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ABSTRACT

The presence of methane has been recently detected in the martian atmosphere, sug-
gesting a contemporary sour ce such as volcanism or microbial activity. Here we show that
methane may be released by the destabilization of methane clathrate hydrates, triggered
by the interglacial climate change starting 0.4 Ma. Clathrate hydrates are nonstoichio-
metric crystalline compounds in which a water ice lattice forms cages that contain apolar
gas molecules, such as methane [CH,-nH,0] and carbon dioxide [CO,:nH,0]. The loss of
shallow ground ice eliminates confining pressure, initiating the destabilization of clathrate
hydrates and the release of methane to the atmosphere. This alter native process does not
restrict the methane’s age to 430 yr (maximum residence time of methane gas in martian
atmosphere), because clathrate hydrates can preserve (encage) methane of ancient origin

for long time periods.
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INTRODUCTION

The planetary Fourier spectrometer (PFS)
onboard the Mars Express spacecraft has de-
tected to 0.01 ppm of methane in the martian
atmosphere (Formisano et al., 2004), and
comparable concentrations were detected by
ground-based telescopes (Mumma et al.,
2003; Krasnopolsky et al., 2004). Because the
photochemical lifetime of methane under cur-
rent martian atmospheric conditions is ~250—
430 yr (Krasnopolsky et al., 2004), the dis-
covery hinted at a sustained source of meth-
ane, such as contemporary volcanic outgas-
sing or bacterial methanogenic activity on
Mars. We propose that the production of
methane did not have to be active during the
past hundreds of years of martian history, be-
cause clathrate hydrates can preserve methane
of ancient origin for long time periods. Kargel
(2004) speculated that methane clathrate
might be the source of atmospheric methane,
and this was discussed in Kerr (2004). We ask
why ancient clathrates could be releasing
methane now.

The martian landscape records an extensive
history of ice-related activity interpreted
largely on its geomorphic expression through
analysis of spacecraft imagery and the detec-
tion of spatially varying relative abundances
of hydrogen through the gamma ray spectrom-
eter data. Ancient glaciation (e.g., Kargel and
Strom, 1992) and recent permafrost processes
(e.g., Méllon and Jakosky, 1995; Baker, 2001)

may have constructed a structured cryosphere
of near-surface ice-rich deposits burying older
ice (Boynton et al., 2002). Martian geology
suggests that some icy crust has persisted
since the Noachian Period or even from the
crust's origin (Kargel, 2004). Obliquity-driven
climatic glacia-interglacial cycles are sug-
gested by the geologic record and are recog-
nized in theory. Repeated interglacials may
have destroyed some ancient methane-bearing
cryospheric deposits. The long-term aggrada-
tion of ice and sediment in some places (Ja
kosky et al., 2005; Mustard et a., 2001; Las-
kar et a., 2004; Smith, 2002; Head et 4.,
2003, 2005; Levrard et al., 2004) suggests that
these regions may stably preserve methane
clathrate indefinitely. Very slow release of
methane from buried clathrates may occur
over billions of years and still be responsive
to climatic fluctuations of hundreds of thou-
sands of years in duration. Slow, climatically
modulated release may occur because: (1)
some buried volatiles are unstable but are dif-
fusively almost isolated from the atmosphere,
yet are shallow enough that thermal diffusion
allows climatic signals to propagate; (2) some
clathrates are marginally unstable and disso-
ciation is kinetically hindered except at the
warmest temperatures; and, most important
for our model, (3) overburden is undergoing
erosion so slowly, but at rates related to cli-
matic fluctuations, that depressurization-
induced destabilization also tracks slowly with
climate change.

On Earth, a conceptualy simple clathrate-
forming mechanism involves trapping of trac-
es of air in snow and compression in polar ice
sheets; the trapped air crystallizes with ice
into structure | clathrate hydrate, where each
molecule of N, or O, is encaged by amodified
ice structure. More important sources of clath-
rate-forming gases include biogenic and ther-
mogenic methane and other light hydrocar-
bons, volcanic carbon dioxide and hydrogen
sulfide, and metamorphic release of these gas-
es from buried sedimentary rocks. These gases
react with groundwater and ground ice, and
thus form clathrates in permafrost and cold
seafloor sedimentary sequences. Considering
the atmospheric composition of Mars, carbon
dioxide clathrates should be the most abun-
dant air hydrates. Other martian volatiles, such
as CH,, Ar, or N,, may aso form clathrate
hydrates or trace components of CO,-
dominated clathrate, and balance the martian
atmospheric composition (Musselwhite and
Lunine, 1995; Kargel and Lunine, 1998; Mus-
selwhite and Swindle, 2001). Gas sequestra
tion and release by clathrate hydrates has been
proposed to explain anomalies in noble gas
elemental and isotopic systematics (especialy
in xenon) in martian meteorites.

DESTABILIZATION MODELS

It has been suggested that Mars has been in
an interglacial period for the past 0.4 m.y., in
response to a variation in obliquity (Head et
al., 2003, 2005). Warmer pole temperatures
occur when higher obliquities are reached,
whereas colder pole temperatures occur as
obliquity decreases. In accordance with these
obliquity oscillations and related climatic var-
iations is the retreat and advance of the water
ice—ich deposits poleward and equatorward
(Méllon and Jakosky, 1995; Mellon et a.,
1997; Levrard et al., 2004). Many images ac-
quired from the Mars Global Surveyor, Mars
Odyssey, and Mars Express spacecraft reveal
diverse evidence at middle to tropical latitudes
consistent with the hypothesized interglacial
degradation of permafrost and glaciers (Head
et al., 2005; Jakosky et al., 2005).
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The PFS experiment has shown that meth-
ane correlates well with the water vapor in the
atmosphere and with the near-surface ice-
enriched areas at middle and low latitudes
identified by Mars Odyssey (Formisano,
2005). Observations from Earth-based tele-
scopes indicate that atmospheric methane
abundances are highest in some tropical re-
gions and decrease poleward (Mumma et a.,
2005). This latitudina gradient observed dur-
ing the summer in the northern hemisphere, if
not due to some unexpected photolytic reac-
tion pathway that leaves a small but measur-
able equilibrium methane abundance (unlike-
ly), most likely is linked to the seasonal water
cycle. If so, the methane abundance would
also be responsive to climate change (change
in water vapor and CO, pressures and/or tem-
perature). Using the Mars general circulation
model, Haberle et a. (2003) found that the
mean surface temperatures and pressures de-
crease with increasing obliquity due to the in-
creasing extent of the winter polar caps. In
addition, equatorial insolation decreases as
obliquity increases, producing profound ef-
fects on ground temperatures and the distri-
bution of the volatiles around the planet.

The stability of clathrate hydrates is depen-
dent on the temperature-pressure regime of the
system, and thus environmental parameters
are decisive for the presence of clathrate hy-
drates in the upper crust of Mars (the same is
also true for other planets). The clathrate sta-
bility zone (CSZ) starts at depth when the dis-
sociation curve crosses the thermal gradient of
the area suitable to contain clathrates (Fig. 1).
Destabilization of clathrate hydrates may oc-
cur by severa effects: reduction of partial
pressure of H,O vapor, reduction of guest-gas
partial pressure, or increase of temperature
across the dissociation curve. For clathrate hy-
drates aready in existence, loss of guest-gas
partial pressure could involve decrease of at-
mospheric pressure in the case of CO, clath-
rates or loss of confining pressure in the case
of other guest gases such as methane. Eolian
stripping of overburden might achieve loss of
confining pressure. An aternative climatically
sensitive mechanism would involve sublima-
tional loss of a ground ice pressure seal over-
lying a clathrate deposit; destabilization of
ground ice could occur by a rise of tempera-
ture or decrease in H,0 partia pressure, either
one causing a decrease of relative humidity.
Higher surface temperature increases the min-
imum depth to the clathrate stability zone.

To show the influence of the variation in
latitudinal mean temperature on clathrate for-
mation, we have considered a homogeneous
heat flux of 30 mW-m~2, a 6-km-thick cryo-
sphere (Max and Clifford, 2000), and three
types of materials (considered here as end
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Figure 1. Stability diagram for CH, clathrates on Mars. Depth instead of pressure is plotted
against temperature in order to emphasize the effect of several materials on lithospheric
pressure due to different density. Clathrate hydrates are considered here in the following
end-member materials: permafrost (red), CO, clathrate hydrates (green), and water ice de-
posits (blue). Thermal gradients through each material are dashed lines, which have been
obtained assuming their particular thermal conductivity and mean martian thermal flux of
30 mW - m~2. Phase boundaries of CH, clathrates are solid lines. Clathrate stability zones
(CSZ), marked as lined fields, start at different depths for any end-member material (A, B,
C) and depending on surface temperature (A,, A,). See text for more details.

members) for containing methane clathrate
hydrates: (1) rocky permafrost (e.g., as de-
scribed by Max and Clifford, 2000), (2) polar
water ice layers, and (3) CO, clathrate hydrate
deposits. Using the same modeling parameters
for the permafrost end member, but taking 200
K as the mean surface temperature, Max and
Clifford showed that clathrates are likely to
become stable 15 m below the martian sur-
face. Our new calculations consider a mean
temperature of 170 K (typica of circumpolar
latitudes). Depending on the matrix, the meth-
ane CSZ occurs at depths to 2 m in perma
frost, ~6.5 m in water ice layers, and 5.5 m
in CO, clathrate hydrates. The latitudinal sur-
face temperature gradient will produce a pro-
file of CSZ that shallows poleward, mimick-
ing the trends seen for pure water ice in
permafrost. A blanket of water ice or ice-rich
permafrost a few meters thick is estimated to
have extended across middle latitudes during
recent glacial and/or colder and more humid
periglacial periods (Head et al., 2003). As cli-
mate shifted to favor destabilization of the up-
per icy permafrost and water ice blanket, the
CSZ configuration may have been modified
drastically: a loss of ground ice would (1)
eliminate cementation of regolith overlying
buried clathrates, (2) decrease confining pres-
sures, and (3) promote the diffusion and loss
of volatiles stored in the regolith. As aresult,
shallow clathrate hydrates, which were stable

within the cryosphere, decompose, releasing
methane to the atmosphere (Fig. 2). The shal-
lowest buried ancient clathrates most likely
would have responded to eons of climate
change, and thus might have lost al primor-
dial methane. Clathrate hydrates buried deep-
er, and those deposits that are destabilized at
shallow depths by the slow erosion of over-
lying icy permafrost, may respond to climate
change on time scales of hundreds of thou-
sands to billions of years.

Assuming that (1) 2.6 X 108 kg of methane
are required to produce the observed atmo-
spheric concentration if the mass of the at-
mosphere is constant, (2) 1 m3 of CH, clath-
rates comprises 123.1 kg of methane under
conditions of almost full cage occupancy, and
(3) CH, clathrates on Mars dissociate at ~200
K, and consequently their hydration number
(obtained from CSMHYD program; Sloan,
1998) would be 5.84 and the density 933 kg
m-3, we estimate the destabilization of 2.1 X
10% m3 of clathrates necessary to account for
the atmospheric methane load. However, the
loss-fluxing rate of methane in the atmosphere
of Marsis 1.8 X 10° molecules cm—2 s-1 due
to photolysis and/or photoxidation (assuming
conservative values from the range proposed
by Krasnopolsky et al., 2004). Thus, in order
to compensate for the loss, 8.7 X 1010 kg of
methane should have been added during the
past 0.4 m.y. (Earth time). Therefore, the total
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Figure 2. Destabilization of clathrate hydrates as a consequence of glacial deposit retreat
at middle latitudes. Methane clathrate stability zone (CSZ) profile is a consequence of dif-
ferent local surface temperature [T(A;) < T(A,)], heat flow, and lithostatic pressure of over-
lying materials. Lower panel: during interglacial periods, CSZ is re-allocated, producing
dissociation of clathrates and releasing methane.

amount of methane produced since the onset
of the change in climate may be easily ob-
tained from the destabilization of 0.7 X 10°
m3 of clathrates, which is a destabilization rate
of 1800 m3/terrestrial yr or 3500 m3/martian
yr of clathrates. This is orders of magnitude
less than the estimated volume of ground ice
lost recently from the middle latitudes (Head
et al., 2003). The implication is that methane
clathrate is a small fraction of the cryosphere
mass at these latitudes. It is possible that
methane is a trace component of a CO,-
dominated clathrate phase, or that the methane
clathrate is highly localized, as some obser-
vations seem to suggest (Mumma et d.,
2005).

Methane could also be present as a mixed
clathrate hydrate if the source contains several
gases. In this case, pressure-temperature sta-
bility curves would vary depending on the na-
ture and the composition of the gas mixture.
Considering that carbon dioxide is the more
abundant volatile in the atmosphere of Mars,
mixed CH,4-CO, clathrate hydrate is plausible.
The clathrate configuration process has been
shown experimentally to be more complex
than the thermodynamical theory predicts, and
it is basically controlled by the competition
between both guest molecules to be enclath-
rated into one of the two structure | (sl) type
cages, either the two small 512 or the six large
51262 (Adisasmito et a., 1991; Lee et 4.,
2003; Uchida et al., 2005). There is a parti-
tioning in the occupancy of each cage because
of the variation in size of both the guest mol-
ecules and the cavity of the cages: the size of
the carbon dioxide molecule is bigger, so it
fills the large cages more efficiently than

GEOLOGY, March 2006

methane, but carbon dioxide barely fits into
the small cages, which thus prefer the smaller
methane molecule. Laboratory experiments
have shown that there is usualy more con-
sumption of carbon dioxide than methane
from the vapor state during the formation of
mixed clathrate hydrates. However, methane
has the preference to assemble clathrates dur-
ing early stages of formation, even creating
pure methane clathrate hydrates (Uchidaet al.,
2005). Uchida et al. (2005) explained this ap-
parent contradiction as a consequence of the
important role of the methane molecule shap-
ing the small cages of the clathrate sl structure
during the precrystallization stage. Lee et al.
(2003) showed that there is a restricted occu-
pancy range of methane for each cage size of
the mixed clathrate sl structure: 6, /65 = 1.26
(100 mol% CH,), 8,/65 = 0.23 (aAmost 100
mol% CO,), where 6, and 65 are the fractional
filling of the large and small cages, respec-
tively. This constraint in the occupancy indi-
cates that when the mixture is very diluted
under equilibrium conditions, there is a lim-
iting degree of the guest molecule partition-
ing, which is helpful in estimating the com-
position of the earlier mixed methane-enriched
clathrate from methane-poor gas sources.
Therefore, in the CO,-rich gas composition,
assuming that a maximum of 80% of the small
cages are filled by methane (as the most
methane-rich clathrate), the limiting com-
position for the mixed clathrate is
4.9C0O,-2.7CH,4-46H,0 (Lee et a., 2003).
Thus, considering the formation of this mixed
clathrate end member, with a density of 1063
kg - m3 (1 m3 of it comprises 42.31 kg of
methane), a total estimate of 2 X 10° m3

mixed clathrates should have been destroyed
during the past 0.4 m.y. in order to account
for the observed concentration of martian
methane. Otherwise, using diluted concentra-
tion of methane in the gas phase as well, but
taking the theoretical data resulting from the
CSMHYD program (Sloan, 1998) at 200 K,
the composition of the steady-state clathrate
would be 0.04CH,-7.64C0O,-46H,0, and con-
sequently the volume of clathrates that should
be dissociated increases to 14 X 100 m3 in
the past 0.4 m.y.

DISCUSSION AND CONCLUSIONS
Clathrates, as the source of contemporary
methane in the martian atmosphere, do not
constrain the methane’s mode of origin, but
their ability to retain methane would alow
sources older than 430 yr, such as methane
from ancient comet impacts, hot springs, or
past life forms. Methane on Earth is largely
produced by the metabolism of organic carbon
by methanogenic chemolithotrophs in marine
sediments (Kotelnikova, 2002; Sassen et al.,
2003). Outgassing by volcanic sources on
Mars must be introducing some quantity of
methane to the atmosphere and crustal reser-
voirs (Max and Clifford, 2000; Pellenbarg et
al., 2003). Serpentinization of basatic rocks
at low temperature and a few kilometers be-
neath the surface has also been invoked as a
process that produces methane at present (Oze
and Sharma, 2005). These gases can aso be
preserved in clathrate cages for future ema-
nations if they transect water reservoirs during
escape from deeper sources. Regardless of the
origin of the methane, observations from
Mars Express and from ground-based tele-
scopes show that there are some regional
sources, e.g., Mars Express has associated |o-
calized emissions of methane with water va-
por in Arabia Terra, Arcadia Memnonia, and
Elysium Planum. In some of these areas, re-
treating glaciers have been detected (Head et
al., 2005). Thus, we have caculated how
much methane clathrate could be destabilizing
today based on the nominal models of climate
change and ground ice in one of these low to
middle latitude areas, such as Elysium. The
calculated quantities are much less than the
amount of sublimation-driven erosion at mid-
dle latitudes that has been attributed to recent
climate change, and so we conclude that
methane-bearing clathrates could be only a
very small fraction of 1% of the total volatiles
in the global near-surface cryosphere. As in
Earth’'s permafrost, methane clathrates may be
concentrated within certain regions. Taking
the water ice loss rates at equatorial latitudes
during current obliquity of 25.19° as 10 mm/
martian yr (provided by Levrard et a., 2004),
the volume of sublimated ice from a contin-
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uous layer extended over Elysium Planum
(3000 km maximum diameter) would be 70
km3/martian yr, still orders of magnitude
greater than the calculated dissociation rate of
methane clathrate. We consider a conceptual
model whereby devolatilization of an eroding
cryosphere has produced a three-layer deposit:
(1) a devolatilized porous surface lag, (2) an
underlying methane-free ice-bearing layer, and
(3) a deeper layer till containing a trace dis-
semination of clathratesin dominant water ice.
Continuing sublimation of ice from layer 2
would unbury and decompress part of the
clathrate reservoir in layer 3, which would rise
to a shallower and unstable level, cause their
dissociation, and release methane into the
atmosphere.

Though the presence of methane in the cur-
rent martian atmosphere is a significant clue
pointing toward potential life on Mars, as re-
cent and/or ongoing methanogenic biological
activity may be a sufficient and plausible ex-
planation for the observed martian methane, it
is not the only viable methane source. If on-
going biogenic and thermochemical produc-
tion and cometary sources of atmospheric
methane are insignificant, then slow long-term
release of methane from buried clathrates may
dominate or wholly constitute the supply to
the atmosphere; any shift to an interglacial cli-
mate may accelerate this slow release. In any
case, clathrate hydrates, including trace vola-
tile constituents such as methane and noble
gases, acting as transitory reservoirs, may
have preserved essential information about the
composition and evolution of the atmosphere
of Mars from earlier times to the present.
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