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Acidalia Planitia                            
(Oehler and Allen, 2010; Etiope et al. 2011) Nili Fossae               

(Wray and Ehlmann, 2011) 

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) 
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microbial 

Modern 

Acetate fermentation & 
carbonate reduction 

 

recent organic material in 
wetlands, shallow sediments 

microbial 

thermogenic 

S E E P S 

Fossil (14C-free) 

Thermal cracking of kerogen or oil 

The commercial gas 
driving global economy 

    Methane origin on Earth 

Biotic 

CH4 

ophiolites,  
peridotite massif 

intrusions 

CO2-rich gas 
(<1% CH4) 

 
Precambrian 

shields 

High T, magmatic 
(geothermal-volcanic 

systems) Abiotic 
Low T gas-water-rock                   

reactions (serpentinization) 

C H 4 – r i c h  g a s  

 
peridotite-hosted 

hydrothermal 
systems 

continental 
serpentinization  

deep 
wells 

Fossil (14C-free) 

confirmed isotopically 
only in 3 ocean sites  

Canada, Scandinavia, 
S.Africa 

>16 countries 

Volcanoes are not a significant 
source of methane! 



Gas seepage can be visible or invisible,                   
focused or diffuse over large areas 

Advection 
(driven by pressure gradients) 

 
Diffusion (concentration gradients) 

is not important  



BIOTIC and ABIOTIC METHANE SEEPS 
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Gas seeps and “eternal” fires 

Release from 1 to 1000 ton CH4 per year  
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Sedimentary volcanism, 3-phase system : gas-water-sediment 

Mud volcanoes 
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WHAT IS MICROSEEPAGE 

Etiope and Klusman 
(2010) 

MICROSEEPAGE 

Widely used for 
petroleum 
exploration 



Sedimentary basins and petroleum-producing areas of the world                                            
(from Britannica Online for Kids. Web. 11 Mar. 2014).  

Potential microseepage area 

~ 4-8 million km2  

(Etiope and Klusman, 2010) 



 
Invisible degassing 
Positive fluxes of methane 

(> 1 mg m-2 d-1) 

Microseepage in sedimentary basins  



MICROSEEPAGE IN OLIVINE-RICH ROCKS 
(PERIDOTITES) 

 
from 1 to 103 mg m-2 day-1 



How to detect and measure gas seepage 



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).  
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Etiope and Milkov (2004)	



Etiope and Klusman (2010)	


Etiope et al (2008)	



Etiope (2012)	



3-7	


Etiope and Klusman (2002)	



Lacroix (1993)	


Etiope et al (2008)	



TOTAL = 60 (45-76) Mt/y 

? 

20	


Kvenvolden et al. (2001)	



Judd (2004)	


	



(theoretical estimate)	



GEOLOGIC METHANE EMISSIONS 



Geological CH4  
2nd natural CH4 source 
10% of total CH4 source 

   Etiope and Ciccioli 2009 (Science)                         
Etiope, 2012  (Nature Geosci.) 
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POTENTIAL SEEPAGE ON 
MARS 

 
where 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) 



 
North of the Noachian-Hesperian contact (17.3°N, 77.2°E), erosion exposes a 
>150 km2  olivine-rich, highly fractured outcrop, partially altered to serpentine 

Ehlmann et al (2010) 

Nili Fossae 



Fault at Nili Fossae, from 
PSP_006923_1995 (19.381N, 76.421E) 

Wray and Ehlmann (2011) 

Nili Fossae 

Fluid-precipitation filled fractures on the floor of 
Jezero crater, eastern Nili Fossae 



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) 



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



Mars CH4 exhalation 

 
the CH4 plume on Mars reflects an episodic emission of  
~19,000 t CH4 yr−1 (Mischna et al., 2011)  or 
~150,000 t CH4 yr−1 (Lefevre and Forget, 2009) 

equivalent to a diffuse microseepage of ~10-100 mg m-2d–1 from an area of 500 to 5000 km2 
 
If the whole 30000 km2 olivine outcrop at the Nili Fossae (Hoefen et al., 2003) is 
assumed to exhale,  a microseepage of 2 mg m-2d–1 (the lowest level detected in 
terrestrial peridotites) would be sufficient to support the plume 
 
If a global Martian CH4 source of around 100-300 t yr-1 is required to maintain the 
10 ppb atmospheric level (Atreya et al, 2007), one large mud volcano or a few small 
mud volcanoes, or just a very weak microseepage, sparse in different zones of 
Mars, would be sufficient.  
 

A FEW MARTIAN SEEPS or WEAK MICROSEEPAGE CAN SUSTAIN 
THE ATMOSPHERIC CH4 LEVEL (and the Mumma’s plume) 

Etiope, Oehler, Allen (2011) 
Etiope, Ehlmann, Schoell (2013) 



A NOTE ON ABIOTIC 
METHANE PRODUCED AT 

LOW TEMPERATURES 



Low T abiotic methane 
The simplest way to 
form abiotic methane 

SABATIER 
REACTION CO2 + 4H2 = CH4 + 2H2O 

A fundamental reaction for life origin (H2-CH4 = energy sources for microbes),                                                                                  
the transition from inorganic to organic chemistry (Russell et al. 2010) 

So far considered to take place at T>200°C 

nCO + 2n + 1ð ÞH2 ! CnH 2nþ2ð Þ þ nH2O ð7:1Þ

or for CO2, in aqueous solutions:

CO2 aqð Þ þ 2þm=2nð ÞH2 aqð Þ ¼ 1=nð ÞCnHm þ 2H2O ð7:2Þ

and in the gas-phase:

CO2 þ 4H2 ¼ CH4 þ 2H2O ð7:3Þ

The last reaction is also known as the Sabatier reaction. H2 is directly produced via
serpentinisation, peridotite (olivine and pyroxene) hydration driven by seawater (in
submarine environment) or meteoric water (on land) (e.g., McCollom and Seewald
2007; Schrenk et al. 2013). An alternative mechanism for CH4 production could be
the one occurring via the hydration of olivine in the presence of CO2, without the
initial mediation of H2; such a process is theoretically possible (Oze and Sharma
2005; Etiope et al. 2013b; Suda et al. 2014) but not easily identifiable (Whiticar and
Etiope 2014a) and has not, to date, been demonstrated in the laboratory.

The abiotic synthesis of methane following serpentinisation is considered to be a
fundamental step in the prebiotic chemistry and origin of living matter (Russell et al.
2010). Serpentinisation during the Archean may have provided the necessary
reducing and high-pH conditions and the relatively low temperatures appropriate for
supporting early life. Methane, in particular, was an effective energy source (electron
donor) for the development of biomolecules and microrganisms on early Earth.
Whether this occurred in ocean floor hydrothermal systems or in continental rocks is
an open question.

FTT reactions take place on the surface of a metal (catalyst), lowering the
activation energy needed for the reaction (Fig. 7.3); the higher the temperature, the
easier methane production.

Many metals (Fe, Ni, Co, and Cr) are known to effectively catalyse the reaction
at high temperatures, generally above 200 °C (e.g., Horita and Berndt 1999; Taran
et al. 2007; McCollom 2013). FTT reactions are very sluggish in aqueous solutions.
As a result, high temperatures are even more important for water saturated rocks.
Nevertheless, land-based serpentinisation rock systems are characterised by rela-
tively low temperatures, generally below 100 °C (Bruni et al. 2002; Etiope et al.

CO2 H2 CH4 H2O
molecular 
adsorption

CO2 H2 C O H

molecular 
dissociation

surface 
reaction

CH4 H2O

product 
desorption

c a t a l y s t

Fig. 7.3 Sketch of methane production via Sabatier reaction, between CO2 and H2, catalysed on a
metal surface
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Low-temperature catalytic CO2 hydrogenation with
geological quantities of ruthenium: a possible abiotic CH4

source in chromitite-rich serpentinized rocks
G. ETIOPE1 , 2 AND A. IONESCU2

1Istituto Nazionale di Geofisica e Vulcanologia, Sezione Roma 2, Italy; 2Faculty of Environmental Science and Engineering,
Babes-Bolyai University, Cluj-Napoca, Romania

ABSTRACT

Metal-catalysed CO2 hydrogenation is considered a source of methane in serpentinized (hydrated) igneous rocks

and a fundamental abiotic process germane to the origin of life. Iron, nickel, chromium and cobalt are the cata-

lysts typically employed in hydrothermal simulation experiments to obtain methane at temperatures >200°C.
However, land-based present-day serpentinization and abiotic gas apparently develop below 100°C, down to

approximately 40–50°C. Here, we document considerable methane production in thirteen CO2 hydrogenation

experiments performed in a closed dry system, from 20 to 90°C and atmospheric pressure, over 0.9–122 days,

using concentrations of non-pretreated ruthenium equivalent to those occurring in chromitites in ophiolites or

igneous complexes (from 0.4 to 76 mg of Ru, equivalent to the amount occurring approximately in 0.4–760 kg

of chromitite). Methane production increased with time and temperature, reaching approximately 87 mg CH4

per gram of Ru after 30 days (2.9 mgCH4/gru/day) at 90°C. At room temperature, CH4 production rate was

approximately three orders of magnitude lower (0.003 mgCH4/gru/day). We report the first stable carbon and

hydrogen isotope ratios of abiotic CH4 generated below 100°C. Using initial d13CCO2 of -40&, we obtained room

temperature d13CCH4 values as 13C depleted as !142&. With time and temperature, the C-isotope separation

between CO2 and CH4 decreased significantly and the final d13CCH4 values approached that of initial d13CCO2.

The presence of minor amounts of C2-C6 hydrocarbons is consistent with observations in natural settings. Com-

parative experiments at the same temperatures with iron and nichel catalysts did not generate CH4. Ru-enriched

chromitites could potentially generate methane at low temperatures on Earth and on other planets.

Key words: abiotic methane, chromitites, CO2 hydrogenation, ruthenium, Sabatier reaction
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INTRODUCTION

The Sabatier reaction (CO2 + 4H2 = CH4 + 2H2O), also

known as CO2 hydrogenation or methanation, is a Fischer-

Tropsch-type (FTT) synthesis commonly invoked to explain

the origin of methane observed in serpentinized ultramafic

rocks, in mid-ocean ridges and on continents (McCollom

& Seewald 2007; Proskurowski et al. 2008; Etiope et al.
2011, 2013a,b; Etiope & Sherwood Lollar 2013; Schrenk

et al. 2013; Szponar et al. 2013). The H2 necessary for the

reaction is produced by serpentinization, that is, the hydra-

tion of peridotite minerals (McCollom & Seewald 2007;

Schrenk et al. 2013). The CO2 may have various origins

including the mantle, limestone or the atmosphere. CO2

hydrogenation is also considered to be a possible step in

the origin of life, that is, for the passage from inorganic to

organic chemistry (Russell et al. 2010). It can be important

in atypical petroleum systems, where hydrocarbon reservoirs

are formed by igneous rocks (Farooqui et al. 2009; Etiope
et al. 2013b; Etiope & Schoell 2014). It is also a potential

source of methane on some planets (Tobie et al. 2006; At-
reya et al. 2007; Etiope et al. 2013c). H2 and CO2 react

on the surface of a metal catalyst, which lowers the activa-

tion energy required for the reaction. To date, laboratory

experiments aimed at stimulating FTT synthesis in geologi-

cal settings have produced methane only under ‘hydrother-

mal’ conditions, generally above 200°C as in mid-ocean

ridges (see review by McCollom 2013), using traditional

© 2014 John Wiley & Sons Ltd
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Fast production of considerable amounts of CH4 via Sabatier reaction at 90, 50 and 25°C, 
using small concentrations of ruthenium (Ru) equivalent to natural amounts in chromitites 

Abiotic CH4 can be rapidly produced at low T (<100°C) 

inorganic to organic transition at T<100°C                                                       
no need to invoke hydrothermal systems for life origin 



Ruthenium exists on Mars…. 
…so CH4 may originate at T<100°C 
 
 

no need of hydrothermal or magmatic 
systems to generate abiotic CH4 on Mars 

Ruthenium (PGE, Platinum Group Elements) and other siderophile elements, 
associated to chromium minerals, can be particularly enriched in martian mantle 
rocks (Jones et al., 2003).  
 
About 16 ppb of Ru were detected in the Chassigny meteorite (Jones et al., 2003), 
belonging to the SNC (Shergotty, Nakhla, Chassigny) meteorites, which are derived 
from martian mantle.  
 
Such a concentration is within the typical range observed in terrestrial chromitites, 
including those in methane-bearing ultramafic rocks 



CH4 ISOTOPIC COMPOSITION 
ON EARTH 



Abiotic vs biotic methane                                      
well distinguished by C and H isotopic ratios 

ELEMENTS AUGUST 2014292

In principle, all FTT reactions can result in the abiotic 
synthesis of multiple gaseous hydrocarbons, from ethane to 
butane, and liquid hydrocarbons (starting from pentane), 
due to polymerization of CH4 molecules, methylene (-CH2), 
or methyl radicals (-CH3) in a chain growth sequence 
(McCollom 2013). 

For this discussion, we consider the catalytic hydrogena-
tion of CO2, which produces CH4 by one-step (Sabatier 
reaction or methanation) or two-step (reverse water–gas 
shift) reactions:

One-step methanation (Sabatier): 
 CO2 + 4H2 = CH4 + 2H2O . (2)

Two-step reverse water–gas shift:
 CO2 + H2 = CO + H2O .  (3a)

 CO + 3H2 = CH4 + H2O . (3b)

The H2 necessary for reactions (1) to (3) can be produced 
by serpentinization (i.e. the hydration of olivine-rich rocks) 
or other processes (e.g. radiolysis). The CO2 may originate 
from the mantle, limestone, or the atmosphere. 

All FTT reactions are catalyzed by transition metals (Ni, 
Fe, Cr, Co) and related oxides, so that the conversion of 
the gas molecules occurs after adsorption (chemisorp-
tion) on the metal surface. Experimentally, FTT synthesis 
has been observed under hydrothermal conditions, at 
temperatures above 200 °C and high pressures, using Ni, 
Fe, or Cr (McCollom 2013), which are the most abundant 
transition metals in ultramafi c rocks. An unresolved issue 
is that methane in land-based serpentinization systems 
seems to be produced at temperature below 100 °C (Etiope 
et al. 2011, 2013a; Suda et al. 2014), and catalysis of FTT 
synthesis by Ni, Fe, or Cr has not yet been shown to 
proceed in this temperature range (the reader may refer 
to the wide literature on catalyzed CO2 hydrogenation, 
e.g. Wang et al. 2011 and references therein). To under-
stand natural low-temperature systems, we therefore have 
to assume these catalysts are effective over very long, 
geologic time scales or involve other catalysts. The only 
metal catalysts that result in fast methanation at tempera-
tures below 100 °C are ruthenium and rhodium (Etiope et 

al. 2013b and references therein). Rhodium is extremely 
rare and dispersed in parts-per-billion concentrations, but 
ruthenium can reach concentrations of hundreds of parts 
per million and forms oxides or sulfur minerals (e.g. laurite) 
within the chromitites of many continental ophiolites and 
igneous complexes. Recent laboratory experiments have 
demonstrated that CH4 can actually be rapidly produced 
via the Sabatier reaction at T < 100 °C by using extremely 
low amounts of Ru (Etiope and Ionescu 2014). However, 
our knowledge about the catalytic role of specifi c minerals 
and the potential for low-T serpentinization are poorly 
constrained and therefore the topic requires more research. 

HOW TO RECOGNIZE ABIOTIC GAS 
Methane is the major component of both biotic and 
abiotic natural gas, and its stable carbon and hydrogen 
isotope compositions (expressed as I13C and I2H relative to 
standards VPDB, Vienna Pee Dee Belemnite, and VSMOW, 
Vienna Standard Mean Ocean Water) is an essential, 
although sometimes inconclusive, diagnostic property for 
recognizing the origin (Schoell 1980). Worldwide occur-
rences of thermogenic and microbial methane have a well-
defi ned distribution of carbon and hydrogen isotopes (e.g. 
Etiope et al. 2013b; see the “biotic” fi eld in FIG. 1). Until 
a few years ago, and based on limited data, the isotopic 
composition of abiotic gas was considered to be typically 
enriched in 13C, with I13C values higher than −25‰. 
Today a wider set of isotopic data is available and shows 
that the I13C of methane in land-based serpentinized 
ultramafi c rocks can be as light as −37‰ while methane 
from Precambrian shields can be even lighter (Etiope and 
Sherwood Lollar 2013). Interestingly, laboratory experi-
ments have produced abiotic methane with a wide range 
of I13C values, including isotopically “light” values once 
assumed to be indicative of biological activity (e.g. −19 
to −53.6‰ by Horita and Berndt 1999; −41 to −142‰ by 
Etiope and Ionescu 2014). 

FIGURE 1 Plot of I13C versus I2H for methane, showing four 
general compositional fi elds that provide insights into 

biotic or abiotic origins. Abiotic methane is documented in 
serpentinized ultramafi c rocks (including the submarine Lost City 
hydrothermal fi eld and land-based active serpentinization sites in 
the Philippines, Turkey, Oman, New Zealand, Italy, Greece, Japan, 
and Portugal), Precambrian crystalline shields (South Africa, 
Canada, and Scandinavia), and volcanic–hydrothermal systems 
(e.g. East Pacifi c Rise, Southwest Indian Ridge, Socorro, Milos). The 
three abiotic isotopic fi elds are based on data reported by Etiope 
and Sherwood Lollar (2013) and Etiope et al. (2013c). The biotic 
isotopic fi eld encompasses a global data set, owned by the authors, 
for microbial and thermogenic gases in petroleum fi elds (see also 
Etiope et al. 2013b).

TABLE 1 CLASSIFICATION SCHEME FOR SOURCES 
OF ABIOTIC GASES

Magmatic CH4 

(A1) Primordial gas, delivered by meteorites during 
accretion of the Earth and preserved in the mantle

(A2) High-temperature (500–1000 °C) reactions in the 
mantle (or magma in the crust), including hydrolysis or 
hydrogenation of metal carbides and CO, CO2, or carbonate 
reduction with H2O

(A3) Late-magmatic (<600 °C) redistribution of C–O–H 
fl uids, CO2 evolution to CH4 during magma cooling 

Gas–water–rock reactions

(B1) High-temperature (~400–500 °C) reactions involving 
carbon and Fe-bearing minerals

(B2) Metamorphism of carbonate–graphite-bearing rocks 
(with H2O at <400 °C)

(B3) Carbonate methanation, i.e. thermal decomposition 
of carbonates and direct reduction (without CO2) to CH4

(B4) Iron carbonate (siderite) decomposition

(B5) Uncatalyzed aqueous CO2 reduction (variable reactions 
with CO2, CO, HCOOH, NaHCO3, NaHCOO, and H2)

(B6) Fischer-Tropsch-type (FTT) reactions (e.g. Sabatier 
reaction, see discussion herein)

Etiope and Schoell (2014)       
Etiope (2015) 



CH4 ISOTOPIC COMPOSITION 
ON MARS? 



Potential C–H isotopic signatures of abiotic 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 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  



Main messages 

Observations of terrestrial gas seepage, in sedimentary basins and serpentinized 
rocks, can be used to infer forms and magnitude of potential seepage on Mars 
 
Low microseepage, sparse in different zones of Mars, would be sufficient to sustain 
methane observed in the atmosphere 
 
BUT, as on Earth, CH4 microseeping on Mars cannot be detected a few cm above the 
soil, because of winds and dilution of the leaking gas 
 
Abiotic methane can be generated at very low T by Sabatier reaction  
ANYWHERE H2, CO2 and platinum group elements (Ru) are available 
 
 
Geologic CH4 on Mars should be 
searched in the regions with olivine-
bearing rocks, preferably above or 
near faults or at apparent mud 
volcanoes, ideally by drilling into the 
soil, or using accumulation chambers 
on the ground 



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 landing site: 
Elysium Planitia 


