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Introduction: The detection of methane on Mars 

from orbit and from the ground has proven elusive. 
During the year 2003, it reached up to 10 ppb globally 
with local abundances up to 30 ppb [1, 2]. Such high 
values were not replicated by later studies and an up-
per limit of 8 ppb has been obtained from telescopic 
observations between 2006 and 2010 [3], while a local 
low upper limit of 1.3 ppb has been obtained more 
recently in situ by the Mars Science Laboratory rover 
at Gale Crater in 2013 [4]. Due to the possible implica-
tions of methane detection for life and its influence on 
the atmospheric and climate processes on the planet 
[e.g. 3], confirming whether the release of methane on 
Mars can be sporadic will be one of the goals of the 
next missions to study Mars. In this work, we assess 
whether abiotic production of methane on early Mars 
could have created large methane clathrate reservoirs 
in the cryosphere of the planet.  

The remanent magnetic field of Mars and early 
Mars methane production by serpentinization 

One of the main ways to produce methane abioti-
cally is through serpentinization, a metamorphic pro-
cess by which low-silica mafic rocks are hydrother-
mally altered to store water, produce magnetite and 
release dihydrogen. While this process may still be 
occurring today at depth, it must have been more fre-
quent on early Marss for which conditions included 
higher rates of volcanic activity and impact cratering 
together with liquid water on the surface. This could 
have proven a major process to trap a large fraction of 
the water of the planet during the Noachian in altered 
minerals at depth and at the same time release a signif-
icant amount of methane in the atmosphere [5].  

As serpentinization increases the crustal volume 
and creates a large number of magnetite, it has been 
hypothesized to explain both the crustal dichotomy of 
the planet and the strong remanent magnetic field of 
the old southern terrains [6]. Thus, assuming that the 
remanent magnetic field is due to serpentinization, it is 
possible – deriving the crustal magnetization from 
magnetic field data – to estimate the amount of water 
trapped in altered minerals as well as the methane re-
leased during the alteration. A typical serpentinization 
reaction can be expressed as:  
Mg1.5Fe0.5SiO4 + 7/6H2O1/2Mg3Si2O5(OH)4+1/6Fe3O4+ 1/6H2 

for which on average, every water molecule used for 
iron oxidation involves 6 water molecules for the hy-
dration of olivine to be trapped in serpentine (chryso-
tile in this case). At the same time 1 molecule of H2 or 

equivalently ¼ molecule of CH4 are released in the 
atmosphere [7]. 
[8] computed a global model of the magnetization of 
the crust, using an Equivalent Source Dipole (ESD) 
method. Assuming that the magnetization is restricted 
to a 40-km thick layer the magnetization intensity 
ranges from 0 to 12.25 A/m. Assuming a conservative 
error of 1 A/m in the ESD model, the observed Mar-
tian magnetic field can be explained by 20% of its sur-
face being magnetized. On the other hand, assuming a 
constant magnetization of 13.1 A/m through the plan-
et’s crust, we can infer a magnetized crustal thickness 
on different positions at the surface of the planet. The 
resulting model is shown in Figure 1 adapted from [5]. 
Based on this model, the total volume necessary to 
explain the remanent magnetization reaches 3.6 108 
km3. This is equivalent to a GEL of 2.49 km of serpen-
tinized material. Using the conservative limit of 3.05 
km thickness for the lower bound precision of the 
model (1 A/m), the cumulative thickness of the serpen-
tinized layer becomes 7223 km, equivalent to a 
1.49.km serpentinized GEL. From Figure 1, it is clear 
that in the southern hemisphere for any given latitude, 
the extent of the serpentinized crust is about 1/3 of the 
area of the spherical segment considered.  

These values in turn indicate that the formation of 
chrysotile over 2.49 km GEL is equivalent to 0.82 km 
GEL of trapped water and the release of 2.75 1020 
moles of CH4. Respectively, the conservative estimate 
gives a 1.49 km serpentine GEL equivalent to a 0.49 
km GEL of trapped water and the release of 1.75 1020 
moles of CH4. 

 
Table 1: Thickness of the magnetized layer required to explain 

the magnetic field of Mars (adapted from [5]).   

CH4 trapping capacity of the early cryosphere 
Now that we have approximately assessed how 

much methane should have been released by serpentin-
ization to explain the remanent magnetic field, it is of 
interest to determine how much methane can be 
trapped in the cryosphere of Mars and what the life-
time of such deep underground reservoirs may be. 
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Considering its size, early Mars could have gotten 
cold quite rapidly, leading to a developing under-
ground cryosphere that would have increased in size 
with time, filling up all the volume available for it [9, 
10]. A line of recent evidence even suggests that early 
Mars may have been only intermittently warm (e.g. 
[11]). The depth reached by a developing cryosphere 
during the Noachian depends on the surface tempera-
ture conditions of the planet, its geothermal heat flux, 
Qg, as well as the thermal properties of the upper mar-
tian crust and its porosity at depth. We use the martian 
cryosphere univariate finite difference models devel-
oped in [10, 12] for a cryosphere saturated by clath-
rates. The Noachian geothermal heat flux was most 
probably larger than 50 mW.m-2 as indicated by sever-
al studies, while the current geothermal heat flux has 
been reassessed to be about 15 mW.m-2 (e.g. [10] and 
references therein). The depth of the cryosphere would 
range from about 2 km below the equator and up to 5 
km below the poles for Qg = 50 mW.m-2. Even if Qg 

was 4 times larger (up to 200 mW.m-2), the cryosphere 
could still reach 300 m depth under the equator and up 
to 1 km under the pole, with the current atmosphere 
and orbital parameters of the planet.  

These calculations allow us to determine how much 
methane could be trapped in the cryosphere of Mars, 
with serpentinization reactions occurring at depth un-
der it, for different values of Qg and surface porosity of 
the planet as shown in Table 1. Two columns are cal-
culated depending on whether we consider the whole 
surface of the planet or just the extent of the more con-
servative remanent magnetic field detected in the 
southern hemisphere as shown in Figure 1. In any 
case, we find that the quantity of methane necessary to 
explain the remanent magnetic field of the planet by 
serpentinization is of the same order of magnitude or 
larger than the trapping capacity of any cryosphere 
with Qg > 50 mW.m-2. Indeed, knowing that at any 
southern latitude the extent of the serpentinized crust is 
about 1/3 of the area of the spherical segment consid-
ered, the values given on the right column of Table 1 
for the trapping capacity need to be divided by 3 to 
have a fair comparison with the methane released. It is 
therefore likely that the whole trapping capacity of the 
early cryosphere of Mars was used to catch any me-
thane released through early serpentinization process-
es. If this was the case, then the quantity of methane 
that could have survived in the subsurface of the planet 
to this day would be about 1.5 1010 - 8 1010 the quanti-
ty necessary to generate the strong methane plume 
described in [2] (~1.2 109 moles).  

The calculations presented above show the maxi-
mum trapping capacity of the martian cryosphere de-
termined by thermal modelling. Experiments have 
shown that if methane clathrates form at the surface 

from a CO2 atmosphere enriched in CH4, the amount of 
trapped methane can be reduced by a factor 104 (see 
[13] and references therein). Similarly, the ability for a 
clathrate saturated cryosphere to survive to the present 
day will be highly dependent on the orbital and ther-
mal history of the planet together with the diffusion 
and dissociation kinetics of methane clathrates. The 
theoretical and experimental studies of methane clath-
rates kinetics remain consistent with the possibility for 
deep underground martian clathrates to have remained 
stable over the history of the planet, but such values 
are poorly constrained and need to be better studied in 
the future [13]. 

Conclusion: We have demonstrated that the me-
thane trapping capacity of the early martian cryosphere 
is comparable to the quantity of methane possibly re-
leased by early serpentinization processes that would 
have been necessary to generate the observed martian 
remanent magnetic field. The presence of such clath-
rate reservoirs could explain the sporadic release of 
methane at the surface of the planet to this day. 

    all latitudes southern terrains 
Serpentinization CH4 release 

(moles) 2.75E+20 1.75E+20 

cryosphere CH4 trapping 
capacity (moles) 

Qg  
(mW m-2) 

surface po-
rosity      

200 
20% 1.29E+20 5.59E+19 
35% 2.02E+20 8.87E+19 

100 
20% 2.44E+20 1.07E+20 
35% 3.82E+20 1.67E+20 

50 
20% 4.01E+20 1.75E+20 
35% 6.46E+20 2.82E+20 

15 
20% 6.03E+20 2.63E+20 
35% 1.05E+21 4.57E+20 

Table 1: Comparison between CH4 release from early Mars serpen-
tinization processes and the cryosphere maximum methane trapping 

capacity under different conditions.  
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