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Introduction:  In Earth’s deep subsurface, radioly-

sis and other water-rock reactions abiotically produce 
H2 [1], a reductant commonly employed by subsurface 
microorganisms to drive their metabolisms [e.g., 2]. A 
substantial portion of this H2 is abiotically converted to 
CH4 [e.g., 3], while some is biotically converted to 
CH4 [e.g., 4]. Here we apply a Markov Chain Monte 
Carlo (MCMC) approach to quantify variations in the 
abiotic CH4 flux in the deep subsurface of Canada, 
South Africa, and Finland, where deep groundwaters 
can be accessed via mines or boreholes. We use the 
biogeochemical model developed by Onstott et al. [5] 
as our forward model. We then extrapolate these re-
sults under martian H2 production conditions [6] to 
quantify abiotic CH4 production and determine if it 
could have been sufficient to produce the transient 
reducing greenhouse atmospheres that may have 
warmed early Mars to above freezing temperatures [7-
10], producing the fluvial features apparent on the 
modern martian surface. We also apply the abiotic CH4 
production model to determine if abiotic CH4 produc-
tion is sufficient to explain the CH4 observations from 
present-day Mars measured by telescopic [11], rover 
[e.g., 12], and orbital [13] observations. 

Sulfate reducing microorganisms are ubiquitous in 
Earth’s deep subsurface [e.g., 14-18], and it has been 
demonstrated that the H2 and SO4 used to drive their 
metabolisms can both be generated via radiolysis [e.g. 
14]. In radiolysis, ⍺, β, and ɣ radiation produced by 
decay of radionuclides breaks apart H2O molecules to 
form oxidants (e.g., H2O2) and reductants (e.g., H2). 
Some of these oxidants (mostly H2O2 [19]) oxidize 
reduced sulfides within the rock matrix, producing SO4 
[19], which can then be biotically reduced by H2 by 
sulfate reducing microorganisms. Many of the fluids in 
which these microorganisms reside have been isolated 
from surface nutrient input for 107-109 years [20], 
similar to timescales expected for Mars’ subsurface, as 
Mars lacks a significant meteoric water cycle. Here we 
use an integrative approach to determine the number of 
Earth-like sulfate reducing cells/L fluid that could be 
supported solely via radiolytic redox energy produc-
tion. 

Methods: We apply the GWMCMC implementa-
tion of an MCMC [21] to fit δ13CCH4, δ2HCH4, dissolved 
CH4, dissolved He, and depth measurements from a 
global mines/boreholes groundwater geochemical da-

tabase [3-4, 22] using a forward model from Onstott et 
al. [5]. This allows us to determine if the variations in 
abiotic CH4 flux between sites in Canada, South Afri-
ca, and Finland are statistically significant. To extrapo-
late these abiotic CH4 fluxes to Mars, we multiply the 
abiotic CH4 flux range found on Earth by the ratio of 
radiolytic H2 production estimates for Mars [6] versus 
Earth [1, 23]. 

For our Mars radiolytic H2 and SO4 production 
model, we integrate radionuclide abundance data from 
the Mars Odyssey Gamma Ray Spectrometer (GRS; 
[24]), data regarding sulfide grain size and abundance 
from martian meteorites [e.g. 25-27], a radiolytic SO4 
production model discussed in [14] and [28], a radio-
lytic H2 production model discussed in [6, 14, 28], and 
a porosity model for the martian subsurface from [6] 
that is supported by gravity data analysis from orbital 
[29] and landed [30] observations. 

Results: We find that there are statistically signifi-
cant variations in the abiotic CH4 flux from Canada 
(~2.3 ´ 10-4 moles CH4 m-2 year-1), South Africa (~1.0 
´ 10-4 moles CH4 m-2 year-1), and Finland (~0.5 ´ 10-4 
moles CH4 m-2 year-1), hinting at abiotic processes that 
greatly affect the geochemical conditions of Earth’s 
subsurface. We also find that the percentage of bio-
tic/abiotic CH4 varies from 40-96% biotic CH4 be-
tween different deep subsurface sites on Earth (Fig. 1). 
Extrapolating the amount of abiotic CH4 to Mars given 
H2 production rates expected in the Noachian [6], we 
find that [0.5-0.7] ´ 1010 moles CH4/year could be pro- 
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Figure 1 | Fraction of biotic CH4 (versus abiotic CH4) at 
different deep subsurface sites on Earth. The different 
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color shades show variations in fraction of biotic CH4 in 
different sampling sites within the same mine/borehole. 
  
duced in the top 10 km of Mars’ subsurface in the No-
achian. Integrated over 1 Gyr, this would produce suf-
ficient CH4 (stored in clathrate hydrates) to generate 
0.5-8 transient reducing greenhouse atmospheres on 
ancient Mars (using the experimental results from [8]). 
Scaling this abiotic CH4 flux to modern Mars radiolyt-
ic H2 production rates, we find that the abiotic CH4 
flux is sufficient to explain modern CH4 detections 
from telescopic [11], rover [e.g., 12], and orbital [13] 
observations. 

The results from our radiolytic H2 and SO4 produc-
tion model show a strong dependence on the assumed 
average pyrite grain size within the crust (Fig. 2). As-
suming sulfide abundances found in impact breccia 
martian meteorites (~1 wt %) [e.g., 25-26] and con-
servative average pyrite grain sizes (<~60 µm) [e.g. 
25-27] based on sulfide grain sizes found in martian 
meteorites (particularly in impact breccias that are 
thought to be representative of the Noachian crust), we 
find that ~104-105 sulfate reducing cells/L fluid could 
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Figure 2 | Dependence of supportable sulfate reducing 
cells/L fluid and average pyrite grain size in crust. 
 
be supported in the martian subsurface assuming the 
lower endmember metabolic rate of sulfate reducers in 
Earth’s deep subsurface [28 and refs therein] (Fig. 3). 
Using the higher endmember metabolic rate of sulfate 
reducers in Earth’s deep subsurface, we find that ~102-
103 sulfate reducing cells/L fluid could be supported in 
the martian subsurface. These are estimates based on 
largely conservative assumptions. There will likely be 
regions of the martian crust with particularly high sul-

fate production due to particularly high sulfide content 
and/or particularly fine-grained sulfides (likely in the 
brecciated Noachian crust that has been physically 
crushed by impacts). 

 
Figure 3 | Supportable sulfate reducing cells/L fluid in 
martian subsurface assuming 1 wt % pyrite with average 
grain size of 60 µm. 
 
Conclusions: Our results show that abiotic CH4 pro-
duction rates/fluxes vary in different sites on Earth 
(Canada, South Africa, Finland). They also show that 
abiotic CH4 production could have been sufficient to 
generate the transient reducing greenhouse atmos-
pheres that may have warmed ancient Mars. Addition-
ally, abiotic CH4 production could be sufficient to ex-
plain CH4 detections on modern Mars. Our results also 
show that significant amounts of sulfate reducing bio-
mass could be supported in the deep subsurface of 
Mars. Given the prevalence of this microbial metabo-
lism in Earth’s deep subsurface in a wide spectrum of 
fluids, including ancient saline groundwaters, there is 
scientific justification for extant martian life detection 
missions [31] that will search for deep groundwater 
[32] in which these organisms may survive and thrive. 
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