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The occurrence of CH4 in the Martian atmosphere may imply active geologic sources, 
i.e. gas emission structures in the Martian soil and subsoil 

 
= gas seepage, a process well known on Earth, should exist on Mars.  
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The concept of “gas seepage” on Mars 
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a b s t r a c t

We evaluate, based on terrestrial analogs, the potential flux, origin and isotopic signature of methane
(CH4) from serpentinized or serpentinizing rocks on Mars. The Tekirova ophiolites, in Turkey, have been
shown to release, either via focused vents or through diffuse microseepage, substantial amounts of CH4

which could be produced via catalyzed abiotic methanation (Sabatier reaction) at low temperatures
(<50 !C). Serpentinized ultramafic rocks on Mars are likely to have necessary chemical constituents for
methane production and fractures for release of gas to the atmosphere, similar to those on Earth. A sim-
ple, first-order estimation gas-advection model suggests that methane fluxes on the order of several
mg m!2 d!1, similar to microseepage observed in terrestrial ophiolites, could occur in martian rocks. High
temperature, hydrothermal conditions may not be necessary for abiotic CH4 synthesis on Mars: low tem-
perature (<50 !C) methanation is possible in the presence of catalysts like ruthenium, rhodium or, more
commonly, chromium minerals, which occur in terrestrial ophiolites as in martian mantle meteorites.
The terrestrial analog environment of abiotic microseepage may thus explain production of methane
on Mars in the ancient past or at present. The wide range of martian 12C/13C and D/H ratios and the poten-
tial secondary alteration of CH4 by abiotic oxidation, as observed on Earth, could result in large isotope
variations of methane on Mars. CH4 isotopic composition alone may not allow definitive determination
of biotic vs. abiotic gas origin. Using our terrestrial vs. martian analysis as guide to future Mars explora-
tion we propose that direct methane and ethane gas detection and isotopic measurements on the ground
over serpentinized/serpentinizing rocks should be considered in developing future strategies for unrav-
eling the source and origin of methane on Mars.

" 2012 Elsevier Inc. All rights reserved.

1. Introduction

The detection of "10–20 ppb of methane (CH4) in Mars atmo-
sphere (Mumma et al., 2003; Formisano et al., 2004; Krasnopolsky
et al., 2004) suggested the existence of an active gas source. If con-
firmed, the CH4 plume observed by telescopic measurements in the
Northern Summer 2003 would indicate an emission from the mar-
tian ground of "19,000 tons CH4 yr!1 (Mumma et al., 2009) or
"150,000 tons CH4 yr!1 (Lefevre and Forget, 2009) and possibly
up to "570,000 tons CH4 yr!1 (Chizek et al., 2010). The occurrence
of CH4 on Mars has been recently questioned because atmospheric
photochemistry and transport models make short-lived methane
plumes implausible and ground-based observations of methane
are heavily affected by telluric interference (Zahnle et al., 2011).

Nevertheless, an intriguing aspect of the Northern Summer 2003
plume (Mumma et al., 2009) is that some of the elevated CH4 con-
centrations were detected over olivine-bearing rocks, sometimes
serpentinized, in the martian regions of Syrtis Major, Terra Sire-
num and Nili Fossae (Hoefen et al., 2003; Ehlmann et al., 2010).
This would be consistent with the hypothesis that abiotic CH4 syn-
thesis in serpentinizing rocks may be a past and/or present source
of CH4 on Mars (Oze and Sharma, 2005; Atreya et al., 2007).
Accordingly, terrestrial outcrops of actively serpentinizing ultra-
mafic rocks, especially several ophiolites exposed on the conti-
nents, are important analog sites to understand production and
exhalation fluxes of abiotic methane in olivine-rich rocks on Mars
(Blank et al., 2009; Szponar et al., 2010; Etiope et al., 2011c).

On Mars, methane could be produced by various processes such
as (i) serpentinization of olivine-rich materials, (ii) volcanic activ-
ity, (iii) water–rock reactions in magmatic dikes, (iv) exogenous
sources such as meteorites, and (v) biological activity (Lyons
et al., 2005; Atreya et al., 2007). The first process, serpentinization,
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a b s t r a c t

The presence of methane on Mars is of great interest, since one possibility for its origin is that it derives
from living microbes. However, CH4 in the martian atmosphere also could be attributable to geologic
emissions released through pathways similar to those occurring on Earth. Using recent data on methane
degassing of the Earth, we have estimated the relative terrestrial contributions of fossil geologic
methane vs. modern methane from living methanogens, and have examined the significance that
various geologic sources might have for Mars.

Geologic degassing includes microbial methane (produced by ancient methanogens), thermogenic
methane (from maturation of sedimentary organic matter), and subordinately geothermal and volcanic
methane (mainly produced abiogenically). Our analysis suggests that !80% of the ‘‘natural’’ emission to
the terrestrial atmosphere originates from modern microbial activity and !20% originates from
geologic degassing, for a total CH4 emission of !28.0"107 tonnes year#1.

Estimates of methane emission on Mars range from 12.6"101 to 57.0"104 tonnes year#1 and are
3–6 orders of magnitude lower than that estimated for Earth. Nevertheless, the recently detected
martian, Northern-Summer-2003 CH4 plume could be compared with methane expulsion from large
mud volcanoes or from the integrated emission of a few hundred gas seeps, such as many of those
located in Europe, USA, Mid-East or Asia. Methane could also be released by diffuse microseepage from
martian soil, even if macro-seeps or mud volcanoes were lacking or inactive. We calculated that a weak
microseepage spread over a few tens of km2, as frequently occurs on Earth, may be sufficient to
generate the lower estimate of methane emission in the martian atmosphere.

At least 65% of Earth’s degassing is provided by kerogen thermogenesis. A similar process may exist
on Mars, where kerogen might include abiogenic organics (delivered by meteorites and comets) and
remnants of possible, past martian life. The remainder of terrestrial degassed methane is attributed to
fossil microbial gas (!25%) and geothermal-volcanic emissions (!10%). Global abiogenic emissions
from serpentinization are negligible on Earth, but, on Mars, individual seeps from serpentinization
could be significant. Gas discharge from clathrate-permafrost destabilization should also be considered.

Finally, we have shown examples of potential degassing pathways on Mars, including mud volcano-
like structures, fault and fracture systems, and major volcanic edifices. All these types of structures
could provide avenues for extensive gas expulsion, as on Earth. Future investigations of martian
methane should be focused on such potential pathways.

& 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Since the discovery of methane (CH4) in 2003 in the martian
atmosphere, at concentrations of !10 ppbv (Krasnopolsky et al.,
2004; Mumma et al., 2004; Formisano et al., 2004), there has been
considerable speculation regarding its origin, including a possible
relationship to present or past life on Mars. Because the
photochemical CH4 lifetime is estimated to be !300 years
(Krasnopolsky et al., 2004; Nair et al., 1994, 2005), it is likely
that the gas is currently being released from the martian surface,

and recent reports of seasonal CH4 plumes on Mars have
strengthened that view (Mumma et al., 2009).

We note that in the martian literature the terms ‘‘origin’’ and
‘‘source’’ have been used with different meanings, sometimes
creating ambiguity between the genetic (biologic or non-biologic)
derivation of the gas and its manner of release into the martian
atmosphere. For the sake of clarity, here we use the term ‘‘origin’’
for the CH4 genetic derivation, and ‘‘source’’ or ‘‘pathway,’’ to refer
to the location and manner of gas release to the atmosphere.
Accordingly, hydrates or mud volcanoes are ‘‘sources’’ of methane
release; they do not refer to the ultimate ‘‘origin’’ of the CH4.

A further ambiguity arises when the term ‘‘biotic’’ or
‘‘biogenic’’ is used for CH4 exclusively attributed to a microbial
origin, with the assumption that living organisms are involved.
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NO 
VOLCANOES 

First systematic and geologic-geochemical discussions in: 



Outcomes of the 1st workshop 
 
Gas seepage introduced:  - basic concepts and observational data on Earth 

  - potential seepage on Mars 
 
Gas seepage on Mars: 
 
-  can be evidenced by specific surface manifestations (macro-seepage structures)  

over faults and fractured rocks, as observed on Earth (circular depressions, polygonal 
fractures, mounds, mud volcanoes).  

 
-  can be in the form of invisible diffuse exhalation from the ground (microseepage) 
  
-  can be detected only through specific procedures/methods: measurements in the 

atmosphere, a few cm above the ground (as performed by Curiosity) may not be 
effective in revealing any seepage (trivial CH4 recorded by Curiosity cannot be accepted 
as evidence of lack of subsoil processes generating methane) 

 
-  surface gas geochemical techniques, similar to those that allowed the discovery of 

seepage and subsoil hydrocarbon reservoirs on Earth, must be considered 
     (soil-gas, accumulation chambers, surface mineralogical alterations).  

 
Take home message 

Geologic CH4 on Mars should be searched, preferably above or near faults or at apparent 
mud volcanoes, in the regions with olivine bearing or sedimentary rocks, ideally by drilling 

into the soil, or using accumulation chambers on the ground 



Objectives of the 2nd workshop  
 

More detailed discussions on…..  
  
1.  Macro and microseepage on Earth 
     typical soil-gas concentrations and flux values,    
     detection methods, indirect methods (soil-gas, closed-chamber, drilling, instrumental  
     requirements. What can be applied on Mars?) 
 
2.  Potential seepage structures and manifestations on Mars 
     recognition by high-resolution images (e.g. HiRISE, CaSSIS, land-based cameras)  
 
3.  Seepage proxies: carbonate cement, secondary alterations of minerals…… 
 
4.   Meaning of methane/ethane ratio in seeping gas 
     review of methane genetic mechanisms; post-genetic alterations during seepage,    
     meaning (and ambiguity) of C1/C2 ratio (expected to be measured by ExoMars 2016) 
 

 Proposed deliverable 
  
- Report in a format suitable for submission to a peer-reviewed journal 
- Integration with the overall results of the workshop, for a comprehensive paper (e.g., EOS) 
 

We can propose the search for gas seepage as one of the guiding scientific goals  
for Mars exploration in the 2020’s. 

  



What is gas seepage  
visible or invisible, focused or diffuse over large areas 

Advection 
(driven by pressure gradients) 

 
Diffusion (concentration gradients) is 

not important  



Gas seeps and “eternal” fires 

Release from 1 to 1000 ton CH4 per year  



Sedimentary volcanism, 3-phase system : gas-water-sediment 

Mud volcanoes 
Release from 1 to 500 ton CH4 per year  



MICROSEEPAGE IN OLIVINE-RICH ROCKS 
(PERIDOTITES) 

 
from 1 to 103 mg m-2 day-1 



Geological emissions in the global 
CH4 budget 
 
2nd natural CH4 source 
10% of total CH4 source 

   

Etiope and Ciccioli 2009 (Science)                         
Etiope, 2012  (Nature Geosci.) 
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(Etiope, 2015) 

(IPCC, 2013) 



How to detect and measure gas seepage 
Effective only for 

significant seepage 
Effective also for 
very low seepage 

approach to be 
adopted for Mars 

Etiope (2015) 



Shallow drilling 
into the soil 

soil-gas probes 

 
Sampling gas in soil-air at 
depths of 50-100 cm 

gas 



CLOSED-CHAMBER SYSTEM   
for microseepage 



Widely used for soil-respiration, gas fluxes 
from wetlands, rice paddies and permafrost.  

Photo: Charlotte Sigsgaard   

Gas flux Q is expressed in terms of mg m-2 day-1 by the 
eq.: 

 

VFC (m3) chamber volume 
AFC (m2) chamber area 
c1 - c2 (mg/m3) methane concentrations at times t1 -  t2 (days).  



First applications in geology 

Prof. Ronald 
Klusman 

US Colorado 
School of Mines 

Klusman et al  2000. J. Geoph. Res. 105D, 24,661-24,670 
Klusman et al 2000. Geothermics 29, 637-670 
Klusman 2003. Applied Geochem., 18, 1825-1838. 
Klusman 2006. Applied Geochem., 21, 1498-1521. 
 



SEIS seismometer 
 
A similar arm could be used for positioning a 
closed-chamber 

HP3 (Heat Flow and Physical Properties Probe) 

CONNECTING A GAS SENSOR TO THESE 
PROBES WOULD BE A GREAT 

OPPORTUNITY TO RELIABLY DETECT 
METHANE SEEPAGE 

INSIGHT mission (2018, NASA) 
landing site: Elysium Planitia 

Can KISS support the development 
of such a concept and technology? 
 

(prototype design, development, involvement 
of robotics companies) 



POTENTIAL SEEPAGE ON 
MARS 

 

where on Mars are the best chances of finding methane? 

Analog seepage sites 

faulted/fractured ultramafic/serpentinized rocks   
 faulted/fractured sedimentary basins (mud volcanoes, mounds) 



Olivine-rich and serpentinized areas on Mars 
Serpentine occurs in Mars’ ancient Noachian terrains, Nili Fossae, Syrtis Major, Claritas Rise 
 

30,000 km2 olivine-rich outcrop (Hoefen 
et al 2003) 



Fault at Nili Fossae, from 
PSP_006923_1995 (19.381N, 76.421E) 
Wray and Ehlmann (2011) 

FAULTS 

estimation of a gas-advection model suggests that methane fluxes on the order of
several mg m−2 day−1, similar to the microseepage observed in terrestrial peridotites
(as described above), could occur in martian rocks (Etiope et al. 2013a). Overall,
serpentinised ultramafic rocks on Mars are likely to have both the necessary
chemical constituents for methane production and the fractures that would allow
seepage of gas to the atmosphere, similar to serpentinised ultramafic rocks on Earth.

However, in addition to serpentinised ultramafic rocks, methane seepage on
Mars could also take place in other regions of the planet characterised by extensive
faults and fractures, or regions with particular morphological structures (Fig. 7.6),
such as the mounds in the Acidalia Planitia, which have been compared to ter-
restrial, methane-seeping mud volcanoes (Oehler and Allen 2010; Etiope et al.
2011a), possible ancient springs in Arabia Terra associated with faults and dipping

Fig. 7.6 Potential seepage structures on Mars. a An elliptical tonal anomaly in Arabia Terra,
interpreted as an ancient spring mound (Allen and Oehler, 2008). Solid white arrows point to
linear fractures; dashed arrows point to circumferential faults associated with elliptical features;
the black arrow points to possible terracing. b Faulted sediments in Arabia Terra. As indicated by
the warping of layered sediments on either side of the fault, arrows indicate the direction of relative
movement across the fault. c The mounds in Acidalia Planitia, interpreted as relicts of mud
volcanoes. d The flow-like extension (arrow) of the high-albedo material of the mound. HiRISE
images prepared by D. Oehler (NASA/JPL/University of Arizona)
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Arabia Terra                                       
(Etiope et al. 2011) 



Potential mud volcano-like seeps 

Candidate mud volcanoes reported from Utopia, Isidis, northern Borealis, Scandia, Chryse–
Acidalia region (Davis and Tanaka, 1995; Tanaka, 1997, 2005; Tanaka et al., 2000, 2003, 2008; Farrand 
et al., 2005; Kite et al., 2007; Rodríguez et al., 2007; Skinner and Tanaka, 2007; Allen et al., 2009; Oehler 
and Allen, 2009; Skinner and Mazzini, 2009; McGowan, 2009; McGowan and McGill, 2010) 

 

>40000 estimated 
                          
 (18000 mapped)                       
in Acidalia Planitia                 
(Oehler and Allen, 2010) 

 



Potential mud volcano-like seeps Acidalia Planitia  
(Oehler and Allen, 2010; Etiope, Oehler, Allen 2011) 



INTERPRETING MOLECULAR 
COMPOSITION OF GAS 

 
THE MEANING OF METHANE/ETHANE 

RATIOS 
 

 
(expected to be measured in the ExoMars 2016 mission) 

 
 

is it a reliable indicator of gas origin? 



It is generally assumed that C1/C2 is a good indicator of methane origin, 
microbial (C1/C2 > 1000) or thermogenic or abiotic (C1/C2 <1000) 
But this is true only if gas is sampled/detected at the point of its origin 

    (on Mars we may only detect seeping gas) 

C1/C2 <100 

C1/C2 >1000 

molecular 
fractionation 

During gas migration, due to molecular 
adsorption on solid grains of mud/
sediments seeping gas becomes 
dryer (more CH4, less C2+) than 
reservoir gas.  
 
Molecular fractionation is inversely 
proportional to the flux or velocity of gas  



Gas migration from reservoir to surface seeps:  
Loss of C2+ hydrocarbons due to molecular fractionation	
  

Etiope et al. (2009) 

SEEPS 

Analysis of 
seeps over 
corresponding 
reservoirs 

Reservoirs 



Low flux 
(bubbles) 

High flux (flames) 
or dissolved 

ABIOTIC GAS  
seeps (continental serpentinization sites) 

vs  
deep boreholes (Precambrian shields) 

C
1/

(C
2+

) 

δ13C1 

Deep boreholes 
(Precambrian shields) 

δ13C-CH4 

C
1/

C
2+

 seeps 



McCollom & Seewald (2007) Tassi et al (2012) 

OTHER EXAMPLES OF ABIOTIC and GEOTHERMAL GAS  
 



Molecular	
  frac+ona+on	
  inversely	
  propor+onal	
  to	
  gas	
  flux	
  

Etiope et al. (2009) 

Author's personal copy

Total CH4 output from macro-seepage (the sum of emissions
measured from all vents; Table 2a) is estimated to be about
5 ton a!1. Total gas output from the diffuse exhalation from soil
(mini- and microseepage) was derived by spatial interpolation
between the individual gas measurements. Applying ‘‘natural
neighbor’’ interpolation separately for microseepage (flux values

with lower variance) and miniseepage (flux values with higher var-
iance) yields an output of about 16 ton CH4 a!1. Total CH4 emission
from the Murono area (4900 m2) would be therefore >20 ton a!1;
thus, more than 75% of this emission is from the diffuse seepage
surrounding the visible mud volcano vents.

In the same way, a total CO2 emission of 0.9 ton a!1 is estimated
from macro-seeps (Table 1). The diffuse CO2 flux from soil would
include biologic CO2 from soil respiration, which is quite variable,
depending on local soil conditions, and is difficult to distinguish
from geologic (thermogenic) CO2 related to the mud volcano
system. The geo-CO2 fraction in the soil flux can be assessed only
by stable C (positive d13C for geo-CO2 as reported in Table 1, and
from !10 to !25‰ for bio-CO2) or radiocarbon analyses (geo-
CO2 is 14C-free).

4.2.3. Kamou mud volcano
The CH4 flux values measured at Kamou are shown in Fig. 5. The

two craters are similar (in terms of both size and bubbling activity)
to those of Murono, and release about 1 and 0.8 ton CH4 a!1. Also in
this case CH4 flux was quite high throughout the investigated area
(about 1000 m2), and decreased below 50 mg m!2 d!1 at about
50 m from the mud volcano craters (Fig. 10b). Also in this case
the CH4/CO2 volume ratio in the macro-seep flux (29 for vent 1)
was close to the compositional volume ratio (32.8), and it was gen-
erally <1 for the diffuse flux from soil, as occurred in the Murono
area. Total CH4 emission from the investigated area is estimated
at 3.7 ton a!1 (of which 52% was from diffuse seepage).

4.2.4. Gas flux vs. C2+ concentration
Fig. 11 shows a diagram of macro-flux vs. C1/(C2 + C3) for Mur-

ono and Kamou, compared with mud volcanoes and other gas
seeps in Italy (Etiope et al., 2007b), Romania (Etiope et al., 2004a,
2009a), Switzerland (Etiope et al., 2010) and Taiwan (Chao et al.,
2010) The macro-flux refers to the gas flow from a single vent from
which molecular composition was determined. The plot shows a
trend that is consistent with the hypothesis that molecular frac-
tionation may increase as gas migration flux decreases (Etiope
et al., 2007b; Chao et al., 2010): the higher the gas flux, the higher
the gas velocity, the lower the time available for gas–water–mud
interaction, the lower the fractionation. The ‘‘Bernard ratio’’, C1/
(C2 + C3), however may also increase due to hydrocarbon biodegra-
dation, which preferentially consumes C3H8 and n-alkanes (Pallas-
ser, 2000). The Giswil seep (point 9; Etiope et al., 2010), as well as
Murono and Kamou (black triangles) are examples of gas related to
significant hydrocarbon biodegradation. More data are necessary
to verify this preliminary model.

Fig. 9. 3D plots of CH4 and CO2 flux distribution at Murono mud volcano (kriging
interpolation of logaritmic flux values).

Fig. 10. Methane flux from soil along profiles running close to the Murono (a) and
Kamou (b) vents (traces on Figs. 4 and 5). Murono point 11 is 1 m from vent 1;
points 7, 14 and 5 are directly over cracks in the asphalt pavement. Kamou points
G6, G8, G9 and G4 are 1 m from the vents.

Fig. 11. Diagram of macro-flux vs. C1/(C2 + C3) for Murono and Kamou, compared
with mud volcanoes (triangles) and other gas seeps (diamonds) releasing thermo-
genic gas (with CH4 > 90 vol.%) in Italy (1: M.Busca, 2: Censo fire, 3: Regnano, 4:
Nirano, 5: Ospitaletto, 6: Rivalta; Etiope et al., 2007b), Romania (7: Paclele Mari, 8:
Paclele Mici; Etiope et al., 2004a, 2009a), Switzerland (9: Giswil; Etiope et al., 2010)
and Taiwan (10: YNH, 11: YSJ, 12: LGH; 13:YSK; Chao et al., 2010).

356 G. Etiope et al. / Applied Geochemistry 26 (2011) 348–359

Etiope et al (2011) 



 
 

1. If both methane and ethane will be detected, then it is likely that gas is abiotic, but we shall 
assume that  
 
(a) there are not ethanogens on Mars (ethane-producing microbes exist on Earth) 
 
(b) there is no ancient organic matter in deep sedimentary rocks that could be degraded by 
temperature (i.e. the possibility for thermogenic gas shall be excluded, and we shall explain why) 
 
 
2. if ethane will not be detected, then we may hypothesize 
 
(a) microbial gas  
(b) abiotic gas molecularly fractionated 
(c) abiotic gas generated at very low T (no enough energy for polymerization of CH4 molecules to form C2+) 
 
 
In any case, we will have a certain degree of uncertainty on the origin.  
However, detecting ethane would make the interpretation a bit easier (probable abiotic gas); 
considering the geological framework and the features of the sampled site (mud volcano, 
sedimentary basin, basalt and serpentines..etc..) could help.  

Therefore….. 



INTERPRETING ISOTOPIC 
COMPOSITION OF GAS 

 
The meaning of δ13C-CH4 and δ2H-CH4 
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sediments 

conventional reservoirs, 
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Updated (2015) CH4 isotopic-genetic plot 

with oil 

dry 
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rock 
inclusions 

marine 
serpentinization 

G. Etiope (2016), Encyclopedia of 
Geochemistry, Springer 



Potential C–H isotopic signatures of CH4 on Mars 
 
 
Martian C feedstock: - atmospheric fractionated CO2 (δ13C: +46 ‰; Webster et al 2013) 

      - atmospheric unfractionated CO2 (δ13C -20‰ to 0‰; Niles et al., 2010) 
      - magmatic CO2 (Zagami meteorites, δ13C: -10 to -20‰) 

 
   δ13C-CH4 can be similar to that observed on Earth only if it derives from  

   unfractionated or magmatic CO2 

 
 
 
Martian H feedstock: - atmospheric H2 

      - H in minerals (meteorites) 
 

      - subsurface waters ??? 
      - magma: low δ2H; initial δ2H similar to Earth; Boctor et al., 2003; Lunine et al., 2003 

 
      - igneous rocks: olivine, δ2H: -60 to -280 ‰ Gillet et al. 2002 

 
A wide range of δ2H could be measured for martian CH4, far outside terrestrial variations 

  
Martian δ2H–CH4 values could be within the terrestrial range if the precursor hydrogen derives 

from primordial, unfractionated, magmatic gas or is similar to that of martian olivine. 

extrem. enriched in deuterium δ2H up to +4000‰   
Leshin, 2000; Sugiura and Hoshino, 2000 
due to atmospheric escape fractionation processes  



Conceptual summary for seepage on Mars 

mud volcanoes or mounds 
(macro-seepage) 

microseepage 

soil-gas probes                    
flux chambers 

soil-gas probes                    
flux chambers 

C1/C2            
not reliable 

Geologic CH4 production processes 
(abiotic – biotic) 

above ground 
measurements may 

not be effective 

sedimentary or 
serpentinized (olivine-rich) 

igneous rocks 

sedimentary 
volcanism? 

gas 
advection 

gas 
advection 


