deep (70 – 155 cm) samples
taken from an arid Utah desert, in “…partial analogy to Martian conditions.”
While methanogens are strict anaerobes and reportedly cannot metabolize in aerobic
environments, they can survive under certain conditions in oxygen-containingenvironments22, 23. Methane producers can be found in low numbers in aerable soils;
when placed in anaerobic environments, these populations begin methane production
after a long lag phase24, 25. Kato, Field and Lettinger26, 27 showed that methanogens in
granular sludge have a high tolerance for oxygen; this was attributed to oxygen uptake by
facultative bacteria as they degrade various adjacent substrates, thereby creating
anaerobic microenvironments that protect methanogens. Even in the absence of oxygen
respiration by other microorganisms, methanogens in sludge still showed some oxygen
tolerance.
Methanotrophs are often found in close proximity to methanogens. Methanotrophs,
which are methane-oxidizing Proteobacteria, utilize methane as sole carbon and energy
sources, combining methane with oxygen to form formaldehyde that is then converted
into organic compounds. Using a coring technique on peat, Edwards et al.28 showed that
methanotrophs subsisted throughout 30 cm cores with the methane-oxidizing potential
highest in the upper 10 cm. Methanogens were restricted to the lower zones and were
absent in the top 5 cm. In other studies, methane produced deep within anoxic wetlands
is oxidized in the upper levels or around roots of wetland plants where oxygen is
available. Reeburgh29 estimated that 30% of the methane produced in high-latitude
wetlands was oxidized by mosses and plants. Epp and Chanton30 observed rapid methane
oxidation by roots of several plant species from the Florida Everglades.
Methanotrophs are widespread and constitute an extremely diverse and complex group.
Aerobic methanotrophs are classified into three groups based on the assimilation pathway
of formaldehyde along with various physiological and morphological features31, 32. Type
I and Type X methanotrophs use a ribulose monophosphate pathway for formaldehyde
assimilation, whereas Type II methanotrophs employ a serine pathway. Type X grows at
higher temperatures than Types I and II, and Type X DNA has a higher percentage G + C
content than most Type I methanotrophs. Type I methanotrophs grow at low methane
concentrations whereas growth of Type II methanotrophs is favored by high methane
concentrations along with low levels of nitrogen and oxygen. In addition to these
common methanotrophs, Horz et al.33 have isolated some novel methanotrophs from
California upland grassy soils, and Dedysh et al.34 isolated some new acidophillic

methane-oxidizing bacteria from northern peat wetlands. Although methanotrophs have
long been considered obligate, using methane as a sole carbon and energy source, it has
recently been shown that some methanotrophs are facultative and can grow on a number
of multicarbon substrates35, 36.
In addition to aerobic obligate and facultative methanotrophs, anaerobic methanotrophs
have also been described. The anaerobic oxidation of methane (AOM) was first
discovered in 1976 in anoxic zones of marine sediments37, and later found to be coupled
to the reduction of sulfate to hydrogen sulfide38. According to Birgel et al.39, AOM is at
least 300 million years old. The process, essentially a reversal of methanogenesis40,
appears to be mediated by a consortium of methanogens and sulfate-reducing bacteria
surrounding methanotrophic archaea41, 42. In anoxic regions of the Black Sea, these
consortia create large reef-like structures above methane seeps43. Similarly,
Raghoebarsing et al.44 recently described AOM in anoxic sediments within freshwater
habitats coupled to denitrification of nitrate rather than to reduction of sulfate. Efforts to
isolate the responsible anaerobic methanotrophs, however, have failed, possibly because
the individual microbes do not function outside of the consortium45.
Methanotrophs limit the amount of methane released to the atmosphere by methanogenic
activity in flooded soils, wetlands and other wet environments46. Boetius47 has estimated
that 90% of all methane evolved from marine sediments is anaerobically oxidized by
consortia within those sediments before reaching the atmosphere. As reviewed by
Hanson and Hanson48, the amount of methane released to the atmosphere in any given
ecosystem is the difference between that evolved from methanogens (and other nonbiological sources) and that consumed by methanotrophs and anaerobic methane
oxidizing bacteria. Because methane is 20-25 times more effective per molecule than
carbon dioxide as a greenhouse gas49, 50, methanotrophs have lately become of
considerable interest as mitigating factors in global warming.
Once methane is in the atmosphere, its most effective sink is the troposphere where
methane reacts with hydroxyl radicals to form water and carbon dioxide. However,
methanotrophs in forest soils also provide an effective methane sink. Type II
methanotrophs (functioning at high methane concentrations) act as sinks for methane
produced within soils, whereas Type I methanotrophs (functioning at low methane
concentrations) consume atmospheric methane. Although Type II methanotrophs have
been cultured and identified, Type I methanotrophs are poorly understood51. The most
important factor determining whether a forest soil acts as a sink or source of methane is
water content. Where water levels are well beneath the surface, the growth of surface
methanotrophs is favored; if the soil becomes waterlogged, the balance shifts to
methanogens, and the soil becomes a methane source.
Of particular interest are studies conducted in permafrost and other low-temperature
environments. Many species of methanogens have been isolated from low-temperature
environments, including both Antarctica and the Arctic52. Wagner et al.53 reported that
the abundance and composition of methanogenic microbes in permafrost environments
are similar to those of temperate ecosystems. In 2005, Tung et al.54 reported

methanogens deep under glacial ice in Greenland, and provided evidence for in situ
methanogenic activity. Additional studies have shown that methanotrophs are abundant
and active under extremely cold environments55; viable methane oxidizers have even
been detected in deep Siberian permafrost sediments56. Wagner and Liebner57 recently
reported highly active and abundant methanogens and methanotrophs in permafrost soils,
and that the permafrost environment contains species not yet detected in temperate
climates.
In summary of terrestrial methane metabolism, the microorganisms involved in methane
production and oxidation are many and diverse. Methanogens can use several carbon
sources and are found in a variety of habitats, many of them extreme. Although primarily
associated with anaerobic environments, many can tolerate oxygen. Methanotrophs
constitute a diverse and complex group, well-adapted to a wide variety of environments,
including extreme environments. Methanotrophs are widespread in aerobic
environments, although the anaerobic oxidation of methane has been described58, 59, 60 in
both marine and freshwater sediments coupled with sulfate and nitrate reduction,
respectively. It is also noteworthy that methanotrophs are frequently found in close
proximity to methanogens, with the interplay between them dependent on several
environmental factors, especially water.
Methane on Mars
Because of the photochemical dissociation of atmospheric methane in the troposphere,
methane has a lifetime there of only several hundred years. Hitchcock and Lovelace61
were first to point out that, because of its short lifetime, the presence of atmospheric
methane is indicative of constant replenishment. This replenishment could originate
either from biological metabolism or from non-biological processes (volcanoes, etc.).
Martian atmospheric methane as an indicator of life was sought as early as 1971 in the
Infrared Spectroscopy (IRIS) experiment on board the Mariner 9 Mission to Mars62.
However, it was not detected at that time within the limits of the IRIS sensitivity.
Methane was discovered in the Martian atmosphere in 2003, and, to date, three separate
groups have reported its detection63, 64, 65. In a recent report, Mumma et al. 66 describe
detection of methane in extended plumes in Northern Summer 2003 of a magnitude
comparable to massive hydrocarbon seeps in Santa Barbara, California. Because the
amount of methane decreases in gradients moving away from the origins, they
hypothesized that the methane issues from discrete sources and is dispersed throughout
the planet by atmospheric circulation, as opposed to being generated throughout the
planet.
As to the origin of this Martian methane, Mumma et al.67 considered both biological
sources, such as production by methanogenic microorganisms, and geochemical sources.
While not able to distinguish between these possibilities, they drew an analogy to
methane evolved from deep bio-communities in the Witwatersrand Basin in South Africa
where methane is produced by microbial reduction of carbon dioxide. It is assumed that
hydrogen, essential to this process, is produced by radiolysis of water. These authors

propose that analogous microbes may have survived for eons on Mars at depths where
liquid water may be available.
By comparing the amount of methane observed in 2003 with that observed in 2006,
Mumma et al.68 calculated a 50% decrease had occurred from the first to the second
observation. This decrease is much faster than can be accounted for by photochemical
destruction. They therefore propose the presence of a geochemical methane sink,
suggesting that it might be the strong oxidant(s) long proposed in the Martian soil, and
name several possibilities.
We note that a decrease of this magnitude also indicates that methane should completely
disappear from the atmosphere within a few years. Thus, there must be episodic
production of methane followed by its rapid destruction. Previous unsuccessful searches
may have been conducted in between episodes. No thermal hot spots, indicating active
volcanism, have been reported in Mars-wide searches69. Yet the amount of methane
recently detected on Mars exceeds the production of the Mauna Loa volcane70. If the
production of methane is not volcanic, biology remains an attractive alternative.
Alternative Hypothesis for Distribution of Methane on Mars
We hypothesize that the methane is evolved not just from a few northern sources, but, in
addition, is generated throughout the planet by surface methanogens. Terrestrial
methanogens are anaerobic, and therefore generally limited to deep underground
environments and other habitats where oxygen is lacking, as discussed above. This
limitation does not apply to Mars with its essentially anaerobic atmosphere; on Mars,
methanogens could exist and produce methane throughout the surface soil. The Martian
atmosphere contains about 0.1 percent oxygen; as discussed above, terrestrial
methanogens are known to tolerate such small amounts of oxygen. However, should
they require a completely anaerobic microenvironment, the “stickiness” of icy Martian
soil recently encountered by the Phoenix Lander71 may provide it.
Methanogenic activity requires hydrogen according to the equation 4H2 + CO2 Æ
CH4 +2H2O, with H2 provided by the splitting of water molecules. Mumma et al.72
commented that the hydrogen utilized by deep terrestrial bio-communities of
Witwatersrand Basin resulted from radiolysis of water deep within. By analogy, perhaps
hydrogen is similarly produced deep within the source of the Martian methane plumes.
On the surface, hydrogen could result from photolysis of atmospheric water vapor.
However, since levels of available water and water vapor are low, the limiting factor in
the amount of methane produced by surface methanogens could be available hydrogen.
Mumma et al.73 observed a water vapor gradient distributed roughly in direct proportion
to that of methane, decreasing with distance from the plumes, which supports this theory.
The earlier finding reported by Formisano et al.74, that methane concentrations detected
in three equatorial regions were coincident with water vapor concentrations in the lower
atmosphere further supports this theory. Since water vapor occurs at the ground surface
over wide regions of Mars, at least seasonally and diurnally75, this moisture could support
methanogenic activity. However, methane levels produced may be below heretofore
applied detection limits.

Alternative Hypotheses for Methane Sink on Mars
As stated above, the Mumma et al.76 paper calls for a methane sink to account for the
larger-than-expected disappearance of Martian methane than if atmospheric photolysis
were its sole means of destruction. In proposing chemical oxidants on the surface of the
planet as the methane sink, they offer the strong positive response obtained by the Viking
LR experiment as evidence. This contrary use of the LR data is without direct supporting
evidence. As previously stated, we have concluded that the LR results and all other
relevant findings support the Mars LR response as biological. While many may still
regard this conclusion as controversial, the evidence, summarized below, against any
strong oxidant coating on Mars is no longer scientifically disputable:
1. The IRIS experiment aboard Mariner 9 found no evidence of H2O2 in the Martian
atmosphere to an upper limit of several ppb.77.
2. No oxidant, or any other agents (other than living microorganisms) of the many
proposed and tested, including the recent finding of perchlorates by Phoenix78,
has the required thermal sensitivity profile to reproduce the LR data obtained
from the active agent on Mars79.
3. The Viking Pyrolytic Release (PR) experiment demonstrated the formation of
organic material in Martian soil80, and the organic matter thus formed survived
the seven days of the PR test run, which it would not have done in the presence of
a strong oxidant in the soil.
4. Organic matter was shown to form in the same manner in PR laboratory
experiments, just as it subsequently formed on Mars81.
5. The Viking Magnetic Properties experiment found much magnetic material in the
Martian topsoil, evidence that it was not fully oxidized82.
6. Pathfinder found the Martian soil to be well below full oxidation of its metallic
soil particles83.
7. Two sensitive attempts to find H2O2 in the Martian atmosphere found none at the
very low upper limits of the observations84, 85.
8. A third more sensitive observation found H2O2, but only at levels far too low to
have caused, directly or indirectly, the Viking LR responses86.
9. The Rover Opportunity analyzed the oxidation of metals in the Martian soil and
found them far below full oxidization87, 88.
The alternative to a chemical sink for Mars methane is a biological sink. On Earth, a
significant amount of biologically-produced methane is oxidized by aerobic soil
methanotrophs. Terrestrial methanotrophs are frequently found in the same ecosystems
as methanogens, and it would seem that, if methanogens are present on Mars, then
methanotrophs are also likely to be present. It is possible that, once the limited amount
of oxygen is consumed in oxidizing methane, methane oxidation by methanotrophs
would cease, and methanogens would begin producing methane, pending availability of
water vapor. A second possibility is that Mars supports anaerobic methane oxidization
similar to terrestrial AOM, in which methanotrophic oxidation is coupled to sulfate or
nitrate reduction. As discussed above, this type of oxidation, found in marine sediments
in the Baltic Sea, is an extremely effective methane sink; as mentioned earlier, Boetius et
al.89 estimated that 90% of the methane generated in the marine sediments by

methanogens is anaerobically oxidized via sulfate reduction coupling before being
released to the atmosphere.
That some sulfates are present on Mars has been shown by several groups. The OMEGA
imaging spectrometer obtained signatures attributed to calcium-rich sulfates in the dunes
of Olympia Planitia in northern polar regions90. Glotch and Bandfield91 reported sulfaterich sedimentary rocks in Eagle Crater at the Meridiani Planum landing site for the Mars
Rover Opportunity. More recently, Squyres et al.92 reported finding sulfate-rich
sedimentary rocks in Victoria Crater at Meridiani Planum. When compared to their
earlier studies at Eagle Crater93 and Endurance Crater94, which are a few miles away from
Victoria Crater, the three craters showed similar compositions. They indicate that the
sulfate salts were most likely produced by the interaction of basalt with acidic water, and
suggest that the water-induced alterations at Meridiani Planum were regional in scope.
The widespread presence of sulfate salts suggests that a biological coupling of anaerobic
oxidation of methane with sulfate reduction on Mars is a feasible concept.
Implications for LR of Finding Methane on Mars
It is entirely plausible that methanogens were in the Martian soil sample contained in the
LR test cell, and that they metabolized the added LR nutrient. Any methane produced
from any of the labeled nutrients would have been detected by the LR, just as would
carbon dioxide or any other carbon gas produced from the LR nutrients.
In summary of the LR experiment on Mars95, 0.5 cc samples of the Martian soil were
challenged with 0.115 ml of an aqueous nutrient solution. The liquid-to-soil ratio in the
test cell was such that a moisture gradient was created in the soil from wet in the center to
moist around the edges. Seven organic compounds, namely, formate, glycine, glycolic
acid, D-lactate, L-lactate, D-alanine and L-alanine, were contained in the liquid nutrient.
Each was present at a concentration of 2.5 x 10-4 M and each was uniformly labeled with
C14. There were a total of 17 carbon atoms present, each with the same specific
radioactivity, namely 2 µCi/mole carbon. Based on the specific radioactivity of each
carbon and the counting efficiency of the instrument, the µmoles of released carbon gas
could readily be calculated.
On Mars, nutrient added to untreated “active” soil, resulted in a rapid evolution of
radioactive counts96, 97. This “active” experiment was repeated four times, twice at each
lander site, with similar results each time, namely, the rapid evolution of radioactivity,
almost reaching a plateau of 10,000 – 15,000 cpm over an experimental period of
approximately seven sols. This corresponded to total utilization of at least one of the 17
carbon atoms, or, alternatively, fractional amounts of one or more of the organic
compounds.
The controls support the biological origin of the active response. When a duplicate
sample of the active soil was heat-treated for three hours at 160o C, cooled, and the LR
experiment then performed on it, this response was essentially eliminated. This large
difference between active and control samples defined a positive response. An additional
mild heat treatment control, in which the Martian soil was pre-treated at 50o C for three

hours, reduced the active response by approximately 65%. Since few, if any, chemicals
that could oxidize any of the LR nutrients are sensitive to a 50o C treatment, this result
was considered strong evidence that the positive LR response was a life response. Even
stronger evidence against a chemical reaction was that, when nutrient was added to
Martian soil samples stored in the distribution chamber at 10o C for three (Viking Lander2) and five months (Viking Lander-1), the response from the formerly active soils was
virtually eliminated98.
Although any carbon-based gas produced from any of the LR substrates would have been
detected by the LR experiment, our laboratory simulations99 indicated that the gas was, at
least in part, carbon dioxide. For each of the four active cycles on Mars, a second
injection of nutrient was added after approximately eight days. In each case, a brief spike
in evolved gas was observed followed immediately by an approximately 30% decrease in
the radioactive gas present in the test cell. This was interpreted to indicate that much of
the gas evolved was most likely carbon dioxide that, upon addition of more water, was
absorbed into the Mars soil sample because of a changed carbon dioxide/water/soil
equilibrium. This absorption of carbon dioxide indicated an alkaline pH. Neither carbon
monoxide nor methane would be expected to be absorbed from the headspace upon
addition of more water to the soil. The remaining 70% of the evolved gas could have
been carbon dioxide, or a mixture of carbon dioxide and methane; each carbon gas would
have been equally detected.
As noted above, one of the LR substrates was formate. Formate was selected for
inclusion in the LR nutrient because it is relatively stable, is one of the Miller-Urey
products, and is a substrate for a wide variety of terrestrial microorganisms, including
primitive microorganisms, such as methanogens. As discovered by Sohngen100,
methanogens that produced methane from carbon dioxide and hydrogen are able to
oxidize formate according to the equation: 4HCOOH Æ CH4 + 3CO2 + 2H2O. If the
formate available in the LR nutrient were utilized only by Martian methanogens, the
gaseous end-product could, therefore, have been 25% methane and 75% carbon dioxide.
Discussion and Conclusions
Based on Darwinian principles of evolution, if methanogens are present on Mars, it
would be expected that some biological mechanism would have evolved to oxidize
methane in an anaerobic environment. Coupling the biological anaerobic oxidation of
methane with the reduction of sulfate, similar to that reported for AOM in the Black Sea,
seems a plausible scenario, especially since sulfates are readily available, at least at the
dunes of Olympia Planitia101 and at Meridiani Planum102. We propose that it may be just
such a biological sink that accounts for the larger-than-expected disappearance of
methane observed by Mumma et al.103. This proposal accommodates the long-popular
theory of a strong oxidant on Mars, except that the oxidant would be biological rather
than chemical.
If methanogen-type microorganisms are responsible for the methane plumes reported by
Mumma et al.104, and if they are distributed throughout the planet, then they would have
been present on the surface at both Viking Lander sites. Methane was not detected at the

Viking landing sites105, possibly because trace amounts were below the limits of
detection. However, it is also possible that methanogens may have been present but
inactive on the surface, and did not produce methane until inside the LR test cell and reinvigorated by the addition of the LR nutrient. With water and formate supplied, any
methanogens present could then have produced both methane and carbon dioxide from
the formate.
Reinforced by our suggested interpretation of the methane discovery, we strongly believe
that the search for life on Mars should be pursued. Based on our hypothesis of a Martian
biological methane cycle, we recommend returning to either of the Viking landing sites
(Chryse Planitia or Utopia Planitia), where positive LR responses were obtained, and
conducting LR-like tests enhanced as described below. Abundant sulfur, approximately
100 times the average on Earth, was detected in the Martian soil at both Viking landing
sites106. The soil composition at both landing sites, 4000 miles apart, was similar, with
the sulfur content of the duricrust higher than that of the fines. Both sulfur dioxide107
and sulfur trioxide108 were detected, and it was speculated that the duricrust is cemented
by magnesium sulfate, although sulfate values were not reported. Alternatively, since the
LR positive response appears widespread, sulfate-containing regions such as Olympia
Planitia and Meridiani Planum could be considered in a search for methanogens.
A simple variation of the LR experiment109, 110 is suggested. All seven of the LR
substrates would be tested individually with the Martian soil. Heat-treated controls
would be conducted in duplicate samples of each soil. Adding formate alone, and
analyzing the composition of the gaseous end product(s) would test the methanogen
hypothesis. Coupled with the control, the result would also test the chemical oxidant
theory, since a non-biological oxidant would convert formate to carbon dioxide and
survive the control regimen. Especially important is the separate and individual
application of the respective chiral isomers of DL-lactate and DL-alanine. Terrestrial
organisms show preferences for L-sugars and for D-amino acids to the exclusion of the
other respective isomer, whereas non-biological reactions show no such preferences. If
Martian organisms showed a preference for one isomer over the other, most
astrobiologists would accept that as conclusive evidence for microbial life on Mars. And,
if the preference were for opposite isomers than preferred by terrestrial organisms, that
would indicate a fundamentally different type of life.
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