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Abstract

Aqueous abiotic methane concentrations in a range of geologic settings are below levels expected for equilibrium with coex-
isting CO2 and H2, indicating that kinetics can control the speciation of reduced carbon-bearing fluids. Previous studies have
suggested that mineral catalysts or gas-phase reactions may increase the rate of methanogenesis. Here, we report on experi-
ments that indicate pressure can also accelerate aqueous reduction of CO2 to CH4. Four series of cold-seal hydrothermal
experiments were performed from 1 to 3.5 kbar at 300 �C for two weeks and analyzed using gas chromatography/mass spec-
trometry. The starting fluids were 10–20-lL solutions of 70-mmolal 13C-labeled formic acid (H13COOH) contained in welded
gold capsules. Increasing pressure (P) resulted in a systematic, reproducible log-linear increase in 13CH4 yields. The pressure
effect could be quantified the log-linear slope, Dlog[13CH4]/DP (log mmolal per kbar). The mean slope was 0.66 ± 0.05
(±1s.e.), indicating that 13CH4 yields increased by an average factor of 40–50 over a P range of 2.5 kbar. Pressure-independent
variations in [13CH4] were observed as scatter about the log-linear regressions and as variations in the y-intercepts of the
regressions. These variations were attributed to trace amounts of catalytic Fe along the inner capsule wall that remained
despite cleaning the Au capsules in nitric acid prior to each experimental series. The mechanism for the pressure-dependent
effect was interpreted to result from one or more of the following three processes: reduction of a metastable reaction interme-
diate such as methanol, formation of Fe-carbonyl complexes in the fluid, and/or heterogeneous catalysis by Fe. The results
suggest that pressure may influence aqueous abiotic CH4 yields in certain geological environments, particularly when the rel-
ative effects of other kinetic factors such as temperature are diminished, e.g., in cool forearcs or other settings with a steep
geothermal gradient. Because the experiments were performed over a limited pressure range, even modest isothermal increases
in pressure may substantially enhance CH4 yields. A kinetic pressure effect may be especially important on the deep ocean
floors of planetary bodies where pressure may compensate for the otherwise sluggish reaction kinetics expected at low T.
� 2014 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Aqueous abiotic methane formed during water–rock
interaction has been ascribed astrobiological significance
as a nutrient for lithoautotrophic microbial communities
http://dx.doi.org/10.1016/j.gca.2014.11.010
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(Kelley et al., 2005; Proskurowski et al., 2008), a green-
house gas on the early Earth (Kasting, 2005), an alternative
to microbial methane in the Martian atmosphere (Lyons
et al., 2005), and a precursor to prebiotic compounds
(Miller and Urey, 1959). Methane may also polymerize to
form heavier alkanes (Horita and Berndt, 1999), although
the global inventory of abiotic hydrocarbons is minor
relative to thermogenic deposits (Sherwood-Lollar et al.,
2002). Many aqueous geological environments satisfy the
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Fig. 1. Isopleths of equilibrium log(XCH4/XCO2) values (solid lines)
illustrating the weak pressure-dependence of the stability of meth-
ane-rich fluids in the graphite-free C–O–H system from 1 to 20 kbar
and 200 to 400 �C, calculated using the CORK equation of state
(Holland and Powell, 1991). X = mole fraction; contour inter-
val = two log units; log f O2 = DQFM-1, where QFM = quartz-
fayalite-magnetite; XC = 0.0001. Light gray curves are metamorphic
facies boundaries (Spear, 1993); pp = prehnite-pumpellyite(+zeo-
lite), gs = greenschist, bs = blueschist, ext = extraterrestrial.
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thermodynamic criteria for CH4 stability in C–O–H fluids,
and abiotic methane has been proposed to exist in basaltic
and ultramafic hydrothermal systems along mid-ocean
ridges (Ingmanson and Dowler, 1977; Kelley, 1996;
Charlou et al., 1998, 2002; Proskurowski et al., 2008),
groundwaters of Precambrian crystalline basements
(Sherwood-Lollar et al., 2002), graphite-saturated meta-
morphic settings (French, 1966), continental fumaroles
(Fiebig et al., 2007), fluid inclusions in continental alkaline
igneous rocks (Potter et al., 2004), and forearc serpentine
mud volcanoes (Mottl et al., 2003).

Aqueous abiotic methanogenesis is a sluggish process at
hydrothermal conditions. Methane concentrations in natu-
ral and experimental hydrothermal systems are commonly
below those predicted from equilibrium with coexisting
CO2 and H2 (Janecky and Seyfried, 1986; Shock, 1988,
1990; Charlou et al., 1998, 2000; McCollom and Seewald,
2001), indicating that kinetics may control fluid composi-
tions. Influenced by well-established industrial techniques
such as the Fischer–Tropsch (Fischer and Tropsch, 1926;
Roferdepoorter, 1981) and Sabatier (Sabatier and
Gaudion, 1919; Brooks et al., 2007) processes, much geo-
chemical research on the kinetics of natural aqueous meth-
anogenesis has focused on heterogeneous catalysis by
transition metal accessory minerals such as Ni–Fe alloy
(Horita and Berndt, 1999), Fe-chromite (Foustoukos and
Seyfried, 2004), pure Fe� metal (McCollom and Seewald,
2006), Ni–sulfides (Fu et al., 2008), cobalt-bearing magne-
tite (Co:Fe = 1:3) (Ji et al., 2008), and magnetite (Fu
et al., 2007). Temperature (T) must play a role, and it has
also been suggested that reaction in a gas phase may also
accelerate methanogenesis (McCollom and Seewald, 2001).

Another potentially important kinetic variable in aque-
ous methanogenesis is pressure, which has been previously
observed to enhance reaction yields in a variety of more
complex organic reactions (e.g., Jenner, 2002). Early work
suggests that Fe-nitride-catalyzed Fischer–Tropsch gas syn-
thesis rates increase as pressure rises over tens of atmo-
spheres (Anderson et al., 1964), and recent studies suggest
that pressure accelerates the thermal decomposition of coal
to form light hydrocarbons from 0.5 to 2.5 kbar (Shuai
et al., 2006; Tao et al., 2010). Most previous measurements
of aqueous methane kinetics have been performed isobari-
cally in flexible-cell hydrothermal apparatus within a rela-
tively restricted pressure range of �200–500 bars (e.g.,
Berndt et al., 1996; Horita and Berndt, 1999; McCollom
and Seewald, 2001; Foustoukos and Seyfried, 2004; Fu
et al., 2008; McCollom et al., 2010; Lazar et al., 2012). Such
pressure limitations are partly due to scientific interests in
terrestrial seafloor hydrothermal systems, but also to tech-
nical limits of the apparatus (Seyfried et al., 1987). Conse-
quently, the effect of pressure on aqueous methanogenesis
kinetics has not yet been explicitly investigated, despite
the fact that the stability of CH4-rich fluids is only weakly
dependent on pressure (e.g., Fig. 1), indicating that condi-
tions favorable for methane generation extend to litho-
spheric pressures well in excess of seafloor conditions.
Moreover, abundant field evidence suggests that natural
abiotic methanogenesis can occur at pressures above 500
bars in a variety of environments: e.g., in the serpentinized
forearc mantle wedge (Hyndman and Peacock, 2003; Mori
et al., 2003; Shi et al., 2005; Sachan et al., 2007; Song et al.,
2009), alkalic igneous complexes (Potter et al., 1998, 2004),
prograde alpine serpentinites (Peretti et al., 1992), the oce-
anic mantle lithosphere (Li and Lee, 2006), and Precam-
brian crystalline basements (Sherwood-Lollar et al., 2002).

Previous experimental and theoretical studies consis-
tently show that methane stability extends to upper mantle
conditions and that methane can form experimentally at
high P and T and low f O2 via multiple pathways such as
calcite or CO2 reduction, graphite hydrogenation, and car-
bon depolymerization (Kenney et al., 2002; Scott et al.,
2004; Chen et al., 2008; Kolesnikov et al., 2009; Sharma
et al., 2009). Nevertheless, because concentrations were
not measured, such experiments yield little quantifiable
information on the kinetics of methanogenesis at elevated
pressure. Here, we present a series of experiments designed
to measure the kinetic pressure effect on aqueous methano-
genesis via the model reaction

4H2 þ CO2 ¼ CH4 þ 2H2O ð1Þ

The results suggest that pressure may be an important
kinetic variable during methanogenesis in reducing terres-
trial and extraterrestrial settings, particularly when the
influence of other variables is diminished.

2. MATERIALS AND METHODS

The experiments were performed from 1 to 3.5 kbar at
300 �C for two weeks (336 h) in cold-seal hydrothermal



Fig. 2. Normalized mass spectra of unlabeled CH4 and C2H6,
constructed by averaging five GCMS analyses of calibration gas.
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bombs with an H2O pressure medium (Tuttle, 1949). Gold
was selected as the capsule material due to its effective
impermeability to H2 at the experimental conditions
(Chou et al., 1978) and due to its putative unreactivity with
C–O–H fluids as interpreted from previous blank experi-
ments (e.g., Berndt et al., 1996; McCollom and Seewald,
2001). Four series of experiments were performed, each
using 0.7-inch-long, 2-mm-diameter capsules cut from the
same stock of 12-inch-long gold tubing. The inside of each
capsule was cleaned with acetone to remove any residual oil
used during manufacturing. The capsules used in Series 1,
2, and 3 were cleaned for 6–12 h with a magnetic stirrer
in a glass beaker containing hot nitric acid. The capsules
used in Series 4 were not cleaned in acid in order to evaluate
the effect of acid cleaning on CH4 yields. Prior to loading
the solutions, each batch of capsules was annealed for
�30 min at 900 �C in a box furnace in order to increase cap-
sule pliability and to volatilize any acetone residue or other
organic contaminants that survived the hot acid. All cap-
sules within a given experimental series were cleaned and
annealed together in the same batch.

The starting fluids were 70-mmolal solutions of 13C-
labeled formic acid (H13COOH, >99% pure, Cambridge
Isotope Labs) in ultrapure H2O (18 MX). At the experimen-
tal conditions, H13COOH decomposes rapidly and
completely to H2 and 13CO2 (Yu and Savage, 1998), provid-
ing the reactants for Reaction (1). Because the natural
abundance of 13C is very low, the use of H13COOH permit-
ted the approximation that all 13CH4 was generated by
13CO2 reduction (McCollom and Seewald, 2001) and that
all 12CH4 was generated by thermal decomposition of unla-
beled organic contaminants. The use of labeled carbon is
critical in experimental studies of aqueous alkanogenesis
due to the difficulty of eliminating organic contaminants
and the consequent potential for ambiguity in identifying
the source of alkane products. Possible sources of unlabeled
contaminants include residual acetone and machining oil
that survived volatilization at 900 �C, and trace organics
in the starting fluid.

The capsules were sealed with a DC arc welder under Ar
gas. Duplicate or triplicate experiments at identical condi-
tions were contained within the same cold-seal bomb (e.g.,
05A and 05B). The quench time from 300 �C to below
100 �C was 10–15 min. After quenching, each capsule was
wiped clean with ethanol and H2O, weighed to confirm mass
conservation, and then placed in a 6-mL gas vial sealed with
an airtight rubber septum. Prior to puncturing each capsule
with a needle, a 50–100-mTorr vacuum was generated in
the vial to promote volatile release from the capsule.

After puncturing, the liberated volatiles were extracted
in multiple aliquots using a 2.5-mL locking gas syringe
and immediately injected into an Agilent 6890 coupled
gas chromatograph mass spectrometer (GCMS) equipped
with a CarbonPlot column. The total amounts of methane
and ethane in each experiment were computed by summing
the amounts in each vial extraction. For each experiment,
extractions were repeated until a given aliquot contained
less than 1% of the cumulative total of methane, a criterion
typically satisfied after 10–15 extractions. GCMS analyses
were performed at a runtime of 3.5 min and an oven tem-
perature of 75 �C. Calibration curves were constructed
from analyses of unlabeled calibration gas with known
CH4 and C2H6 partial pressures. Linear chromatographic
responses were confirmed by a series of calibration analyses
that were colinear with the origin. Five analyses of unla-
beled calibration gas were averaged to construct normalized
standard mass spectra for CH4 and C2H6 (Fig. 2). The
methane and ethane detection limits were, respectively,
0.6 and 0.3 lmolal.

The extracted ion chromatograms (EICs) for methane
revealed interference at mass 16 by a strong signal from
16O+ on the shoulder of the air peak. To avoid correcting
for 16O+, methane concentrations were quantified using
interference-free masses 15 and 17. Unlabeled methane
was calibrated at mass 15 (Fig. 3A), and the experimental
fluids were analyzed at masses 15 and 17 (Fig. 3B). Ethane
was calibrated at mass 30 and measured in the fluids at
interference-free masses 26, 29, and 30. Mass 28 was
excluded due to interference from 14N2

+ in air.



Fig. 3. Representative extracted ion chromatograms (EICs) over
the mass range 13–17 for unlabeled CH4 in the calibration gas (A)
and an experiment containing labeled methane (B). Ion masses are
shown in open circles. Masses with symmetrical peaks used for
calibration and experimental analyses are shown with solid lines: 15
in (A); 15 and 17 in (B).
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The mass spectra of experimentally generated methane
represented mixtures of labeled and unlabeled species. For
example, the signal at mass 15 represented a mixture of
12CH3

+ and 13CH2
+ ions and the CH4 signal at mass 17 rep-

resented a mixture of 12CH5
+ and 13CH4

+ ions. Values for
[13CH4], [12CH4], and total [CH4] could be computed by
simultaneously solving four expressions for the bulk con-
centrations measured in the EICs at masses 15 and 17
and the measured ion count ratios 12CH3

+:12CH5
+ and

13CH2
+:13CH4

+. The unlabeled count ratio, 12CH3
+:12CH5

+,
was measured directly in the unlabeled calibration gas.
The labeled count ratio, 13CH2

+:13CH4
+, was assumed to

be equal to the unlabeled ratio, 12CH2
+:12CH4

+, also mea-
sured in the calibration gas. Both unlabeled ratios were
found to be constant within uncertainty over a range of
CH4 partial pressures that overlapped the experimental
measurements. Experimental ethane had three potential
isotopologues: 12C2H6, 12C13CH6, and 13C2H6. Whereas
solving for [13CH4] and [12CH4] required two ion chromato-
gram measurements and two ion ratio measurements, solv-
ing for [12C2H6], [12C13CH6], and [13C2H6] required three
ion chromatograms (masses 26, 29, and 30) and six corre-
sponding ion ratios. As with methane, ratios between
labeled ions were assumed to be equal to the corresponding
unlabeled ion ratios in the calibration gas: e.g., 12C2H4

+:
12C2H5

+ was assumed to be equal to 13C12CH4
+:13C12CH5

+.
X-ray fluorescence (XRF) was used to analyze the compo-

sition of the inner wall of the gold capsules. Four samples of
the gold stock were analyzed; two were cleaned in double dis-
tilled, ultrapure concentrated HCl for 6 days at 120 �C in
sealed Teflon beakers and two were not cleaned in acid. Data
were collected on randomly selected points for 2000 live sec-
onds at 40 kV and 1 mA. The X-ray detector was an EDAX
30 mm2 Si(Li) detector with a 25-lm-thick Be window. Spec-
tra were collected at the 25.6 ls time constant, which has a
standard energy calibration of 10 eV/ch and a resolution of
approximately 140 eV. A 50-lm-thick Rh foil was used to
reduce X-ray scattering in the 3–10-keV region. Standard
spectra were collected on pure Cu and pure Au from NIST
SRM 482. The Fe detection limit was 50 ppm.

Except as noted in Fig. 1, all thermodynamic calcula-
tions were performed using SUPCRT92 (Johnson et al.,
1992) and the slop98 database (geopig.asu.edu). Unit activ-
ity was assumed for all solid phases relative to a standard
state of the pure solid at P and T. The standard state for
gases was the pure gas at T and 1 bar. Fugacity coefficients
were computed using the CORK equation of state (Holland
and Powell, 1991). Mixing of real gases was assumed to be
ideal at all P and T (Lewis and Randall, 1923). The stan-
dard state for aqueous species was a hypothetical one-molal
solution referenced to infinite dilution. Because aqueous
reactions were modeled in pure H2O at low P (63.5 kbar)
where ionic strength is low, activity coefficients for aqueous
species were assumed to be unity.
3. RESULTS

The experimental results are presented in Table 1. No
more than three major peaks were observed in the total
ion chromatogram of any given experiment and each peak
could be attributed to CH4, CO2, or air.

3.1. Methane

Labeled methane was detected in all experiments. In a
majority of experiments, greater than 50% of the total
methane was 13CH4. Three types of variation in [13CH4]
were observed (Fig. 4A). First, application of pressure
caused a reproducible increase in [13CH4] in all series. This
pressure effect could be quantified by the log-linear regres-
sion slope, m, where

m ¼ D log½13CH4�
DP

ð2Þ



Table 1
Experimental conditions and results.

Run P H13COOH
solution

Initial
13CO2

13CH4

generated
[13CH4] 12CH4

generated
[12CH4] Conversion

of 13CO2
a

%13CH4
b Resolvable

C2H6 massesc
Total
[C2H6]

[13C2H6]d [13C12CH6]d [12C2H6]d

kbare mgf nmoles nmoles mmolal nmoles mmolal % % m/z lmolalg lmolalg %g lmolal % lmolalg %

Series 1

05A 1.5 20.4 1428 ± 38 0.40 ± 0.05 0.02 ± 0.00 0.37 ± 0.02 0.02 ± 0.00 0.03 ± 0.00 52 ± 08 b.d.* – – – – – – –
05B 1.5 20.8 1456 ± 38 0.60 ± 0.04 0.03 ± 0.00 3.25 ± 0.06 0.16 ± 0.00 0.04 ± 0.00 16 ± 01 b.d. – – – – – – –
06A 2.5 20.7 1449 ± 38 1.58 ± 0.11 0.08 ± 0.01 0.43 ± 0.01 0.02 ± 0.00 0.11 ± 0.01 78 ± 07 b.d. – – – – – – –
06B 2.5 20.9 1463 ± 38 5.36 ± 0.36 0.26 ± 0.02 1.40 ± 0.05 0.07 ± 0.00 0.37 ± 0.03 79 ± 07 b.d. – – – – – – –
07A 3.5 21.1 1477 ± 39 18.89 ± 1.02 0.90 ± 0.05 5.77 ± 0.15 0.27 ± 0.01 1.28 ± 0.08 77 ± 05 26,30 –** – – – – – –
07B 3.5 21.0 1470 ± 39 9.68 ± 0.45 0.46 ± 0.02 6.89 ± 0.12 0.33 ± 0.01 0.66 ± 0.04 58 ± 03 b.d. – – – – – – –

Series 2

08A 1 21.0 1470 ± 39 0.28 ± 0.02 0.01 ± 0.00 4.68 ± 0.09 0.22 ± 0.00 0.02 ± 0.00 6 ± 00 26,30 –** – – – – – –
08B 1 21.1 1477 ± 39 0.72 ± 0.04 0.03 ± 0.00 4.06 ± 0.08 0.19 ± 0.00 0.05 ± 0.00 15 ± 01 26,30 –** – – – – – –
09A 2 20.8 1456 ± 38 3.57 ± 0.18 0.17 ± 0.01 5.64 ± 0.09 0.27 ± 0.00 0.25 ± 0.01 39 ± 03 26,29,30 19.1 0.8 4% 6.5 35% 11.9 61%
09B 2 20.9 1463 ± 38 6.42 ± 0.25 0.31 ± 0.01 11.92 ± 0.25 0.57 ± 0.01 0.44 ± 0.02 35 ± 02 26,30 –** – – – – – –
10A 3 20.8 1456 ± 38 16.02 ± 0.65 0.77 ± 0.03 10.03 ± 0.15 0.48 ± 0.01 1.10 ± 0.05 62 ± 03 25,26,27,29,30,31 28.5 0.8 3% 10.9 38% 16.9 59%

Series 3

14A 1 21.2 1484 ± 39 2.38 ± 0.31 0.11 ± 0.01 0.36 ± 0.03 0.02 ± 0.00 0.16 + 0.02 87 ± 15 b.d. – – – – – – –
14B 1 20.4 1428 ± 38 1.02 ± 0.12 0.05 ± 0.01 0.45 ± 0.02 0.02 ± 0.00 0.07 ± 0.01 69 ± 10 26,30 –** – – – – – –
14C 1 19.7 1379 ± 36 2.08 ± 0.26 0.11 ± 0.01 0.40 ± 0.03 0.02 ± 0.00 0.15 ± 0.02 84 ± 14 b.d. – – – – – – –
15B 2.25 21.2 1484 ± 39 17.54 ± 1.79 0.83 ± 0.08 1.23 ± 0.18 0.06 ± 0.01 1.18 ± 0.13 93 ± 13 25,26,27,29,30 31.0 1.1 5% 2.3 5% 27.7 90%
15C 2.25 21.3 1491 ± 39 23.72 ± 2.61 1.11 ± 0.12 1.55 ± 0.25 0.07 ± 0.01 1.59 ± 0.18 94 ± 14 26,30 –** – – – – – –
16A 3.5 21.3 1491 ± 39 30.81 ± 3.32 1.45 ± 0.16 2.09 ± 0.33 0.10 ± 0.02 2.07 ± 0.23 94 ± 14 26,29,30,31 18.1 15.6 88% 0 0% 2.5 12%
16B 3.5 20.8 1456 ± 38 44.62 ± 3.91 2.15 ± 0.19 2.37 ± 0.37 0.11 ± 0.02 3.06 ± 0.29 95 ± 12 26,30 –** – – – – – –
16C 3.5 20.6 1442 ± 38 96.78 ± 7.87 4.70 ± 0.38 4.97 ± 0.75 0.24 ± 0.04 6.71 ± 0.58 95 ± 11 26,29,30 16.4 10.7 65% 0 0% 5.7 35%

Series 4

17A 2 20.0 1400 ± 37 13.33 ± 0.97 0.67 ± 0.05 1.60 ± 0.10 0.08 ± 0.01 0.95 ± 0.07 89 + 09 b.d. – – – – – – –
18A 3 20.5 1435 ± 38 46.63 ± 2.98 2.27 ± 0.15 5.62 ± 0.30 0.27 ± 0.01 3.25 ± 0.23 89 + 08 26,30 –** – – – – – –

Temperature = 300 �C. Time = 336 h (two weeks). Initial [H13COOH] = 69.6 ± 1.8 millimolal.
a Proportion of 13CH4 relative to initial 13CO2.
b Proportion of 13CH4 relative to total CH4.
c Ethane masses that were resolvable from background in extracted ion chromatograms within the m/z range 25–31.
d Concentrations of ethane isotopologues were computed by multiplying total [C2H6] by proportion factors derived from mass spectra of calibrated gas (see Section 2).
e Uncertainty = ± 0.05 kbar.
f Uncertainty = ± 0.1 mg.
g Uncertainty = ± 10–20%.
* b.d.: below detection.

** Total [C2H6] and isotopologue concentrations could not be calculated because fewer than three masses were resolvable in the extracted ion chromatograms (see Section 2).
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Fig. 4. Log [13CH4] versus pressure, 300 �C, two weeks. (A) Raw
data. (B) Corrected to mean regression. Solid and dashed lines in
(A) are unweighted regressions. Solid line in (B) is the mean
regression. Error bars are not visible at this scale.

Table 2
Unweighted linear regression analyses of log [13CH4] versus
pressure.

Set N Slope ±1se y-Int ±1se R2

[13CH4]

1 6 0.72 0.11 �2.68 0.29 0.91
2 5 0.82 0.15 �2.42 0.29 0.91
3 8 0.59 0.08 �1.59 0.20 0.90
4 2 0.53 0.11� �1.24 n/a n/a
All� 21 0.66 0.05 �2.02 0.13 0.89

N = number of data points.
� Uncertainty averaged from the uncertainty of the other three
series.
� All = composite regression of all [13CH4] data from Sets 1–4
corrected to fit the mean slope and intercept. Units of regressions
are log mmolal versus kbar. Errors are propagated absolute
uncertainties.

Fig. 5. Log [12CH4] versus pressure, 300 �C, two weeks. Solid and
dashed lines are unweighted semi-log regressions. Error bars are
not visible at this scale.
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with units of log mmolal per kbar. The slopes of all series
were within one standard error (s.e.) of the average slope
(Table 2), indicating good reproducibility. To refine the
uncertainty in the average slope, each series was corrected
to fit the mean regression (Fig. 4B). Regression of the cor-
rected composite dataset yielded a slope of 0.66 ± 0.05 (±1
s.e.) log mmolal per kbar.

The second type of variation in [13CH4] occurred
between pairs and triplets of experiments performed simul-
taneously at identical conditions within the same pressure
vessel. Within the pairs and triplets, [13CH4] varied by as
much as 0.5 log units, generating scatter about the mean
regression. This scatter did not substantially compromise
a good fit of the regressions: R2 values for Series 1 through
3 were approximately 0.9.

The third type of variation was observed as differences
between the y-intercepts of the regressions of each series.
Despite the similar pressure ranges of the series, the y-inter-
cepts varied by as much as 1.8 log units, e.g., between Series
2 and 4. Series 4, which was performed using capsules that
were not acid-cleaned, had the highest y-intercept of all.

As with 13CH4, application of pressure caused an
increase in [12CH4] (Table 1, Fig. 5). The average slope of
the 12CH4 data was 0.36 log mmolal per kbar, roughly half
the average slope of the 13CH4 data. In Series 2–4, [12CH4]
increased systematically with pressure. Despite substantial
scatter, the Series 1 slope (0.34 log mmolal per kbar) was
similar to the average slope. The [12CH4] intercepts did
not correlate to the [13CH4] intercepts; e.g., Series 1 had
the highest [12CH4] intercept but the second lowest
[13CH4] intercept. The proportion of 13CH4 relative to
12CH4 increased with P in Series 2, but was pressure-inde-
pendent in the other series.
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3.2. Ethane

Ethane was detected in the EICs of a majority of the
experiments (Table 1), but at much lower concentrations
than methane. The concentration and proportion of ethane
isotopologues could be quantified in only five experiments,
each of which satisfied the analytical requirement of three
resolvable ions (see Materials and Methods). In these exper-
iments, the isotopic composition of ethane was highly var-
iable, ranging from mostly unlabeled (15B) to mostly 13C-
labeled (16A) (Table 1, Fig. 6). In another eight experi-
ments, ethane EICs were only resolvable at masses 26 and
30, preventing calculation of the proportions of component
isotopologues. In 8 out of 21 experiments, ethane was
below detection at all masses. With the caveat that the
ethane data are limited, the results of Series 2 and 3 suggest
a pressure effect on 13C-labeled ethane yields (Fig. 7),
wherein the total 13C-bearing ethane concentration,
[13C2H6] + [13C12CH6], increased by an average slope of
Fig. 6. Selected mass spectra of 13C-bearing ethane generated in
experiment 10A (top) and 16A (bottom). Experimental mass
spectra are shown in black; averaged spectra of the unlabeled
calibration gas are shown in gray.

Fig. 7. Log concentration of 13C-labeled ethane versus pressure,
300 �C, two weeks. The concentration of 13C-labeled ethane was
computed by adding the concentrations of partially labeled
(13C12CH6) and fully labeled (13C2H6) ethane.
0.3–0.4 log lmolal per kbar. Consistent with this observa-
tion, total 13C-labeled ethane in Series 2 and 3 was below
detection only at the lowest pressures.

3.3. XRF analyses

XRF analyses revealed the presence of trace, variable Fe
on the inner capsule walls. Of the two capsule samples that
were not acid-cleaned, one contained an estimated 50–
200 ppm Fe and the other contained no detectable Fe. Nei-
ther of the two acid-cleaned gold capsules contained detect-
able Fe. No other elements besides Au and Fe were detected
in any capsule sample. These results suggest that Fe was
heterogeneously distributed in the uncleaned capsules
and that the abundance of Fe decreased after cleaning in
acid.

4. DISCUSSION

4.1. Pressure-independent effects: heterogeneous catalysis by

Fe

Native Fe has been previously shown to strongly cata-
lyze methanogenesis (Horita and Berndt, 1999; McCollom
et al., 2010). If the trace amount of Fe in the capsule wall
affected [13CH4], then the y-intercept of a given series would
inversely correlate to the extent of acid leaching of Fe from
the corresponding batch of gold capsules. This hypothesis is
supported by the results of Series 4, wherein the time of
cleaning was zero and the y-intercept was the highest. Iron
catalysis can also explain [13CH4] variations in duplicate
experiments, e.g., 06A and 06B, as a consequence of spatial
variability of Fe in the Au tube stock, possibly due to ran-
dom streaks produced by the abrasion of steel machine
tools during the manufacturing process.
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4.2. Assessing mechanisms for the pressure effect on [13CH4]

Below, several hypotheses are tested in order to con-
strain the mechanism(s) responsible for the observed pres-
sure effect on methane yields. It is not possible in the
present study to narrow the hypotheses to a single mecha-
nism; however, thermodynamic calculations, empirical
observations, and inferences from previous work permit
the elimination of several possibilities in favor of one or
more of the following three processes: reduction of metasta-
ble methanol, Fe-carbonyl formation in the fluid, and/or
heterogeneous catalysis by Fe.

4.2.1. Homogeneous equilibrium

To test for homogeneous equilibrium in the C–O–H sys-
tem, experimental [CH4] values were compared to calcu-
lated equilibrium values. The experimental [CH4] values
were computed as the sum of [12CH4] and [13CH4]. The
equilibrium [CH4] values were computed for a single phase,
dilute H2O fluid by reacting the initial fluid composition
([CO2] = [H2] = 70 mmolal) stoichiometrically via Reaction
(1) until the reaction quotient equaled the equilibrium con-
stant. All experimental [CH4] values were far below the cal-
culated equilibrium values (Fig. 8), indicating that
homogeneous equilibrium cannot explain the observed
methane yields.

4.2.2. Graphite saturation

Methane stability in the C–O–H system is enhanced by
pressure when graphite is saturated (French, 1966); there-
fore, the pressure-induced increase in [13CH4] may have
been a consequence of graphite-fluid equilibria. Although
graphite was not observed in any experiment, the possibility
of its cryptic precipitation was assessed by computing the
bulk mole fraction of carbon (XC) required for graphite-
fluid equilibrium as fixed by the total [CH4] values
Fig. 8. Comparison of experimental [CH4] (filled diamonds) to
computed [CH4] in equilibrium with H2 and CO2 (open diamonds).
Experimental [CH4] includes labeled and unlabeled species. See
Section 4.2.1.
measured in each experiment. The calculations show that
the computed XC values at graphite saturation were about
100 times higher than the actual XC values in the experi-
ments (Fig. 9), indicating that graphite-fluid equilibria can-
not explain the experimental CH4 concentrations.

4.2.3. Gas phase reaction

It has been proposed that reaction in a gas phase can
accelerate hydrothermal methanogenesis (McCollom and
Seewald, 2001). However, measured [CH4] values in all
experiments were far below methane gas saturation (>1
wt%) in the system CH4-H2O at 300 �C (Bonham, 1978).
Moreover, the experiments were below H2 gas saturation,
as shown by plotting experimental [H2] values on an iso-
thermal P–XH2 phase diagram in the system H2–H2O at
300 �C and 0.3–2.5 kbar (Fig. 10, adapted from Seward
and Franck, 1981). The experimental [H2] values were esti-
mated to be 100 mmolal (XH2 = 0.002), as derived from the
assumption of 100% decomposition of the initial formic
acid (70 mmolal) plus 30 mmolal from the generous esti-
mate that additional hydrogen formed by oxidation of
200 ppm Fe in a 100-micron-thick layer along the inner
capsule wall. Nevertheless, even this likely overestimated
[H2] value is far below gas saturation from 1 to 2.5 kbar,
and to 3.5 kbar with a modest extrapolation (Fig. 10).

4.2.4. Mediation by background organics

The observed pressure effect on [12CH4] (Fig. 5) suggests
that [13CH4] may have been modulated by interaction of
13C with unlabeled organic contaminants. If true, then there
would be a systematic dependence of [13CH4] on [12CH4]
throughout the entire dataset. However, a plot of [13CH4]
versus [12CH4] reveals highly variable slopes between the
Fig. 9. Mole fraction of carbon (XC) required for graphite
saturation in each experiment (filled diamonds), where XC = -
XCO2 + XCH4 (CO is assumed to be a trace species). The grey
horizontal region represents the actual range of experimental bulk
carbon values, computed as [13CH4] + [12CH4] with a generous
estimate for the upper limit. Error bars are not visible at this scale.
See Section 4.2.2.



Fig. 10. Selected experimental conditions (open stars) superim-
posed on phase equilibria in the system H2–H2O, 300 �C. Error
bars are not visible at this scale. See Section 4.2.3.
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series (Fig. 11), from a maximum of �60 (Series 3) to a min-
imum of �1 (Series 2), indicating no systematic relationship
between labeled and unlabeled methane concentrations. A
likely explanation for the observed pressure enhancement
of [12CH4] is a pressure effect on thermal cracking of back-
ground organics, a phenomenon that has been observed in
previous experiments on coal pyrolysis (e.g., Shuai et al.,
2006; Tao et al., 2010).

4.2.5. Pressure-dependent C–O–H speciation

Aqueous methanogenesis has been proposed to occur
via the following sequence of reaction intermediates:
CO2 /CO! HCOOH! CH2O! CH3OH! CH4
Fig. 11. Labeled methane concentrations, [13CH4], versus unla-
beled methane concentrations, [12CH4]. Error bars are not visible at
this scale. See Section 4.2.4.
(Seewald et al., 2006). In an equilibrated H2-rich fluid, the
concentrations of such intermediates are low because most
carbon is speciated as CH4. However, because methanogen-
esis is much slower than the generation of intermediate spe-
cies, the intermediates may accumulate in solution at
concentrations governed by metastable, CH4-suppressed
equilibria (Shock, 1990, 1992; McCollom and Seewald,
2001, 2003; Seewald et al., 2006). In a previous hydrother-
mal flexible-cell experiment at 200 �C and 350 bar (Seewald
et al., 2006), maximum [CH4] was coincident with maxi-
mum [CH3OH], suggesting that methane concentrations
were rate-limited by the reduction of metastable methanol
via the reaction:

CH3OHþH2 ¼ CH4 þH2O ð3Þ

It is possible, therefore, that the pressure effect on [13CH4]
was due to pressure-dependent variations in the concentra-
tions of a rate-limiting, metastable intermediate species
such as methanol.

Metastable speciation calculations for a CH4-suppressed
C–O–H fluid at 300 �C from 1 to 3.5 kbar reveal a signifi-
cant pressure effect (Fig. 12). For example, at pH = 5,
CO2 is the most abundant C-bearing species at 1 kbar,
but CH3OH predominates at 3.5 kbar. To quantify the rel-
ative pressure effect, ratios of selected species were com-
puted from 1 to 3.5 kbar, and normalized to the same
ratios at 1 kbar (Fig. 13). Fig. 13A shows that the relative
concentrations of pH-independent metastable species
increase with pressure, and methanol shows the largest
increase. The pressure effect on the relative concentrations
of pH-dependent metastable species is highly variable (Fig
13B), as illustrated by an analysis of the ratio,
[RHCOOH]:[RCO2], where
X

HCOOH
h i

¼ HCOOH½ � þ HCOO�½ � ð4Þ

and,
X

CO2

h i
¼ CO2½ � þ HCO�3

� �
þ CO2�

3

� �
ð5Þ

For example, as P increases, [RHCOOH]:[RCO2]
increases at pH = 6, but decreases at pH = 11. Although
the influence of formate species on 13CH4 yields cannot
be ruled out, previous work at lower pressure has shown
no relationship between [RHCOOH] and [CH4] (Seewald
et al., 2006).

4.2.6. Fluid-hosted Fe-carbonyls

Pressure may have increased 13CH4 yields by promoting
reaction of the fluid with Fe in the capsules to form fluid-
hosted (i.e., not surface-bound) iron carbonyl complexes
(e.g., Fe(CO)5), following a reaction such as

Fe
� þ 5CO ¼ FeðCOÞ5 ð6Þ

Due to limited thermodynamic data for Fe-carbonyls and
limited compositional constraints, it is not possible to
model carbonyl formation in the present experiments. Nev-
ertheless, previous hydrothermal studies at broadly similar
conditions have shown that the stability of fluid-hosted Fe-
carbonyl complexes increases with pressure (Cody et al.,
2000, 2004) and that methane yields are enhanced when
immiscible Fe-carbonyls are present (Sharma et al., 2009).



Fig. 12. Metastable, methane-suppressed speciation calculations
for a homogeneous C–O–H fluid, 300 �C, 1 kbar (A) and 3.5 kbar
(B). Total carbon = 100 mmolal; [H2] = 70 mmolal.
[RHCOOH] = [HCOOH] + [HCOO�] and [RCO2] = [CO2] + [-
HCO3

�] + [CO3
�2]. See Section 4.2.5.

Fig. 13. Relative change in the concentration ratios of selected
metastable aqueous species versus pressure at 300 �C. (A) pH-
independent variations in concentration ratios of [X]:[CO2], where
X = CH3OH, CH2O, HCOO�, or CO. (B) pH-dependent varia-
tions in concentration ratios of total formate to total CO2,
where [RHCOOH] = [HCOOH] + [HCOO�] and [RCO2] = [CO2] +
[HCO3

�] + [CO3
�2].

C. Lazar et al. / Geochimica et Cosmochimica Acta 151 (2015) 34–48 43
4.2.7. Heterogeneous catalysis by Fe

Because C2H6 forms cogenetically with CH4 during
Fischer–Tropsch catalysis (Dry, 1981; Anderson, 1984;
McCollom and Seewald, 2007), the P-dependent increase
in 13C-labeled ethane concentration (Fig. 7) provides indi-
rect evidence for a pressure effect on the Fe-catalysis of
methane. Although the possibility remains that 13C-labeled
ethane formed by homogeneous 13CH4 polymerization
(McCollom, 2013), previous aqueous hydrothermal synthe-
ses of 13C-labeled ethane have only been observed in the
presence of Fischer-Tropsch-type (FTT) transition metal
catalysts such as Fe� metal (McCollom and Seewald,
2006), Fe-chromite (Foustoukos and Seyfried, 2004), pent-
landite (Fu et al., 2008), and cobalt-bearing magnetite (Ji
et al., 2008). Because such studies link ethane generation
to Fe-catalysis, the P-dependent increase in 13C-labeled eth-
ane concentrations in the present experiments suggests that
pressure may have accelerated Fe-catalyzed ethanogenesis
and methanogenesis. A kinetic pressure effect on catalysis
by Fe could result from a favorable decrease in the activa-
tion volume of a surface-bound transition state (Jenner,
2002), e.g., carbonyls or methylene groups (McCollom
and Seewald, 2007), or from an increase in the effective sol-
ute concentration at the fluid-mineral interface attending
compression of the solution.

4.3. Implications for natural systems

It should be emphasized that natural methane yields
depend on many other kinetic factors such as temperature,
fluid residence time, the presence of catalysts, gas phase
reaction, or bulk fluid composition. Nevertheless, a kinetic
pressure effect may be important in certain geological envi-
ronments when the influence of other kinetic factors is
diminished. For example, pressure may be important in
enhancing methanogenesis in deep extraterrestrial oceans,
where it may compensate for otherwise slow kinetics at cold
temperatures. Whether methane-stabilizing water–rock
interaction occurs on icy planetary bodies is an open ques-
tion, but numerical modeling of tidal heating and olivine
fracturing in Europa suggest that hydrothermal circulation
may be active at the seafloor, where pressure may reach 2–
3 kbar (Vance et al., 2007).
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A kinetic pressure effect may also be important when
heterogeneous catalysis is not a factor. Catalysts may
become passivated (McCollom and Seewald, 2006, 2007),
or may not be present at all. For example, the proposed cat-
alyst, awaruite (Ni3Fe) (Horita and Berndt, 1999), has a
stability range limited to the redox conditions of incipient,
partial serpentinization: e.g., the fluid-saturated assem-
blage, serpentine–olivine–brucite–magnetite, in which f O2

is buffered 4 to 7 log units below QFM (Frost, 1985;
Klein and Bach, 2009). However, the stability range of
methane-rich fluids extends to f O2 values as “high” as
QFM, which is considerably more oxidizing than the
awaruite stability limit. This broader f O2 range is accessible
to serpentinite assemblages more oxidizing than serpentine–
olivine–brucite–magnetite (Frost, 1985) and to other meta-
morphic processes in the lithosphere such as hydrothermal
alteration of basalt (Lyons et al., 2005). In such environ-
ments, pressure may compensate for the absence of awaru-
ite or other catalysts by promoting methanol-mediated
methanogenesis. The absence of awaruite has been invoked
to rule out an abiotic origin for CH4-rich fluid inclusions in
a blueschist-grade jadeitite (Shi et al., 2005), but the above
arguments suggest that catalysts in such high pressure envi-
ronments are unnecessary for substantial methane yields.

The potential for methanol (MOH) generation in geo-
logical settings may be evaluated by computing log KMOH

values versus P and T for the following reaction:
Fig. 14. Log KMOH (Reaction (7)) isopleths at P and T (solid black
contours), depicting the thermodynamic drive for metastable meth-
anol formation over a range of geological conditions. Dashed arrows
are extrapolated beyond the limit of the slop98.dat database. The
medium gray arrow represents an average geothermal gradient,
25 �C/km. Open stars represent conditions consistent with forearc
mantle serpentinization (H) and seafloor serpentinization (L). The
elongate open symbol denoted by “experiments” depicts the range of
conditions in the present study. The diagonal stripe pattern approx-
imates a P–T range corresponding to steeply dipping, cold subduc-
tion zones. Light gray curves are metamorphic facies boundaries
(Spear, 1993); zeo = zeolite, pp = prehnite-pumpellyite, gs = green-
schist, bs = blueschist, ext = extraterrestrial.
CO2ðaqÞ þ 3H2ðaqÞ ¼ CH3OHðaqÞ þH2OðlÞ ð7Þ

Log KMOH isopleths over the P–T range of Fig. 14 show
that an isothermal increase in P increases the thermody-
namic drive for methanol formation, implying enhanced
methanogenesis kinetics. This may be contextualized geo-
logically by considering two hypothetical serpentinization
settings at different pressures. The first is a low-P setting
at 200 �C and 0.5 kbar (Fig. 14, open star L), conditions
similar to those of a previous experimental simulation of
seafloor serpentinization in which [CH3OH] and [CH4] were
correlated (200 �C, 0.3 kbar; Seewald et al., 2006). The sec-
ond is a high-P setting at 200 �C and 5 kbar (Fig. 14, open
star H), representing serpentinized forearc mantle in an old,
steeply-dipping subduction zone, e.g., in the Western Paci-
fic (Hyndman and Peacock, 2003; Mottl et al., 2004). Com-
parison of the log KMOH values for the two locations shows
that the thermodynamic drive for methanol formation is
substantially greater in the forearc than in the seafloor set-
ting, implying greater methane yields in the former.

Except in cold subduction zones, an increase in litho-
spheric depth is usually accompanied by an increase in tem-
perature, which could decrease the thermodynamic drive
for methanol formation and, consequently, decrease the
rate of methanogenesis. Such an effect would apply to any
prograde P–T path whose slope is lower than that of the
log KMOH isopleths: e.g., an average terrestrial geothermal
gradient (gray arrow, Fig. 14). From two to five kilobars
along this P–T path, log KMOH decreases by six units, sug-
gesting that methanol-dependent methanogenesis rates
would decrease substantially along an average thermal
depth profile or, for example, along a prograde path in a
warm subduction zone.

Due to the lack of thermodynamic data for Fe-carbonyls
over a wide range of geological conditions, it is not possible
to model Fe-pentacarbonyl formation in the experimental
fluids as a function of P and T. Nevertheless, the results
of previous experimental studies suggest that carbonyl for-
mation is favorable over a wide range of lithospheric condi-
tions. Fluid-hosted Fe-carbonyls have been detected in low-
grade hydrothermal experiments (250 �C, 0.5–2.0 kbar) in
the presence of Fe-sulfides (Cody et al., 2000, 2004), and
at higher P and T in diamond anvil cell experiments
(250–560 �C, 10–70 kbar) in the presence of a variety of
Fe-bearing materials (FeO, Fe�, FeCO3) (Sharma et al.,
2009). This P–T range substantially overlaps the stability
range of CH4-rich fluids in the lithosphere (Fig. 1), where
Fe-rich minerals such as sulfides and oxides are ubiquitous,
implying fluid-hosted carbonyl-mediated methanogenesis is
a viable process throughout the crust and upper mantle.

The final mechanism to consider for natural systems is a
pressure effect on the rate of catalysis by Fe. Natural gold
typically contains trace or minor amounts of Fe on the
order of 103–104 ppm (McInnes et al., 2008), although
methanogenesis catalyzed by natural gold is not likely to
be a widespread geological process. Metallic Fe is more
commonly found in nature as awaruite, wherein the average
XFe value is �0.3. If heterogeneous catalysis by Fe� is accel-
erated by pressure, then methanogenesis during awaruite-
stabilized serpentinization in the forearc mantle wedge
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may be more rapid than during awaruite-stabilized serpent-
inization at the seafloor. A kinetic pressure effect on heter-
ogeneous catalysis may apply to other proposed FTT
catalysts such as sulfides and chromites (Foustoukos and
Seyfried, 2004; Fu et al., 2008).

Regardless of the mechanism, the experiments suggest
that pressure enhances the kinetics of aqueous methanogen-
esis along isothermal or very steep P–T paths. The limited
experimental pressure range (DP = 2.5 kbar) suggests that
the pressure differences in nature need not be very large
in order for a kinetic effect to be observable: a change in
depth of just a kilometer or two along a steep P–T path
may be sufficient to significantly increase methane yields.
Either methanogenesis in such pressurized fluids is kineti-
cally controlled, in which pressure may play a role, or fluid
residence times are sufficiently long that methane equili-
brates. In either case, serpentinization of the forearc mantle
wedge may be a particularly favorable setting for methano-
genesis. Absolute methane concentrations in the serpenti-
nized forearc mantle wedge would also be substantially
augmented by pressure-induced increases in mineral solu-
bilities in aqueous fluids at depth. For example, fluids that
equilibrate with calcite at blueschist conditions during
dehydration of the downgoing slab will contain CO2 con-
centrations that are 100–1000X higher than similar fluids
in oceanic settings (Caciagli and Manning, 2003), poten-
tially leading to correspondingly high CH4 yields as these
fluids infiltrate and serpentinize the overlying forearc man-
tle wedge (Lazar et al., 2014). It has been proposed that the
progress of H2- and CH4-producing reactions in the mantle
wedge is limited by Fe-Mg redox partitioning between oliv-
ine and the high-pressure serpentine polymorph, antigorite
(Evans, 2010), but observations of CH4-rich, graphite-free
fluid inclusions in ultramafic complexes exhumed from
mantle wedge settings (Shi et al., 2005; Sachan et al.,
2007; Song et al., 2009) demonstrate that extensive aqueous
methanogenesis is possible in this environment.

A pressure effect on methanogenesis has astrobiological
implications. Because the kinetic barrier to methanogenesis
favors the synthesis of metastable organic molecules such as
amino acids (Shock, 1990, 1992; Shock and Canovas, 2010),
the experimental results imply that prebiotic chemistry may
be sensitive to pressure, depending on the local geothermal
gradient. Moreover, methane-generating serpentinization
has been proposed to be a favorable setting for early Earth
and extraterrestrial life (Schulte et al., 2006; Russell et al.,
2010), and previous experimental and field studies suggest
the viability of a deep biosphere (Gold, 1992; Stevens and
McKinley, 1995; Sharma et al., 2002). Therefore, the results
imply that microbial habitability for CH4-dependent organ-
isms varies with pressure. For example, methanogens that
exploit slow methanogenesis kinetics may find seafloor ser-
pentinite springs a more favorable habitat than serpentini-
zation at a few kilometers depth in a cool forearc.

5. CONCLUSIONS

Methane generated abiotically in the lithosphere and
mantle may have an important influence on the develop-
ment of a biosphere and atmosphere on Earth and other
Solar System bodies. Therefore, understanding the physical
chemistry of abiotic methanogenesis is critical in geochem-
istry, astrobiology, and related disciplines. Because meth-
ane-bearing fluids emanating from some submarine
springs are not at equilibrium, kinetics may play a role in
determining the compositions of such fluids. We examined
the effect of pressure on methanogenesis kinetics in four ser-
ies of cold-seal hydrothermal experiments at 300 �C using a
dilute aqueous solution containing 13CO2 and H2 as pri-
mary reactants. Experimental methane concentrations did
not reach equilibrium and could be explained by two simul-
taneous effects. The first effect was pressure-independent
variations in CH4 yields between and within the four series
of experiments due to heterogeneous catalysis by trace Fe in
the Au capsules. The second was a pressure effect attributed
to a pressure-dependent increase in the relative concentra-
tion of methanol or other reaction intermediate, the stabil-
ity of Fe-carbonyls, or the rate of heterogeneous catalysis
by trace Fe in the Au capsules. The results may aid in mod-
eling methanogenesis in natural settings because pressure
may be an important kinetic variable where geologically
applicable, e.g., in forearc regions of subduction zones or
on planetary seafloors. In geological settings at low T and
high P, a pressure effect on methanogenesis kinetics may
counteract otherwise slow reaction rates expected at low
temperature.
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