Printed in the USA. All rights reserved

Geochimica et Cosmochimica Acta, Vol. 67, No. 19, pp. 36253644, 2003
Pergamon Copyright © 2003 Elsevier Ltd
0016-7037/03 $30.06- .00

doi:10.1016/S0016-7037(03)00136-4

Experimental constraints on the hydrothermal reactivity of organic acids and acid anions:
|. Formic acid and formate

THomAs M. McCoLLom* and EFFREY S. SEEWALD
Woods Hole Oceanographic Institution, MS #4, Woods Hole, MA 02543, USA

(Received June 12, 2002; revised 30 January 20@8cepted in revised form January 30, 2003)

Abstract—A series of hydrothermal experiments covering a range of temperatures from 175 to 260°C
examined the decomposition of formic acid and formate and also investigated the production of formate from
reduction of CQ. Decomposition rates measured in this study, which were conducted in gold-dactors,

were several orders of magnitude slower than those reported in previous studies conducted in steel and
Ti-metal reactors, indicating the previous studies substantially overestimated the rate of the reaction owing to
reactor catalysis. Although experiments were conducted with several different minerals present (hematite,
magnetite, serpentinized olivine, NiFe-alloy), the decomposition rates were similar in each experiment once
the effects of fluid pH were accounted for, suggesting that the minerals had no effect on the stability of formic
acid or formate. At higher temperatures425°C), the rates of both the decomposition of formate and the
reduction of CQ to formate were sufficiently rapid that reactions between dissolveda®® formate rapidly
attained a state of metastable thermodynamic equilibrium. The results suggest that the amount of formate in
many subsurface and hydrothermal fluids is likely to be controlled by equilibrium with dissolveiGe
prevailing oxidation state and pH of the fluid. This may account for the high concentrations of formate
observed in strongly reducing environments such as serpentinites, as well as the low concentrations relative
to other organic acid anions in mildly reducing environments such as oil-filed brines and formation waters in
sedimentary basins. Although formate has been suggested to be a reaction intermediate in the formation of
abiotic hydrocarbons from reduction of aqueous,Qfoduction of hydrocarbons was not observed in any of

the experiments, except for trace amounts of methane, despite high concentrations of formate and strongly
reducing conditions. Copyright © 2003 Elsevier Ltd

1. INTRODUCTION tens, 1990; Barth, 1991; Haggerty, 1991; Haggerty and Fisher,
1992; Kawamura and Nissenbaum, 1992; Amend et al., 1998;
Zeng and Liu, 2001). Formate is generated in laboratory ex-
periments designed to simulate the thermal maturation of or-
ganic matter (Lundegard and Sentfle, 1987; Kharaka et al.,
1993; Shebl and Surdam, 1996), and has been suggested to be
a reaction intermediate in the abiotic reduction of aqueous CO

Short-chain organic acids and acid anions frequently repre-
sent a large fraction of the total dissolved organic carbon in
aqueous geologic fluids. Collectively, organic acid and acid
anions have been proposed to have a significant role in a variety
of geochemical processes, including the formation of oil and
natural gas deposits, transportation of metals in ore-forming . )
solution, enhancing porosity in sedimentary basins, and pro- to methane and other hydrocarbons (Horita and Berndt, 1999;
viding food for microbes in subsurface habitats (see reviews in Schoonen et aI.., 1999). . . . . .
Pittman and Lewan, 1994). Formic acid (HCOOH) and its By analogy with other organic acid and acid anions, formic

conjugate base, formate (HCOQ can be considered as the acid anq formate are thought to be generated during thermal
simplest of the organic acids and acid anions that occur in Maturation of organic matter and to subsequently decompose

natural waters. Formatéias been reported to occur along with during continued thermal stress (seg Pittman and Lewgn, 1994).
acetate and other organic acid anions in a wide variety of As SL_JCh'_ formate_ and_other organic a_qu can be viewed ?S
geologic environments, including formation waters from sedi- reaction intermediates in the decqmp03|t|on of complex organic
mentary basins, oil-field brines, natural spring waters, pore Matter to CQ, CH,, and other light hydrocarbons. In most

waters from seafloor serpentinites, and hydrothermal fluids 9€°logic fluids, the abundance of formate is much lower than

(Fisher and Boles, 1990; MacGowan and Surdam, 1990; Mar- the abundances of coexisting acetate and propionate, which has
’ ’ ’ ' been attributed to a faster decomposition rate for formate

compared to other acid anions. However, in some cases, such as
* Author to whom correspondence should be addressed, at the Labo- hydrothermal fluids, pore fluids from serpentinites, and the
ratory for Atmospheric and Space Physics, Campus Box 392, Univer- aqueous products of hydrous pyrolysis of kerogens, the abun-
Etg’p gglo?;é%rigzr) Boulder, CO 80309-0392, USA (mccollom@  gance of formate is comparable to, or greater than, acetate and
1In natural samples, organic acids and acid anions are generally proplonate (e.g., Martens, 1990; Haggerty, 1991; Haggerty and
analyzed and reported together in anion form. Consequently, reported Fisher, 1992; Shebl and Surdam, 1996; Amend et al., 1998;
concentrations of formate, acetate, etc. may include both organic acids Zeng and Liu, 2001). The higher relative abundance of formate
and acid anions. For convenience, formate will be used in this report to i these instances has been attributed to sampling of the fluids

refer to formic acid and formate collectively when the exact speciation - )
is uncertain or not germane to the discussion. Simil&Ig0, will be soon after the acids formed and before the formate had suffi-

used to refer to all dissolved GOspecies collectively, including ~ Cient time to decompose (e.g., Haggerty, 1991; Bell and
COsag, HCO,;™, and CQ?. Palmer, 1994).
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Fig. 1. Calculated equilibrium distribution of CO,,q), HCO; ™, CO5*~, HCOOH ), and HCOO™ at 175 and 250°C, 350
bars. Equilibrium speciation as a function of pH for constant H,,q concentration is shown in (a) and (b), while (c) and (d)
show the speciation as a function of H,(aq) concentration at a constant pH of 7. Figures (a) and (c) are calculated for atotal
dissolved carbon concentration of 20 mmolal, while (b) and (d) are calculated for atotal dissolved carbon concentration of
150 mmolal. The figures represent metastable equilibrium distributions since most of the carbon would be present in the
form of CH, at stable equilibrium for the reducing conditions shown in the figures.

There are two principal pathways for decomposition of for-
mic acid, which are generaly referred to as decarboxylation
and dehydration:

HCOOH = CO, + H, (decarboxylation) (1)
HCOOH = CO + H,0 (dehydration) 2

When formic acid is dissolved in water, the decarboxylation
pathway strongly predominates, while dehydration isfavored in
the gas phase (Bjerre and Sarenson, 1992; Akiya and Savage,
1998; Maidlla and Brill, 1998; Yu and Savage, 1998). Analo-
gous reactions for formate can be written as

HCOO™ + H,0 = HCOy™ + H, ©)
HCOO™ + H* = CO, + H, ()
HCOO™ + H* = CO + H,. (5)

These reactions are reversible, so that formic acid and formate
can be generated by reduction of dissolved CO, or HCO;™, or

by hydration of CO, as the reactions proceed from right to left
as written.

Recently, McCollom and Seewald (2001) reported that both
the decarboxylation of formate and the reduction of dissolved
HCO;™ to formate was sufficiently rapid at 300°C that a state
of chemical thermodynamic equilibrium was established be-
tween these compounds in < 24 h. This result suggested that
the abundance of formate in many geologic fluids might be
controlled by thermodynamic equilibrium rather than kinetic
factors. The abundances of formate and formic acid in chemical
equilibrium with dissolved CO,, species are strongly dependent
on pH and oxidation state (Fig. 1). For al values of pH, more
strongly reducing conditions increase the proportions of formic
acid and formate in equilibrium with 2CO,. Nevertheless,
equilibrium concentrations of formic acid and formate are
small at low pH, even under very strongly reducing conditions.
At moderately alkaline pH values, the thermodynamic stability
of formate increases relative to dissolved 3CO, and the pro-
portion of formate at equilibrium increases substantially. Under
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reducing conditions and alkaline pH, formate can make up a
large fraction of the total dissolved carbon at equilibrium (Fig.
1). It must be noted that the relative proportions of 3CO, and
formate under reducing conditions shown in Figure 1 repre-
sents a metastable equilibrium, since most of the dissolved
carbon would be converted to CH, if stable thermodynamic
equilibrium for the overall system were attained. However,
formation of CH, from reduction of dissolved CO, or formate
is kinetically inhibited under hydrothermal conditions unless
specific catalysts are present (McCollom and Seewald, 2001).

At present, there are few experimental data available on the
reactivity of formic acid and formate in aqueous solution. For
the most part, the available data are limited to high tempera-
tures (>300°C) and low water densities (Bjerre and Sgrenson,
1992; Akiyaand Savage, 1998; Maiellaand Brill, 1998; Yu and
Savage, 1998). Furthermore, nearly al previous studies were
conducted in steel or Ti-metal vessels where interactions with
the reactor walls apparently accelerated reaction rates (Bjerre
and Sagrenson, 1992; Maiella and Brill, 1998). Consequently,
the reactivities of agueous formic acid and formate in geologic
environments remain largely unknown.

Presented here are results of laboratory experiments per-
formed to investigate the formation and decomposition of for-
mic acid and formate under hydrothermal conditions. In par-
ticular, the experiments were designed to address the following
issues: (1) the effect of temperature and pH on reaction rates for
decomposition of formic acid and formate and for the produc-
tion of formate from reduction of CO,, (2) the potential for
equilibration between formate and dissolved 3CO,, (3) the
potential for reduction of dissolved CO, to methane and other
hydrocarbons under hydrothermal conditions and the role of
formate in the process, and (4) the impact of mineral surfaces
on reactions involving formic acid and formate. Thisisthe first
of two reports presenting results from hydrothermal experi-
ments with organic acids. A companion paper examines the
reactivities of acetic acid, acetate, and valeric acid (n-pentanoic
acid) (McCollom and Seewald, 2003).

2. METHODS

All experiments were conducted in a flexible-cell hydrothermal
apparatus (Fig. 2; Seyfried et a., 1987). The internal reaction cell
consisted of aflexible gold bag with titanium fittings. This reaction cell
was confined within a stainless steel pressure housing using H,O asthe
pressurizing fluid. Because the flexible reaction cell collapses or ex-
pands asfluid isremoved or added, the experiments could be conducted
at constant pressure with no vapor phase present. The sampling valve
was attached to the reaction cell with a capillary tube. This valve
allowed samples of the fluid to be obtained during the course of the
experiments, and also allowed additional reactants to be periodically
injected into the reaction cell. The titanium fittings were combusted in
air for 24 h at 400°C before use in the experiment to form an inert TiO,
layer on the surface. All experiments were conducted at a pressure of
350 bars.

The experiments were conducted by injecting aqueous solutions of
HCOOH or NaHCO; into the reaction cell, followed by removal of
fluid samples through the valve to follow the progress of reactions over
time. For most injections, **C-labeled reactants were used (99%
H*3COOH or NaH**CO,; Cambridge Isotope Labs) to provide a tracer
for injected carbon. In some cases, NaOH and MgCl, were a so injected
to adjust fluid pH. Severa different minerals were included in separate
experiments. The intent of including the minerals was two-fold: first, to
provide reducing conditions within the reaction cell through reaction of
the minerals with water and, second, to provide potential catalytic
surfaces similar to those that occur in sedimentary basins and hydro-

Fluid sampling/
injection valve

Pressure
line

titanium closure

aqueous
solution
gold bag

steel pressure
containment vessel

minerals |

Fig. 2. Schematic drawing of the flexible-cell hydrothermal appara-
tus used in the laboratory experiments.

therma environments. In each experiment, the minerals were heated
with water before injection of HCOOH or NaHCO; to allow reducing
conditions to develop before introducing the reactants. The initial
heating period also made it possible to evaluate background levels of
CO, and organic compounds generated from the minerals.

Solids included in separate experiments included: (1) nickel-iron
powder, (2) powdered olivine, or (3) hematite plus magnetite. The
nickel-iron powder had a composition of 42 wt.% Ni and 58 wt.% Fe
and had a reported purity of > 99% on a metals basis (Johnson
Matthey). The olivine was obtained from Excalibur Minerals (Peek-
skill, NY) and consisted of crystals (~30—80 mm diameter) that were
hand-picked from mantle peridotite xenoliths originating from San
Carlos, AZ. The composition of the olivine, as determined by electron
microprobe, is given in Table 1. To avoid contamination with organic
solvents, the crystals were washed only with Milli-Q water. After
drying, the olivine was crushed to a fine powder for use in the
experiments. The hematite and magnetite were finely powdered syn-
thetic minerals (Alfa Aesar).

Separate fluid samples were taken directly into glass/Teflon gas-tight
syringes (0.2-0.5 g each) and were used to analyze: (1) dissolved H,,
(2) dissolved CO,, CH,, and C,-C4 hydrocarbons, (3) cations and
anions, including formate and other carboxylic acid anions. Concen-
trations of total dissolved CO, (2CO,), CH,, and C,-Cq hydrocarbons
were determined by gas chromatography (GC) following extraction
from an acidified fluid sample using a purge-and-trap device. Dissolved
H, was analyzed by GC following a headspace extraction of the sample

Table 1. Composition of San Carlos olivine used in the experi-
ment.

Oxide Weight percent
S0, 40.31
Tio, 001
ALO, 0.01
Feb>” 053
MgO 49.74
Ca0o 0.06
NiO 0.32
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syringe with N,. Gas chromatography-mass spectrometry (GCMS) was
used on selected samples to determine the extent to which carbon
derived from isotopically labeled reactants was incorporated into aque-
ous reaction products. Cations and anions, including organic acids,
were analyzed by ion chromatography. Organic acids and their conju-
gate bases were measured in anion form and are reported as atotal (e.g.,
2formate = HCOOH,,, + HCOO™). In most cases, the concentrations
reported in the tables represent averages for analyses of two separate
fluid samples. Estimated analytical uncertainty for all compounds is
+5%. Trace amounts of C,-Cg hydrocarbons as well as benzene and
toluene were observed throughout the experiments. However, because
these compounds were always present at very low levels and appeared
to derive exclusively from background sources rather than reactions
involving the compounds under study, their concentrations are not
reported in detail. C5-C; carboxylic acids were below detection limits
(<0.1 mmol kg™%) in all experiments.

Thermodynamic calculations were used to determine equilibrium
distributions of agueous species and to estimate in situ pH. The re-
quired thermodynamic data for these cal cul ations were generated using
the computer program SUPCRT92 (Johnson et al., 1992) with addi-
tional data from Shock (1995). In situ pH values were calculated from
mass and charge balance using Na, Mg, Ca, Cl, H,, and total dissolved
carbon as input constraints. The calculations were performed using the
computer program EQ3NR, which takes into account the formation of
agueous complexes, activity coefficients, and carbon speciation in
determination of pH (Wolery, 1992). In those cases where measurable
concentrations of Mg were observed, the calculated pH was aso
constrained by the measured Mg concentrations and equilibrium con-
stants for saturation of the fluid with the minerals brucite or magnesite
as appropriate:

Mg +2H,0 = Mg(OH), + 2H*
Brucite ©
Mg** + HCO; = MgCO;+ H*.
Magnesite )
3. RESULTS

3.1. Reactions in the Presence of NiFe Alloy Plus
M agnetite

The experiment was initiated by heating nickel-iron powder
(NiFe, ,) with liquid H,O at 335°C for 470 h. Examination of
the solids by XRD and electron microprobe after the termina-
tion of the experiment indicated that reaction of the powder
with water led to the formation of magnetite and a NiFe aloy
containing 2 to 9 mol.% Fe. This process can be approximated
by the reaction

NiFe, + 18H,0 = NiFge+ 045Fe0,+

aloy magnetite

L8Hyag)-

®

The production of dissolved H, by this reaction resulted in
strongly reducing conditions within the reaction vessel. At
424 h, the measured H, concentration had increased to 119
mmol kg~ (Table 2).

After 470 h at 330°C, the temperature of the experiment was
lowered to 177°C and a solution of **C-labeled formic acid
(99% H**COOH) was injected into the reaction cell to attain a
Sformate concentration of 230 mmol kg~*. Over the next
700 h, the measured 3. formate concentration decreased steadily
by ~50 mmol kg~—* while the H,, concentration increased by a
similar amount, indicating partial decomposition of the injected
formic acid by decarboxylation (Fig. 3a; Table 2). The 3CO,
concentration initially increased and then remained essentially
constant during this period. The absence of agueous 3CO,

increases during formic acid decomposition suggests CO, may
have been removed from solution along with some H, by
precipitation of iron carbonate (siderite; FeCO,) according to
the reaction:

Fe;0, +
Magnetite

3COuag +  Ham) 3FeCO; + H,0.
Siderite
©)

Thermodynamic calculations were performed to determine
whether the formic acid decomposition had led to equilibrium
between 3CO, and 3formate. Comparison of the measured
3.CO />formate ratio with the ratio expected for equilibration
between 3CO, and Xformate at the calculated in situ pH and
measured H, concentration indicates that the reaction was
progressing towards equilibrium, yet remained far from equi-
librium after nearly 700 h at 177°C (Fig. 3b).

At 1171 h, the effect of higher temperature on formic acid
decomposition was assessed by raising the temperature to
260°C and injecting additional HCOOH to afina concentration
of 257 mmol kg~*. Within 91 h, nearly al of the injected
formic acid had decomposed, resulting in sharply increased
concentrations of 3CO, and H, (Fig. 4a). After thisinitial rapid
reaction, the measured concentrations of H,, 2CO,, and >for-
mate remained essentially constant for the next 2000 h. The
measured 3.CO,/>formate ratio 91 h after the injection was
nearly identical to the calculated equilibrium ratio for the
measured H, concentration and the estimated in situ pH of
~4.4 (Fig. 4b), suggesting that the system rapidly attained
equilibrium between 3,CO, and 3formate at this temperature.
The constant concentrations over the succeeding 2000 h reflect
steady state conditions once equilibrium was achieved.

For equilibrium at the relatively reducing conditions present
in the reaction vessel, an increase in pH from acidic to mildly
akaline conditions at a constant temperature of 260°C should
result in a reduction of dissolved XCO, to formate (Fig. 1).
Accordingly, a solution of NaOH was injected into the exper-
iment at 3265 h to raise the pH and observe the rate of 2CO,
conversion to formate. Magnesium chloride was also included
in the injection to provide atracer to monitor in situ pH through
precipitation of magnesite (Eqgn. 7).

The increase in pH resulted in rapid conversion of H, and
3. CO, to Xformate, with > 50 mmol kg~ of Sformate pro-
duced within 40 h after the injection (Fig. 4a). Continued
heating for > 800 additional hours, however, generated no
further increase in the measured Xformate concentration de-
spite continued high concentrations of H, and XCO,. The
concentrations of 3.CO, and H, decreased slightly during this
period, presumably owing to further precipitation of Fe and Mg
carbonates. As shown in Figure 4b, comparison of measured
and equilibrium X CO,/Xformate ratios indicates that reduction
of 3CO, to Xformate had apparently attained equilibrium
within 40 h after the pH was raised.

The temperature of the experiment was lowered to 175°C at
4217 h and, after 90 h at this temperature, a solution of NaCl
and additional H3COOH was injected to determine whether
the salinity of the fluid would have any appreciable affect on
the rate of formic acid decomposition. An increase in Mg
concentration was observed following the injection, reflecting
partial dissolution of magnesite in response to a decrease in the
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Table 2. Fluid composition during reaction of aqueous solutions with NiFe aloy.

Time ATime® H,

M M (m) (m) m M W W W

3CO, XFormate CH, C,H, C,Hs C;Hs CHg SAcetate CH,OH ClI Na Mg %=C %'C Fluid® Calc.
(w)  (m) (m (m) (m (m) 2CO, CH, (g pH°

0 Sart of experiment; initial temperature = 335°C
424 — 119 0.12 — 13 01 160 10 48 — - = = — ~1 392 —
470 Reduced temperature to 177°C and injected H**COOH
470¢ 0 61 006 230 066 <01 82 <01 25 — — 100 6 396
639 169 75 21 204 078 <01 838 <01 29 — - - = — 100 6 338 46
1141 671 107 22 184 0.80 <01 100 <01 29 — - - = — 100 6 272 46
1171 Increased temperature to 260°C and injected HCOO!
1171¢ 0 59 12 257 044 <01 55 <01 16 — - - = — - = = =
1262 91 327 219 38 048 <01 47 04 24 0.55 54 — — — 52 10 387 43
2104 933 323 234 4.0 081 <01 52 <01 23 0.70 90 — 06 <005 53 38 330 43
3257 2086 301 239 29 17 <01 74 <01 29 0.50 60 — 07 <005 55 61 283 44
3265 Injected solution of NaOH and MgCl,
32659 2094 168 133 16 096 <01 41 <01 16 0.30 33 108 179 - = = =

<005 53 61 438 73

3306 2135 143 70 53 093 06 47 12 12 — 76 112 191 )

4122 2951 118 57 50 097 <01 51 <01 31 0.42 70 112 179 <005 53 64 358 71
4217 Temperature decreased to 175°C

4285 — 110 43 53 097 <01 52 <01 32 0.37 6.7 110 192 012 — — 296 6.2
4307 Injected solution of HX*COOH and NaCl

43074 0 63 25 124 056 <01 30 <01 19 0.2 39 264 312 0.07 — — — —
4333 26 64 49 119 053 02 33 <01 23 <04 35 235 288 12 — — 410 51
4983 676 102 (113)° 73(80)¢ 69(76)° 046 <01 39 <01 29 <04 40 213 251 17 — — 352 49
4987 Temperature raised to 225°C

49879 680 102 73 69 046 <01 39 <01 29 <04 29 213 251 17 — — — —
5030 723 102(122) 77(92) 40(48) 043 <01 44 <01 35 <04 — 197 230 56 — — 295 51
5341 1034 113(147) 86(112) 25(32) 042 <01 52 <01 43 <04 41 181 213 04 78 56 243 56
5347 Temperature lowered to 175°C

5418 Injected NaH**CO3 and NaOH in NaCl solution

5418% 1111 55 92 12 020 <01 25 <01 21 20 272 360 02 — - - —
5437 1130 — 7 13 023 <01 30 <01 30 0.07 23 258 326 <005 — — 3713 70
6469 2162 39(45) 50(59) 27(31) 022 <01 41 <01 37 0.07 21 221 266 <005 — — 321 63

Concentrations are in mmol kg~ * (m) or wmol kg~* (w). “Dashes’ = no data. The experiment initially contained 0.64 g powdered NiFe, , and

39.2 g H,0.

2 Elapsed time since temperature increase to 260°C at 1171 h or injection of formic acid at 175°C at 4307 h.

b Estimated amount of fluid in reaction cell prior to sample.
¢ Calculated pH from fluid speciation (see “Methods”).

d Concentrations shown in italics after each injection are calculated values based on the concentration prior to injection and the compasition of the

injected fluid.

¢Vaues of H,, XCO,, and SFormate shown in parenthesis are recalculated to account for dilution of reaction cell contents (see text). The
concentrations for time = t were calculated by multiplying the measured value by the ratio [Cl]4z33n o sas7/[Cl]:-

in situ pH after injection of formic acid. The gold reaction cell
apparently developed a small rupture during this injection,
which is evident in the continuous gradual decrease in Cl
concentration throughout the remainder of the experiment
caused by diffusion of the cell contents into the surrounding
pressurizing fluid (Cl-free H,O) (Table 2). Since the rate of
dilution of the cell contents by the pressurizing fluid appeared
to be considerably slower than the rates of the reactions under
study, it was decided that useful information could still be
obtained and the experiment was continued. However, it should
be understood that the measured concentrations of solutes in
the remainder of the experiment are lowered by the dilution
and, as a consequence, the apparent reaction rates are some-
what more rapid than the actual rates. The amount of dilution
as indicated by the decrease in Cl concentration was used to
gauge the loss of other solutes, and the concentrations of H,,
3,CO,, and Xformate corrected for loss by dilution are listed in
parentheses in Table 2.

During the 676 h following the injection of H**COOH and
NaCl at 4307 h, there was a decrease in the measured X.formate
concentration and corresponding increases in %CO, and H,

concentrations (Fig. 5a), indicating gradual decomposition of
the injected Sformate. The rate of decomposition was compa-
rable to that observed earlier in the experiment (Fig. 3a),
indicating little or no effect of salinity on the decomposition
reaction. Despite the gradual decomposition of Sformate, the
experiment remained far from equilibrium after 676 h at 175°C
(Fig. 5b).

At 4987 h, the temperature of the experiment was increased
to 225°C. Within 33 h of the temperature increase, the mea-
sured Xformate concentration had decreased substantially, in-
dicating an increase in the rate of decomposition with the
increase in temperature (Fig. 5a; Table 2). The concentration of
S formate had decreased further by the time the second sample
was obtained at this temperature 350 h later. However, by the
time the second sample was taken, the measured 3CO,/2for-
mate ratio was very close to the calculated equilibrium value,
suggesting that 3CO, and Xformate had equilibrated well
before this sample was taken (Fig. 5b). Extrapolation of the
decomposition rate observed in the first 33 h suggests that
equilibrium was attained within the first 75 h. The decompo-
sition of Xformate was not accompanied by corresponding
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Fig. 3. (8) Measured concentrations of dissolved Xformate, 2CO,,
and H,, during reaction of agueous solutions at 177°C in the NiFe aloy
experiment as a function of elapsed time following injection of
HCOOH at 470 h. (b) Comparison of calculated equilibrium ZCO,/
Sformate ratios with the ratios measured in the experiment. Equilib-
rium ratios are calculated using the measured H, and estimated in situ
pH for the corresponding sample.

increases in the concentrations of 3CO, and H,. This observa
tion, together with a decrease in the Mg concentration, indi-
cates that much of the XCO, generated by Xformate decom-
position was precipitated as Mg-Fe carbonates (Egn. 7 and 9).
To observe the rate of 3XCO, reduction to formate at a lower
temperature, the temperature of the experiment was again re-
duced to 175°C at 5347 h and a solution of NaH®CO, plus
NaOH injected at 5418 h. Gradua reduction of 3CO, to
formate was observed during ~21000 h of continued heating at
this temperature, as indicated by an increase in Xformate con-
centration and corresponding decreases in H, and %CO, (Fig.
5a). However, the reaction still remained far from equilibrium
when the experiment was terminated at 6469 h (Fig. 5b).
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Fig. 4. (8) Measured concentrations of dissolved Xformate, 2CO,,
and H,, during reaction of agueous solutions at 260°C in the NiFe aloy
experiment as a function of elapsed time following injection of
HCOOH at 1171 h. (b) Comparison of calculated equilibrium ZCO,/
Sformate ratios with the ratios measured in the experiment. Equilib-
rium ratios are calculated using the measured H, and estimated in situ
pH for the corresponding sample. The vertical line indicates injection
of a NaOH solution at 2094 h elapsed time.

Solid products were collected by filtration at the termination
of the experiment and analyzed by XRD and electron micro-
probe. The solids included magnetite, NiFe alloy, and carbon-
ate minerals. Analysis of severa NiFe aloy crystals by ion
microprobe indicated they had a range of Fe contents from 2 to
9 mol.%. Carbonate minerals were primarily Mg-rich, with
compositions  ranging  from  (MQggoF€y01)CO;  tO
(Mgg.g2F€,.05)CO3, dthough a single carbonate grain with an
anomalous composition of (Mgg_»3F€,+7)CO5; was observed.

3.1.1. Production of methane and other hydrocarbons

Methane and other hydrocarbons were observed in small
amounts throughout the experiment (Table 2). Methane con-
centrations increased during the first 3300 h, and then remained
essentially constant for the remainder of the experiment after
taking into account dilutions during fluid injections (Fig. 6). In
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Fig. 5. (8) Measured concentrations of dissolved Xformate, 2CO,,
and H,, during reaction of agueous solutions at 175 and 225°C in the
NiFe alloy experiment as afunction of elapsed time following injection
of HCOOH at 4307 h. (b) Comparison of calculated equilibrium
3,CO,/=formate ratios with the ratios measured in the experiment.
Equilibrium ratios are calculated using the measured H, and estimated
in situ pH for the corresponding sample. The vertical lines indicate an
increase in temperature to 225°C at 680 h elapsed time and a decrease
in temperature to 175°C and injection of a NaHCO,/NaOH solution at
1111 h.

general, the concentrations of other hydrocarbons such as
ethane and propane increased only gradualy throughout the
experiment (Fig. 6). Hydrocarbons other than methane never
accounted for more than a small fraction of the total dissolved
carbon (<<1%). Significant amounts of methanol were ob-
served throughout this experiment (Table 2), but background
levels of methanol were not determined so it is unclear whether
the methanol resulted from reduction of CO..

Isotopic labeling was used to determine the amount of the
methane and other hydrocarbons that were derived from in-
jected carbon sources. Formic acid labeled with *3C (99%
H3COOH) was injected at 470 and 4370 h, and the isotopic
composition of £CO,, methane, and C,-C4 hydrocarbons were
monitored for samples taken between 639 and 4122 h and again

at 5341 h (Table 2). The largest increase in methane concen-
tration was observed between 1171 and 3257 h following an
increase of the temperature to 260°C and injection of formic
acid. A continuous increase in the proportion of **C in methane
during this period (Table 2) indicates that the methane was
mostly derived from the injected carbon source, which was
present primarily as dissolved 3CO, following rapid decom-
position of formic acid after injection. At 3257 h, the propor-
tion of *3C in methane (61% **CH,,) was essentially identical to
the proportion in 2CO, (55% 3*3CO,), demonstrating that the
methane was derived from dissolved carbon and not from
background sources. The proportions of *3C in all hydrocar-
bons other than methane, however, remained at low levels
(~1% *3C) and were constant throughout the experiment, in-
dicating that these hydrocarbons were generated from back-
ground sources rather than the injected carbon.

3.2. Reaction in the Presence of Serpentinized Olivine

This experiment was initiated by heating olivine with a 0.5
mol kg~ NaCl solution at 330°C for 475 h, at which time the
temperature was reduced to 177°C. During this period, strongly
reducing conditions were generated within the reaction cell
through the production of dissolved H, by the “serpentiniza-
tion” reaction (Berndt et al., 1996; McCollom and Seewald,
2001):

Olivine (Fogg) + 1.34 H,) — 0.25 Serpentine
+ 0.26 Brucite + 0.08 Magnetite + 0.08 H,. (10

Measurement of the fluid composition at 549 h (Table 3)
showed that the H, concentration had increased to 55 mmol
kg~*. Small amounts of 3CO,, Sformate, and hydrocarbons
were also observed at this time that were apparently derived
from a background source associated with the minerals (Table
3).
A solution of **C-labeled bicarbonate (99% NaH*CO,) was
injected into the experiment at 553 h to observe reduction of
3,CO, to formate. However, over the next 525 h at 177°C, the
concentrations of all fluid components remained nearly con-
stant (Fig. 7a). Based on thermodynamic considerations, alarge
fraction of the dissolved 3CO, should have been reduced to
formate under the reducing conditions present in the reaction
vessel (Figs. 1a and 7b). Nevertheless, only a slight increase
was observed in the measured formate concentration, indicat-
ing reduction of %CO, to formate was kinetically inhibited at
the experimental conditions.

At 1079 h, asolution of MgCl,, and NaH**CO, was injected
into the experiment to observe whether a decrease in pH would
result in more rapid reduction of %CO,. The injected MgCl,
lowered pH through precipitation of brucite according to Egn.
6. In addition to generating acidity, however, addition of MgCl,
also had the unintended effect of removing almost all of the
dissolved 3CO, through precipitation of MgCO; (Egn. 7) in
addition to brucite. While the decrease in 3CO, resulted in a
measured 3,CO,/3formate ratio that was close to the expected
equilibrium ratio for the conditions present in the reaction
vessel (Fig. 7b), this can be attributed to mineral precipiation
rather than reaction between 3CO, and Xformate.

After this injection, there was essentially no change in the
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Fig. 6. Measured concentrations of dissolved methane, ethane, and propane during the NiFe alloy experiment. The
vertical lines indicate changes in temperature or injection of reactant solutions.

concentrations of any solutes during 2300 h of additional
heating at 177°C (Fig. 7a; Table 3). It was anticipated that this
prolonged heating period might produce additional H, from
serpentinization of olivine, which would subsequently result in
an increase in formate concentration from XCO, reduction.
However, no increase in H, concentration was observed during
this period, suggesting that the serpentinization of olivine (Eqn.
10) was proceeding only very slowly, if at al, at this temper-
ature.

The rate of formic acid decomposition was assessed at 177°C
by injecting a solution of H*COOH at 3545 h. Partial disso-
ciation of the injected H**COOH resulted in aslight decreasein
pH, as reflected in an increase in Mg concentration from
dissolution of magnesite and/or brucite (Table 3). The mea
sured %CO,, concentration also showed a slight increase imme-
diately after theinjection, but then decreased, apparently owing
to reprecipitation of MgCO;. During 680 h of additional heat-
ing at 177°C, only a small fraction of the injected formic acid
decomposed, as indicated by a decrease of only 4 mmol kg~*
in the measured Xformate concentration and a corresponding
increase in H, concentration (Fig. 7a). Thermodynamic calcu-
lations indicate that an equilibrium state would have required
nearly complete decomposition of Xformate to H, and CO,
(Fig. 7b), indicating slow reaction kinetics for decomposition at
this temperature.

Increasing the temperature to 250°C at 4225 h resulted in
immediate and rapid decomposition of >formate (Fig. 8a; Ta
ble 3). The nearly constant level of measured 3.CO, following
the temperature increase, together with a decrease in Mg con-
centration, indicates that most of the 3CO,, produced by Zfor-

mate decomposition was precipitated as MgCO;. Also, the
increase in H, concentration observed during the 1482 h of
heating following the temperature increase was greater than
could be accounted for by decomposition of formate (Eqgn. 1
and 3), suggesting that serpentinization of olivine had resumed
with the increase in temperature. Comparison of the measured
3,CO,/>formate ratio with that expected for equilibrium at the
experimental conditions indicates that reactions between %CO,
and Xformate equilibrated soon after the injection (Fig. 8b).
The rapidity of the reaction suggests that equilibrium was
probably attained well before the third sample was taken after
1482 h at this temperature, and probably was reached within
~600 h after the temperature increase.

In the final stage of this experiment, a solution of NaH*3CO,
was injected at 5715 h to determine the rate of X CO, reduction
to formate at 250°C (Table 3). A sharp increase in the measured
Sformate concentration following the injection, aong with
corresponding decreases in H, and 3CO, concentrations, indi-
cated that much of the injected NaH*3CO, was rapidly reduced
to formate (Fig. 8a). Attainment of steady state fluid composi-
tion in < 500 h after injection, combined with 3 CO,/>formate
ratios consistent with thermodynamic predictions (Fig. 8b)
indicate rapid equilibration of 3CO, and Xformate.

3.2.1. Production of methane and hydrocarbons

Trace amounts of dissolved methane as well as other hydro-
carbons were observed during this experiment (Table 3). Once
dilution during injections is accounted for, the levels of these
compounds generally remained constant throughout the exper-
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Table 3. Fluid composition during reaction of agueous solutions with olivine.

Time ATime* H, 3CO, XFormate CH, C,H, C,Hs C,Hs C,Hg SAcetae CH;OH Cl Na Mg Ca Fluid® Cadc.

(h) h (M (m Mm W W W) W (W (m) m (m (m @m (m (g pH°

0 Sart of experiment; initial temperature = 330°C

139 18 — 014 — — — — — 0.32 — - — — — 317

475 Reduced temperature to 177°C

549 74 55 11 040 51 28 60 32 16 0.34 — - — — — 30.3

553 Injected solution of NaH*3CO,

553 78 40 16 030 37 20 44 23 12 0.25 500 515 — —

574 99 39 19 030 37 19 52 23 12 0.24 — — 515 <0.05 <005 346 7.2

668 193 — — 032 — — — — — 0.24 — — 518 <0.05 <0.05 289
1078 603 42 18 035 37 09 76 23 14 0.23 — — 519 <0.05 <005 266 79
1079 Injected MgCl,, and NaH*CO,
10794 604 23 19 019 20 05 41 12 0.7 0.19 — 578 519 39 0
1150 675 22 03 019 20 03 36 11 07 0.12 — — 517 23 18 402 6.3
1337 862 22 0.2 019 20 01 46 1.0 0.8 0.16 — — 519 21 3.2 35.6 6.3
2495 2020 23 03 017 20 <01 45 07 12 0.11 — — 528 20 32 324 62
3361 2886 22 0.2 020 21 <01 41 05 13 0.13 <004 — 517 21 43 27.1 6.3
3545 Injected solution of H*COOH
3545¢ 3070 12 0.1 80 12 <01 22 0.3 0.7 0.07 — 532 498 12 24
3571 3096 12 32 80 11 <01 25 02 07 — — — 491 55 29 417 61
4222 3747 16 0.3 76 11 <01 22 0.2 0.9 — — — 489 50 25 36.8 6.1
4225 Temperature increased to 250°C
42254 0 16 0.3 76 11 <01 22 0.2 0.9 — — — 489 50 25 — —
4269 44 36 43 47 11 <01 26 08 12 — — — 497 36 24 322 55
4581 356 88 14 32 12 <01 12 0.8 — — 034 — 500 15 31 284 5.7
5707 1482 107 14 04 13 <01 18 08 13 0.12 — — 508 83 33 239 58
5715 Injected solution of NaH*3CO,
5715 1490 62 56 0.2 6.7 <01 09 0.4 0.7 0.06 — 516 577 4.3 17 — —
5777 1552 46 40 13 78 <01 10 04 0.8 <0.1 013 — 593 <005 <0.05 38.0 8.9
6236 2011 41 29 26 88 <01 11 05 10 <0.1 013 — 601 <005 <005 322 82
6762 2537 46 27 29 10 <01 12 0.6 12 <0.1 014 — 577 <005 <005 26.6 84

Concentrationsarein mmol kg~ (m) or wmol kg™ (). “Dashes’ = no data. The experiment initially contained 20.7 g powdered olivineand 33.3 g

0.50 molal NaCl.

2 Elapsed time since temperature reduction to 177°C at 475 h or increase to 250°C at 4225 h.

b Estimated amount of fluid in reaction cell prior to sample.
¢ Calculated pH from fluid speciation (see “Methods”).

d Concentrations shown in italics after each injection or change in temperature are calculated values based on the concentration prior to injection

and the composition of the injected fluid.

iment at the levels observed in the initial sample. The isotopic
composition of the C;-C, hydrocarbons were monitored by
GCMS at 2495 and 6236 h. The hydrocarbons, including meth-
ane, had low proportions of *3C (~1%) and showed no evi-
dence of incorporation of the injected °C-labeled carbon
sources (NaH*®CO, and H**COOH). Consequently, there was
no evidence for reduction of 3CO, or Xformate to methane or
other hydrocarbons in this experiment despite the strongly
reducing conditions.

3.3. Reaction in the Presence of Hematite-M agnetite

A third experiment was conducted with the minerals hema-
tite and magnetite included in the reaction cell. Hematite and
magnetite are common minerals in sedimentary basins and
hydrothermal environments, where they frequently exert a
strong influence on the oxidation state of the fluid. In addition,
these minerals have been found to be effective catalysts for the
decomposition of acetic acid and acetate (Palmer and Drum-
mond, 1986; Bell et a., 1994; McCollom and Seewald, 2003)
and magnetite is reported to be an effective catalyst for syn-
thesis of methane and complex hydrocarbons from reduction of
CO, (e.g., Satterfield et al., 1986; Chen and Bahnemann, 2000).

The experiment was initiated by heating the minerals with
pure water for 146 h at 250°C. At 141 h, analysis of the fluid
indicated an H., concentration of 0.008 mmol kg~* and trace
amounts of 3CO,, Xformate, and hydrocarbons (Table 4). At
146 h, a solution of *3C-labeled formic acid (99% H*3COOH)
was injected into the experiment. Within 140 h after the injec-
tion, most of the formic acid had decomposed to 3CO, and H,
(Fig. 9a; Table 4). The measured concentration of H, was less
than would be expected for the amount of formic acid decom-
posed, indicating that some of the H,, was consumed by reduc-
tion of hematite to magnetite. The measured X CO./2formate
ratio 140 h after the injection was close to the ratio expected for
equilibrium at 250°C for the measured H, concentration and
estimated pH (Fig. 9b), suggesting that XCO, and Xformate
had attained equilibrium by this time.

Only small increases were observed in the concentrations of
methane and other hydrocarbons after the injection. While
dissolved 2.CO, and Xformate were predominantly **C labeled
(>98% *°C) in afluid sample at 286 h, all C,-C, hydrocarbons
had low proportions of **C (~1%). Larger hydrocarbons were
below detection limits. Conseguently, there was no evidence
for formation of hydrocarbons from reduction of %CO, or
Sformate in this experiment.
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Fig. 7. (8) Measured concentrations of dissolved Xformate, 3.CO,,
and H, during reaction of agueous solutions at 177°C in the olivine
experiment as a function of elapsed time after temperature reduction at
475 h. (b) Comparison of calculated equilibrium %CO./Sformate ratios
with the ratios measured in the experiment. Equilibrium ratios are
calculated using the measured H, and estimated in situ pH for the
corresponding sample. The vertical lines indicate injection of reactant
solutions at 78, 604, and 3070 h elgpsed time.

3.4. Reaction in the Absence of Minerals (“Mineral-Freg”
Experiment)

For comparison with the previous results, an additional for-
mic acid experiment was conducted in the gold-titanium reac-
tion cell with no minerals present. This experiment was in-
tended to provide a baseline to evaluate the extent to which the
presence of minerals enhanced the rate of decomposition. For
this experiment, a solution of formic acid was injected into a
mineral-free reaction cell containing water and minor amounts
of H, and 3CO, at 250°C (Table 5). Most of the injected
formic acid had decomposed to 2CO, and H,, within 69 h of the
injection (Fig. 108). The measured 3 CO,/>formate ratio after
69 h was close to the ratio expected for equilibrium at 250°C

(a) ‘ @ Sformate A =co, M HzJ 250°C

T increased to 250°C : NaH'3cO,
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Fig. 8. (8) Measured concentrations of dissolved Xformate, 2CO,,
and H, during reaction of agueous solutions at 250°C in the olivine
experiment as a function of elapsed time following injection of
HCOOH at 4225 h. (b) Comparison of calculated equilibrium ZCO,/
S formate ratios with the ratios measured in the experiment as a func-
tion of reaction time. Equilibrium ratios are calculated using the mea-
sured H, and estimated in situ pH for the corresponding sample. The
vertical lineindicatesinjection of a NaHCO, solution at 1490 h elapsed
time.

for the measured H, concentration and estimated in situ pH of
~4.1 (Fig. 10b), suggesting that 3CO, and Xformate had
attained equilibrium by this time.

4. DISCUSSION

4.1. Decomposition of Formic Acid and Formate

The measurements of Xformate decomposition from this
study are summarized in Figure 11. Rapid decomposition of
injected formate was observed in each of the experiments
conducted at temperatures of 225°C or higher (Fig. 11b). Grad-
ual decomposition was also observed in the NiFe experiment at
175 and 177°C (Fig. 114). Conversely, while there was a slight
decrease in the measured Xformate concentration following
injection of formic acid into the olivine experiment at 177°C
(3545-4222 h), the decrease was within the analytical error of
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Table 4. Fluid composition during reaction of a formic acid solution with hematite-magnetite at 250°C, 350 bars.

Time ATime? H, 3CO, S Formate CH, CH, CyHg CHs  CiHg CH;0H Fluid® Cac.
Q) (h (m) (m) (m) () (1) () () (1) (m) () pH®
0 Sart of experiment; initial temperature = 250°C

141 0.008 0.96 0.016 17 0.2 0.06 0.2 0.02 — 36.1 —
146 Injected solution of HX*COOH

1464 0 .006 0.7 190 13 0.1 0.04 0.1 0.01 — — —
160 14 — — 106 — — — — — — 36.3 —
171 25 88 123 69 19 0.2 0.07 10 0.04 — 34.2 4.0
192 46 113 166 36 24 0.2 0.08 — — — 29.9 41
286 140 126 204 39 35 0.2 0.16 12 0.13 0.34 26.1 44

Concentrations are in mmol kg~* (m) or wmol kg~* (). “Dashes’ = no data. The experiment initially contained 8.1 g Fe,0,, 0.64 g Fe;0, and

36.1 g H,O.
2 Elapsed time since injection of formic acid solution at 146 h.
b Estimated amount of fluid in reaction cell prior to sample.
¢ Calculated pH from fluid speciation (see “Methods”).

d Concentrations shown in italics after each injection or change in temperature are calculated values based on the concentration prior to injection

and the composition of the injected fluid.
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Fig. 9. (a) Measured concentrations of dissolved Xformate, 2CO,,
and H,, during reaction of aqueous solutions at 250°C in the hematite-
magnetite experiment. (b) Comparison of calculated equilibrium
3,CO, /2 formate ratios with the ratios measured in the experiment as a
function of reaction time. Equilibrium ratios are calculated using the
measured H, and estimated in situ pH for the corresponding sample.

the measurements. Consequently, it appears that little or no
decomposition of 2 formate occurred in the presence of serpen-
tinized olivine during > 700 h of heating at 177°C.

In previous studies, decomposition of aqueous formic acid
has been found to follow reaction kinetics that are first-order
with respect to the formic acid concentration (Bjerre and Sg-
rensen, 1992; Maiella and Brill, 1998; Yu and Savage, 1998).
In our experiments, decomposition of >formate generally fol-
lowed linear trends on plots of log [2formate] vs. reaction time
(Fig. 11), which would be consistent with first-order reaction
kinetics. To facilitate comparison with previous results, we fit
our decomposition results with a first-order kinetic rate law of
the form

d[ Zformate] /dt = kdecomp[ Eformate] (1)

where Kyesomp 1S the rate constant for the overall decomposition
of Xformate and t the elapsed time. It must be noted, however,
that many of our experiments contained too few data points to
unambiguously determine reaction parameters, particularly in

Table 5. Fluid composition during reaction of aformic acid solution
in the absence of minerals at 250°C, 350 bars.

Time ATime? H, 3.CO, 3 Formate
(h) (h) (m) (m) (m)
0 Sart of experiment
0 9 11 6
2 Injected H*3COOH sol'n.
2b 0 4 4.6 178
9.5 75 — — 55
12,5 105 — — 41
235 215 174 151 30
71 69 193 170 51

Concentrations are in mmol kg~* (m).

3 Elapsed time since injection of formic acid solution at 2 h.

b Concentrations shown in italics after each injection are calculated
values based on the concentration prior to injection and the composi-
tion of the injected fluid.
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Fig. 10. (a) Measured concentrations of dissolved Xformate, 2.CO,,
and H,, during reaction of aqueous solutions at 250°C in the mineral-
free experiment. (b) Comparison of calculated equilibrium XCO,/
>formate ratios with the ratios measured in the experiment as a func-
tion of reaction time. Equilibrium ratios are calculated using the
measured H, and calculated pH for the corresponding sample.

the case of experiments that equilibrated with 3CO,, before the
second or third measurement. Because of these limitations, the
evaluation of reaction kinetics presented here should be con-
sidered as preliminary rather than definitive.

Values of Kyecomp determined from linear regression of the
data shown in Figure 11 are summarized in Table 6 and plotted
in Figure 12a. Determination of these values of Kyecomp re-
quired a number of approximations to be made. Although the
olivine and hematite-magnetite results at 250°C could be ac-
curately fit with Egn. 11, the mineral-free decomposition ex-
periment at 250°C exhibited a poor fit to first-order reaction
kinetics (R? = 0.937). This poor fit appears to be attributable to
decomposition that was faster than expected during the period
immediately following the formic acid injection. Formic acid
was injected into the experiment as a highly concentrated
solution, and decomposition of formic acid within this concen-
trated fluid before complete mixing with the other ingredients
in the reaction cell would have been more rapid than for the
bulk fluid. Therefore, the calculated concentration of >formate
following injection was eliminated from the regression, and
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Fig. 11. Measured concentrations of Zformate in the hydrothermal
experiments as a function of elapsed time following injection of formic
acid or increase in reaction temperature. The solid lines represent linear
regression fits to the data. Dashed lines indicate intervals where X for-
mate had apparently equilibrated with dissolved 3CO,. Data in these
intervals are not included in regressions to determine rate constants (see
text).

vaues of Kyecomp fOr the mineral-free experiment given in
Table 6 and Figure 12 represent afit to the measured 3 formate
concentrations for the period 7.5 to 69 h after injection. This
modified regression exhibits a good fit to first-order kinetics
(R? = 0.995). For the NiFe experiment at 225°C, S formate had
apparently reached thermodynamic equilibrium with 2.CO, be-
fore the second sample was taken at 1034 h (Fig. 5), so only the
initial concentration and first sample were used to estimate the
rate constant for this stage. Also, for the NiFe experiment at
260°C, thermodynamic equilibrium was apparently attained
before the first sample was taken 91 h after the injection of
formic acid. Consequently, the rate constant for this stage of the
experiment represents a minimum value. The rate constant
givenin Table 6 for the olivine experiment at 177°C represents
the maximum rate consistent with the lack of measurable
> formate decomposition for that stage of the experiment.
Included in Figure 12, for comparison, are first-order rate
constants from previous studies of agueous formic acid and
formate decomposition (Crossey, 1991; Bjerre and Sarensen,
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Table 6. Rate constant data for decomposition of formic acid.

Temp. In situ

Experiment (°0) Kdesomp (5 pH* Frcoor” Kucoon (571) Kucoo(5™")
NiFe (470671 h) 177 8.4 x 1078 4.6 0.16 3.0x 107 44 x10°®
NiFe (4307-4903 h) 175 20X 10”7 51 0.09 8.7 X 1077 1.3x 107
NiFe (4987-5341 h) 225 24X 10°° 51 0.18 7.7 X 10° 12X 10°°
NiFe (11713257 h)° 260 >13 % 107 43 0.76 >1.6 X 107° >23 % 10°°
Olivine (3545-4222 h)4 175 <21x10°® 6.1 0.01 <1.4 x 107”7 <20x 107
Olivine (4225-5707 h) 250 24 x 10 55 0.10 1.0 X 10° 1.6 X 10°°®
Hematite-magnetite 250 1.0x 10° 4.0 0.80 12 x 10° 1.8 x 10
Mineral-free 250 1.0 X 10™° 31 0.98 1.0 X 10™° —

#|n situ pH estimated from fluid speciation calculations.
b Estimated fraction of Sformate present as formic acid (HCOOH).

¢ The rate constants shown for the NiFe experiment at 260°C are minimum val ues since thermodynamic equilibrium between 3,CO, and Xformate

had was apparently reached before the first sample was obtained.

dValues for the olivine experiment at 175°C correspond to the maximum reaction rate that would be consistent with the lack of detectable

decomposition in the experiments.

1992; Small and Manning, 1993; Maiella and Brill, 1998; Yu
and Savage, 1998; McCollom and Seewald, 2001). Yu and
Savage (1998) conducted experiments for a range of water
densities from liquid to vapor, and only those results for liquid-
like fluid densities are shown in Figure 12. Also, the data for
Yu and Savage (1998) shown in Figure 12 differ from those
given by the original authors because the values shown in the
figure were determined from linear regression of plots of log
[HCOOH] vs. reaction time similar to Figure 11, whereas the
values given in the origina paper were determined from linear
fits of log {1/(1 — [HCOOH])} vs. reaction time. The values
for Crossey (1991) shown in Figure 12 are derived from re-
gression of log [Sformate] vs. reaction time for decomposition
in mixed acetate/formate solutions at pH 4 and 7. The rate
constant for Small and Manning (1993) is determined from a
linear regression of their reported concentrations of formate. In
their experiments, which were conducted in a gold-titanium
reactor similar to that employed in this study, formate was
generated from decomposition of potassium oxalate, which
they used as a source of K in a study of illite precipitation. The
rate constant shown for McCollom and Seewald (2001) repre-
sents a minimum value since 3formate and XCO, had appar-
ently reached thermodynamic equilibrium by the time their first
sample was obtained.

The datain Figures 11 and 12a show that the rate of decom-
position of Xformate in the olivine experiment at 177°C was
significantly slower than in the NiFe experiment at similar
temperatures. Reaction of Xformate at 250°C in the olivine
experiment also proceeded much more slowly than in the
hematite-magnetite and mineral-free experiments at this tem-
perature. At 250°C, decomposition in the olivine experiment
was only as fast as decomposition in the NiFe experiment at
225°C.

It appears unlikely that mineral catalysis can account for
these differences in reaction rates since the rates were actually
slower in the olivine and hematite-magnetite experiments at
250°C than in the mineral-free experiment at the same temper-
ature. The most reasonable explanation for these differencesin
reaction rates appears to involve the pH of the reactant agueous
solutions and the speciation of 3formate. Although Xformate
was injected into the experiments in the form of formic acid
(HCOOH; ), interaction with preexisting fluid and minerals

in the reaction cell would have caused some of the injected acid
to be converted to formate (HCOO™) and metal-formate com-
plexes with Fe, Mg, Na, or Ca (Me-HCOO). Higher pH in the
olivine experiment would have favored the conversion of a
higher percentage of the injected formic acid into formate.
Previoudly, Maiella and Brill (1998) observed that decarbox-
ylation of sodium formate solutions proceeded at arate that was
41 to 65% dlower than decarboxylation of formic acid solutions
under the same conditions (Fig. 12a). Consequently, high pH
solutions in which a higher proportion of the total formate was
present as HCOO™ would be expected to exhibit a slower rate
of overall Xformate decomposition.

Considering the potential effect of speciation on reaction
rates, first-order kinetics for 2formate decomposition would be
more completely expressed by the relationship

d[Eformate}/dt = Kycoo[HCOOH o] + Kcoo THCOOT]

+ Kyencoo [MEeHCOO]  (12)

where Kycoomr Kacoos @d Kyencoo @re rate constants for
decomposition of formic acid, formate, and metal-formate
complexes, respectively. Our experimental data do not allow
values of Kycoon Kucoor ad Kyencoo t0 be determined
independently. However, if we make the simplifying assump-
tions that metal-formate complexes decompose at approxi-
mately the same rate as formate (Kycoo- =~ Kvercoo): EAn. 12
can be reduced to

d[ Eformate] fdt = {KucoonFrcoon + (13)

Kicoo (1= Ficoon)} [Eformate]

where F;coo iS the proportion of HCOOH ) in 2formate.
This relationship can be equated with Egn. 11 to yield

kdecomp = [KucoonFrcoon + Kucoo (1 —Fhcoon)].  (14)

Values of Fcoon fOr the experiments can be calculated
from the estimated in situ pH together with dissociation con-
stants for formic acid at the experimental conditions deter-
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M & 9).

mined using thermodynamic parameters given by Shock
(1995). Calculated values of Fcoon fOr the experiments are
given in Table 6. In the mineral-free experiment, the injected
formic acid apparently would have undergone little dissociation
(calculated Fycoon = 0.98) suggesting that the Xformate
decomposition rate measured for this experiment is amost
entirely attributable to decomposition of formic acid. The data
for this experiment yield a rate constant for formic acid de-
composition (Kycoow) a 250°C equal to 1.0 X 107 °>s™ %, If we
assume that this value reflects formic acid decomposition dur-
ing the olivine experiment at 250°C, avalueof 1.6 X 10" s
is retrieved for kycoo- USiNg Eqn. 14. Comparison of these
rates constants suggests that formate decomposed at a rate that
was ~85% slower than formic acid. Assuming that the relative
rates of decomposition for formic acid and formate were sim-
ilar in all experiments (i.e., Kycoo- = 0.15 X Kycoon): EAN.

14 can be used to calculate values of kycoon and Kycoo- for
the other experiments. Resulting values for the rate constants
are listed in Table 6 and plotted in Figures 12b and 12c. This
approach, which takes into account the effects of pH on reac-
tion rates, results in a considerable reduction in the scatter in
rate constants among experiments.

The similarity of reaction rates for experiments at the same
or similar temperatures in this study as shown in Figures 12b
and 12c indicates that minerals surfaces did not promote the
decomposition of formic acid or formate, athough they did
have an indirect effect on reaction rates through their influence
on pH-dependent 3. formate speciation. The reaction rates mea-
sured in this study are also consistent with those measured in
glass reaction vessels by Crossey (1991) and in a gold-TiO,
vessel by Small and Manning (1993). On the other hand, the
rates measured in this study were much slower than those
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Table 7. Arrhenius parameters for decomposition of formic acid and
formate.

Reaction A(sh E, (kJmol %)

Sformate decomposition (Kyesomp) 8.1 x 10° 120.9
Formic acid decomposition (Kycoon)

AU-TiO, (this study) 2.7 x 10* 93.6

Steel 45 % 10° 81.0

Ti-metal 7.4 % 10° 70.9
Formate decomposition (kycoo)

AU-TiO, (this study) 5.2 X 10° 94.6

Steel 8.9 X 10° 99.8

measured in previous studies conducted in steel and Ti-metal
reaction vessels, indicating that reaction rates in those stud-
ies were accelerated by interaction with the vessel walls.
The Arrhenius equation relates reaction rate constants as a
function of temperature to the activation energy according to

Ink = In A — EJ(RT) (15)

where A is a preexponential factor, E, is the activation energy,
R is the universal gas constant, and T is the temperature (K).
Values of A and E, for decomposition of formic acid and
formate determined from linear fits of the rate constants shown
in Figure 12 are listed in Table 7. For the regressions, the
previous experiments conducted in steel and Ti-metal reactors
are considered separately from the experiments in this study,
and are assumed to represent steel- and Ti-catalyzed decompo-
sition of formic acid and formate. The regression for Au-TiO,
included all data for experiments in the present study, but did
not include data from McCollom and Seewald (2001), Crossey
(2991), and Small and Manning (1993) that appear to be
consistent with this trend.

4.2. Reduction of Dissolved CO, to Formate

Reduction of 3CO, to formate was observed in the olivine
experiment at 250°C and in the NiFe experiment at 175 and
260°C following either the injection of NaHCO; or the injec-
tion of NaOH to increase pH (Figs. 4, 5, and 7). The reaction
proceeded rapidly at the higher temperatures, so that equilib-
rium between 3,CO, and Zformate was attained within a short
time after the injection (<200 h). McCollom and Seewald
(2001) also observed rapid reduction of X CO, to formate in the
presence of serpentinized olivine at 300°C, with equilibrium
attained in < 24 h. Although reduction of dissolved X.CO, to
formate was observed in the NiFe experiment at 175°C, no
measurable reduction was observed after injection of NaHCO,
into the olivine experiment at 177°C over a similar time inter-
val (Fig. 7). Since these experiments were apparently at similar
pH, the results suggest that mineral surfaces in the NiFe ex-
periment may have catalyzed the reduction reaction to some
degree.

The available data are not sufficient to alow a rigorous
analysis of reaction rates for %,CO, reduction. However, since
preliminary kinetic data may nevertheless be useful for geo-
chemical modeling and for designing future experiments, we
constructed a simple kinetic model for our experimental data
(Fig. 13). In this model, we assumed that 3CO,, reduction was
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100 1 (a) NiFe expt. 175°C
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Fig. 13. Kinetic model fits for XCO, reduction. The symbols repre-
sent the measured concentrations of formate, 2CO,, and H, during
hydrothermal experiments, and the solid lines represent results of
kinetic model fits to these data (see text). The dashed lines indicate
intervals where Xformate and 2CO, had apparently attained thermo-
dynamic equilibrium.

first order with respect to the concentrations of both 3CO, and
H,. Accordingly, the increase in Xformate abundance from
3.CO, reduction could be portrayed by the relationship
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Table 8. Rate constant data for reduction of 3.CO, to Sformate.

Temp.
Experiment (°C) Kieq (Mmol™ s7%)
NiFe 175 11X 10°
NiFe 260 19 x 1078
Olivine? 177 <69 x 107
Olivine 250 19x 108
M&S 300 >89 X 10°°

2The rate constant for olivine at 177°C is the maximum rate that
would be consistent with the lack of detectable reduction.

b Rate constant caculated from data in McCollom and Seewald
(2001). The value shown is a minimum since thermodynamic equilib-
rium between 3.CO, and Xformate had apparently been reached before
the first sample was obtained.

d[Eformate]/dt = k,ed[ECOZ][HZ] (16)

where k. is the rate constant for reduction of dissolved 3CO,
to formate. Since the reaction may involve either CO,,,, oOr
HCO; ™, or both, k.o is an effective overall rate constant that
may represent more than one concurrent reaction. Correspond-
ing decreases in 2CO, and H, are portrayed by

d[ECOZ]/dt = d[H,])/dt = —d[Eformate]/dt. (17)

The initial concentrations of 3CO,, 3formate, and H, fol-
lowing injection of NaHCO, or NaOH were used as the starting
point for the models (Tables 2 and 3), and values of k.., were
adjusted to fit the calculated concentrations to those measured
in the experiments as a function of reaction time. Since the
concentrations of both 3CO, and H, can be affected by reac-
tions with minerals, the models were optimized to fit the
measured >formate concentrations. In addition, because the
higher temperature experiments apparently attained equilib-
rium soon after the NaHCO, injection, the rate model was
discontinued once the apparent equilibrium concentration of
3 formate was reached. For the 260°C NiFe experiment results,
the experiment had already reached equilibrium by the time the
first sample was taken 41 h after the injection of NaOH at
3265 h. Consequently, the rate determined from the model for
this experiment is a minimum value.

The results of the kinetic models are shown in Figure 13, and
the values of k. determined from the best fits of the models to
the experimental data are given in Table 8. Vaues of k.4 are
plotted in Figure 14 as a function of experiment temperature
expressed as 1000/T. Also shown in Figure 14 is the maximum
value of k.4 that would be consistent with the lack of any
measurable 3CO, reduction in the olivine experiment at
175°C, as well as a minimum value of k. for the reduction of
3CO, to Xformate from the data of McCollom and Seewald
(2001). Regression of the rate constants shown in Figure 14
yield Arrhenius parameters of A= 0.26 mmol *kg *s?*
and E, = 71.7kJmol ~* .

For illustrative purposes, these parameters were used to
caculate half-lives (t,,) of 2CO, for arange of temperatures.
The half-lives were calculated for both strongly reducing con-
ditions (H, assumed to be constant at 50 mmolal) and mildly

Temperature (°C)
390 2{:30 2(|)0 1?5

QO NiFe expt. 260°C
[ Olivine expt., 250°C
1< Olivine expt., 177°C
/A M &S (2001) (minimum)
—_— regressionl(excl. olivine @ l177"()) O

In Kreq (1/ mmol s)

-24

1.7 1.9 2.1 2.3
1000/T (K-1)

Fig. 14. Rate constants for 2CO, reduction determined from the rate
models shown in Figure 12, plotted as a function of temperature
expressed as 1000/T. The line represents a regression to the data,
excluding the olivine experiment at 177°C.

reducing conditions where the activity of dissolved H,, is con-
trolled by equilibration of the fluid with the pyrite-pyrrhotite-
magnetite (PPM) mineral assemblage according to the reaction

3FeS, + Fe0, +
pyrite  magnetite

UHyey = 6FES+  4H,0.

pyrrhotite
(18)

For H, = 50 mmolal, calculated values of t,,, are 376 yr at
100°C, 7.8 yr at 150°C, 0.4 yr at 200°C, and 0.03 yr at 250°C.
For equilibrium with PPM, calculated half-lives are ~1 mil-
lion, 6500, 124, and 4.6 yr a 100, 150, 200, and 250°C,
respectively. Although these calculations are subject to large
uncertainties, the calculated half-lives suggest that the reduc-
tion of XCO, to Xformate is rapid on geologic time scales at
temperatures as low as 100°C. Of course, these half-lives
would only apply to situations where the 2CO, is initialy far
from equilibrium with respect to Xformate and H,.

4.3. Metastable Thermodynamic Equilibrium Between
3CO, and Xformate

During this study, al of the experiments conducted at tem-
peratures of 225°C and above rapidly approached 3 CO,/>for-
mate ratios consistent with thermodynamic equilibrium. This
was observed whether the initial disturbance of the chemical
system resulted in an excess of 3CO,, or Sformate. Equilibrium
between 3.CO, and >formatein this case is metastable, because
nearly al of the carbon in the experiments would have been
converted to CH, if stable thermodynamic eguilibrium had
been achieved at the reducing conditions of the experiments.
However, CH, remained far out of equilibrium with XCO, and
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Sformate in al experiments, reflecting strong kinetic inhibi-
tions for reduction of these compounds to CH,,. Ratios of 3CO,,
to Xformate also progressed towards, but did not attain, equi-
librium values in the NiFe experiment at 175 and 177°C after
reacting for up 1050 h following injection of NaHCO, or
formic acid. The progress of these systems towards equilibrium
suggests that they were likely to have equilibrated at these
lower temperatures if the experiments had been alowed to
continue for a more extended period.

In contrast to the other results, no detectable progress to-
wards equilibrium was observed in the olivine experiment at
175°C even though thermodynamic calculations indicated that
3,CO, and Xformate remained far from equilibrium (Fig. 7).
The rapid attainment of equilibrium between 3CO, and Xfor-
mate in the olivine experiment at 250°C and in a similar
experiment at 300°C reported by McCollom and Seewald
(2001) suggests that there is nothing inherent to the olivine
experiment that would have prevented reactions toward equi-
librium from moving forward. This experiment may have been
moving towards equilibrium at a rate that was too slow to be
detectable on the time scale of our study.

4.4. Formation of Hydrocarbons by Reduction of
Dissolved CO,

In each of the experiments in this study, the strongly reduc-
ing conditions present in the reaction vessels thermodynami-
cally favored the production of methane and other hydrocar-
bons from the reduction of CO,. However, isotopic analyses
indicated that, except for a small amount of methane produced
in the NiFe experiment at 260°C between 1171 and 3257 h,
none of the trace amounts of hydrocarbons observed during the
experiments showed any evidence for a contribution from the
injected **C-labeled carbon sources. This observation strongly
indicates that, aside from the methane generated in the NiFe
experiment, there was no production of hydrocarbons from
reduction of %CO, or formate in the experiments and reactions
to form these compounds were kineticaly inhibited at the
experimental conditions.

In a recent study, Horita and Berndt (1999) reported the
reduction of agueous X,CO, to CH, using a NiFe-aloy catalyst.
They observed > 90% conversion of ~12 mmol kg~ * 2CO, to
CH, in < 340 h at 300°C and >45% conversion after 2173 h
at 200°C. In addition, they reported an increase in conversion
rates with increasing mass of NiFe alloy. Although the aloy in
our NiFe experiment had a similar composition (2—9 wt.% Fe)
to that of Horita and Berndt (1999) and was present in much
greater amounts, we observed substantially slower conversion
of 3CO, to CH, (<1% conversion of ~230 mmol kg~ * 2CO,
in > 2000 h at 260°C). Since Horitaand Berndt (1999) reported
that the effectiveness of their NiFe aloy catalyst decreased
rapidly over time during heating, this discrepancy may reflect a
loss of catalytic ability of NiFe alloy in our experiment during
extended heating, especialy since the alloy in our experiment
was heated with H,O for an extended period before introduc-
tion of a CO, source. Indeed, CH, production in the NiFe
experiment ceased altogether after 3257 h.

5. IMPLICATIONS FOR THE GEOCHEMISTRY OF
NATURAL SYSTEMS

5.1. Controls on the Abundance of Formate

Our resultsindicate that chemical equilibrium with dissolved
CO, at the prevailing oxidation state and pH of the system is
likely to control the abundance of dissolved X formate in many
geologic fluids in subsurface and hydrothermal environments.
As noted above, formate is usualy found at much lower con-
centrations than acetate and propionate in oil-field brines and
formation waters from sedimentary basins, but occurs at con-
centrations comparable to, or greater than, acetate and propi-
onate in hydrothermal fluids, pore fluids from serpentinites, and
the aqueous products of hydrous pyrolysis of kerogens in some
laboratory experiments (e.g., Haggerty, 1991; Haggerty and
Fisher, 1992; Shebl and Surdam, 1996; Amend et al., 1998;
Zeng and Liu, 2001). In the past, the low relative concentra-
tions of formate in sedimentary basins have been interpreted to
reflect rapid decomposition of formate compared with other
organic acids. Conversely, the high concentrations of formate
in other fluids have been attributed to sampling soon after the
organic acids had formed and before they had time to decom-
pose to any appreciable extent (Haggerty, 1991; Bell and
Palmer, 1994). Our results suggest that the higher relative
concentrations of formate in some fluids is more likely attrib-
utable to the greater thermodynamic stability of formate in
those environments than a reflection of reaction kinetics.

Particularly high concentrations of formate have been ob-
served in pore fluids from seamount-forming serpentinite dia-
pirs on the ocean floor (Haggerty, 1991; Haggerty and Fisher,
1992). Acetate occurred at much lower concentrations in the
same fluids, and propionate was below detection limits. Al-
though Haggerty (1991) suggested that the high concentrations
of formate in the pore fluids were derived from thermal de-
composition of bioorganic matter entrained from nearby sedi-
ments, reduction of CO,, within the serpentinites appears to be
amore feasible source for formate. Given the strongly reducing
conditions and alkaline pH that develop during hydrothermal
ateration of olivine (e.g., Table 3; McCollom and Seewald,
2001), high concentrations of formate would be expected at
equilibrium with CO, in serpentinized olivine-rich ultramafic
rocks.

Indeed, reduction of CO, during serpentinization may rep-
resent a substantial source of formate for the oceans, where it
could support the growth of microorganisms at and below the
seafloor. Serpentinized peridotites are widespread on the ocean
floor where they may make up as much as 20% of the basement
rocks exposed along spreading ridges and transform faults
(Charlou and Donval, 1993; Cannat et a., 1995; Frilh-Green et
a., 1996; Mével and Stamoudi, 1996). Methane-rich hydrother-
mal fluids have been observed venting from several of these
serpentinites (e.g., Charlou et al., 1998; Kelley et a., 2001). It
is likely that a substantial fraction of the CO, in hydrothermal
fluids circulating through these rocks may be converted to
formate and released to the ocean. To date, however, the
concentration of formate in fluids venting from serpentinites on
the seafloor has not been reported.

Much lower concentrations of formate are predicted at equi-
librium in sedimentary basin fluids where conditions tend to be
much less reducing. For instance, Helgeson et al. (1993) esti-
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mate that afamily of oil-field waters from the Texas Gulf Coast
at ~100to 160°C havein situ pHsin the range of 5.5t0 6.5 and
oxidation states that are consistent with buffering by the min-
eral assemblage pyrite + pyrrhotite + magnetite (PPM) (Eqgn.
18). For H,, buffered by the PPM assemblage according to Eqgn.
18 and ZCO,, in the fluids of ~4.4 to 12.1 mmol/L (Carothers
and Kharaka, 1978), calculated equilibrium concentrations of
formatein the oil-field waters are in the range of 0.005 to 0.076
mmol kg~*. For comparison, acetate concentrations in the
oil-field waters range from 0.9 to 23.5 mmol/L (Carothers and
Kharaka, 1978). Although the concentrations of formate were
not reported in the Texas oil-field waters, the small concentra-
tions predicted for equilibrium are consistent with the trace
amounts of formate and high acetate/formate ratios reported in
oil-field waters from other locations (e.g., Fisher and Boles,
1990; MacGowan and Surdam, 1990; Barth, 1991).

The apparent equilibration of 3CO, and Xformate in geo-
logic fluids has a potential practical application in monitoring
the oxidation state of subsurface geochemical environments.
Although many geochemical reactions, both inorganic and or-
ganic, in subsurface environments are sensitive to oxidation
state, thisis often a particularly difficult parameter to measure.
In the reducing conditions found in most subsurface agueous
environments, the concentration of H, is a good indicator of
oxidation state since the low oxygen fugacities mean that O, is
usually below detectable limits. However, measurement of the
concentration of H,, is often not possible owing the difficulties
in quantitative sampling of volatile species. In these environ-
ments, indirect methods generally have to be employed to
estimate the oxidation state (e.g., Helgeson et al., 1993). Since
the equilibrium between 3.CO, and Xformate is sensitive to the
concentration of H,, accurate estimates of H,, concentration can
be made from measured concentrations of %.CO, and >formate
together with fluid pH and temperature. Such estimates could
be useful in interpreting the oxidation state of geologic fluids
such as those found in petroleum reservoirs, sedimentary ba-
sins, and geothermal systems.

5.2. Formation of Abictic Hydrocarbons

Methane and other hydrocarbons with an apparent abiotic
origin have been observed in a variety of geologic environ-
ments, including serpentinites, crystalline igneous rocks from
continental and oceanic crust, and hydrothermal fluids venting
on the ocean floor (e.g., Abrgjano et a., 1988; Welhan, 1988;
Sherwood Lollar et al., 1993, 2002; Salvi and Williams-Jones,
1997; Charlou et al., 1998; Kelley and Frilh-Green, 1999;
Normand and Williams-Jones, 1999; Kelley et al., 2001). A
frequently invoked scenario for the formation of these com-
pounds involves the reduction of CO, by the Fischer-Tropsch
process or a related mechanism, with H, produced by reaction
of water with olivine or other ferrous iron-bearing minerals
serving as the reductant. In addition, it has recently been
proposed that formate may be a reaction intermediate in the
formation of methane and more complex hydrocarbons from
reduction of CO, (Horita and Berndt, 1999; Schoonen et al.,
1999).

Experimental support for this scenario was apparently sup-
plied by Berndt et a. (1996), who observed production of
methane, ethane, and propane during hydrothermal serpentini-

zation of olivine in laboratory experiments and inferred that
these compounds were produced by reduction of dissolved
CO,. However, a subsequent study using **C-labeled carbon
sources has shown that, except for a small amount of methane,
the hydrocarbons generated during hydrothermal alteration of
olivine in laboratory experiments are derived from background
sources rather than reduction of CO, (McCollom and Seewald,
2001). The lack of hydrocarbon generation in the present ex-
periments provides additional evidence that the products of
aqueous CO, reduction during serpentinization of olivine may
be limited to small amounts of methane.

Despite the strongly reducing conditions, presence of poten-
tia catalysts, and high concentrations of formate in the exper-
iments, no organic compounds more complex than methane
were generated. These results are in sharp contrast to the rapid
formation of organic products, including linear akanes, a-
kanols, and alkanoic acids to > C,,, observed when agueous
solutions of formic acid are heated in fixed-volume reactors
with a gas phase present (McCollom et a., 1999). These
contrasting results suggest that a gas phase may be necessary
for the formation of complex hydrocarbons under hydrothermal
conditions, perhaps because the presence of aliquid water may
interfere with the formation of C-C bonds on the catalyst's
surface. In this respect, it should be noted that the Fischer-
Tropsch process istypically agas phase reaction, and, although
the reaction has been shown to proceed in the presence of water
vapor, it has apparently never been demonstrated that the
Fischer-Tropsch reaction can proceed in a liquid agueous en-
vironment.

If further research confirms this hypothesis, it will greatly
limit the range of geologic environments where abiotic synthe-
sis can occur. For instance, one environment where continuous
synthesis of organic compounds is thought to occur is basalt-
hosted hydrothermal systems along midocean ridges (Holm,
1992; Shock and Schulte, 1998). However, if a gas phase is
required for the process, organic compounds may be generated
only in those parts of the systems where conditions are appro-
priate for formation of avapor phase. Similarly, occurrences of
abiotic hydrocarbons in crystalline igneous rocks may indicate
that a gas phase was present at the time of their formation (e.g.,
Normand and Williams-Jones, 1999).

6. CONCLUSIONS

While the abundances of other aqueous organic acid and acid
anions in geologic systems appear to be controlled primarily by
kinetic factors, the results of this study indicate that thermody-
namic equilibrium with CO, and H, will exert a predominant
influence on the abundance of formic acid and formate in most
high temperature (>100°C) geologic environments. Minerals
appear to have little effect on the stability of formate and
formic acid, except through their influence on pH and concen-
tration of CO,. Reduction of agueous CO,, during hydrothermal
ateration of Fe(ll)-bearing minerals such as olivine may be a
significant source of formate in some geologic environments,
but further reduction and polymerization of carbon to form
complex hydrocarbons appears to be inhibited under aqueous
conditions.
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