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Introduction: The difficulty to understand the martian 
atmospheric methane cycle originates from the difficulty to 
constrain its production mechanism(s) and to account for 
the differences seen by several instruments [1-9], whose ob-
servations appear to be inconsistent with each other and 
with our current understanding of the loss mechanisms of 
methane in the martian atmosphere [10]. Very strong con-
straints have been provided by the detections of sporadic 
spikes of methane at different locations on Mars [1-8] and 
by the lack of any methane detection by the Trace Gas Or-
biter (TGO) from April to August 2018, with an unprece-
dented level of sensitivity [9].   

In addition to the reports of intermittent methane spikes, 
the Tunable Laser Spectrometer (TLS), part of Curiosity’s 
Sample Analysis on Mars (SAM) suite, also recorded sea-
sonal variations of methane (around a mean value of  0.41 
ppbv) [11], whose amplitude is stronger than currently pre-
dicted by GCM models and whose origin thus also remains 
to be explained.    

If they can ever be reconciled, all these observations in-
dicate that little is understood about both the origin, release 
mechanism and destruction or temporary storage of me-
thane in the (regolith + atmosphere) environment.  New 
processes must therefore be explored and tested.  

Methane adsorption as a potential source of varia-
bility: Adsorption of methane in the regolith, which is a 
temperature-dependent and reversible process, was sug-
gested to be responsible for a possible atmospheric seasonal 
cycle, based on experimental measurements of its charac-
teristic enthalpy (Hads~18 kJ.mol-1) [12]. This process has 
the advantage of inducing time and space variations without 
the need for additional sources and sinks. However, when 
implemented into a 3D GCM model taking into account the 
diffusive transport and exchange of methane between the 
regolith and the atmosphere, this process was found to in-
duce only very small seasonal variations (a few % at most) 
[13]. This process, which can temporarily trap any sporadic 
excess of atmospheric methane, was also shown to be una-
ble to maintain a sufficient contrast between a hypothetical 
plume (such as observed by [3]) and the surrounding con-
centration level. This was needed to relax the condition that 
the local CH4 source measured by [3] had to have been re-
activated very recently if the atmospheric lifetime of CH4 is 
long [13].    

Following the detection by the SAM-TLS instrument of 
a strong CH4 seasonal cycle, a sensitivity analysis using a 
1D-model has been made to reevaluate the possible effect 
of adsorption [14]. It was found that the SAM-TLS meas-
urements could be explained by a large adsorption enthalpy 

(Hads31.5 kJ.mol-1) and a long near-surface effective at-
mospheric dissipation timescale (> 17 sols).  

Here, we explore the consequence of this newly pro-
posed adsorption enthalpy on the seasonal and diurnal cy-
cles of methane using a 3D GCM, both at the location of the 
Curiosity rover and at a global scale.       

Modeling:  We use the subsurface transport model de-
scribed in [13], which is coupled to the LMDZ atmospheric 
GCM. It models the diffusion of methane in the porous reg-
olith down to -26 m; it takes into account the temperature-
dependent adsorption process (assuming an Arrhenius law, 
as shown by [12] and as generally valid for trace gases) and 
the kinetics of the adsorption process. Although the latter is 
experimentally unconstrained for the time being, its time-
scale can be varied to investigate its effect on the diurnal 
cycle. By default, it is set to a very short timescale, but it 
was also increased to 1 day. The soil specific surface area 
(SSA) is a free parameter, set to 17 m2.g-1 by default [15], 
but a larger value of 100 m2.g-1 was also explored. The 
model can incorporate production or destruction terms in 
the subsurface, or a flux at the base of the subsurface model. 
It can also simulate a direct injection of CH4 into the atmos-
phere, e.g. to simulate a venting event. The morphology of 
Gale crater is not resolved in these simulations.               

  Results: As a first scenario, we did not prescribe any 
specific source of CH4, and let the atmospheric methane (in-
itially uniformly distributed) equilibrate with the regolith. 
The global abundance is scaled so that the annual average 
obtained in the region of Gale match the average level 
measured by SAM-TLS. We compare the results obtained 
with Hads  18 and 31.5 kJ.mol-1. We find typical equili-
bration times of 1.5 and 5 martian years, respectively 
(although deeper layers have not reach equilibrium yet, they 
do not affect the seasonal cycle strongly). The variations of 
the near-surface CH4 volume mixing ratio obtained in the 
region of Gale are represented in Fig. 1.  While the “low 
adsorption” case does not show any strong seasonal varia-
tions, as expected from [13], the “high adsorption” scenario 
shows variations that start mimicking the SAM-TLS meas-
urements, and that look very similar to the 1D results of 
[14], albeit with a smaller amplitude and for partly different 
reasons. However, at a global scale and in particular at high 
latitudes, the seasonal variations are even more drastic (Fig. 
2a), as a consequence of the strong seasonal dependence of 
the (reversible) CH4 flux (Fig. 2b). Such large concentra-
tions have not been observed by TGO. At Gale, this sce-
nario also leads to diurnal variations that can reach ~20% 
near Ls = 80° for an SSA = 17 m2.g-1 and even ~55% for an 
SSA = 100 m2.g-1 (Fig. 1).  
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Fig. 1: Seasonal cycle of CH4 (near-surface vmr, norm. to the average value) predicted 
at the location of Gale Crater, for Hads  18 kJ/mol and SSA = 17 m2.g-1 (“low ad-
sorption”) and 31.5 kJ/mol – 100 m2.g-1 (“high adsorption”). The SAM-TLS data (en-
riched mode) are shown for comparison.  

              

     
 
Fig. 2: Top: Seasonal cycle of CH4 (scenario 1, “high adsorption” case): zonal mean of 
the column mixing ratio vs. Ls (normalized to its maximum). Bottom: zonal mean of 
the flux of CH4 into the ground vs Ls.  

 

As a second scenario, we simulated the injection of a 
short (24h) pulse of CH4 at the location of Gale crater (di-
rectly into the lowest atmospheric cell) in an initially CH4-
free atmosphere and regolith, assuming an unlimited atmos-
pheric lifetime. It confirmed that even if methane is strongly 
adsorbed and would ultimately be almost fully trapped in 
the regolith, the atmospheric dispersion of methane is much 
more rapid than its uptake by the regolith (methane is al-
most uniformly mixed after ~2 months). Even in the “high 
adsorption” scenario, the regolith is thus inefficient at scav-
enging CH4 and reducing its dispersion from the emission 
point. Ultimately, this scenario converges towards the first 
scenario, with smaller seasonal variations obtained at Gale 
than at high latitudes.     

As a third scenario, we simulated a continuous source 
of CH4 at the location of Gale crater, in an initially CH4-free 
atmosphere and regolith, with a short atmospheric lifetime 
of 1 day. Even with such a short lifetime, the atmospheric 
dispersion of CH4 is quite significant. As anticipated from 
the previous scenarios, a strong adsorption does not affect 

this result, as the timescale for adsorption is much longer 
than the atmospheric dispersion. Given the current coverage 
of TGO observations [9], a very short lifetime, of the order 
of 1-sol, is therefore necessary to reconcile the current TGO 
and MSL observations (Fig. 3). However, with such a sce-
nario, the diurnal variations obtained at Gale become much 
more pronounced than the seasonal ones, making the SAM-
TLS measurements much more sensitive to the time-of-day 
of sampling than to the time-of-year. 
        

 
Fig. 3: Distribution of CH4 (annual average column vmr norm. to maxi-
mum value, in log scale) for a continuous source at Gale and a 1-day life-
time (scenario 3). The locations of TGO observations [9] are shown as 
green stars.  

 

Conclusion: Leaving aside the difficulty to reconcile 
the TGO and SAM-TLS + Mars Express PFS observations 
with our current knowledge of the chemistry of the martian 
atmosphere, it appears that a strong adsorption process is a 
good candidate to explain the seasonal variations observed 
by SAM-TLS, although the adsorption enthalpy necessary 
for this process to be efficient is beyond the range of what 
has been measured so far in the laboratory (15-25 kJ.mol-1, 
see [12]). Depending on the scenario chosen for the location 
of the source (local or undefined), this process can induce 
quite distinct diurnal variations. Even in the case of no spe-
cific CH4 source location (scenario 1), the amplitude of such 
variations can reach 20-55% at specific times of the year at 
Gale, if the adsorption timescale is fast. Monitoring the di-
urnal cycle of CH4 in addition to the seasonal one would 
therefore be useful to further constrain the location of me-
thane emissions and the physical properties of the regolith 
affecting the adsorption process, including the adsorp-
tion/desorption timescale.     
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