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ABSTRACT

Abiotic methane (CH4) and hydrogen (H2) produced after hydration of mafic/ultramafic rocks represent energy

sources for microbes that may thrive in the deep subsurface regions of Earth and possibly on other planets. While

H2 is a direct product of serpentinization, CH4 can form via Fischer–Tropsch Type (FTT) reactions (carbon reduc-

tion) that, due to potential H2 migration, can be spatially and temporally detached from serpentinization. We

tested an alternative process hypothesized by some scholars, in which CO2 can be reduced through dunite hydra-

tion without initially added H2, implying that CH4 can form in the same serpentinized fluid–rock system. The

experiment used natural dunite sand (Forsterite 92), CO2 with d13C ~ �25& (VPDB), and a 1 mM dissolved SiO2

solution mixed in 30 glass bottles (118 mL) stored for up to 8 months at low temperature (50°C) to simulate

land-based serpentinization systems. In addition, 30 control bottles without olivine were used as blanks. Trivial

amounts of CH4 (orders of 0.2–0.9 ppmv) were detected in both samples and blanks, likely representing analyti-

cal noise; essentially, no significant amount of CH4 formed under the experimental conditions used in this work.

Low amounts of H2 (~2.55 � 1.39 ppmv) were generated, with production yields that were one order of magni-

tude lower than in previously published experiments. Moderate concentrations of SiO2 appeared to hinder low-

temperature H2 production. Our experiment confirms that the low-temperature reduction of CO2 into CH4

through direct olivine hydration, without initial H2, is sluggish and not straightforward, which is consistent with

previous studies. The presence of substantial amounts of H2, as well as suitable metal catalysts, appears to be

essential in the low-temperature production of abiotic CH4, as observed in published FTT experiments.
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INTRODUCTION

Hydrous alteration of ultramafic rocks (serpentinization),

such as peridotites, has been the focus of numerous studies

because of its ability to produce bio-available energy

sources, especially methane (CH4) and hydrogen (H2). In

the presence of trace metals (e.g., Fe, Ni, Co, Zn, Mn),

CH4 and H2 may play important roles in the origin of life

(e.g., Russell et al. 2010), may support the deep subsur-

face biosphere (Nealson et al. 2005; McCollom 2007;

Hellevang 2008; Klein & Bach 2009), and may be a

source of CH4 on other planets (e.g., Tobie et al. 2006;

Atreya et al. 2007; Etiope et al. 2013a). Laboratory

experiments demonstrated that the hydration of olivine

and pyroxenes, the main minerals in peridotites, can pro-

duce H2 under a wide range of temperatures, from below

100°C (Mayhew et al. 2013; Neubeck et al. 2014; Okland

et al. 2014), simulating land-based peridotite systems, to

>200°C, such as in hydrothermal conditions similar to

those of peridotite-hosted systems in mid-ocean ridges

(Shock 1990; Berndt et al. 1996; McCollom 2000, 2007;

McCollom & Seewald 2001, 2006; Allen & Seyfried 2003;

Seewald et al. 2006). Abiotic CH4, frequently observed in

serpentinized systems either in the seafloor or on land (see

reviews by McCollom 2013; Etiope & Sherwood Lollar

2013; Etiope & Schoell 2014), is considered to typically
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stem from Fischer–Tropsch Type (FTT) reactions involving

H2 (generated by peridotite hydration) and a carbon-bear-

ing molecule in the gas phase or in aqueous solution (CO,

CO2, HCO�
3 , CO2�

3 ). FTT reactions encompass the Fis-

cher–Tropsch reaction sensu stricto, involving CO (R1) and

the Sabatier reaction involving CO2 (R2):

ð2nþ 1ÞH2 þ nCO ! CnHð2nþ2Þ þ nH2O ðR1Þ

CO2 þ 4H2 ! CH4 þ 2H2O ðR2Þ

Fischer–Tropsch Type reactions need a catalyst, metal or

oxides, typically iron, magnetite, chromite, cobalt, or a

platinum group element (PGE), for example, ruthenium

and rhodium (Foustoukos & Seyfried 2004; Taran et al.

2007; Etiope & Ionescu 2014; and references therein).

FTT reactions can be detached from the serpentinization

reaction because CH4 production may occur in a rock or

fluid–rock interaction system and at temperatures that are

different from those that produced H2. After serpentiniza-

tion, in fact, H2 may migrate and accumulate in another

rock, far from its serpentinized source rock, and either the

new H2 reservoir rock or the fractured rocks along the H2

migration pathway can be loci of FTT reactions if CO2

and the right catalysts are available (Etiope 2015).

An alternative mechanism foresees the possibility that

CH4 is produced right after H2 in the same serpentiniza-

tion system, with pre-existing CO2 during peridotite

hydration. This reaction was theoretically proposed by Oze

& Sharma (2005):

24ðMg;FeÞ2SiO4 þ 26H2Oþ CO2
Olivine

! 12ðFeÞ3Si2O5ðOHÞ4
Serpentine

þ 4Fe3O4 þ CH4
Magnetite

ðR3Þ

In this reaction, H2 can be an intermediary product, but

it cannot be excluded that CO2 is also reduced to CH4 by

Fe(II) or chromian spinel (Oze, personal communication;

Foustoukos & Seyfried 2004). In any case, CO2 partici-

pates in the hydration process, and CH4 production occurs

in the same hydration system at the same temperature of

serpentinization without initial H2. The reaction (R3) is

thermodynamically favored at low temperatures, below

300°C (Oze & Sharma 2005). This mechanism was con-

sidered by Miura et al. (2011) to explain CH4 observed in

inclusions of peridotite samples from Oman and by

Boschetti et al. (2013) and Etiope et al. (2013b) as one of

several potential processes that could explain the presence

of abiotic CH4 in the absence of H2 in hyperalkaline

waters in Italy and Greece. Reaction (R3) was then pro-

posed by Suda et al. (2014) to explain abiotic CH4

observed in a low-temperature (50–60°C) active serpen-

tinization site in Japan. Suda et al. (2014) considered that

CH4 is directly produced from H2O in the reaction with-

out H2 mediation. Critiques of this mechanism were raised

by Whiticar & Etiope (2014).

The generation of H2 during olivine hydration is,

however, controlled by several factors: temperature, iron

content in the olivine, Fe2+ partition into secondary miner-

als, availability of water and pore/fracture space, and silica

(SiO2) activity (Frost & Beard 2007; McCollom & Bach

2009; Katayama et al. 2010; Hellevang et al. 2011; Klein

& McCollom 2013). The role of silica is controversial. For

example, Katayama et al. (2010) suggest that low amounts

of silica are a prerequisite for H2 production, whereas Klein

& McCollom (2013) theoretically predicted H2 produc-

tion at high (mM range) silica concentrations. The combi-

nation of the several H2-controlling factors is likely

decisive.

In this work, we tested R3 in a laboratory experiment at

low temperature (50°C) using natural forsteritic (Mg-rich)

dunite and relatively high (mM) concentrations of SiO2.

CO2 was added as a gas, strictly following the reaction,

instead of dissolved carbonate, to avoid the interference

with the SiO2 solution observed in previous experiments

(Neubeck et al. 2011). Our test was conducted at 50°C to

simulate natural, land-based serpentinization sites, typically

characterized by low temperatures generally below 100°C
(e.g., Boschetti et al. 2013; Etiope et al. 2013a,b; Morrill

et al. 2013; Szponar et al. 2013; Monnin et al. 2014;

Suda et al. 2014; Etiope 2015). A recent study by Okland

et al. (2014) shows the experimental abiotic formation of

both CH4 and H2 through the hydration of powdered

dunite at temperatures as low as 25°C. The difference

between the study by Okland et al. (2014) and the present

experiment is both in the grain size and the shaking of the

hydrothermal vessel. In this study, we do not use fine-

powdered dunite but sand-sized grains, and we do not

apply any shaking to the experiments. Okland et al. (2014)

also used deionized water without the addition of CO2(g).

MATERIALS AND METHODS

Experimental setup

The experiment was designed to investigate the reaction

(R3) by mixing forsteritic dunite, dissolved SiO2, gaseous

CO2, and water at 50°C in borosilicate glass bottles

(118 ml). Thirty sample bottles were prepared, containing

approximately 10 g of sand (110 ml CO2 and 30 ml aque-

ous SiO2 solution, 1 mM). The same amounts of CO2 and

dissolved SiO2 were used in 30 control (blank) bottles

without dunite. All bottles were stored in a thermostated

oven at 50°C. Three samples and three blank bottles were

analyzed each time at days 0 and 1 and then at intervals

ranging from 20 to 36 days, for a total of ten steps (last

samples analyzed after 240 days, i.e., 8 months). After
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sampling, the bottles were removed from the experiment.

The use of replicates analytically spread the results but

decreased the risk of contamination because no bottle was

penetrated by a needle or sampled more than once, which

decreased the risk of leakage.

The experiments performed in this study were batch

experiments without stirring, which prevented the expo-

sure of any fresh mineral surfaces to possible reactants.

This setup was chosen to track the fate of SiO2 in the

experiments. Without stirring, it is easier to identify

coating on the mineral surfaces.

Materials: bottles, dunite, silica, and CO2

Before use, the bottles were washed with concentrated

HNO3 (puriss, Sigma-Aldrich) and sterilized at 400°C for

15 h. Black, H2-tight, NaOH-washed rubber septa (Got-

lands Gummifabrik AB, Gotland Rubber Factory Inc.,

Sweden) were used in all bottles. All bottles were flushed

with oxygen-free N2 (oxygen trap) and vacuum-pumped

five times with concomitant sand bath heating (100°C)
prior to the addition of the SiO2 solution to remove

adsorbed contaminants. Before injection of 110 ml of CO2

gas, all flasks were vacuum-pumped for 10 min. Prior to

sampling, all samples were sterilized by autoclaving at

120°C for 2 h and cooled to room temperature before

incubation at 50°C.
Natural forsteritic dunite (Forsterite 92, Fo92, artifi-

cially crushed dunite with a specific surface area of

0.4044 m2 g�1) was obtained from North Cape Minerals

in �Aheim, Norway. Contaminants, such as steel fragments

(from the crushing of the dunite) and magnetic accessory

minerals that could affect the results of the experiments

because of their strong reducing capacity, were removed

using a Franz magnetic separator. The dunite was cleaned

with water (pure Milli-Q) until all of the fine particles

(<63 lm) and dust were removed (~15 times). There-

after, the dunite was cleaned with acetone (Merck,

SupraSolv�) in an ultrasonic bath 3 times for 15 min.

and dried (100°C) overnight. The forsterite-dominated

dunite contained accessory minerals including chlorite,

talc, phlogopite, and an Fe-Cr oxide (likely a chromium

spinel or chrome-bearing chlorite, see Appendix Fig. A1).

Other possible accessory minerals present in the dunite

were pyroxenes and magnesite (Neubeck et al. 2011).

Chopra & Paterson (1984) define the composition of
�Aheim dunite as 96% olivine, 4% accessory minerals

(mainly pyroxene, clinochlore, and phlogopite), and less

than 1% spinel (mainly Cr spinel). Microscopic analyses

of the dunite show both interstitial spinel crystals and

well-defined chlorites (Fig. A1, Appendix). Total bulk

elemental concentrations of the initial material are pre-

sented in Table A1 (Appendix). The 1 mM aqueous

SiO2 solution was obtained by mixing SiO2 powder

(Sigma-Aldrich) in 18.2 Ω Milli-Q water and heating

until dissolved. The CO2 used for all the experiments

was 1% � 0.02 CO2, hydrocarbon-free, standard (Air

Liquide).

Gas analyses

Methane and CO2 were analyzed through the injection of

3 ml of headspace gas with a sterile needle into a gas chro-

matograph (SRI 8610C preconfigured multiple gas ana-

lyzer equipped with a methanizer and FID; CH4 detection

limit: 100 ppbv; analytical error: �5 RSD%).

The stable carbon isotope ratio of CH4 (d13CCH4) and

CO2 (d13CCO2) was measured (UC Davis Stable Isotope

Facility, USA) on a Thermo Scientific PreCon concentra-

tion system interfaced to a Thermo Scientific Delta V Plus

isotope ratio mass spectrometer (IRMS; Thermo Scientific,

Bremen, DE). Gas samples were purged from vials through

a double-needle sampler into a He carrier stream

(20 ml min�1), which was passed through a H2O/CO2

scrubber (Mg(ClO4)2, Ascarite) and a cold trap cooled by

liquid nitrogen. The CH4 was separated from residual

gases on an Rt-Q-BOND GC column

(30 m 9 0.32 mm 9 10 lm, 30°C, 1.5 ml min�1). After

CH4 eluted from the separation column, CH4 was pyro-

lyzed in an empty alumina tube heated to 1350°C (d2H)

and subsequently transferred to the IRMS. Laboratory

standards were commercially prepared CH4 gas diluted in

helium or air and were calibrated against NIST 8559

(�0.09&), 8560 (�0.09&), and 8561 (�0.09&).

CO2 was sampled by a six-port rotary valve (Valco,

Houston TX) with a 100 ll loop programmed to switch

at the maximum CO2 concentration in the He carrier

gas. CO2 was then separated from N2O and other resid-

ual gases on a Poraplot Q GC column

(25 m 9 0.32 mm ID, 45°C, 2.5 ml min�1). Two labo-

ratory standards were analyzed between every 10 samples.

The laboratory standards were calibrated directly against

NIST 8545.

Molecular hydrogen (H2) was analyzed to track the pos-

sible H2O reduction reaction in which Fe(II) is oxidized

and H2O is reduced to H2. A headspace sample was trans-

ferred by syringe to a sample loop of 500 ll and injected

into a gas chromatograph with a reducing compound

(HgO bed) photometer (Peak Performer Reduced Gas

Analyzer PP1) to measure H2.

The H2 was separated from the matrix gas through a

system of two packed (a zeolite MS13X 60/80 with

a length of 16.5″ and a Unibead silica 1S 60/80 with a

length of 81″) columns using N2 carrier gas. The H2 was

indirectly detected and quantified by the liberated mercury

vapor from the heated HgO bed with a UV (254 nm)

absorption photometer. A 10 � 2 ppmv H2 standard (Air

Liquide) was used for calibration.
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Thermogravimetric analysis (TGA) coupled to Fourier

transform infrared spectrometry (FTIR) was used to mea-

sure and quantify gases adsorbed and incorporated in the

dunite. The instrument used was a Perkin–Elmer Pyris 1

with an atmosphere of nitrogen and a gas flow of

45 ml min�1. The sample was analyzed between 25 and

1000°C with a ramping rate of 10°C min�1 and a Perkin–
Elmer FTIR Spectrum 2000.

Liquid- and solid-phase analyses

The dissolved elemental content (Si, Fe, Mg) was mea-

sured by removing 5 ml of liquid from the bottles using a

sterile needle. The sample was poured into a sterile test

tube with 5 ll of pure concentrated HNO3 (puriss, Sigma-

Aldrich) and measured by inductively coupled plasma-opti-

cal emission spectroscopy (ICP-OES Spectro, Varian Vista

AX) with Ar as the carrier gas. The analytical error was

~4%.
Dissolved inorganic carbon (DIC) was measured on a

Shimadzu TOC-Lcph (high-temperature catalytic combus-

tion with NDIR detection of CO2) to track any formed

carbonates.

The pH of the liquid was measured before and after

autoclaving, once in the middle of the experiments (after

approximately 4 months) and after the experiment termi-

nation, using a pHenomenal pH electrode (VWR).

Surface composition and topography were analyzed

semi-quantitatively on an XL30 environmental scanning

electron microscope (ESEM) with a field emission gun

(FEG). The ESEM was equipped with an Oxford X-act

energy dispersive spectrometer (EDS), a backscatter elec-

tron detector (BSE) and a secondary electron detector

(SE). Peak and elemental analyses were made using INCA

Suite 4.11 software. None of the samples were coated. The

degree of crystallinity and chemical composition of the pre-

cipitated material (O2) were studied using a transmission

electron microscope (TEM), Jeol 2000FX, equipped with a

silicon drift energy dispersive detector, Thermo Scientific

NORAN System 7. The sample was distributed on a lacey

carbon film supported on a copper grid. Images were

recorded both in bright- and dark-field mode to image the

amorphous and crystalline material, which was revealed by

electron diffraction.

Secondary mineral phases were identified with X-ray

diffraction (XRD) using a Siemens D5000 theta/theta

diffractometer with CuKa radiation and a graphite

monochromator at 40 kV and 40 mA. Peak identification

and analyses were made using the software program

HighScore Plus 4.0 (PANalytical for X0pert). XRD was

conducted on approximately one microgram of precipitates

that was smeared onto a sample holder and analyzed con-

ventionally. Unreacted olivine was analyzed in the same

manner and withdrawn from the spectra of the precipitate.

RESULTS

Gas phase

The analytical results of the gas composition evolved in the

bottle headspace during the 10 steps of incubation are

reported in Table 1 as the average of three bottles for each

time step. No significant amounts of CH4 were observed

(Fig. 1A, Table 1). Concentrations were always below

1 ppmv, and a one-way ANOVA test showed no statistically

significant differences between the group mean values

(samples and blanks) with a P-value of 0.37. The low CH4

concentration fluctuated throughout the duration of the

experiment around a total average net (sample blank) CH4

concentration of 0.10 � 0.15 ppmv, which denotes

insignificant CH4 formation. The TGA analyses of the

dunite show that the forsteritic dunite sample weight does

not decrease at temperatures below 500°C (Fig. 2). The

total weight loss from heating of the dunite at 1000°C was

0.24%, which corresponds to a total gas release of approxi-

mately 2.11 ppmv if all dunite were to completely dissolve.

The weight gain of approx. 0.02 wt% in beginning of the

Table 1 Concentration of accumulated CH4, H2, and CO2 gas through time
in the headspace of the bottles.

Time

(days) Samples (ppmv) Blanks (ppmv)

Samples blanks

(ppmv)

CH4

0 0 � 0 0 � 0
1 0.22 � 0.08 0.16 � 0.03 0.06 � 0.05
33 0.29 � 0.13 0.44 � 0.43 �0.15 � 0.28

64 0.61 � 0.12 0.29 � 0.05 0.32 � 0.08
92 0.62 � 0.31 0.66 � 0.16 �0.04 � 0.24
125 0.74 � 0.13 0.43 � 0.03 0.32 � 0.08
155 0.73 � 0.38 0.53 � 0.04 0.20 � 0.21
184 0.68 � 0.06 0.58 � 0.16 0.09 � 0.11
204 0.57 � 0.12 0.71 � 0.30 �0.14 � 0.21

240 0.95 � 0.35 0.62 � 0.15 0.34 � 0.25
H2

0 1.88 � 0.12 1.86 � 0.35 0.02 � 0.23
1 4.55 � 1.45 3.25 � 1.35 1.30 � 1.40
33 7.24 � 0.48 3.88 � 1.67 3.37 � 1.08
64 5.61 � 0.96 3.43 � 0.01 2.17 � 0.48
92 8.29 � 0.59 3.94 � 0.15 4.36 � 0.37

125 7.35 � 0.56 4.21 � 0.14 3.14 � 0.35
155 6.20 � 1.54 3.34 � 0.20 2.87 � 0.87
184 7.30 � 0.51 4.93 � 0.06 2.37 � 0.29
204 6.88 � 0.41 2.41 � 0.02 4.47 � 0.22
240 5.36 � 0.15 3.90 � 0.01 1.46 � 0.08

CO2

0 1901.40 � 168.12 2263.32 � 24.36 �161.93 � 96.24
1 1251.26 � 225.92 2304,8 � 17.23 �1053.54 � 121.58
33 119.02 � 47.08 2373.77 � 19.37 �2254.75 � 33.23
64 74.77 � 10.99 2020.89 � 71.44 �1946.12 � 41.21
92 93.85 � 29.48 1861.56 � 138.74 �1767.70 � 84.11
125 119.11 � 14.99 1932.26 � 126.82 �1813.14 � 70.90

155 148.39 � 58.04 1697.05 � 109.29 �1548. 66 � 83.67
184 150.01 � 12.71 1515.05 � 6.36 �1365.04 � 9.54
204 125. 46 � 15.50 570.60 � 138.34 �1445.14 � 76.92
240 119.98 � 31.53 1464.17 � 235.09 �1344.19 � 133.31

© 2015 The Authors. Geofluids Published by John Wiley & Sons Ltd.

4 A. NEUBECK et al.



experiment (Fig. 2) is caused by buoyancy effects, which

reduce the density of the surrounding gas in the heating

process. Typically, this results in an apparent weight gain

of 50–200 lg. Because buoyancy effects are reproducible,

the curves were corrected by performing an automatic

blank curve subtraction. This also applies to buoyancy

effects due to gas switching, which is often used in TGA

analysis. The weight loss was calculated from 100% of the

total weight, which is the blank corrected value.

Hydrogen accumulated in the incubation bottle head-

space and fluctuated around approximately 2.55 � 1.39

(ppmv, samples blanks) throughout the entire experiment

(Fig. 1B, Table 1), which corresponds to a net average H2

formation of 0.26 ppmv g�1 dunite. The highest net con-

centration of H2 was 4.47 ppmv on day 204 (Fig. 1B). A

general trend of slow H2 increase was observed. The calcu-

lated accumulation rate showed a slight increase in H2 of

0.012 ppmv day�1 (if calculated by comparing day 1 with

day 240). However, if the accumulation rate is calculated

from a general trendline slope, the net accumulation is

only 0.0058 ppmv day�1. The differences between the

blanks and the samples in this study are significant when

evaluated through an ANOVA test with a P-value of

7.4 9 10�4.

At a constant temperature of 50°C and a pH of 8.2, the

concentrations of dissolved CO2 species were 36.25 lM for

H2CO3, 2.98 mM for HCO�
3 , and 31.57 lM for CO2�

3

after 240 days of incubation. The carbon dioxide concen-

tration (Fig. 1C, Table 1) decreased rapidly after one

month in the sample bottles and progressively, but slightly,

in the blank bottles. The average net (samples blanks)

decrease was -1490.02 � 75.07 ppmv. The rate of

decrease in the blank control bottles was calculated from
Fig. 1. Concentrations (ppmv) of (A) CH4 (B) H2 and (C) CO2 in the bot-

tle headspace as a function of time.
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Fig. 2. TGA measurements of olivine showing the released gas in wt% (red line) after heating the sample to 1000°C.
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the almost linear trend to be approximately

7.92 ppmv 9 day�1 or 0.79 ppmv 9 day�1 9 g dunite�1.

The greater decrease in CO2 in the bottles with added

dunite can be explained by a higher concentration of

cations in the solution, providing reactants for the anionic

carbon species. However, because the saturation of carbon-

ate was not reached, no observable precipitates of metal

carbonates could be found.

No significant differences between the blank and sample

d13C values were observed in either the CH4 or CO2 mea-

surements (Table 2). The error bars among the three repli-

cates overlap the sampled values, making any difference

between the measured samples nonsignificant. The isotopic

analyses of the CO2 and CH4 in the experiments in this

study show that the accumulation of CH4 was not pro-

duced by dunite hydration because all blanks and samples

had the same isotopic composition.

Aqueous and solid phase

In the present study, dissolved SiO2 was added to the solu-

tion prior to CO2, which resulted in the amorphous SiO2-

rich precipitate covering on the dunite surface (Fig. 3,

TEM and ESEM analyses). Precipitates were observed both

in solution and on the dunite grains where they covered

large parts of the grain surfaces (Fig. 3). The precipitate

was composed of SiO2 with Mg in all of the samples and

Fe in some of the samples. The precipitates had an

Mg+Fe/Si molar ratio ranging between 0.87 and 1.7,

which covers the Mg + Fe/Si ratio of serpentine (1–1.5,
calculated from the generic formula for serpentine). The

Mg/Si mass ratio of the precipitates found in the solution

was 0.12 (calculated from the TEM analyses, Table 2),

which is different from the initial dunite Mg/Si ratio (1.8,

calculated from the generic formula of Fo92).

Bulk samples of precipitates measured by XRD and

Raman showed no identifiable phases likely due to the

poor crystallinity of the precipitated material. Due to the

heterogeneous character of the precipitate, not much infor-

mation could be extracted from the XRD measurements.

The precipitates formed were, according to the TEM anal-

yses, all amorphous silicates with trace metal contents vary-

ing between 0 and 20 at% (atomic %), see Fig. 3. The

detection of carbonates was ambiguous. Some analyses

showed the presence of carbonates and some did not. Acid

treatment of the dried precipitates showed clear bubbling,

indicating the formation of carbonates. However, because

of the ambiguousness, the influence of the carbonates on

the dissolution of dunite could not be determined. The

DIC concentration of the solution was 23.67 mg l�1.

Elemental release into solution was analyzed to trace

possible precipitation events (all elemental ICP-OES data

is presented in Appendix, Table A2). Because Mg, Si, and

Fe were the major elements found in the precipitates, these

elements were also analyzed in solution. The amount of Si

varied incongruently with both the amount of Fe and Mg

in solution (Fig. 4A–B), whereas Fe and Mg varied con-

gruently (Fig. 4B–C). A slight decrease in the concentra-

tion of Si can be observed with time, which is expected

due to the precipitation of SiO2 on the olivine surface and

within the solution. The rate of increased concentration of

Fe was calculated as 0.047 ppm day�1.

The pH was initially 5.8 � 0.1 (before autoclaving and

including 1 mM Si, CO2 and dunite) and then 6.5 � 0.2

directly after autoclaving. In the blanks, the pH was ini-

tially the same as the sample bottles. The pH was then

measured on day 33 and after termination of the experi-

ment and had a relatively constant value of 8.2 � 0.2

throughout the rest of the experiment.

DISCUSSION

Our laboratory test of the reaction (R3) did not produce

significant amounts of CH4. The presence of CH4 in the

Table 2 Stable carbon isotope values (d13C &, VPDB) of CO2 and CH4 in the headspace of the incubation bottles. The concentration (ppmv) here reported

refers to the sample glass vials measured by UC Davis Stable Isotope Facility and may therefore differ from the measured concentrations in the samples in
Table 1.

Days of incubation Blank samples Concentration (ppmv) Olivine samples Concentration (ppmv) Compound

Initial value �25.01 2308 �25.01 22895 CO2

0 �24.96 2297 �26.77 1270 CO2

0 �24.92 2078 �27.01 1326 CO2

0 �24.92 2329 �27.33 1223 CO2

98 �24.84 806 �22.64 49 CO2

98 �25.41 640 �25.09 53 CO2

98 �27.41 51 CO2

240 �26.23 924 �25.46 148 CO2

240 �24.08 1117 �28.76 177 CO2

240 �23.62 1107 �25.64 170 CO2

240 �49.47 0.30 �48.25 0.50 CH4

240 �50.21 0.20 �51.09 0.40 CH4

240 �50.55 0.30 �49.39 0.30 CH4

© 2015 The Authors. Geofluids Published by John Wiley & Sons Ltd.
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blanks could be explained by a possible release of CH4

from the rubber septa and not from incorporation of CH4

in the dunite mineral because there were no significant dif-

ferences between the concentration of CH4 in the samples

and in the blanks. Leakage from the rubber septa was

tested, and no leakages of CH4, CO2 or H2 could be

observed. However, because the GC detection limit is

0.1 ppmv and the analytical error is 5 RSD% (relative stan-

dard deviation), the measured CH4 could also be consid-

ered analytical noise. Although all rubber septa were boiled

in concentrated NaOH prior to use and leakage was not

detected when analyzed, minimal long-term leakage from

the septa cannot be ruled out. The lack of CH4 formation

within the conditions of this experiment is likely due to

the scarce redox potential of the system and insufficient

generation of H2. In our experiment, the production of

H2 was very low and likely not enough to have an effect

on the reduction of CO2. The Sabatier reaction (R2),

which can be an intermediary step in (R3), requires an H2:

CO2 ratio of at least 4:1 and a metal catalyst suitable for

the temperature of the experiment. The 4:1 ratio was not

attained in our experiment, and the available catalyst, basi-

cally Fe, was likely unable to support the low-temperature

FTT reactions, as observed in previous works (Etiope &

Ionescu 2014). If (R3) can proceed without mediation of

H2 (i.e., without intermediary reaction R2), as hypothe-

sized by Suda et al. (2014), other carbon reducing factors

should be considered.

In our experiment, the H2 production rate was an order

of magnitude lower than that reported by Neubeck et al.

(2014), which had an average net H2 production of

39.87 � 13.20 ppmv in the presence of dissolved

Na2CO3. The temperature and SiO2 concentration were
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Fig. 4. Net variation of (A) Si, (B) Fe, and (C) Mg in solution (mg L�1 g

olivine�1) as a function of time.
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Fig. 3. ESEM image (A) showing the precipitates (white) that covered

the olivine surfaces (gray), (B) showing the elemental composition of the

precipitates within the solution measured with ESEM, and (C) showing

the elemental composition of the precipitates within the solution mea-

sured with TEM.
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comparable in both experiments, but in Neubeck et al.

(2014), 20 mM of Na2CO3 was also added to the solution.

In our study, no Na2CO3 was used, but CO2 (g) was

added to the headspace of the bottles instead as a reactant

for possible CH4 formation through a slow diffusion into

the aqueous solution (resulting in a slightly lower pH) and

reaction with dunite. Therefore, SiO2 could possibly act

without the influence of HCO�
3 at the beginning of the

experiment and thus possibly hinder the formation of H2

through precipitation onto the olivine surface as a coating

barrier against further dissolution. The ceased dissolution

of olivine is supported by the observation of a SiO2-rich

coating on the olivine surface (Fig. 3) and the decreased

release of Mg and Fe into solution with time (Fig. 4). Our

interpretation of these results is that SiO2 in this study, in

comparison with the work in Neubeck et al. (2014), hin-

dered H2 formation even at temperatures as low as 50°C
and at concentrations of 1 mM due to SiO2 coating. In

Neubeck et al. (2011), a similar pattern was observed,

namely that the experiments with added carbonates to the

solution increased the amount of H2 in the experiments.

Stevens & McKinley (2000) showed that H2 production

(from basalts) increased with increasing acidity between 30

and 60°C: pH 9 resulted in the lowest production of H2,

and pH 8 had a higher production. In Klein & McCollom

(2013; using Fo90) as well as in Neubeck et al. (2011,

2014) and this study, using forsteritic dunite), we see an

opposite trend, in which H2 production was higher with

increasing pH from ~8 to ~9 potentially due to a decreased

reactivity of SiO2 at higher pH and/or an increased ability

of Fe(II) to become oxidized into Fe(III) at a higher pH.

The differences in H2 production between this study and

Stevens & McKinley (2000) are likely due to the difference

in minerals used in the experiments.

In the experiment with added HCO�
3 , the H2 produc-

tion was consistently higher (Neubeck et al. 2011, 2014)

as long as the system remained undersaturated with respect

to carbonates. Jones et al. (2010) showed that the produc-

tion of H2 proceeds more rapidly in an undersaturated car-

bonate system than in a saturated carbonate system and

when small amounts of carbonates are added.

The higher H2 formation in Neubeck et al. (2014) is

likely due to the coprecipitation of SiO2 and CO2�
3

(Kellermeier et al. 2010, 2012a,b). Coprecipitation of

SiO2 and CO2�
3 causes a withdrawal of net SiO2 from the

solution (removing SiO2 that otherwise would precipitate

onto the olivine surface as a thin film), allowing for con-

tinued dunite dissolution and H2 formation. In the pre-

sent study, dissolved SiO2 was added to the solution prior

to CO2, which resulted in the amorphous SiO2-rich pre-

cipitate observed covering the dunite surface (Fig. 3,

TEM and ESEM analyses), lowering the rate of dunite

dissolution and the production of H2 (Mayhew et al.

2013). At pH <9, SiO2 is also more prone to condensa-

tion due to a higher degree of protonation, which will

increase the rate of SiO2 precipitation (Kellermeier et al.

2012a,b). A lower pH and a lower net concentration of

dissolved CO2�
3 in this study, compared with Neubeck

et al. (2014), would lower the degree of precipitation of

carbonates as well as the withdrawal of SiO2 from the

solution.

The ratio of average error to average sample concentra-

tion of H2 was 1.15 in this study compared to 0.15 in

Neubeck et al. (2014). This means that the spread of the

measured points was larger in this experiment, most likely

due to the lower measured concentrations of H2.

The release of Fe and Mg is due to the dissolution of

olivine and is therefore expected to have similar concentra-

tion patterns with time, and the fluctuating patterns of

increased and decreased concentrations could be due to a

buildup of ions in solution until a threshold concentration

is reached and the precipitation forms. When the precipi-

tate forms, the concentration of ions in solution also

decreases and another round of concentration buildup

begins. If this was the case here, one would expect the

threshold level to rise slightly as the Si concentration

decreases, which can also be seen in the plots in Fig. 4A–C.
The average rate of increasing Fe concentration was calcu-

lated as 0.047 ppm day�1, which is 4 times that of the H2

accumulation rate, meaning that there was enough Fe

released into solution to support a reduction of H2O into

H2. Comparisons between H2(g) and Fe(aq) fluctuations

over time show that H2 and Fe generally coincide (Figs 1

and 4B and Fig. A2 in the Appendix). This general trend

of covariation may be indicative of a process in which H2

is formed through the oxidation and precipitation of Fe

(III).

In contrast to what was observed in Neubeck et al.

(2014), we could not identify any crystalline mineral

phases in this study and thus could not assign any forma-

tion pathway for the produced H2 in the bottles. However,

the amount of dissolved Fe (for reduction of water) does

not seem to have been enough (Fig. 4B) to form H2 in

amounts comparable to those in Neubeck et al. (2014). A

possible explanation is that Fe2+ is deactivated to a greater

extent by the precipitation of SiO2 covering the dunite sur-

face. The Mg+Fe/Si ratios of the precipitates described in

the Results section indicate that the precipitation in

solution is depleted in Fe compared with the precipitates

on the dunite surface. Although the Mg+Fe/Si ratios of

the precipitates (0.87–1.7) are close to the ratio of serpen-

tine (1.5), we were not able to identify any serpentine

phase with Raman or XRD, likely due to the amorphous

and intermediate character of the precipitate.

However, Mayhew et al. (2013) described a pathway for

H2 formation through the oxidation of Fe2+ promoted by

spinels. This scenario could also be possible in our experi-

ment because the dunite had accessory spinels (Appendix,

© 2015 The Authors. Geofluids Published by John Wiley & Sons Ltd.
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Fig. A1). Solid phases other than magnetite, such as ser-

pentine, can also possibly incorporate Fe (Evans 2008;

Klein et al. 2009; McCollom & Bach 2009; Andreani

et al. 2013).

Pure water with a temperature of 50°C will sponta-

neously form H+ ions at pH 6.63 (Kw = 5.476*10�14),

which will react with any available anions in the solution,

such as OH�, HCO2�
3 or SiO4�

4 . At pH 6, the polymer-

ization of SiO2 is rapid and increases with the increasing

ionic strength of the solution and with increasing pH up

to pH 9.3, when the polymerization rate decreases again

(Tarutani 1989). Because of the rapid polymerization of

SiO2 with a low point zero charge (PZC) of 2.0 (Elim-

elech et al. 1995), the metal ions likely have a preferential

adsorption/incorporation onto the SiO2 surface rather

than on any carbonate (PZC between 9.40 and 9.70,

(Jaafar et al. 2013), which is in agreement with our

results in which all precipitates contained the major metal

ions of the analyzed dunite together with SiO2. In addi-

tion, at the beginning of the experiment, the pH of the

solution was below the PZC of any possible precipitated

carbonates, which will make the carbonate surface posi-

tively charged and thus repel any metal ions. Therefore,

the most likely fate of the dissolved Fe(II) was adsorption

or precipitation with SiO2 and not with carbonates. The

carbonates found together with the SiO2 precipitates in

Neubeck et al. 2014 most likely precipitated when the

pH increased to approx. 9. In the present experiments,

the amount of dissolved carbon species in solution was

undersaturated with respect to carbonates, even though

the pH rose slightly above 8. Therefore, nothing can be

concluded about any possible precipitation of Fe-bearing

carbonates.

In summary, our laboratory test of the reaction (R3),

considered by Suda et al. (2014) as an important mecha-

nism for abiotic CH4 generation in land-based serpen-

tinization systems, (i) did not produce any significant

amounts of CH4 in our experimental conditions, (ii)

potentially due to the scarce production of H2 or to a

scarce reducing potential in general, (iii) in turn caused by

a combination of H2-inhibiting factors likely including sil-

ica activity. These results should be taken into account

when interpreting of the origin of abiotic CH4 after ser-

pentinization in natural conditions.

CONCLUSIONS AND FUTURE STUDIES

Understanding the mechanisms and conditions of abiotic

CH4 and H2 generation in low-temperature serpentiniza-

tion systems is fundamental to several research fields,

including microbiology of deep rocks and the origin of life

on Earth and on other planets. FTT reactions (R1–R2)
with abundant H2 were able to generate considerable

amounts of CH4 even at room temperature (Etiope &

Ionescu 2014 and references therein). In geological envi-

ronments, FTT reactions can be spatially and temporally

detached from serpentinization because CH4 production

may occur in a fluid–rock system that is different from that

generating H2. Direct mineral (olivine) hydration assisted

by CO2 in the absence of initial H2 (R3), proposed by

Oze & Sharma (2005), was considered an alternative

mechanism, whereby CH4 is produced in the same serpen-

tinization and H2-generation system (Suda et al. 2014).

We tested the reaction (R3). Our experiment conducted

with dunite at low temperature (50°C) did not show

appreciable CH4 production. Trace amounts of CH4

(<1 ppmv) were within the analytical error range and were

not significantly different from the control samples (in the

absence of dunite). The trace amount of CH4 can be

explained by either a long-term leakage from the rubber

septa and/or analytical noise of the GC. Several factors

could explain why CO2 was not reduced to CH4. First

involves the scarce production of H2 and the lack of suit-

able metal catalysts in the dunite, both necessary to form

CH4 via FTT reactions. Then, assuming the hypothesis of

Suda et al. (2014) by which CH4 could derive from H2O

and not from H2, there may have been a lack of sufficiently

reducing conditions, even though Fe and spinels were pre-

sent in the system. Either the SiO2 coated the dunite sur-

face and therefore decreased the amount of reactive

surfaces, and/or the ferric iron was consumed by SiO2 and

therefore hindered from reacting as a reducing agent.

Small amounts of abiotic H2 were observed in the exper-

iments, even though the concentrations were very low.

However, added SiO2 in the mM range did hinder H2

production, even at the low temperatures used in the

experiment. H2 may have been formed both through the

oxidation of Fe2+ in solution and through the precipitation

of secondary minerals on the surface of the dunite. The

reaction products could not be fully established, and there-

fore, the reaction pathway remains unknown.

Thus far, only FTT reactions have been shown to pro-

duce considerable quantities of CH4, both at high temper-

atures (>200°C; McCollom 2013; and references therein)

and low temperatures (<100°C; Etiope & Ionescu 2014).

CH4 production by low-temperature olivine hydration in

the absence of initial H2 appeared to be sluggish and effec-

tive only after special sample treatment (Okland et al.

2014).

Future studies on the abiotic reduction of CO2 through

dunite hydration (reaction R3) should extend to longer

incubation times (>1–2 years) and should be conducted at

higher temperatures (>50°C), at higher CO2 concentra-

tions and/or with smaller dunite grain sizes. The use of

synthesized olivine instead of natural dunite material will

also increase the accuracy and control of the measure-

ments, even though such an experiment will be more diffi-

cult to translate to natural systems. The role played in

© 2015 The Authors. Geofluids Published by John Wiley & Sons Ltd.
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reaction R3 by metal catalysts that are effective for low-

temperature FTT reactions (e.g., ruthenium; Etiope &

Ionescu 2014) should also be evaluated.
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APPENDIX

Table A1 ICP-OES bulk analysis of the total elements of dunite. Analysis of As, Cd, Cu, Co, Hg, Ni, Pb, Sb, S, Se, and Zn has been made so that the sample

has been dried to 50°C followed by a dry weight correction to 105°C. Dissolution has been made according to the standard method ASTM D3683 (modi-
fied). All other elements have been analyzed according to ASTM D3682 (LiBO2-melt).

Compound Results Error Unit Element Results Error Unit Element Results Error Unit

SiO2 41.2 3.3 % As <3 mg kg�1 Ni 3010 733 mg kg�1

AI2O3 0.213 0.019 % Ba <2 mg kg�1 Pb 4.28 1.79 mg kg�1

CaO <0.09 % Be <0.6 mg kg�1 S* 116 mg kg�1

Fe2O3 9.03 0.72 % Cd <0.1 mg kg�1 Sc 3.34 1.35 mg kg�1

K2O <0.1 % Co 116 26 mg kg�1 Sn* 2.12 mg kg�1

MgO 52.1 4.1 % Cr 1620 217 mg kg�1 Sr 9.39 1.13 mg kg�1

MnO 0.111 0.011 % Cu 21.9 4.9 mg kg�1 V 11.4 4.4 mg kg�1

Na2O <0.06 % Hg <0.01 mg kg�1 W <60 mg kg�1

P2O5 <0.01 % Mo 71.2 12.8 mg kg�1 Zn* 48.8 10.5 mg kg�1

TiO2 0.0027 0.0002 % Nb <6 mg kg�1 Zr <2 mg kg�1

Sum 102.7

Asterisks means that the elemental analyses have been a nonaccredited analysis. Measuring errors is reported as an expanded insecurity according to the def-
inition mentioned in the ‘Guide to the expression of uncertainty in measurement’ (ISO:IEC Guide 98-3:2008).
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Fig. A2. Variation of H2 and Fe (samples minus blanks) as a function of

time (days), where H2 is presented in ppmv and Fe in ppm. All data are

presented as the average values of three replicates per sample point.

Fig. A1. Optical microscopy image showing an area of the dunite with

inclusions of spinels.
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Table A2 Raw data from the ICP-OES analyses showing the total amount of elements in solution in samples and blanks.

Days of incubation

Samples

Fe Fe average Mg Mg average Si Si average

0 447.40 11320.00 9724.00
0 374.50 171.72 8299.00 1798.39 22670.00 7849.64
0 701.60 507.83 11500.00 10373.00 8506.00 13633.33

1 339.60 8962.00 33670.00
1 691.60 207.05 11330.00 1314.24 21950.00 12501.48
1 326.70 452.63 9158.00 9816.67 8683.00 21434.33
33 937.50 23470.00 14200.00
33 876.40 158.76 18130.00 4233.31 20230.00 3778.61
33 637.10 817.00 15110.00 18903.33 13270.00 15900.00

64 961.30 15110.00 15540.00
64 1388.00 299.94 15470.00 1569.20 19150.00 4334.16
64 809.50 1052.93 12590.00 14390.00 24170.00 19620.00
92 1685.00 17540.00 26360.00
92 604.90 548.90 9957.00 3846.39 17440.00 5918.96
92 1315.00 1201.63 14870.00 14122.33 28640.00 24146.67
125 686.30 10630.00 38210.00

125 900.50 244.45 11890.00 2001.23 25600.00 7248.84
125 1174.00 920.27 14550.00 12356.67 25710.00 29840.00
155 941.70 11220.00 26100.00
155 483.50 260.59 8224.00 1538.58 23260.00 6569.66
155 497.50 640.90 10330.00 9924.67 35790.00 28383.33
184 936.30 13330.00 22890.00

184 1004.00 35.35 11390.00 1681.97 32180.00 6507.92
184 987.80 976.03 14740.00 13153.33 19640.00 24903.33
204 811.50 13760.00 24360.00
204 873.20 54.85 13120.00 789.45 16430.00 4015.08
204 920.90 868.53 12190.00 13023.33 19300.00 20030.00
240 872.30 12970.00 19310.00
240 513.30 263.11 6374.00 3537.89 37780.00 9238.26

240 1026.00 803.87 11890.00 10411.33 28120.00 28403.33
0 1.23 67.57 5876.00
0 3.59 69.85 2896.00
0 3.80 2.87 2.09 46.50 4563.00 4445.00
1 6.90 0.43 6153.00
1 4.18 12.88 5576.00

1 9.43 6.83 38.16 17.16 6832.00 6187.00
33 4.94 8.70 8657.00
33 10.07 35.21 7794.00
33 2.41 5.81 4.77 16.22 5787.00 7412.67
64 19.50 6.97 5656.00
64 12.54 32.75 9997.00

64 40.06 24.03 68.78 36.17 7766.00 7806.33
92 4.25 156.60 13730.00
92 4.25 156.60 13730.00
92 24.79 11.09 80.86 131.35 6675.00 11378.33
125 0.14 30.90 10830.00
125 7.90 32.92 5231.00
125 3.57 3.87 90.12 51.31 8298.00 8119.67

155 5.43 131.50 6559.00
155 4.46 154.00 18020.00
155 �0.89 3.00 84.31 123.27 19460.00 14679.67
184 0.37 153.90 18930.00
184 2.32 202.30 22340.00
184 0.15 0.95 185.50 180.57 18970.00 20080.00

204 7.68 117.00 16890.00
204 0.48 19.95 9327.00
204 18.04 8.73 96.94 77.96 13690.00 13302.33
240 �0.29 68.03 7577.00
240 2.63 7.43 8056.00
240 0.78 1.04 11.77 29.08 6106.00 7246.33

All elements are presented in ppb.
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