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Introduction: There is ample evidence for glaciers 

in Martian low and mid latitudes in the recent past (late 
Amazonian), and the remains of glaciers may still be 
present [1]. 

Where glaciers have occurred on Mars since the 
Noachian, conditions should have strongly favored 
cold-based ice, yet there is also plentiful evidence of 
wet-based glaciers. Several melt mechanisms are pos-
sible, but methane clathrate hydrate in glacial ice de-
serves particular attention because it can serve as a 
reservoir for the atmospheric methane reported from 
earth-based and orbital observations [2-4] and explain 
its evident [2] release from point sources [5-6]. 

Prieto-Ballesteros, et al. [7] have shown that meth-
ane hydrate may also be present and dissociating in the 
cryosphere, but glacial release of methane from hy-
drate should be a more important factor, because more 
hydrate destabilization occurs in sublimating glaciers 
than in the cryosphere [6]. A glacial or cryospheric 
reservoir is compatible with, but does not require, a 
biological origin as the ultimate source of the methane. 

Glacier problems: Mars’ low gravity, atmospheric 
pressure, surface temperatures and geothermal heat 
flux indicate that martian glaciers should generally be 
cold-based, and that glacial ablation will be due to sub-
limation rather than melt. Observational interpretations 
generally agree with these conclusions [e.g. 1, 8-12], 
but there are also locations with landforms that are 
generally interpreted as basal meltwater features [e.g. 
13-18]. 

The causes of water at the base of a glacier belong 
to one of three categories: water flowing from else-
where, basal melt due to temperatures above 0°C, and 
basal melt due to a depressed melting point [5]. Hy-
drates lower the melting point, particularly in associa-
tion with salts, and in addition to providing past glacial 
melt water and current point sources for atmospheric 
methane, may contribute to several other puzzling as-
pects of martian geology. 

Gas hydrates: In most regions of Mars, gas clath-
rate hydrates are stable beneath 2-15 m of bare, ice-
saturated regolith [7, 19], and thus will be stable be-
neath 38.5 m or less of glacial ice [5]. The thickness of 
ice needed to cause the necessary pressure will depend 
on the amount of debris on and in the ice. 

Gas hydrate properties depend on the structure of 
their clathrate cages, which in turn depend on the size 
of the non-polar gas molecule trapped within. Gas hy-
drates form spontaneously within their thermodynamic 
stability field, but only where the pore waters are su-

persaturated with the hydrate-forming gas, and the 
degree of supersaturation required depends on salinity 
[20]. During methane hydrate formation by cooling 
from standard temperature and pressure (STP), the 
methane-saturated aqueous phase is a metastable liquid 
until the temperature reaches -30°C, at which point the 
hydrate and water “instantaneously” nucleate [21]. The 
pressure drops suddenly as the ice and hydrate form a 
fine-grained intergrowth that can make it difficult to 
distinguish a separate hydrate phase. 

When the combined ice-hydrate phase melts eutec-
tically, any existing salinity is greatly amplified [22], 
such that a 3.5 wt % starting salinity would result in a 
~24 wt.% brine that would readily be stable on most of 
the modern martian surface. In fact, most martian me-
teorite and MER samples have evidently been exposed 
to concentrated brines [23-24]. 

Each cubic meter of gas hydrate has the potential to 
store 184 m3 of gas (at STP) [25]. More realistically, 
assuming a 90% cage occupancy, dissociating 1 m3 of 
hydrate will release ~164 m3 methane and 0.8 to 0.87 
m3 liquid water [26]. The lower the cage occupancy, 
the higher the heat of dissociation of the hydrate [25]. 
The volume change associated with phase change is 
accompanied by a large release of mechanical energy 
[22], although dissociation itself is endothermic. 

Other properties may be relevant for the detection 
of gas hydrates at or near the martian surface (Table 1). 
For instance, because of the low thermal conductivity 
of hydrates, the base of a hydrate-rich glacier, where 
the hydrate was evenly distributed, would be insulated 
against rapid fluctuations in climate; it would also re-
tain geothermal heat more effectively than a glacier 
that was pure water ice. Depending on how much hy-
drate is present in a glacier, this could result in a 
warmer glacier base. The low thermal conductivity of 
hydrates may also provide a way to detect the presence 
of hydrate during a lander mission, perhaps by using a 
variant on the needle probe technique developed by 
Asher [27]. 

Hydrates are also much more viscous than water 
ice, so that if they are uniformly distributed within the 
ice, a hydrate-rich glacier would flow extremely 
slowly. However, uniform distribution seems unlikely, 
regardless of whether the hydrate is produced below or 
within the glacier. Instead, it is likely to be concen-
trated in pockets or layers within the ice. Hydrate-rich 
pockets might behave something like low-density 
rocks, and have little effect on the overall viscosity of 
the glacial ice. Hydrate-rich layers would either buckle 
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and break apart due to internal movement of the gla-
cier, or might, if conditions are right, generate layers or 
pockets of brine that would act as lubrication for inter-
nal deformation of the glacier. The presence of the 
brine might in turn destabilize more of the hydrate. 
This leads us to suggest that movement of a hydrate-
rich martian glacier may be more discontinuous and 
sporadic than is typical in common terrestrial glaciers. 

CO2 vs. CH4 hydrate: Because carbon dioxide is 
an important constituent of the martian atmosphere, we 
must consider whether gas hydrates in martian glaciers 
might be predominantly CO2 hydrate, and the atmos-
pheric methane thus would be from some other source. 
Stewart and Nimmo [28] established that CO2 hydrate 
would not accumulate in significant quantities within 
the martian crust. It is stable with the atmosphere in the 
current climate regime, but its formation from the at-
mosphere is limited by the low amount of water vapor 
at the surface (~10 µm precipitable), so that the maxi-
mum seasonal deposition would be only about 10 
µm/m2 [28]. Its expected decomposition time (into 
water ice + CO2 vapor) is a matter of hours for a CO2 
layer hundreds of µm thick, though the rate is limited 
by CO2 diffusion through the resulting H2O layer [29-
30]. Stewart and Nimmo [28] and Genov [31] conclude 
that little modern or ancient CO2 clathrate persists on 
the martian surface anywhere except in the south polar 

cap. In addition, Max and Clifford [32] showed that 
CO2 hydrate within the crust has no effective way to 
become concentrated. 

Almost all terrestrial gas hydrates (over 99% [19]) 
are based on methane. Methane hydrate sequestered 
within martian ice could explain a number of martian 
puzzles, as summarized in Table 2. Methane hydrate, 
unlike CO2 hydrate, would not form at the surface but 
beneath some protective thickness of ice, regardless of 
whether its origin was geological or biological. Max 
and Clifford [19, 33] showed that methane originating 
beneath the cryosphere would be trapped and concen-
trated by the cryospheric ice. 

A conservative calculation  [19] for the martian 
stability zone for gas hydrates puts it  ~15 m below the 
surface of an ice-saturated but bare regolith, assuming 
a permafrost density of 2.5 x 103 kg m-3. Proportion-
ally, in martian glacial ice with a density of 910 kg m-3 
[34], methane hydrate will be stable beneath ~38.5 m 
of glacial ice [5]. Prieto-Ballesteros et al. [7] calculated 
these depths to be as little as 2 m for regolith and 6.5 m 
for ice. Thus, a martian glacier a mere 40 m thick 
would have a hydrate stability zone at least 2 m thick 
at its base. If the glacier contains significant quantities 
of rocks and dust, even less ice thickness is required. 
Table 2 summarizes the comparison between CO2 and 
CH4 hydrates. 

 
Property Ice Structure I (sI) Structure II (sII) 

Crystallographic unit cell    
 Space group P63/mmc Pm3n Fd3m 
 Number of H2O molecules 4 46 136 
 Lattice parameters at 273 K a=4.52, c=7.36 12.0 17.3 
Dielectric constant at 273 K 94 ~58 ~58 
Far infrared spectrum Peak at 229 cm-1 Peak at 229 cm-1 

with others 
Peak at 229 cm-1 
with others 

H2O reorientation time at 273 K (µsec) 21 ~10  S
pe

ct
ro

sc
op

ic
 

H2O diffusional jump time (µsec) 2.7 >200 >200 
Isothermal Young’s Modulus at 268 K (109 Pa) 9.5 8.4 (est.) 8.2 (est) 
Poisson’s Ratio 0.33 ~0.33 ~0.33 
Bulk modulus at 272 K (10x Pa) 8.8 5.6 NA 
Shear modulus at 272 K (10x Pa) 3.9 2.4 NA 

M
ec

ha
ni

ca
l 

Velocity ratio (Comp./Shear) at 272 K 1.88 1.95 NA 
Linear thermal expansion at 200K (in K-1) 56x10-6 77x10-6 52x10-6 
Adiabatic bulk compressibility at 273 K (10-11 Pa) 12 14 (est.) 14 (est.) 
Speed Long Sound: 273 K (km/sec) 3.8 3.3 3.6 
Refractive index (632.8 nm, -3°C) 1.3082 NA 1.34853 
Density, g/cc 0.917 0.91 (at 273 K) 0.94 (at 273 K) 

Th
er

m
od

yn
am

ic
 

Heat of fusion (in kJ/mol) 6 54 (measured);  
57 (calculated) 

 

Tr
an

s-
po

rt 

Thermal Conductivity at 263 K (in W/m-K) 2.23 0.49±0.02 0.51±0.02 

Table 1: Summary of physical properties of water ice Ih, and hydrate structures sI and sII (after [25], except 
heat of fusion is from [35]). Both CO2 and CH4 hydrates form sI, and methane-ethane hydrate forms sII. 
Some combination of these properties may be useful for detecting the presence of hydrates in martian ice. 
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 Carbon dioxide hydrate Methane hydrate 
Origin Atmospheric interaction with water ice Unknown biological or geological processes 
Formation Surface of ice near poles [28; 31] Within or beneath ice [5,7,19,33] 
Abundance Probably not abundant [28] May be trapped and concentrated in subsurface ice [19, 33] 
Explains Near-polar seasonal features  Chaos terrain [32], glacial melt features and stable brine [5], 

modern atmospheric methane [5, 7]], large size of maars [6], 
possibly pitted cones as mud volcanoes, possibly recent wa-
ter outbursts reported by [36] 

Table 2: Comparing the hydrates of carbon dioxide and methane. 
 
Glacial vs. cryospheric methane hydrate:  The 

hydrate stability zone (HSZ) is where the temperature 
and pressure allow hydrate to be thermodynamically 
stable. (Hydrate may also exist outside this zone, due 
to anomalous preservation.) Temperature is a function 
of surface temperature, geothermal gradient, local 
thermal conditions, and thermal inertia of the substrate, 
while pressure is determined by the depth and density 
of overlying material. Below the HSZ on Earth, meth-
ane exists in gas form [37]. 

A hydrate destabilization zone (HDZ) may be de-
fined as a region that was formerly part of the HSZ, 
but because of changing pressure, temperature, or 
chemistry, is now outside the HSZ. In the HDZ, hy-
drates are dissociating or may continue to exist for a 
time in a metastable state. This metastability, known as 
“anomalous preservation,” is particularly a factor when 
the hydrate temperature is between 242 and 271 K and 
pressure is released rapidly [38]. 

The presence of HDZ in martian glacial or other 
surface ice is usually the result of sublimation of ice, 
which gradually reduces pressure. Sublimation occurs 
on the entire upper surface of the ice, so the area of the 
HDZ is equal to the surface area of sublimating ice. Its 
thickness is a function of rate of ice ablation, which in 
turn depends on atmospheric conditions and the 
amount and nature of debris blanketing the surface 
[e.g. 39].  

The HDZ within the cryosphere is primarily be-
neath the toe of a retreating glacier [7]. Because mar-
tian glaciers at present undergo more sublimation than 
melt, this area is much smaller than the HDZ within 
the body of the glacier [6]. The concentration of meth-
ane in cryospheric ice would have to be much greater 
than in glacial ice in order for cryospheric dissociation 
to make the greater atmospheric contribution at pre-
sent. Note that if the methane hydrate concentration is 
higher in glacial than in cryospheric ice, it supports a 
biological origin of the methane, because geological 
sources of methane would be more likely to be below 
the cryosphere, while microorganisms can generate 
methane within the glacial or cryospheric ice itself (or 
in pockets of liquid within the ice). 

Methane hydrate dissociation within the cryosphere 
may have been more important in the past, however, 
particularly in locations of geothermal activity or in-
flux of destabilizing chemicals, as suggested by the 
existence of maars, pitted cones (sometimes interpreted 
as mud volcanoes), and chaos terrains [6, 32]. In addi-
tion, the small outbursts of flowing liquid water in the 
sides of craters in recent years [36] are consistent with 
localized hydrate dissociation within the modern 
cryosphere. 

Finding methane point sources: Methane’s un-
even distribution in the martian atmosphere shows that 
it is being released from point sources [2], but transient 
emissions could make it very difficult to detect those 
points in a global atmospheric survey from orbit [40].  
An aerial survey, such as the proposed ARES (Aerial 
Regional-scale Environmental Surveyor) airplane car-
rying a mass spectrometer, would be much more likely 
to meet with success. Even better would be a rover 
crawling over the surface of the ice, looking for con-
centrations of methane in the atmosphere. 

Alternatively, we can search for the methane hy-
drate reservoir. Even on Earth, however, the presence 
of methane hydrate can be difficult to confirm without 
direct sampling. From orbit, it might be possible to 
infer hydrate dissociation from transient regions of 
depressed thermal inertia in glacial surfaces, as men-
tioned above, but only if the thermal inertia effect were 
not masked by blanketing debris. Morphology of gla-
cial surfaces, as seen from orbit, is ambiguous, al-
though features probably related to hydrate dissocia-
tion have been noted [6]. Ground penetrating radar 
from orbit may suggest the locations of large reservoirs 
of hydrate, or ground-based GPR may be able to locate 
smaller pockets. 
Summary: Methane hydrate in remnant martian gla-
ciers appears to be the major source of the methane in 
the modern martian atmosphere. In the past, it has con-
tributed to the creation of basal melt features.  Methane 
hydrate in the cryosphere does not likely contribute 
much to the present concentration of atmospheric 
methane, but it provides a mechanism for the forma-
tion of maars, mud volcanoes, and chaos terrains. 
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