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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

Received 31 March 2014; accepted 22 August 2014

Corresponding author: Giuseppe Etiope, Istituto Nazionale di Geofisica e Vulcanologia, Sezione Roma 2 via V.

Murata 605, 00143, Roma, Italy. Email: giuseppe.etiope@ingv.it. Tel: +39 0651860394; Fax: +39 0651860338.

Geofluids (2015) 15, 438–452

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
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catalysts, such as iron, nickel, chromium or cobalt (Figure

S1). However, the abiotic methane observed in gas seeps

and water springs in land-based ultramafic rocks altered by

meteoric water (see a review by Etiope & Sherwood Lollar

2013 and Etiope et al. 2013b) appears to be produced at

temperatures below 100°C, often around 40–50°C (Bruni

et al. 2002; Etiope et al. 2011; Boschetti et al. 2013; Suda

et al. 2014), that is, at temperatures lower than those

required for traditional catalysts to function, at least on lab-

oratory timescales. The only catalysts known to be effective

below 100°C are rhodium (Rh) (Jacquemin et al. 2010)

and ruthenium (Ru) (Thampi et al. 1987). Rhodium is

extremely rare and dispersed in parts-per-billion concentra-

tions in ultramafic rocks. Ru is rare in submarine hydrother-

mal systems (McCollom and Seewald, 2007; Pa�sava et al.

2007), but within chromitites of many continental ophio-

lites and igneous complexes, it is a dominant platinum

group element (PGE), reaching parts-per-million concen-

tration levels (Economou-Eliopoulos 1996; Garuti & Zac-

carini 1997; Prichard & Brough 2009). Ru is mainly in the

form of sulphur minerals, such as laurite (RuS2), ruthenian

pentlandite ((Ni,Fe)8RuS8), and Ru-Ir-Os alloy or oxide

(RuO2) (Garuti & Zaccarini 1997). These are found in

either stratiform or podiform chromitites with the concen-

trations typically in the range of 0.1–1 ppm (relative to

mass chromitite) and up to several ppm in Cr-rich veins

(e.g. Page & Talkington 1984; Bacuta et al. 1990). In

ophiolite sequences, Ru-enrichments are preferentially

within tectonite and Moho transition zones, particularly in

crustal dunite (Prichard & Brough 2009; Mosier et al.

2012). We note a geographic coincidence between the

occurrence of Ru-rich chromitites and methane. Following

discoveries in the 1980s and 1990s in the Philippines,

Oman and New Zealand, new cases of gas-bearing seeps or

hyperalkaline (pH >9) springs in present-day serpentinized

rocks have recently been documented, with CH4 isotopic

analyses, in Turkey, Canada, Japan, Italy, Greece and Por-

tugal (Etiope et al. 2011, 2013a,b; Boschetti et al. 2013;

Szponar et al. 2013; Suda et al. 2014). All of these seeps

are adjacent to chromite mines or located above ultramafic

rocks hosting Ru-enriched chromitites. Examples include

the Chimaera fires in Turkey, close to the ancient chrome

mines of Cirali (Juteau 1968), the Semail ophiolite in

Oman (Page et al. 1982), the Othrys ophiolite in Greece

(Garuti et al., 1999), the Zambales in the Philippines (Ba-

cuta et al. 1990), Newfoundland in Canada (Page & Tal-

kington 1984) and Cabec�o de Vide in Portugal (Dias et al.

2006). The deep boreholes that provided abiotic gas from

crystalline Precambrian rocks at Sudbury in Canada (Sher-

wood Lollar et al. 2008) are located in one of the richest

Ru mines in North America (Ames & Farrow 2007). Fur-

thermore, large amounts of methane leading to explosions

were reported in what is likely the world’s largest Ru mine

complex, Bushveld in South Africa (Cook 1998). Could Ru

minerals play a methanation role in these low-temperature

geological environments?

To start answering this question, we conducted laboratory

methanation experiments at room temperature (20–25°C),
and at 50 and 90°C in a closed system (borosilicate glass

bottles) using extremely small concentrations of non-pre-

treated Ru oxide, equivalent to those present in chromitites.

Ru catalysis is known in industrial applications but only after

special pretreatment of the metal (e.g. reduction under H2

stream) to enhance its catalytic performance and to obtain

substantial amounts of CH4 within a few hours (Thampi

et al. 1987). Nonartificially pretreated Ru, where the cata-

lytic activity is reduced by adsorption of humidity from air,

is more analogous to natural conditions in rocks. Laboratory

prepared C-free catalyst, with known Ru concentration, was

preferred in our experiments over natural Ru-bearing miner-

als or rocks (chromitites) for several reasons. Small rock sam-

ples, even if derived from the same chromitite, can in fact

have different (and unknown) Ru concentrations and may

contain several contaminant carbon forms, including CH4.

Unlike previous experiments in aqueous solutions aimed at

stimulating water-rich hydrothermal conditions (see review

by McCollom 2013 and Figure S1), we tested methanation

under dry conditions, the simplest system for the Sabatier

reaction, where solubility factors do not influence CO2 and

H2 adsorption–desorption at the catalyst surface. Analogous

conditions occur in dry fractures and gas-filled pores in

unsaturated rocks such as in igneous reservoir gas-caps (Liu

et al. 1998; Farooqui et al. 2009), which might also repre-

sent the source of CH4 in land-based serpentinization sys-

tems. FTT reactions are quite sluggish in aqueous solution

even at high temperatures (McCollom 2013; Zhang et al.

2013), and CO2�
3 , the only C form in CH4-bearing hyperal-

kaline waters (pH>9), does not significantly react with H2.

In practice, CO2 does not exist in waters with pH>9 and

transformation of C (other than CO2) to methane using H2

is thermodynamically unfavourable at low temperature

(R. Thampi, personal communication). As a consequence,

the hyperalkaline waters of land-based serpentinization

systems could be just a carrier, but not a producer of CH4

which is likely generated in and migrated from water unsatu-

rated ultramafic rocks. Therefore, while aqueous FTT exper-

iments are important for simulating high-temperature

hydrothermal systems, dry FTT experiments may be better

analogues of low-temperature land-based systems, especially

those where gas is not associated with groundwater, for

example, the microseepage from peridotite outcrops in the

Tekirova ophiolite (Etiope et al. 2011) and the dry gas seeps

of Chimaera in Turkey, Poison Bay in New Zealand and Los

Fuegos Eternos in the Philippines.

The carbon and hydrogen isotope ratios of CH4 gener-

ated are fundamental parameters for interpreting gas ori-

gins in natural settings, including abiotic methane (Schoell

1980; Whiticar 1990; Etiope & Sherwood Lollar 2013;
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and McCollom 2013). Until a few years ago, and based on

a limited number of data, the isotopic composition of abi-

otic gas was considered to be typically enriched in 13C,

with d13C values higher than �25&. Today, a wider set of

isotopic data are available and show the d13C of methane

in land-based serpentinized ultramafic rocks can have val-

ues up to �37& while methane from Precambrian shields

can be even lighter (Etiope & Sherwood Lollar 2013).

Laboratory experiments have produced abiotic methane

with d13C values as depleted as -57&, which is comparable

to the isotopically ‘light’ values derived from biological

activity (Horita & Berndt 1999). But thus far, carbon and

hydrogen isotope compositions have only been measured

at ‘hydrothermal’ conditions, above 200°C (McCollom

2013; see also Figure S1). Here, we present the first meth-

ane C and H isotope data for abiotic CH4 generated below

100°C and down to 20–25°C.
For comparison and control, parallel experiment was

performed with Fe and Ni catalysts that are more abun-

dant, with respect to ruthenium, in ultramafic rocks, but

they are known to be ineffective for CO2 hydrogenation at

temperatures below 100°C (Wang et al. 2011 and refer-

ences therein; R.Thampi, personal communication).

In brief, this study mainly addressed the following ques-

tions: (i) Can methane be produced by Sabatier reaction at

temperatures below 100°C using concentrations of non-

pretreated ruthenium equivalent to those occurring in

chromitites in ophiolites or igneous complexes? (ii) What is

the C and H isotope separation between produced CH4

and initial CO2 and H2, at these low temperatures? (iii)

How does this isotope separation evolve with time and

temperature? (iv) Is methane the only hydrocarbon pro-

duced under these conditions?

This experimental study only initiates the evaluation of

Ru as a catalyst in natural geological systems and does not

purport whether or not natural Ru minerals actually con-

trol or facilitate the low-temperature production of CH4 in

chromitites. The main chemical and mineralogical factors

that should be investigated in future are, however, dis-

cussed.

METHODS

Experimental set-up

Thirteen methanation (CO2 + H2 mixing) experiments

were performed with different combinations of tempera-

ture (20–25, 50 and 90°C) and amounts of Ru catalysts

(from 0.38 to 76 mg Ru), for 0.9–122 days. CO2 hydro-

genation was obtained in borosilicate glass Wheaton bot-

tles (155 ml) filled with 5 ml CO2 and 50 ml H2 (high

purity 99.99%, Scotty Standards) diluted with argon as

make-up gas. Both standards have methane or other

hydrocarbons level below detectable limits. The minimum

H2:CO2 ratio for the Sabatier reaction is 4:1; because

some H2 can react with O2 occurring in the non-pretreat-

ed catalyst support, a surplus of H2 is beneficial to main-

tain the essential 4:1 ratio after the possible H2 loss. 13C-

labelled (99% 13C) CO2, which is useful to trace the source

of carbon in reaction products and evaluate the extent of

contamination, was used in a control test, as described

below. We purposefully did not use labelled CO2 in the

experiments because we wanted to study the carbon iso-

tope effects between CO2 and CH4 in natural isotope

abundances at low temperature. This would not be possi-

ble using a 13-carbon isotope labelled CO2. Similarly, the
13C-labelling technique was not used by Fu et al. (2007),

Taran et al. (2007, 2010), McCollom et al. (2010) and

Zhang et al. (2013). Isotopically labelled material was

actually not necessary because the amount of abiotic meth-

ane synthesized greatly exceeded the potential background

sources, as confirmed by the control tests. All bottles were

slightly overpressurized with respect to ambient conditions

by injecting approximately 20–30% more argon than bottle

capacity to reduce fractionation effects due to depressuriza-

tion of the bottle during sample taking for analyses. The

bottles were sealed with gas impermeable blue butyl septa

(Bellco Glass Inc.) and aluminium crimp caps. Prior to use,

the septa were boiled in 1 N NaOH to remove trace

hydrocarbon contaminants and potentially reactive plasti-

cizers (Oremland & Des Marais 1983).

Two types of Ru catalysts on carbon-free supports, non-

pretreated in a H2 stream, were used: 3.8% Ru on titania

(TiO2) and 3.8% Ru on alumina (Al2O3), both prepared

by the School of Chemical and Bioprocess Engineering of

the University College of Dublin, as described by Thampi

et al. (1987). Ru was not prereduced in H2, and it is pre-

dominantly in the form of RuO2, with minor amounts of

suboxides RuOx (x between 1.9 and 2). This chemical

form is the same of naturally occurring Ru oxides in chro-

mitites (Garuti & Zaccarini 1997). The catalyst preparation

procedure ensured nanosized deposits of Ru oxides and

suboxides on the alumina and titania supports akin to the

most probable condition prevailing in natural geological

samples, where Ru occurs in finely dispersed forms. Finely

dispersed and nanosized clusters of catalytically active

elements tend to show higher reactivity than larger clusters

or particles (R. Thampi, personal communication). The

amount of catalyst powder used in the experiment (0.01,

0.1, 0.2 and 2 g at 3.8wt% Ru) was equivalent, in terms of

order of magnitude, to the range of Ru occurring in 0.4–

760 kg of chromitite in continental serpentinized ultra-

mafic rocks, considering an average Ru concentration range

of 0.1–1 ppm (0.1–1 mg Ru per kg of chromitite; Econo-

mou-Eliopoulos 1996; Mosier et al. 2012). Assuming an

average chromitite density (approximately 4000–

4500 kg m�3) and a typical fracture porosity of serpenti-

nized rocks (5–10%; H€ovelmann et al. 2012), the volume

© 2014 John Wiley & Sons Ltd, Geofluids, 15, 438–452
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of a 155-ml bottle is equivalent to that of gas in the

pores/fractures of approximately 6–14 kg of chromitite,

which would contain 0.6–14 mg of Ru; such an amount

occurs in approximately 0.016–0.37 g of Ru catalyst pow-

der. Bottles were stored in the dark at room temperature

(20–25°C) and in a thermostated oven at 50°C, 90°C,
and, for a few initial tests, 200°C, for up to 4 months

(Table 2). In total, 58 bottles, including three duplicates

(one duplicate = two bottles with the same catalyst

amount, temperature and reaction time), were analysed.

Each ‘time point’ data refers to ‘one bottle experiment’

(one time point = one sacrificial bottle), not to a time ser-

ies evolution of gas in the same bottle.

The same procedure was adopted for a parallel, compara-

tive experiment based on Fe and Ni catalysts (Table S1).

Twenty-nine bottles were filled with 5 g of magnetite

(Fe3O4 95%, powder <5 lm, Aldrich). Eleven bottles were

filled with 5 g of nichel catalyst (CRG-F Synetix pellets ∅
3.4 mm 9 3.5 mm) composed by NiO (75–81%), SiO2

(0.2%), K2O (0.35%) and Al2O3 (balance). Seven bottles

were filled with a 50% mixture of Fe and Ni catalyst. The

samples were stored at room temperature (25°C) and in a

thermostated oven at 50, 90 and 200°C, up to 108 days

(Table S1).

Gas analyses

The CH4 and CO2 in all bottles were analysed by an

instrumental package (West Systems, Pontedera, Italy)

equipped with TDLAS (tunable diode laser absorption

spectroscopy; range 0.1 ppmv – 100%v/v; repeatability,

0.1 ppmv) and a double-beam infrared CO2 sensor (IR-Li-

cor; range 0–20 000 ppmv with an accuracy of 2% and a

repeatability of �5 ppmv) (Fig. 1). Gas in the bottle

entered the detector inlet through a needle in the septa

and returned to the bottle via a second needle. The back-

ground CH4 concentration (generally of approximately 2

ppmv) in the air inside the sampling and output line of the

instrument were measured before each sample analysis. In

this manner, CH4 in the bottle, which exceeded the air

concentration, was immediately detected with simultaneous

visualization of the CO2 concentration. Thirty-two bottles

were then analysed using a Fourier transform infrared spec-

trometer (FTIR Gasmet DX-4030, Gasmet, Finland,) with

a standard spectra library for rapid, semiquantitative (with

an accuracy ranging from 10% to 20%) and simultaneous

determination of 13 gases (CH4, CO2, H2O, CO, C2H6,

C2H4, C3H8, n-C4H10, i-C4H10, n-C5H12, i-C5H12,

C6H6 and COS), with typical detection limits of 1 ppmv.

Each bottle was analysed once. For bottles with CH4

above 3 ppmv, approximately 60–100 ml of gas were col-

lected in a Teflon bag and analysed within 10 min, using a

cavity ring-down spectroscopy (CRDS) methane carbon

isotope analyser (Picarro G2112-I, Picarro Inc., California;

precision <0.7& at 1.8 ppmv CH4, 5 min, 1r, and <0.4&
at 20 ppmv CH4, 5 min, 1r). Fifteen gas samples with at

least 100 ppmv of CH4 (detected by TDLAS) were stored

in pre-evacuated 20-ml vials for the analysis of molecular

composition (C1-C6 alkanes, H2 and CO2) by gas chroma-

tography (Shimadzu 2010 TCD-FID, accuracy 2%), and

the isotopic composition of CH4 and CO2 by isotope ratio

mass spectrometry (IRMS, Finnigan Delta Plus XL, preci-

sion � 0.1& for 13C and � 2& for 2H) at Isotech Labo-

ratories Inc., Illinois. Only a few samples were analysed for

the deuterium isotopic composition of CH4 and H2 (the

large concentrations of hydrogen gas present in the sam-

ples interfered with the d2HCH4 analysis at low CH4 con-

centrations). GC-IRMS was also used for the analysis of

CO2 and H2 standards (the reagents).

Control tests

Prior to methanation experiments, seven types of control

tests (CT in Table 1) were executed to evaluate possible

isotopic fractionation during gas sampling, storage and

transfer, and the absence of background carbon sources

(graphite, CO2, CH4 or other hydrocarbons) in the cata-

lyst powder and other material involved in the reaction.

After the experiments, a conclusive 13C-labelling test was

performed to verify that all CH4 is originated from CO2

and not other C sources. A semiconductor detector (Hyd-

rotech Huberg, Italy; detection limit of 5 ppmv) was used

to detect H2 in the control test CT4 (Table 1). Blank tests

performed on bottles with catalysts but without reagents,

and empty bottles, demonstrated that CH4 and C2+ hydro-

carbons are not released by septa (either pretreated or

untreated) or by catalysts after heating up to 200°C for

48 h. The blue butyl septa may release only C3+ hydrocar-

bons if not pretreated with NaOH (Ward et al. 2004).

Tests on bottles filled with isotopically known CH4 (d13C:
-44&, 99% CH4) showed that no CH4 isotopic fraction-

ation was observed after 60 days, or during gas transfer

Fig. 1. Sketch of the analytical system used in the methanation experi-

ments. TDLAS, tunable diode laser absorption spectroscopy; CRDS, cavity

ring-down spectroscopy; IR, infrared; IRMS, isotope ratio mass spectrome-

try; GC, gas chromatograph; FTIR, Fourier transform infrared spectrometer.
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from bottles to syringes or Teflon sampling bags. Hydro-

carbons were not detected in CO2 and H2 standards. Tests

at 200°C with Ru catalyst (1 g) and H2 without CO2

(CT5, Table 1) and with CO2 without H2 (CT6) did not

produce any hydrocarbon. A further test with reagent gases

without catalyst (CT7), lasting 3 months at 90°C, did not

produce any hydrocarbons. CH4 was always below detec-

tion limit (0.1 ppmv with TDLAS). Field emission scan-

ning electron microscopy (FESEM) analyses on both

alumina- and titania-supported catalyst powder did not

reveal detectable carbon amounts (e.g. graphite) prior to

the experiments, according to the catalyst preparation pro-

cedure described by Thampi et al. (1987).

A final control test (CT8) with labelled 13CO2 (99%
13C, Aldrich) confirmed that CH4 is produced exclusively

from CO2 hydrogenation. Three bottles with 1 g of Ru on

alumina and the same H2+CO2 concentrations used in the

experiments (10:1 ratio), after 3 days at 90°C and 50°C
and 15 days at 25°C, produced 1400 ppmv, 180 ppmv

and 10 ppmv of isotopically labelled methane, respectively

(13CH4, as indicated by out of calibration readings, >
+100 000& VPDB, of the CRDS isotope analyser).

These control tests suggested that the only carbon source

in the methanation experiments is the injected reagent

CO2, and no significant isotopic fractionations are expected

during the several steps of gas storage and sampling. The

methane amounts observed in the experiments were, how-

ever, much higher than those that may be induced by mi-

croquantities of carbon impurities inside the bottles.

Preliminary methanation tests at 200°C

Preliminary tests were conducted at 200°C (Table 2) to

verify quickly CH4 production by non-pretreated Ru pow-

der. The tests showed a rapid and considerable CH4 pro-

duction (up to 17380 ppmv or 37 mg CH4 per gram of

ruthenium after 24 h). Three catalyst samples used in these

tests were then left in contact with air for several days and

reused, without regeneration: CH4 production was then

significantly reduced and variable (as also its carbon isoto-

pic composition) depending on the catalyst sample. No

production of C2+ alkanes or CO was observed.

RESULTS

In all experiments with Ru (Table 2), we observed signifi-

cant methane production that correlates with (i) tempera-

ture, (ii) the time elapsed since the initiation of heating

and (iii) the amount of catalyst. CH4 concentrations mea-

sured by TDLAS, FTIR and GC are in fair agreement; a

slight CH4 depletion from TDLAS to GC and FTIR (up

to about 15%) reflected sample dilution and air contamina-

tion during the several steps of gas transfer and analysis.

The several catalyst samples, due to random exposition to

air, may have acquired different catalytic performance, with

different CO2 adsorption and CH4 release capacities. This

can explain why some samples with longer methanation

time produced less CH4 than others with shorter reaction

time. Carbon isotope ratio data (d13CCH4) by CRDS and

Table 1 Molecular and isotopic composition of gas in control tests

Control
Tests (CT) CH4 d13CCH4 CO2 d13CCO2 H2 d2HH2 C2H6 C3H8 C4H10

gas standards 50.0 (GC) �44.0 99.9 (GC) �40.1 99.99 (GC) �226.7 bd a (GC) bd a (GC) bd a (GC)

(1) 49.1 (GC) �43.4 n n n n n n n
(2) 47.0 (GC) �44.7 99.0 (GC) �40.5 n �227.5 n n n
(3) bdl (TDLAS) n 99.0 (GC) �40.5 n �227.5 bd (GC) bd (GC) bd (GC)
(4) bdl (TDLAS) n bd (IR) n bd (SC) n bd (GC) bd (GC) bd (GC)
(5) bdl (TDLAS) n bd (IR) n n n bd (FTIR) bd (FTIR) bd (FTIR)
(6) bdl (TDLAS) n >20 000 (TDLAS) n bd (SC) n bd (FTIR) bd (FTIR) bd (FTIR)

(7) bdl (TDLAS) n >20 000 (TDLAS) n n n bd (FTIR) bd (FTIR) bd (FTIR)
(8)

90°C 1400 >+100 000 n 99% 13C n n n n n
50°C 180 >+100 000 n 99% 13C n n n n n
25°C 10 >+100 000 n 99% 13C n n n n n

(1) Check of CH4 isotopic fractionation by leaks from bottles: long-term storage (50 vol% CH4, 50°C 9 45 days). (2) Check of CH4, CO2 and H2 dilution
and isotopic fractionation after gas standards handling from bottles (for TDLAS), to vials (for IRMS) and gas bags (for CRDS). (3) Check of CO2 and H2 isoto-

pic fractionation by leaks from bottles and hydrocarbons release from septa: long-term storage (pure standards, 50°C 9 45 days). (4) Check of hydrocarbons,
CO2 and H2 release from ruthenium catalysts or septa (in pure argon, no reagents; 200°C 9 48 h). (5) Check of CO2 and hydrocarbon production at 200°C
(3 days) by catalyst (1 g Ru on alumina) + H2 (50 ml diluted in argon). (6) Check of hydrocarbon production at 200°C (3 days) by catalyst (1 g Ru on alu-
mina) + CO2 (50 ml diluted in argon). (7) Check of hydrocarbon production without catalyst, at 90°C (3 months) by 10H2 + CO2 (50 and 5 ml respectively,
diluted in argon). (8) 13C-labelled test (13CO2 + 10H2) with 1 g of Ru (on alumina) at 90°C (3 days), 50°C (3 days) and 25°C (15 days). The d13CCH4 values
are out of CRDS calibration range, just indicative of the produced 13C-labelled CH4. Gas concentration in vol%, except for CT(8) where CH4 is in ppmv

(measured by TDLAS); isotopic composition in & VPDB for C (measured by CRDS for CH4 and IRMS for CO2), & VSMOW for H (measured by IRMS).
Mean of 2 test runs is reported for all control samples. Analytical technique in brackets (GC, gas chromatography; CRDS, cavity ring-down spectroscopy;
IRMS, isotope ratio mass spectrometry; TDLAS, tunable diode laser adsorption spectroscopy; SC, semiconductor; FTIR, Fourier transform infrared spectrome-
ter). CH4 gas standard used only for control tests (1–2); CO2 and H2 standards are the same used as reagents in the methanation experiments; bd, below
detection limit; n, not measured; aHydrocarbons in both CO2 and H2 standards were below detection limit.
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IRMS were similar, with differences ranging from 0& to

5& (VPDB).

At 90°C, the methane concentration in the bottles

reached 65 000 ppmv, equivalent to a production rate of

approximately 87 mg CH4 per gram of Ru after 30 days,

that is, 2.9 mgCH4/gru/day (Fig. 2a). The daily produc-

tion ratio ranged from 1.4 to 5.6 mg CH4 per gram of

Ru. CH4 production with both alumina and titania sup-

ports is proportional to the amount of catalyst. However,

it was 28–44 ppmv after 14 days, even with 0.01 g of cat-

alyst powder (=0.38 mg of Ru). At 50°C, the CH4 pro-

duction rate was slightly lower than that at 90°C (from

(A)

(B)

(C)

Fig. 2. Methane production with various amounts of ruthenium catalysts.

Production in milligrams of CH4 per gram of Ru with alumina (Al, trian-

gles) and titania (Ti, diamonds) support, at (a) 90°C, (b) 50°C and (c) 20–

25°C with 2 g, 0.2 g, 0.1 g and 0.01 g of catalytic powder (1 g of

powder = 38 mg Ru). In this and successive diagrams, the error bars (1q)

are smaller than the plotted symbols.T
ab

le
2
.
(C
o
n
ti
n
u
ed

)

2
0
–2

5
R
u
-A

l
2
g

3
1

0
n

n
n

n
n

>
2
.0
0

n
n

n
�n

n
�n

n
�n

n
�n

n
�n

n
�n

n
n

2
7

7
0

0
.1

�1
4
2

n
n

n
n

1
.2
4

n
�3

6
.1

n
�6

6
n
�3

8
n
�b

d
n
�b

d
n
�b

d
n
�b

d
n

2

4
2

8
3

0
.1

�1
4
0

n
n

n
n

1
.5
0

n
�3

3
.6

n
�7

9
n
�9

n
�b

d
n
�b

d
n
�b

d
n
�b

d
n

2
1
0
5

1
4
1

0
.2

�1
3
3

n
n

n
n

>
2
.0
0

n
n

n
�1

2
8

n
�5

n
�5

n
�b

d
n
�b

d
n
�5

n
2

1
2
2

2
8
9

0
.4

�1
1
0

�1
1
3

n
n

1
7
.4

0
.4
5

0
.4
7

�2
6
.3

2
1
0
�2

7
0

3
�5

3
�8

b
d
�b

d
b
d
�b

d
b
d
�6

3
0

7
R
u
-A

l
0
.1

g
4
0

1
0
.0
3

n
n

n
n

n
>
2
.0
0

n
n

n
�n

n
�n

n
�n

n
�n

n
�n

n
�n

n
n

6
0

1
.4

0
.0
4

n
n

n
n

n
>
2
.0
0

n
n

n
�n

n
�n

n
�n

n
�n

n
�n

n
�n

n
n

9
0

3
.0

0
.0
8

�8
9

n
n

n
n

>
2
.0
0

n
n

n
�n

n
�n

n
�n

n
�n

n
�n

n
�n

n
n

1
0
0

2
.7

0
.0
7

�9
0

n
n

n
n

>
2
.0
0

n
�3

6
.5

n
�n

n
�n

n
�n

n
�n

n
�n

n
�n

n
n

R
u
-T
i
2
g

3
0

0
n

n
n

n
n

>
2
.0
0

n
n

n
�n

n
�n

n
�n

n
�n

n
�n

n
�n

n
n

7
0

0
n

n
n

n
n

>
2
.0
0

n
n

n
�n

n
�n

n
�n

n
�n

n
�n

n
�n

n
n

1
7

7
0
.0
1

n
n

n
n

n
>
2
.0
0

n
n

n
�n

n
�n

n
�n

n
�n

n
�n

n
�n

n
n

4
2

4
9

0
.0
7

�1
2
5

n
n

n
n

>
2
.0
0

n
�3

7
.8

n
�4

0
n
�4

0
n
�b

d
n
�b

d
n
�b

d
n
�b

d
n

b
d

4
2

4
3

0
.0
6

�1
2
6

n
n

n
n

>
2
.0
0

n
n

n
�3

5
n
�3

8
n
�b

d
n
�b

d
n
�b

d
n
�b

d
n

b
d

1
0
5

2
4
.3

0
.0
3

�9
9
.8

n
n

n
n

>
2
.0
0

n
�3

7
.0

n
�2

0
n
�4

3
n
�2

n
�b

d
n
�b

d
n
�2

n
b
d

1
0
5

3
1
.4

0
.0
4

�1
0
0

n
n

n
n

>
2
.0
0

n
n

n
�n

n
�n

n
�n

n
�n

n
�n

n
�n

n
n

1
1
9

1
0
5

0
.1
4

�9
6

n
n

n
n

1
.0
1

n
n

n
�9

6
n
�6

8
n
�4

n
�2

n
�n

n
�4

n
3

R
u
-T
i
1
g

4
2

2
4

0
.0
6

�1
2
5

n
n

n
n

1
.5
0

n
n

n
�2

1
n
�2

5
n
�b

d
n
�b

d
n
�b

d
n
�b

d
n

b
d

C
H
4
,
C
O

an
d
C
2
+
co
n
ce
n
tr
at
io
n
s
in

p
p
m
v;

H
2
an

d
C
O

2
in

vo
l.%

.*
C
H
4
p
ro
d
u
ct
io
n
in

m
g
/g

R
u
(m

g
o
f
C
H
4
p
er

g
ra
m

o
f
ru
th
en

iu
m
);
ca
rb
o
n
is
o
to
p
ic

co
m
p
o
si
ti
o
n
in

&
vs

V
P
D
B
;
h
yd

ro
g
en

is
o
to
p
ic

co
m
p
o
si
ti
o
n
in

&
vs

V
SM

O
W
.
Is
o
to
p
ic

va
lu
es

o
f
re
ac
ti
n
g
C
O

2
an

d
H
2
ar
e
d1

3
C
:
�4

0
&

an
d
d2
H
:
�2

2
6
.7
&
,
re
sp
ec
ti
ve
ly
;
b
d
:
b
el
o
w

d
et
ec
ti
o
n
lim

it
(1

p
p
m
v
fo
r
C
2
-C

6
(b
e
n
z)
an

d
C
O

b
y
FT

IR
;
va
lu
es

b
et
w
ee
n
1
an

d
2
p
p
m
v
w
it
h

5
0
%

o
f
er
ro
r
ar
e
al
so

re
p
o
rt
ed

as
b
d
;
1
p
p
m
v
fo
r
C
2
-C

6
+
an

d
C
O

b
y
G
C
);
n
:
n
o
t
m
ea
su
re
d
.
C
4
an

d
C
5
ar
e
th
e
su
m

o
f
is
o
-
an

d
n
-a
lk
an

es
.

© 2014 John Wiley & Sons Ltd, Geofluids, 15, 438–452

444 GIUSEPPE ETIOPE & ARTUR IONESCU



0.2 to 1.1 mg CH4/gRu/day; Fig. 2b). After 76 days,

84 mg of CH4 (63 000 ppmv) was produced using 2 g of

Ru on alumina support. At room temperature, CH4 pro-

duction was approximately two orders of magnitude lower

than at 50°C (<0.004 g CH4/gRu/day; 0.1 mg of

CH4 = 70 ppmv, after 1 month on alumina support;

Fig. 2c). Two duplicate samples analysed on days 42 and

105 have similar CH4 concentration values (49 versus 43

ppmv, and 24 versus 31 ppmv; Table 2). At all tempera-

tures, the catalyst supported by titania appeared to be less

productive than that with alumina.

The carbon isotope separation between CO2 and CH4

(d13CCO2 – d13CCH4) and CO2 concentrations decreased

as the CH4 concentration increased (Fig. 3). At all

temperatures, CH4 was initially extremely 13C depleted

(d13C up to 102& lower than CO2) and progressively

became 13C enriched with time. 13C enrichment also

directly correlated with temperature. Such a shift in

d13CCH4 with time corresponded to a parallel shift in

d13C for residual CO2. Knowing the initial d13CCO2 to

be �40&, we measured d13CCH4 values down to

�142& for the room temperature experiments. d13CCH4

approached that of original CO2 after a month at 90°C.
Two duplicate samples with titania support, measured at

room temperature on days 42 and 105, have similar

d13CCH4 values (�125 versus �126& and �99.8 versus

�100&, respectively). For the same amount of CH4

produced, the carbon isotopic separation did not depend

on the support type.

Three d2HCH4 values determined at 90 and 50°C show

that CH4 produced is strongly depleted in deuterium

(d2HCH4 up to �465&) with respect to the H2 precursor

(d2HH2: �226.7&). In all these cases, the residual H2 is

even more 2H depleted (up to �593&) with respect to

the initial H2.

A substantial production of C2-C6 hydrocarbons (C2+),

on the order of tens and hundreds of ppmv, is produced in

samples as low as 50°C (Fig. 4 and Table 2). The C2+ con-

centration, which was generally higher with alumina sup-

port, was proportional to CH4 and increased with both

temperature and time.

At 90°C, CO was produced (up to 130 ppmv) only on

titania support, and not observed with the alumina support

(Table 2). At lower temperatures, CO was present only on

the alumina support. COS was not detected; therefore, it

is not listed in Table 2.

The experiments with Fe and Ni oxide catalysts show

significant CH4 production only at 200°C (Table S1 in

Supporting Information). At temperatures below 100°C,
CH4 was always within the range of the background (up

(A)

(B)

(C)

(D)

Fig. 3. The isotopic ratios of CH4 and residual CO2. Evolution at 90°C with (a) titania and (b) alumina support; (c) 50°C and (d) 20–25°C for both supports.

The hydrogen isotopic composition of CH4 was measured in three samples with alumina support (b). Isotopic analyses were made either by CRDS (cavity

ring-down spectroscopy) for d13CCH4 or by IRMS (isotope ratio mass spectrometry) for d13CCH4 d13CCO2, and d2HCH4.
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to 14 ppmv with Fe, and <1 ppmv with Ni) observed in

control tests without CO2 and H2. The few ppmv of CH4

observed with Fe also in control tests are likely due to the

carbon occurring in magnetite powder. The experiments

confirm the sharp difference in the low T catalytic activity

between Ru and the more traditional catalysts based on Fe

and Ni.

DISCUSSIONS

Methane production

CH4 was generated using extremely small concentrations

of ruthenium, down to 0.38 mg Ru, equivalent to those

occurring in only 4 kg of classical chromitite. Methane

generation was rapid, and the production rate apparently

decreases with time. This is typical of catalytic methanation

(e.g. Thampi et al. 1987; McCollom et al. 2010), and it

may be attributed to the accumulation on the catalyst of

liquid water (produced in the Sabatier reaction) which

inhibits the reaction (Thampi et al. 1987), by poisoning

(loss of activity due to impurities) or by coking, that is, the

formation of carbonaceous residues which cover the active

surface. The latter is a common process when hydrocar-

bons are involved in the reaction (Forzatti & Lietti 1999).

At all temperatures, the catalyst supported by titania was

less productive than that with alumina, likely because of

higher initial poisoning, or because titania is more sensitive

to air contamination that may oxidize and deactivate the

catalyst (Jacquemin et al. 2010). In some bottles, the

residual CO2 and H2 appear unbalanced respect to CH4

production. This is typically due to the fact that there are

always some CO2 and CH4 that may be sorbed on the cat-

alyst surface and thus are not observable in the gas phase

(Thampi et al. 1988). It must be noted that the catalyst

was not pretreated but was subject to random exposure to

ambient air with normal relative humidity (in Rome typi-

cally ranging from 67% in summer to 79% in winter).

Thus, the amount of these sorbed gases may vary from a

catalyst sample to another, and samples that experienced

longer exposure to air may have led to different CO2

adsorption/CH4 production ratios and isotope fraction-

ation. However, differential leakage during sample manipu-

lation for analyses cannot be excluded.

The CH4 production rates are lower than those mea-

sured by Thampi et al. (1987) using pretreated Ru (under

H2 flow in the absence of any contact with air; approxi-

mately 14 and 880 mgCH4/gRU at 25°C, and 90°C,
respectively). The catalytic power of air-contaminated Ru

has been inadequately investigated in the past because the

objective of laboratory methanation for industrial applica-

tions was to maximize efficiency using only pretreated cata-

lysts. Our work indicates that Ru is effective even after

adsorption of humidity from ambient air.

Carbon and hydrogen isotopes

We measured for the first time the isotopic composition of

CH4 abiotically generated below 100°C. At all tempera-

tures, CH4 was initially extremely 13C depleted with d13C
up to 102& lower than initial CO2. Using a CO2 with

d13C: �40& at the lowest temperatures (20–25°C), we

obtained CH4 with d13C: �142&. Although artificially

generated and based on quite 13C-depleted CO2, this is

the most 13C depleted abiotic CH4 reported in the litera-

ture. We observed that the lower the temperature, the less

CH4 produced and the longer the time until d13CCH4 val-

ues matched the initial CO2, consistent with kinetic iso-

tope fractionation over the surface of the catalyst, where

(A)

(B)

(C)

Fig. 4. The production of C2-C6 hydrocarbons at 90°C. Concentrations (in

ppmv developed in glass bottles) with 2 g of catalysts on (a) titania, (b)

alumina and (c) 0.1 g of catalysts on alumina.
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12CO2 molecules due to their weaker bond energies are

first involved in the adsorption–desorption process (Hu

et al. 1998; McCollom et al. 2010). As the reaction pro-

ceeds, increasingly more 13CO2 molecules are involved,

thereby producing 13C enriched CH4. Similar observations

were reported by Lancet & Anders (1970) with cobalt-ca-

talysed CO hydrogenation at 127°C. The opposite (i.e. an

increase in isotope fractionation with time) was instead

observed in all experiments at temperatures >200°C
(Fig. 5). As suggested by Fu et al. (2007), high tempera-

tures may promote back reactions of higher hydrocarbons

to CH4, that is, depolymerization resulting in a progressive
13C depletion in CH4.

In our experiments, only three d2HCH4 and three d2HH2

values were measured. Our measurements indicate that the

CH4 produced after approximately 1 week at 90°C was

strongly depleted in deuterium (d2HCH4 up to �465&)

relative to the H2 precursor (d2HH2: �226.7&). Residual

H2 is then isotopically depleted in 2H relative to the initial

H2 as reported by Fu et al. (2007) and Taran et al. (2010)

due to deuterium enrichment in the produced water. Our

hydrogen isotope result is different from that reported by

McCollom et al. (2010) for aqueous solutions at 250°C,
where d2HH2 and d2HCH4 had similar values. Our data

indicate that 2H increased over time, consistent with

kinetic isotopic fractionation on the catalyst surface analo-

gous to carbon. In accordance with isotope effect, we also

expect that hydrogen isotopic fractionation will decrease

with increasing temperature. At approximately 250°C, the
difference between d2HH2 and d2HCH4 could potentially

be small or negligible, as observed by McCollom et al.

(2010).

Production of C2-C6 hydrocarbons and carbon monoxide

For a smaller set of samples, we determined the genera-

tion of C2-C6 hydrocarbons (ethane, propane, butanes,

pentanes, hexanes and benzene) and carbon monoxide.

The latter is an intermediate product of the Sabatier reac-

tion. Most of the analyses are semiquantitative with a rela-

tively high analytical error (up to 20%, see the Methods

section), so the present discussion should be considered

preliminary. More analyses are required to understand

hydrocarbon production mechanisms by low-temperature

FTT synthesis. Important to note, however, is that meth-

ane is not the only hydrocarbon produced and that more

complex reactions, in addition to simple CO2 hydrogena-

tion, likely occurred on the ruthenium catalyst. Abiotic

C2+ hydrocarbons are generally assumed to be produced

following methane polymerization on the catalyst surface

(McCollom 2013), whereas the molecular concentration

of various alkanes is typically characterized by the Schulz-

Flory distribution (Sherwood Lollar et al. 2008; McCol-

lom 2013). The 10–20% error in most hydrocarbon

analyses did not permit us to make a reliable test of such

a distribution. However, the C1/(C2+C3) ratio is gener-

ally <100, which is typical of the dominantly abiotic gas

observed in geothermal fluids (McCollom & Seewald

2007), igneous rocks (Sherwood Lollar et al. 2008) and

low-temperature serpentinization systems (Etiope et al.

2011, 2013a,b; Etiope & Sherwood Lollar 2013; Szponar

et al. 2013) (Figure S2a).

CO production differed in relation to the temperature

and type of support, titania or alumina. Elucidating the

reason for this phenomenon was not the aim of this work,

but future experiments may help us to understand why

CO has never been observed in the gases seeping from

continental serpentinized rocks (Etiope et al. 2011, 2013a,

b; Boschetti et al. 2013). The structural and chemical

properties of the support and, in particular, the surface

specific area and the acidity are known to influence catalyst

behaviour (Wang et al. 2011). In laboratory experiments

where methanation is studied on very short timescales

(hours or a few days), CO is not observed in the gas phase

and remains adsorbed as an intermediate product on the

catalyst surface. Over longer time periods, and in the pres-

ence of the water produced by the Sabatier reaction (as in

our closed system), the chemical differences in the sup-

ports (principally acid-base strength and distribution) may

modify the nature of the sites of dissociation and adsorp-

tion of CO2 on the surface and the stability of adsorbed

intermediates such as CO. The lack of significant amounts

of CO in natural abiotic gas may suggest that the catalyst

in the rocks is not deactivated for the final reaction step,

Fig. 5. The carbon isotopic separation observed in different FTT experi-

ments, at several temperatures. Time axis is in hours for experiments n. 2,

3, 5, 6, 7 and 9; and days for experiments n. 1, 4, 8 and for the present

study. Data from: 1. Fu et al. (2007), 400°C; 2. Zhang et al. (2013),

400°C; 3. Taran et al. (2010), 350°C; 4. Horita & Berndt (1999), 300°C;

5. Taran et al. (2007), 296°C; 6. Hu et al. (1998), 280°C; 7. McCollom

et al. (2010), 250°C; 8. Horita & Berndt (1999), 200°C) 9. Lancet &

Anders (1970), 127°C. The isotopic fractionation from CO2 to CH4

increases over time or does not significantly change, in experiments at

high temperatures (>200°C); it decreases over time in lower temperature

experiments; the lower the temperature, the higher the isotopic

fractionation.
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converting CO to CH4, leading to a complete Sabatier

reaction.

Low-temperature abiotic CH4 isotopic composition,

laboratory vs. natural settings

The observed C-H isotope fractionations between CO2

and CH4 and between H2 and CH4 depend on both the

reaction temperature and the degree of reaction complete-

ness. When the carbon precursor is 13C-depleted (as the

CO2 we used), abiotic CH4 can resemble a microbial gas.

However, within natural geological environments, CO2

hydrogenation may evolve over very long timescales if the

catalyst is abundant, widespread, and is not rapidly deacti-

vated. Under such closed systems with quantitative conver-

sion (as postulated by Proskurowski et al. (2008) for the

Lost City hydrothermal system), the d13CCH4 will

approach the original d13CCO2. If, for any reason, the

available catalyst ceases to operate, it is likely that the CH4

produced will be more 13C depleted compared with the

initial CO2. Open systems are likely to produce different

results. The determination as to whether or not natural

Sabatier reaction systems in deep rocks are open or closed

is an important area for further investigation. Natural

d13CCH4 values measured in seeps and springs in continen-

tal ultramafic rocks with present-day serpentinization range

from -6 to -37& (Etiope & Sherwood Lollar 2013). Such

variability may be due to the different origins of carbon

feedstock (original d13CCO2) but, as shown in our experi-

ments, it is also dependent on the temperature and the

degree of the reaction. The types of catalysts and the sur-

rounding minerals that can act as a support may also play a

role. Assuming an initial 13C enriched CO2 of magmatic

or limestone origin (d13C: 0 to �10&), and the smallest

isotopic separation, we observed at the highest CH4 con-

centrations, above 10 000 ppmv (d13CCO2 –

d13CCH4 = 1–38&), CH4 could have a range of d13CCH4

values similar to those observed in land-based serpentinized

rocks (Figure S2b).

The potential of ruthenium as a methanation catalyst in

chromitites

The catalytic effect of Ru is not only due to the chemical

properties of the metal, but also due to the particle sizes

and their dispersion on the support, which includes the

method of preparing the catalyst. How the catalytic perfor-

mance of naturally occurring Ru in chromitites compares

to that of artificially prepared catalysts is unknown and

should be investigated with specific and integrated mineral-

ogical and catalytic competences. Radiocarbon analyses of

methane issuing from the land-based serpentinization sys-

tem of Chimaera, in Turkey, indicated that the gas is fossil

(per cent of modern carbon approximately 0), that is, older

than 50 000 years (Etiope & Schoell 2014). If this is valid

in general for land-based serpentinization systems, low-

temperature methane could have been generated over long

timescales, analogous to thermogenic gas generation. In

this case, the rate of natural methane production in chro-

mitites is not particularly important, except for the relation

to the rates of mineralogical changes (e.g. precipitation of

secondary minerals) that may modify Ru catalysis. Critical

are the conditions necessary for abiotic methane produc-

tion. Even with extremely slow production rates, it is

acceptable to consider Ru-bearing chromitites as inorganic

gas source rocks, analogous to thermogenic gas organic

source rocks. However, we may assume that (i) the Ru

concentration, (ii) the particle size and distribution, (iii)

the mineralogical form (type of oxide, mineral or alloy),

(iv) the particle surface exposure to gas in fractures and (v)

the actual content of H2O also in unsaturated rocks can all

be key factors for determining the potential of chromitite

as gas source rock.

The Ru concentrations in chromitites, as reported in the

literature, range from a few ppb to several ppm for samples

collected in chromite mines at depths up to 450 m (Mo-

sier et al. 2012). Higher Ru concentrations are possible in

deeper chromitites and are also found in veins enriched

with Cr-spinels (Economou-Eliopoulos, 1996). Our exper-

iments used Ru amounts within these natural ranges.

The Ru particles observed in chromitites can either be

micrometric (Garuti & Zaccarini 1997) or nanometric

(Wirth et al. 2013) and dispersed, similar to the grain size

of the catalyst we used. Primary particles on the alumina

support had dimensions of 10–20 angstroms (1–2 nm;

Thampi et al. 1987) and micrometric particle aggregates,

comparable in size to laurite minerals (Economou-Eliopou-

los 1996; Garuti & Zaccarini 1997), were observed by

field emission scanning electron microscopy (Figure S3).

The catalyst support is known to influence the catalytic

activity of metals (Wang et al. 2011). In industrial applica-

tions, supports are used to control the size of metal parti-

cles and the surface area of the metal exposed to reagent

gases, to develop particular crystallographic faces and to

promote the adsorption of particular species, etc. There-

fore, several natural forms of Ru in chromitites (laurite,

Ru-Ir-Os alloy, ruthenian pentlandite and Ru oxides), due

to their various chemistry, particle size and distribution,

may have variable catalytic activity. Our experiments used a

Ru oxide similar to that observed in chromitites (Garuti &

Zaccarini 1997), but the effect of incorporating the oxide

into actual mineralogic matrix is unknown.

In all cases, the exposure of Ru minerals to gas (H2 +
CO2) in fractures is essential and can be determined by

secondary permeability, that is, the occurrence of micro-

cracks and fissures produced by serpentinization, chromite

alteration and/or by tectonic stress (Garuti et al. 2007;

Etiope et al. 2013c). In weathered chromitites, Ru minerals
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have been observed close to microcracks and can be altered

at low temperatures by serpentinization fluids including

molecular hydrogen (Garuti & Zaccarini 1997). An indica-

tion that Ru and H2 can be in contact is given by the trans-

formation of laurite into pentlandite, as typically observed

close to serpentine-filled cracks due to the reducing condi-

tions caused by the release of H2 during the hydration of

olivine (Garuti & Zaccarini 1997; Garuti et al. 2007). Con-

sidering the evidence, it is reasonable to hypothesize that

PGE-enriched veins in altered chromitites are the good loci

for methane generation in land-based serpentinized rocks.

The role of H2O in natural rock conditions needs to be

investigated. As discussed in Introduction, Sabatier reac-

tion in aqueous hyperalkaline solution and at low tempera-

ture is improbable, mainly because of the lack of dissolved

CO2 at pH>9. The reaction could, however, occur in a

nonalkaline saturated system, and for this possibility, the

Ru catalysis needs to be studied through specific aqueous

FTT experiments. In unsaturated rocks, then, H2O may be

present in low amounts that can affect the catalytic perfor-

mance of Ru. Our experiments used non-pretreated Ru,

with random adsorption of humidity from air, to better

simulate actual conditions in the rocks.

A simple model is proposed (Fig. 6) where unsaturated

and PGE-rich chromitites in ophiolites or ultramafic batho-

liths can be considered as methane generating source

rocks. This model assumes Sabatier reaction in gas phase

(unsaturated rock). In general, methane can also be pro-

duced by other FTT reactions in aqueous solutions and,

perhaps, directly from H2O (without H2 mediation) via

specific serpentinization reactions (Oze & Sharma 2005;

Suda et al. 2014). Different models shall describe these

mechanisms.

In our unsaturated rock model, it is assumed that H2

and CH4 are produced in different rocks: H2 via serpenti-

nization of peridotites and CH4 via CO2 hydrogenation in

chromitites. Then, CH4 can migrate into surrounding

mafic and ultramafic rocks and can eventually enter

groundwater. This could explain the CH4-bearing hyperal-

kaline water observed in several countries (Fritz et al.,

1992; Boschetti et al. 2013; Etiope et al. 2013a,b; Szpo-

nar et al. 2013). It is important to remark again what was

anticipated in the Introduction, that is, in many land-based

serpentinization sites methane reaches the surface along

faults also without hyperalkaline groundwater. Even at the

hyperalkaline spring sites, gas frequently ascends as separate

gas phase, via bubbles or invisible seepage from the sur-

rounding soil. This suggests that the hyperalkaline water

may only serve as the transport medium of the gas to the

surface, and it is not the site of gas generation. We should

also remember that CO2 does not exist in hyperalkaline

water, and the only available carbon form, CO2�
3 , does not

significantly react with hydrogen at low temperatures. The

model can be tested in future studies by analysing the gas

contained in several rock types, including chromitites.

However, other transition metal catalysts (e.g. Fe, Ni, Cr

and Co) might also support methanation at low tempera-

ture over longer timescales (years and centuries), so they

cannot be excluded. Such slow methanation is theoretically

possible, but it has not been demonstrated experimentally.

CONCLUSIONS

Our experiments demonstrated that abiotic methane can

actually be produced at temperatures below 100°C from

ruthenium that has not been artificially pretreated and is at

concentrations equivalent to geological conditions occur-

ring in chromitites in ophiolites or in igneous complexes.

Under the same experimental conditions, Fe and Ni oxide

catalysts do not generate methane. The CO2-CH4 isotope

separation decreases over time and by increasing the tem-

perature; the final d13CCH4 values approached that of initial

d13CCO2. The presence of minor amounts of C2-C6 hydro-

carbons is consistent with observations in natural settings.

Additional studies are necessary to demonstrate that Ru

minerals are actually effective catalysts in natural geological

conditions, under different Ru chemical forms (e.g. sulp-

hides) and water saturation conditions.

Our findings complement the recent discovery of abiotic

molecular H2 generated at temperatures down to 55°C
from alteration of igneous rocks (Mayhew et al. 2013;

Neubeck et al. 2014). The fact that abiotic gases, in partic-

ular hydrocarbons, may form at very low temperatures has

relevant implications in petroleum geology, astrobiology

and studies related to the origins of life. Atypical petro-

Fig. 6. A schematic representation of methane production at a land-based

ultramafic serpentinization site. H2 is produced by serpentinization and CO2

may derive from limestone, the atmosphere or other sources. When the

two gases mix and permeate ruthenium-bearing, unsaturated chromitites in

ophiolitic sequences or igneous intrusions, methane can be generated. The

gas may then migrate to the surface, eventually transported by hyperalka-

line water (the white arrows) derived from serpentinization. Methane-rich

seeps and hyperalkaline springs are typically found in correspondence with

faults, often in tectonic contacts between peridotites and limestones or car-

bon-rich metasedimentary rocks.
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leum systems characterized by igneous reservoir rocks with

ruthenium minerals could host minor amounts of abiotic

methane. As this abiotic methane may have large carbon

isotope separations from the precursor CO2, its d13C val-

ues could be similar to those of biotic gases. The interpre-

tation of gas-geochemical data for these atypical systems

may require re-examination. Ruthenium-based methana-

tion could explain, at least in part, the presence of methane

in low-temperature environments on other planets such as

Mars, because ruthenium has been documented in Martian

meteorites (Jones et al. 2003). The abiotic transition from

inorganic to organic chemistry (i.e. the Sabatier reaction)

may have occurred at temperatures lower than those of the

hydrothermal systems traditionally considered in some the-

ories on the origin of life (Russell et al. 2010). Then, low-

temperature originated methane, for example in submarine

chromitites or Ru-bearing Archaean komatiites (Locmelis

et al. 2011), may have migrated and provided metabolic

energy for microbial life in a chemically suitable system

(Schrenk et al. 2013). In general, the environments that

can host methane and methane-fuelled microbial life could

be more widespread and commonplace than generally

thought.

ACKOWLEDGEMENTS

The work was funded by Petrobras (project ‘Low tempera-

ture methanation in geologic environments’, contract no.

0050.0073814.12.2). Roberto Tardini contributed to the

experimental set-up and the preparation of samples. We

thank Andrea Cavallo (INGV) for FESEM analyses and

Richard Worden for the careful editorial handling. Thanks

goes to Massimo De Francesco, Giorgio Garuti, Elena If-

andi, Alfonso Pozio, Patricio Ruiz, Barbara Sherwood Lol-

lar, Ravindranathan Thampi, Basilios Tsikouras, Michael J.

Whiticar and Federica Zaccarini for discussions, precious

suggestions and comments.

CONFLICT OF INTEREST

The authors have no conflict of interest to declare.

REFERENCES

Ames DE, Farrow CEG (2007) Metallogeny of the Sudbury mining

camp, Ontario. In: Mineral Deposits of Canada: A Synthesis of
Major Deposit-Types, District Metallogeny, the Evolution of
Geological Provinces, and Exploration Methods (ed Goodfellow

WD), pp. 329–50. Geological Association of Canada, Mineral

Deposits Division, Special Publication No. 5.

Atreya SK, Mahaffy PR, Wong A-S (2007) Methane and related
trace species on Mars: Origin, loss, implications for life, and

habitability. Planetary and Space Science, 55, 358–69.
Bacuta GC, Kay RW, Gibbs AK, Bruce RL (1990) Platinum-
group element abundance and distribution in chromite deposits

of the Acoje Block, Zambales ophiolite complex, Philippines.

Journal of Geochemical Exploration, 37, 113–43.
Boschetti T, Etiope G, Toscani L (2013) Abiotic methane in the
hyperalkaline springs of Genova, Italy. Procedia Earth and
Planetary Science, 7, 248–51.

Bruni J, Canepa M, Chiodini G, Cioni R, Cipolli F, Longinelli A,

Marini L, Ottonello G, Zuccolini MV (2002) Irreversible water–
rock mass transfer accompanying the generation of the neutral

Mg–HCO3 and high-pH, Ca–OH spring waters of the G�enova

province Italy. Applied Geochemistry, 17, 455–74.
Cook AP (1998) Occurrence, emission and ignition of combustible
strata gases in Witwatersrand gold mines and Bushveld platinum

mines, and means of ameliorating related ignition and explosion

hazards, Part 1: literature and technical review. Safety in Mines

Research Advisory Committee, GAP 504 (report)
Dias PA, Leal Gomes C, Castelo Branco JM, Pinto Z (2006)

Paragenetic positioning of PGE in mafic and ultramafic rocks of
Cabec�o de Vide – Alter do Ch~ao Igneous Complex. Book of
abstracts, VII Congresso Nacional de Geologia, pp. 1007–10

Economou-Eliopoulos M (1996) Platinum-group element

distribution in chromite ores from ophiolite complexes:

implications for their exploration. Ore Geology Reviews, 11,
363–81.

Etiope G, Schoell M (2014) Abiotic gas: atypical but not rare.

Elements, 10, 291–6.
Etiope G, Sherwood Lollar B (2013) Abiotic methane on Earth.
Reviews of Geophysics, 51, 276–99.

Etiope G, Schoell M, Hosgormez H (2011) Abiotic methane flux

from the Chimaera seep and Tekirova ophiolites (Turkey):
understanding gas exhalation from low temperature

serpentinization and implications for Mars. Earth and Planetary
Science Letters, 310, 96–104.

Etiope G, Tsikouras B, Kordella S, Ifandi E, Christodoulou D,
Papatheodorou G (2013a) Methane flux and origin in the

Othrys ophiolite hyperalkaline springs, Greece. Chemical
Geology, 347, 161–74.

Etiope G, Vance S, Christensen LE, Marques JM, Ribeiro da
Costa I (2013b) Methane in serpentinized ultramafic rocks in

mainland Portugal. Marine and Petroleum Geology, 45, 12–6.
Etiope G, Ehlmann B, Schoell M (2013c) Low temperature
production and exhalation of methane from serpentinized rocks

on Earth: a potential analog for methane production on Mars.

Icarus, 224, 276–85.
Farooqui MY, Hou H, Li G, Machin N, Neville T, Pal A,
Shrivastva C, Wang Y, Yang F, Yin C, Zhao J, Yang Z (2009)

Evaluating volcanic reservoirs. Oilfield Review, 21, 36–47.
Forzatti P, Lietti L (1999) Catalyst deactivation. Catalysis Today,
52, 165–81.

Fritz P, Clark ID, Fontes J-C, Whiticar MJ, Faber E (1992)

Deuterium and 13C evidence for low temperature production of

hydrogen and methane in a highly alkaline groundwater

environment in Oman. In: Proceed. 7th Intern. Symp. on Water–
Rock Interaction: Low Temperature Environments (ed Kharaka

YK, Maest AS), pp. 793–796, Vol. 1. Balkema Rotterdam.

Fu Q, Sherwood Lollar B, Horita J, Lacrampe-Couloume G,
Seyfried WE (2007) Abiotic formation of hydrocarbons under

hydrothermal conditions: constraints from chemical and isotope

data. Geochimica et Cosmochimica Acta, 71, 1982–98.
Garuti G, Zaccarini F (1997) In situ alteration of platinum-group
minerals at low temperature: evidence from serpentinized and

weathered chromitite of the Vourinos complex, Greece. The
Canadian Mineralogist, 35, 611–26.

Garuti G, Zaccarini F, Economou-Eliopoulos M (1999)
Paragenesis and composition of laurite from chromitites of

© 2014 John Wiley & Sons Ltd, Geofluids, 15, 438–452

450 GIUSEPPE ETIOPE & ARTUR IONESCU



Othrys (Greece): implications for Os-Ru fractionation in

ophiolitic upper mantle of the Balkan peninsula. Mineralium
Deposita, 34, 312–9.

Garuti G, Proenza JA, Zaccarini F (2007) Distribution and

mineralogy of platinum-group elements in altered chromitites of

the Campo Formoso layered intrusion (Bahia State, Brazil):

control by magmatic and hydrothermal processes. Mineralogy
and Petrology, 89, 159–88.

Horita J, Berndt ME (1999) Abiogenic methane formation and

isotopic fractionation under hydrothermal conditions. Science,
285, 1055–7.

H€ovelmann J, Austrheim H, Jamtveit B (2012) Microstructure

and porosity evolution during experimental carbonation of a

natural peridotite. Chemical Geology, 334, 254–65.
Hu G, Ouyang Z, Wang X, Wen Q (1998) Carbon isotopic
fractionation in the process of Fischer-Tropsch reaction in

primitive solar nebula. Science in China Series D: Earth Sciences,
41, 202–7.

Jacquemin M, Beuls A, Ruiz P (2010) Catalytic production of

methane from CO2 and H2 at low temperature: insight on the

reaction mechanism. Catalysis Today, 157, 462–6.
Jones JH, Neal CR, Ely JC (2003) Signatures of the highly
siderophile elements in the SNC meteorites and Mars: A review

and petrologic synthesis. Chemical Geology, 196, 21–41.
Juteau T (1968) Commentaire de la carte geologique des

ophiolites de la region de Kumluca (Taurus lycien, Turquie
meridionale): cadre structural, modes de gisement et description

des principaux fades du cortege ophiolitique. MTA-Bull., 70,
70–91.

Lancet MS, Anders E (1970) A Carbon isotope fractionation in

the Fischer-Tropsch synthesis and in meteorites. Science, 170,
980–2.

Liu HH, Doughty C, Bodvarsson GS (1998) An active fracture
model for unsaturated flow and transport in fractured rocks.

Water Resources Research, 34, 2633–46.
Locmelis M, Pearson NJ, Barnes SJ, Fiorentini ML (2011)

Ruthenium in komatiitic chromite. Geochimica et Cosmochimica
Acta, 75, 3645–61.

Mayhew LE, Ellison ET, McCollom TM, Trainor TP, Templeton

AS (2013) Hydrogen generation from low-temperature water–
rock reactions. Nature Geoscience, 6, 478–84.

McCollom TM (2013) Laboratory simulations of abiotic

hydrocarbon formation in Earth’s deep subsurface. Reviews in
Mineralogy and Geochemistry, 75, 467–94.

McCollom TM, Seewald JS (2007) Abiotic synthesis of organic

compounds in deepsea hydrothermal environments. Chemical
Reviews, 107, 382–401.

McCollom TM, Sherwood Lollar B, Lacrampe-Couloume G,
Seewald JS (2010) The influence of carbon source on abiotic

organic synthesis and carbon isotope fractionation under

hydrothermal conditions. Geochimica et Cosmochimica Acta, 74,
2717–40.

Mosier DL, Singer DA, Moring BC, Galloway JP (2012) Podiform
chromite Deposits - database and grade and tonnage models. U.S.

Geological Survey Scientific Investigations, Report, pp. 2012–
5157.

Neubeck A, Duc NT, Hellevang H, Oze C, Bastviken D, Bacsik

Z, Holm NG (2014) Olivine alteration and H2 production in

carbonate-rich, low temperature aqueous environments.
Planetary and Space Science, 96, 51–61.

Oremland RS, Des Marais DJ (1983) Distribution, abundance and

carbon isotopic composition of gaseous hydrocarbons in Big

Soda Lake, Nevada: an alkaline, meromictic lake. Geochimica et
Cosmochimica Acta, 47, 2107–14.

Oze C, Sharma M (2005) Have olivine, will gas: serpentinization

and the abiogenic production of methane on Mars. Geophysical
Research Letters, 32, L10203.

Page NJ, Talkington RW (1984) Palladium, platinum, rhodium,

ruthenium and iridium in peridotites and chromitites from

ophiolite complexes in Newfoundland. Canadian Mineralogist,
22(137), 149.

Page NJ, Pallister JS, Brown MA, Smewing JD, Haffty J (1982)

Palladium, platinum, rhodium, iridium and ruthenium in

chromite-rich rocks from the Samail ophiolite, Oman.

Canadian Mineralogist, 20, 537–48.
Pa�sava J, Vymazalov�a A, Petersen S (2007) PGE fractionation in

seafloor hydrothermal systems: examples from mafic- and

ultramafic-hosted hydrothermal fields at the slow spreading Mid

Atlantic Ridge. Mineralium Deposita, 42, 423–31.
Prichard HM, Brough CP (2009) Potential of ophiolite complexes

to host PGE deposits. In: New Developments in Magmatic Ni-
Cu and PGE Deposits (eds Chusi L, Ripley EM), pp. 277–90.
Geological Publishing House, Beijing.

Proskurowski G, Lilley MD, Seewald JS, Fr€uh-Green GL, Olson

EJ, Lupton JE, Sylva SP, Kelley DS (2008) Abiogenic

hydrocarbon production at Lost City hydrothermal field.
Science, 319, 604–7.

Russell MJ, Hall AJ, Martin W (2010) Serpentinization as a

source of energy at the origin of life. Geobiology, 8, 355–71.
Schoell M (1980) The hydrogen and carbon isotopic composition
of methane from natural gases of various origins. Geochimica et
Cosmochimica Acta, 44, 649–61.

Schrenk MO, Brazelton WJ, Lang S (2013) Serpentinization,
carbon and deep life. Reviews in Mineralogy and Geochemistry,
75, 575–606.

Sherwood Lollar B, Lacrampe-Couloume G, Voglesonger K,

Onstott TC, Pratt LM, Slater GF (2008) Isotopic signatures
of CH4 and higher hydrocarbon gases from Precambrian

Shield sites: a model for abiogenic polymerization of

hydrocarbons. Geochimica et Cosmochimica Acta, 72, 4778–
95.

Suda K, Ueno Y, Yoshizaki M, Nakamura H, Kurokawa K,

Nishiyama E, Yoshino K, Hongoh Y, Kawachi K, Omori S,

Yamada K, Yoshida N, Maruyama S (2014) Origin of
methane in serpentinite-hosted hydrothermal systems: The

CH4–H2–H2O hydrogen isotope systematics of the Hakuba

Happo hot spring. Earth and Planetary Science Letters, 386,
112–25.

Szponar N, Brazelton WJ, Schrenk MO, Bower DM, Steele A,

Morrill PL (2013) Geochemistry of a continental site of

serpentinization in the Tablelands ophiolite, Gros Morne

National Park: a Mars analogue. Icarus, 224, 286–96.
Taran YA, Kliger GA, Sevastyanov VS (2007) Carbon isotope

effects in the open-system Fischer Tropsch synthesis. Geochimica
et Cosmochimica Acta, 71, 4474–87.

Taran JA, Kliger GA, Cienfuegos E, Shuykin AN (2010) Carbon
and hydrogen isotopic compositions of products of open-system

catalytic hydrogenation of CO2: Implications for abiogenic

hydrocarbons in Earth’s crust. Geochimica et Cosmochimica
Acta, 74, 6112–25.

Thampi KR, Kiwi J, Gr€atzel M (1987) Methanation and photo-

methanation of carbon dioxide at room temperature and

atmospheric pressure. Nature, 327, 506–8.
Thampi KR, Kiwi J, Gr€atzel M. (1988). Efficient and selective

supported catalysts for methanation at room temperature and

atmospheric pressure. In: Proceedings of the 9th International
Conference on Catalysis (eds Phillips MJ, Ternan M), vol. 2, pp.
837. The Chemical Institute of Canada, Ottawa.

© 2014 John Wiley & Sons Ltd, Geofluids, 15, 438–452

Low-temperature methanation with ruthenium 451



Tobie G, Lunine JI, Sotin C (2006) Episodic outgassing as the

origin of atmospheric methane on Titan. Nature, 440, 61–4.
Wang W, Wang S, Ma X, Gong J (2011) Recent advances in
catalytic hydrogenation of carbon dioxide. Chemical Society
Reviews, 40, 3703–27.

Ward JA, Slater GF, Moser DP, Lin L-H, Lacrampe-Couloume G,

Bonin AS, Davidson M, Hall JA, Mislowack B, Bellamy RES,
Onstott TC, Sherwood Lollar B (2004) Microbial hydrocarbon

gases in the Witwatersrand Basin, South Africa: implications for

the deep biosphere. Geochimica et Cosmochimica Acta, 68,
3239–50.

Whiticar MJ (1990) A geochemical perspective of natural gas and

atmospheric methane. Organic Geochemistry, 16, 531–47.
Wirth R, Reid D, Schreiber A (2013) Nanometer-sized platinum-

group minerals (PGM) in base metal sulfides: New evidence for
an orthomagmatic origin of the Merensky Reef PGE ore

deposit, Bushveld Complex, South Africa. Canadian
Mineralogist, 51, 143–55.

Zhang S, Mi J, He K (2013) Synthesis of hydrocarbon gases from

four different carbon sources and hydrogen gas using a

gold-tube system by Fischer-Tropsch method. Chemical Geology,
349–350, 27–35.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the

online version of this article:

Figure S1. A schematic plot of temperature and time

scales considered in FTT experiments in geology and

industrial catalysis.

Figure S2. Ru-based abiotic methane in genetic dia-

grams, compared with natural gas.

Figure S3. Field Emission Scanning Electron Micros-

copy (FESEM) images of Ru/alumina catalyst.

Figure S4. CH4 concentrations observed with Ni and

Fe catalyst at 90°C.
Table S1. Comparative tests with Fe and Ni catalysts

© 2014 John Wiley & Sons Ltd, Geofluids, 15, 438–452

452 GIUSEPPE ETIOPE & ARTUR IONESCU



Volume 15, Number 3, August 2015
ISSN 1468-8115

Geofluids

This journal is available online at Wiley Online Library. 
Visit onlinelibrary.wiley.com to search the articles and register 
for table of contents and e-mail alerts.

Geofluids is abstracted/indexed in Chemical Abstracts

CONTENTS

381 EDITORIAL: Can argillaceous formations isolate nuclear waste? Insights from isotopic,
noble gas, and geochemical profiles
M.J. Hendry, D.K. Solomon, M. Person, L.I. Wassenaar, W.P. Gardner, I.D. Clark, 
K.U. Mayer, T. Kunimaru, K. Nakata and T. Hasegawa

387 Changes in chemical composition caused by water–rock interactions across a 
strike-slip fault zone: case study of the Atera Fault, Central Japan
M. Niwa, Y. Mizuochi and A. Tanase

410 Diagenesis and elemental geochemistry under varying reservoir oil saturation in the
Junggar Basin of NW China: implication for differentiating hydrocarbon-bearing 
horizons
J. Cao, W. Hu, X. Wang, D. Zhu, Y. Tang, B. Xiang and M. Wu

421 Thermochemical and bacterial sulfate reduction in the Cambrian and Lower 
Ordovician carbonates in the Tazhong Area, Tarim Basin, NW China: evidence from
fluid inclusions, C, S, and Sr isotopic data
L. Jia, C. Cai, H. Yang, H. Li, T. Wang, B. Zhang, L. Jiang and X. Tao

438 Low-temperature catalytic CO2 hydrogenation with geological quantities of 
ruthenium: a possible abiotic CH4 source in chromitite-rich serpentinized rocks
G. Etiope and A. Ionescu

453 Surface controls on the characteristics of natural CO2 seeps: implications for 
engineered CO2 stores
J.J. Roberts, R.A. Wood, M. Wilkinson and S. Haszeldine

464 Hydraulic and hydrochemical properties of deep sedimentary reservoirs of the Upper
Rhine Graben, Europe
I. Stober and K. Bucher

483 Fluid mixing induced by hydrothermal activity in the ordovician carbonates in Tarim
Basin, China
L. Jiang, W. Pan, C. Cai, L. Jia, L. Pan, T. Wang, H. Li, S. Chen and Y. Chen

499 Book Review

gfl_15_3_Issue_Toc_GFL  7/20/2015  11:07 AM  Page 1


