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Abstract

In recent years, serpentinized ultramafic rocks have received considerable attention as a source of H, for hydrogen-based
microbial communities and as a potential environment for the abiotic synthesis of methane and other hydrocarbons within the
Earth’s crust. Both of these processes rely on the development of strongly reducing conditions and the generation of H, during
serpentinization, which principally results from reaction of water with ferrous iron-rich minerals contained in ultramafic
rocks. In this report, numerical models are used to investigate the potential influence of chemical thermodynamics on H, pro-
duction during serpentinization. The results suggest that thermodynamic constraints on mineral stability and on the distribu-
tion of Fe among mineral alteration products as a function of temperature are likely to be major factors controlling the extent
of H, production. At high temperatures (>~315 °C), rates of serpentinization reactions are fast, but H, concentrations may be
limited by the attainment of stable thermodynamic equilibrium between olivine and the aqueous fluid. Conversely, at temper-
atures below ~150 °C, H, generation is severely limited both by slow reaction kinetics and partitioning of Fe(II) into brucite.
At 35 MPa, peak temperatures for H, production occur at 200-315 °C, indicating that the most strongly reducing conditions
will be attained during alteration within this temperature range. Fluids interacting with peridotite in this temperature range
are likely to be the most productive sources of H, for biology, and should also produce the most favorable environments for
abiotic organic synthesis. The results also suggest that thermodynamic constraints on Fe distribution among mineral alter-
ation products have significant implications for the timing of magnetization of the ocean crust, and for the occurrence of
native metal alloys and other trace minerals during serpentinization.
© 2008 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Fluids discharged from serpentinites have frequently
been observed to be highly enriched in H, and CH4 (Barnes
and O’Neil, 1969; Neal and Stanger, 1983; Abrajano et al.,
1988, 1990; Charlou and Donval, 1993; Charlou et al., 1998,
2002; Kelley and Frith-Green, 1999; Kelley et al., 2001,
2005; Takai et al., 2004). In recent years, there has been an
increasing interest in the potential for the H, and CHy in these
fluids to support communities of chemolithoautotrophic
microorganisms in surface and subsurface environments in
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both continental and seafloor settings (e.g., Alt and Shanks,
1998; Kelley et al., 2001, 2005; Takai et al., 2004; Nealson
et al., 2005; Alt et al., 2007; McCollom, 2007). Fed by meta-
bolic energy sources including hydrogen oxidation, methano-
genesis, and methanotrophy, these microbial communities can
exist with little or no input from photosynthesis, and could
thus represent analogs for life on the early Earth or other
planetary bodies (Fisk and Giovannoni, 1999; McCollom,
1999; Chapelle et al., 2002; Takai et al., 2004, 2006; Schulte
et al., 2006). In addition, high abundances of methane as well
as other hydrocarbons in serpentinite-derived fluids have led
to suggestions that abiotic synthesis of organic compounds
occur in these environments through reduction of CO, or
CO by H, (Berndt et al., 1996; Holm and Andersson, 1998;
Shock and Schulte, 1998; Horita and Berndt, 1999; Holm
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and Charlou, 2001; Charlou et al., 2002; McCollom and
Seewald, 2001, 2003, 2007). Indeed, a few researchers have
even speculated that organic compounds produced in serpen-
tinites might contribute to some oil and gas reservoirs (Gold,
1979, 1999; Szatmari, 1989), and may have been the source of
the prebiotic organic compounds on the early Earth that led
to the origin of life (Shock and Schulte, 1998; Holm and
Andersson, 1998; Martin and Russell, 2006; Russell, 2007).

The potential for serpentinites to provide metabolic en-
ergy sources for microbial communities and to serve as envi-
ronments for abiotic organic synthesis both depend on the
amount and rate of H, generated during the serpentinization
process. At present, however, the factors that control H; gen-
eration during aqueous alteration of ultramafic rocks and
their mineral components remain largely unknown. Never-
theless, knowledge of how these factors influence H, produc-
tion will be necessary to make quantitative assessments of the
potential for serpentinites to support Hj-based microbial
communities and to contribute to fluxes of abiotic methane
and other hydrocarbons in the Earth’s crust.

Here, constraints on H, generation during serpentiniza-
tion are explored from a thermodynamic perspective.
Numerical models based on chemical thermodynamics are
used to examine the impact of temperature and water:rock
ratio on equilibrium mineral composition and H, generation
during the interaction of aqueous fluids with ultramafic
rocks. Although the models have considerable uncertainties
owing to the scarcity of data for several key phases, the re-
sults appear to be consistent with trends observed in natural
serpentinites and laboratory experiments, and suggest some
novel interpretations concerning controls on mineral com-
position and H, generation during serpentinization that
can be tested with field observations and future experiments.

2. GENERATION OF H, DURING
SERPENTINIZATION

Serpentinites are produced by hydrous alteration of ultra-
mafic rocks, primarily peridotites such as harzburgite and
lherzolite, which are composed predominantly of the miner-
als olivine and pyroxene. Serpentinites are widely distributed
on the Earth, both on land and on the seafloor (Coleman,
1967; Evans and Trommsdorf, 1970; O’Hanley, 1996; Bach
et al., 2002; Mével, 2003; Bach et al., 2004; Friih-Green
et al., 2004). Many serpentinites represent blocks of the
Earth’s mantle that have been tectonically displaced to the
surface or shallow subsurface, where they are exposed to cir-
culating groundwater or seawater. Although the minerals in
ultramafic rocks are thermodynamically stable in the pres-
ence of water at the elevated temperatures and pressures of
the mantle (e.g., McCollom and Shock, 1998), they become
unstable when exposed to lower temperatures in the near sur-
face environment and undergo reaction with water. This reac-
tion typically results in a mineral assemblage dominated by
serpentine,' along with magnetite and brucite or talc. The

! The serpentine mineral group encompasses a variety of phases,
the most common of which are lizardite, antigorite, and chrysotile.
For the sake of brevity, these will be lumped together under the
term “‘serpentine” in this communication.

name “‘serpentinite” for these rocks reflects the predominance
of serpentine among the alteration products. A number of
accessory minerals including chromite, Fe- and Ni-sulfides,
and native metal alloys such as awaruite (NizFe) are com-
monly found in association with the major alteration minerals
in serpentinites. While these phases are usually minor volumet-
rically, they can provide critical information about the chemi-
cal and physical environment during serpentinization (e.g.,
Frost, 1985; Alt and Shanks, 1998, 2003) and may serve as cat-
alysts for abiotic organic synthesis reactions (Horita and Bern-
dt, 1999; Foustoukos and Seyfried, 2004).

Generation of H, during serpentinization results from
the reaction of water with ferrous iron [Fe(II)] derived from
minerals, primarily olivine and pyroxene. In the reaction,
ferrous Fe is oxidized by the water to ferric iron [Fe(III)],
which typically precipitates as magnetite, while hydrogen
from water is reduced to H,. The process can be represented
by the generalized reaction:

2(FeO), i + H,O — (Fe,03),, + Ho, (1)

rock

where (FeO),.ck refers to the ferrous component of igneous
silicate minerals and (Fe;03),.c refers to the ferric compo-
nent of Fe-bearing mineral alteration products, such as
magnetite. For example, H, generation during serpentiniza-
tion of olivine, the predominant mineral in most ultramafic
rocks, can be expressed as:

Mg, ;Fe),Si04 +1.37H,0 — 0.5Mg,Si,Os(OH),

Olivine(Fogg) Serpentine

+0.3Mg(OH),

Brucite

+0.067Fe;04 +0.067TH, (2)

Magnetite

where Fe(II) is supplied by the olivine, and magnetite and
H, are reaction products.

While expressions like Rxn. 2 are commonly used to
portray serpentinization reactions, these expressions over-
simplify processes that occur in natural systems in a way
that overestimates the amount of H, generated during reac-
tion. Specifically, in natural systems, much of the Fe(II) re-
leased during serpentinization winds up in serpentine and
brucite solid solutions, rather than in magnetite. Since
Fe(Il) that partitions into serpentine and/or brucite solid
solution is not available for oxidation to Fe(III) in magne-
tite, this will decrease the amount of H, produced.

Serpentine minerals in altered ultramafic rocks typically
have slightly lower Fe contents than their precursor miner-
als. For instance, olivines in partially serpentinized ultra-
mafic rocks recovered from the seafloor at Hess Deep
exhibit a narrow range of Mg#s of 0.88-0.90 [Mg# =
Mg/(Mg + Fe) on a molar basis], while serpentine minerals
in the same rocks primarily have Mg#s in the range of 0.91—
0.95, reflecting a depletion of Fe relative to olivine (Friih-
Green et al., 1996, 2004; Mével and Stamoudi, 1996). On
the other hand, brucites in natural (Page, 1967; Evans
and Trommsdorf, 1972; Moody, 1976a; D’Antonio and
Kristensen, 2004; Bach et al., 2006) and experimentally pro-
duced (Moody, 1976b; Seyfried et al., 2007) serpentinites
commonly contain substantially greater Fe than the pri-
mary minerals.
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The occurrence of Fe in serpentine and brucite suggests
that the generation of H, may be significantly diminished
by partitioning of Fe(II) into product minerals, particularly
during serpentinization where large amounts of Fe-rich
brucite precipitate. At the present time, however, there ap-
pears to be little understanding of the factors that regulate
how much Fe(II) is partitioned into alteration minerals dur-
ing serpentinization. Consequently, it remains unclear how
Fe(II) partitioning affects the amounts and rates of H, gen-
eration, and how the partitioning is controlled by variables
such as temperature, reactant rock and fluid composition,
water:rock ratio, etc.

A critical property of ultramafic rocks that allows abun-
dant H, production to occur during serpentinization is that
the low silica activity of the rocks (Frost and Beard, 2007)
results in formation of alteration minerals (particularly ser-
pentines and brucite) that tend to largely exclude Fe(II)
from their structure, leading to formation of magnetite
(and, consequently, H,). In more silica-rich rocks such as
basalts, a greater proportion of Fe(II) is sequestered in sil-
icate alteration minerals such as chlorite and amphibole
which more readily allow Fe(Il) into their structure, rather
than being converted to Fe(III). As a result, hydrothermal
alteration of basalt generates much lower amounts of H,
than serpentinization of ultramafic rocks, even though the
Fe(Il) content of basalt is typically much higher. For
example, deep-sea hydrothermal fluids interacting with
hot basalt typically have H, concentrations in the
0.05-1.7 mmol kg~ ! range (Von Damm, 1995), while H,
concentrations of 12-16 mmolkg™' are reported for
submarine hydrothermal fluids that have interacted with
ultramafic rocks (Charlou et al., 2002; Kelley et al., 2005).
Even higher H, concentrations exceeding 100 mmol kg ™!
are indicated by the presence of native metal alloys in many
serpentinites (Frost, 1985; Alt and Shanks, 2003) and have
been produced in experimental studies of serpentinization
(Berndt et al., 1996; McCollom and Seewald, 2001). Thus,
serpentinites appear to be unique in their capacity to gener-
ate high H, abundances.

3. THERMODYNAMIC CONSTRAINTS ON H,
GENERATION

Thermodynamic considerations have been employed
for several decades to place constraints on physical condi-
tions during serpentinization (see, for instance, Evans
and Trommsdorf, 1972; O’Hanley, 1996; Mével, 2003;
Friih-Green et al., 2004). In most cases, these studies have
taken the approach of using univariant curves for individ-
ual phase equilibria in order to evaluate pressure and
temperature conditions during serpentinization based on
petrologic observations. For example, Fig. 1 shows uni-
variant curves for equilibrium of the reactions:

2Mg,Si0, +3H,0 — Mg;Si,05(OH), + Mg(OH),  (3)

forsterite serpentine brucite

and
6Mg,Si0, + Mg,Si;010(OH), +9H,0 < 5Mg,Si,05(OH),
forsterite talc serpentine

)
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Fig. 1. Univariant curves for the reactions (1) forsterite + H,O =
serpentine + brucite and (2) forsterite + talc + H,O = serpentine.

Comparison of the boundaries imposed by equilibria
such as these with mineral assemblages observed in a partic-
ular rock sample allows constraints to be placed on the con-
ditions that were present during crystallization. But, few
studies using this approach have considered the impact of
mineral solid solution compositions on equilibrium, or their
effect on fluid composition. Recently, however, Sleep et al.
(2004) used a phase equilibria approach to evaluate H, con-
centrations in equilibrium with varying solid solution com-
positions for serpentine, brucite, and Ni,Fe-alloys (e.g.,
awaruite).

The phase equilibria approach is useful for interpreting
alteration conditions for rocks whose mineral composition
is known (for example, by examination of thin sections).
However, this method has little predictive value and
provides little information on fluid composition (except,
perhaps, for evaluating the activity of CO, in carbonate-
bearing assemblages). For instance, while a phase equilib-
ria approach can be used to determine H, concentrations
in equilibrium with mineral solid solutions of a given
composition (e.g., Sleep et al., 2004), it is not possible
to use this approach to predict what mineral compositions
would be attained during alteration of a particular ultra-
mafic rock, or to estimate the amount of H, that would
be generated during that alteration. Furthermore, the
phase equilibria approach provides no insight into how
or why the rock arrived at a particular mineral composi-
tion, nor does it allow a means of assessing the impact of
the original rock and fluid composition on alteration
mineralogy.

For this study, thermodynamic constraints on fluid and
mineral composition during serpentinization were explored
through the use of reaction path models. These models
emulate reactions of minerals with a fluid, and determine
the compositions of minerals and coexisting fluid that
would be attained at thermodynamic equilibrium for a
given temperature and pressure by minimizing the Gibbs
energy of the overall system. By taking into account mass
balance and variable solid solution compositions during



Serpentinization and hydrogen generation 859

reaction, these models allow investigation of additional
constraints on mineral and fluid compositions during ser-
pentinization that cannot be evaluated using a phase equi-
libria approach. Several previous studies have employed
reaction path models to examine various aspects of serpent-
inization (Wetzel and Shock, 2000; Alt and Shanks, 2003;
Allen and Seyfried, 2003; Palandri and Reed, 2004). How-
ever, these previous studies considered a limited range of
temperatures and solid solution compositions, and do not
address variables involved in H, production. The models
presented here expand beyond these previous efforts by
considering a larger range of conditions (temperature,
water:rock ratio), incorporate solid solutions for serpen-
tine, brucite, and other minerals, and focus on factors
effecting the generation of H,.

The models performed for this study primarily examine
the affects of temperature and water:rock ratio on mineral
and fluid compositions during fluid-rock interactions. The
calculations require definition of the composition of the ini-
tial rock and fluid as inputs for the models. Because it is
most representative of ultramafic rocks exposed to fluid cir-
culation beneath the seafloor, the calculations presented
here are performed for rocks with a harzburgitic composi-
tion. Accordingly, the reactant rock was composed of
80 wt% olivine (Mg# = 0.90; equivalent to 5.419 moles
Mg, sFeq,Si04 per kg of rock), 15wt% orthopyroxene
(Mg# = 0.85; 1.427 moles Mgy gsFey 155105 kg™!), and
5 wt% clinopyroxene (Mg# = 0.90; 0.228 moles CaMg
Feo1Si,0¢ kg™ '). The initial fluid reactant was presumed
to be composed of seawater depleted in O, and sulfate, with
Ca and Mg partially removed to achieve charge balance
(Table 1). This fluid is nominally intended to represent sea-
water whose composition has been modified by circulation
through the crust.

All calculations shown here are performed for a pressure
of 35 MPa, appropriate to shallow subseafloor environ-
ments or intermediate depths within the continental crust.
It should be borne in mind that the calculations are most
relevant to reaction at this pressure, and the temperature
ranges discussed for phase relationships will vary somewhat
for serpentinization at other pressures. In general, the tem-
peratures of phase transitions in this system increase with
increasing pressure (Fig. 1). However, the relative thermo-

Table 1

Initial fluid composition used in the models.

Component Concentration
pH 7.8

Na® 464.

Cl™ 546.
HCO;™ 2.3

Ca** 10.2
Mg>" 24.8

K+ 9.8
SiOs4q) 0.16

Fe 0.0000015
SO, 0

Oaag) 0

All concentrations in mmolal.

Table 2
List of solid solutions included in the thermodynamic database.
Solid solution Components
Orthopyroxene Enstatite
Ferrosilite
Clinopyroxene Diopside
Hedenbergite
Serpentine Chrysotile
Greenalite
Brucite Brucite
Fe(OH),
Talc Talc
Minnesotaite
Amphibole Tremolite
Ferrotremolite

dynamic properties of the phases involved in serpentiniza-
tion reactions are relatively insensitive to pressure, so that
moderate increases in pressure (up to a few 100 MPa) re-
sults in an increase of only a few tens of degrees for the
reactions under study.

The model calculations were performed using the com-
puter program EQ3/6, version 7.2b (Wolery, 1992; Wolery
and Daveler, 1992), with a customized thermodynamic
database® for 35MPa compiled using SUPCRT92
(Johnson et al., 1992). The computations included all min-
erals and inorganic aqueous species in the SUPCRT92
database for the system Mg-Ca-Fe-Si-Na-CI-O-H, except
as noted below. SUPCRT92 incorporates thermodynamic
data from Helgeson et al. (1978) for minerals, and Shock
and Helgeson (1988) and Shock et al. (1989, 1997) for dis-
solved inorganic aqueous species. Activity coefficients for
aqueous species are calculated using the B-dot equation
(Helgeson et al., 1981).

Although alteration of ultramafic rocks generates sev-
eral different serpentine minerals including lizardite, antig-
orite, and chrysotile (e.g., Moody, 1976a; O’Hanley, 1996;
Meével, 2003; Friith-Green et al., 2004), chrysotile was used
in the models to represent the serpentine group. In large
part, this restriction is based on the lack of thermodynamic
data for the other phases, since the Helgeson et al. (1978)
mineral database does not include lizardite and thermody-
namic data for the Fe-end member corresponding to antig-
orite are not available. However, because the differences in
thermodynamic properties among the different serpentine
minerals are likely to be very small relative to the differences
between the serpentines and other minerals in the database,
this assumption is likely to have a relatively minor impact
on the outcome of the models. Solid solutions are included
in the models for many minerals, as listed in Table 2. Owing
to a lack of reliable data for the thermodynamic properties
of mixing for these solid solutions, ideal site mixing was as-
sumed for all solid solutions. Only Fe-for-Mg exchange is
considered for these solid solutions.

2 Electronic copies of the database and EQ3/6 input files are
available from the authors on request.
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In some cases, thermodynamic parameters for minerals
and solid solutions that are particularly relevant to the
study of serpentinites were not available in the SUPCRT92
database and had to be estimated or incorporated from
other sources. Specifically, the database lacks data for the
standard Gibbs energy of formation (AG°,) for greenalite,
minnesotaite, and Fe(OH), (Fe-endmembers of chrysotile,
talc, and brucite solid solutions, respectively), and standard
entropy (S°) and heat capacity (AC,) data for Fe(OH),. For
this study, AG° g eenaiire Was adopted from Sassani (1992),
AG®/ innesoraire Was taken from Sverjensky (1992), and
AG®;pecom)> from Sverjensky and Molling (1992). Heat
capacity (Cp) as a function of temperature for Fe(OH),
was estimated from that of brucite by assuming that the im-
pact of Mg-for-Fe substitution on heat capacity between
brucite and Fe(OH), is the same as that for chrysotile
and greenalite. That is, heat capacities for Fe(OH), are cal-
culated according to the equation:

Cp.Fe(()H)Z = Cp,brucite + 0-33(Cp,greenalite - Cp.chrysatt’le) (5)

where the factor of 0.33 accounts for the presence of three
Mg per formula unit for chrysotile. Chrysotile is composed
of alternating layers of silica tetrahedra and Mg(OH), (of-
ten referred to as the “brucite layer”), and the greenalite
structure involves substitution of Fe for Mg in the
Mg(OH), layer. Because the site of this substitution is
structurally similar to the site of Mg in the Mg(OH), layers
that compose brucite, this appears to be the most reason-
able approach to estimating the thermodynamic properties
of Fe(OH),. Values of C,, as a function of temperature were
calculated using Maier—Kelley power function coefficients
from Helgeson et al. (1978) as included in the SUPCRT92
database (Johnson et al., 1992). The standard entropy for
Fe(OH), (=88Jmol 'K™') was taken from Wagman
et al. (1982) and the molar volume (=30.5 cm® mol™") is
from Kozlov and Levshov (1962). The thermodynamic
parameters adopted for these minerals are summarized in
Table 3.

As described below, olivine can be thermodynamically
stable during fluid-rock interactions with ultramafic
rocks at high temperature (>~315 °C at 35 MPa). During
the initial calculations for this study, the composition of
olivine solid solution during alteration was allowed to
vary freely, and it was observed that the composition
of the olivine at equilibrium would become slightly more
enriched in Mg than the starting material (i.e., olivine
with an initial Mg# = 0.90 would alter to Mg# = 92-94

Table 3

Thermodynamic data for Fe endmembers of solid solutions
adopted in the geochemical models, including standard Gibbs
energy of formation (AG°y), standard entropy (S°), and Maier—
Kelley coefficients (a, b, and c¢) used in calculations of the heat
capacity (C,) by SUPCRT92 (see Johnson et al., 1992).

Mineral AG°, S° a b c
(kJ mol™!) (Jmol™! K71 (x10%) (x107%)
Fe(OH), —492.82  88.00 109.06 18.192 —22.52

Minnesotaite —4392.79 349.53
Greenalite —2994.41 303.90

369.67 178.37 —46.67
341.79 136.46 —64.42

during equilibration with the fluid at high temperatures
for the rock composition employed in the model). How-
ever, this did not appear to be geologically realistic, since
partially altered olivine in serpentinites do not generally
show a significant change in composition that would cor-
respond to the Fe-for-Mg exchange predicted by the
equilibrium models. Therefore, the composition of olivine
was fixed in the models at Mg# =0.90 in all calcula-
tions, so that olivine retains its original composition
throughout the calculation. The compositions of all other
solid solutions were allowed to vary freely over their en-
tire range.

Owing to a lack of thermodynamic data, the database
employed in the models excludes a number of accessory
minerals that are commonly used to interpret the oxidation
state of the system during serpentinization, including native
metal alloys and Ni-bearing sulfides (e.g., Frost, 1985; Alt
and Shanks, 1998). However, the low abundance of these
minerals indicates that they are unlikely to be the primary
components controlling the abundance of H, during ser-
pentinization, but, rather, are responding to the oxidation
state controlled by the more abundant silicates, magnetite,
and brucite. Consequently, omission of these minerals
probably has only a small effect on estimates of H, genera-
tion in the models. Extension of the database and models to
include these minerals will be an objective of a follow-up
study.

Reaction path models such as these have inherent uncer-
tainties arising from both the numerical methods employed
in the calculations and the underlying thermodynamic data-
base. However, because of the many assumptions and
extrapolations that are required in order to derive the req-
uisite thermodynamic parameters (including, but not lim-
ited to, those mentioned above), quantitative assessment
of these uncertainties is problematic (see, for example, dis-
cussion in Helgeson et al., 1978). Stated uncertainties in
standard Gibbs energies for individual aqueous species
are on the order of ~0.1 kJ mol™! at standard state condi-
tions of 25 °C and 0.1 MPa, but these uncertainties increase
significantly at elevated temperatures and pressures (Shock
and Helgeson, 1988). At 300 °C and 35 MPa, uncertainties
are apparently on the order of 1.5-2 kJ mol™". Individual
minerals have apparent uncertainties of a similar magnitude
(Helgeson et al., 1978). How these errors in thermodynamic
data for individual compounds propagate into numerical
models that include numerous minerals and aqueous spe-
cies is unclear. The assumption of ideality for solid solu-
tions and estimates of the thermodynamic properties for
some endmembers adds an additional level of uncertainty
to the calculations, but the current lack of experimental
data concerning phase relations in these systems precludes
quantitative evaluation of the accuracy of the resulting pre-
dictions. Below, however, we do consider the impact of
the estimated thermodynamic properties of Fe(OH),
on the outcome of the models. Owing to these limitations,
the model results presented here should be regarded as pro-
visional predictions until more definitive thermodynamic
data become available from laboratory experiments, and
models results should be considered as approximations
rather than precise values.
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Fig. 2. Predicted alteration mineralogy and fluid composition
during hydrothermal alteration of harzburgite for a range of
temperatures at a water:rock ratio equal to one. (a) Equilibrium
mineral composition in amount of mineral per kilogram harzburg-
ite reacted. (b) Mineral solid solution compositions. (¢) Fluid pH
and H, concentration. Dashed lines in (b) indicate composition of
mineral solid solutions in the original harzburite. Abbreviations:
“oliv” = olivine, “opx” = orthopyroxene, “‘cpx” = clinopyroxene.

3.1. Temperature dependence

We first use the thermodynamic models to examine the
effect of temperature on rock and fluid composition during
serpentinization. Fig. 2 shows model results for the reaction
of harzburgite with seawater over a range of temperatures
from 50 °C to 400 °C and a constant water:rock ratio of
1. Fig. 2a shows the predicted equilibrium mineral assem-
blage as a function of temperature. At all temperatures be-
low 315 °C, the equilibrium mineral assemblage consists of
a typical serpentinite composition that includes serpentine,
brucite, magnetite, and minor secondary clinopyroxene
(diopside), with serpentine the predominant mineral. Above
315 °C, olivine becomes a stable member of the assemblage,
and will coexist in equilibrium with the fluid and alteration
minerals after it has only partially reacted. The inclusion of
olivine eliminates brucite from the equilibrium assemblage.
The proportion of unaltered olivine among the equilibrium

minerals increases with temperature from 315°C up to
390 °C, and above this temperature the amount of unal-
tered olivine present at equilibrium is essentially identical
to that in the original rock (a very small amount of olivine
dissolves to bring the mineral into equilibrium with the fluid
above 390°C). At temperatures between 370°C and
390 °C, the equilibrium assemblage consists of serpentine,
tremolite and a small amount of magnetite produced from
alteration of pyroxenes, along with relict unreacted olivine
(the amount of magnetite produced, 10-18 g per kg harz-
burgite, is too small to be readily apparent in Fig. 2a).
Above 390 °C, talc replaces serpentine as an alteration min-
eral, so that the equilibrium assemblage consists of unal-
tered olivine along with talc, tremolite, and a small
amount of magnetite produced from decomposition of
pyroxenes.

The results in Fig. 2a show that partially reacted olivine
can stably coexist with alteration minerals over a broad
temperature range. Whereas the univariant approach would
indicate that olivine and serpentinite should be stable to-
gether only at a single temperature for a given pressure
(Fig. 1), when mass balance constraints are taken into ac-
count the transition between olivine and serpentinite occurs
over a range of temperatures (315-390 °C for the modeled
conditions). Within this temperature range, olivine will re-
act only until it reaches equilibrium with the encroaching
fluid and the other minerals in the alteration assemblage,
and then will cease to react further. Above 390 °C, only a
very small amount of olivine reaction is required to reach
equilibrium, so that olivine remains almost completely
unaltered. Typically, incompletely serpentinized rocks with
unaltered olivine are interpreted as reflecting either insuffi-
cient time or too little water to allow the reaction to go
to completion. However, the results shown in Fig. 2a sug-
gest that some partially serpentinized rocks could reflect
an equilibrium condition at temperatures above ~315 °C.
At these temperatures, partially serpentinized olivine can
persist stably for indefinite periods of time, and in the pres-
ence of excess water.

Solid solution compositions corresponding to the equi-
librium mineral assemblages portrayed in Fig. 2a are shown
in Fig. 2b. At all temperatures, the proportion of Fe pre-
dicted by the models to be incorporated into serpentine is
less than that of the initial reactant minerals (i.e.,
Mg# > 0.9 for serpentine versus Mg# = 0.9 for olivine
and clinopyroxene and Mg# = 0.85 for orthopyroxene).
Brucite, on the other hand, is depleted in Fe relative to
the primary minerals at high temperatures, but incorporates
an increasing amount of Fe(II) with decreasing tempera-
ture, so that at lower temperatures the Fe-endmember of
brucite constitutes a substantial fraction of the mineral so-
lid solution. At temperatures below ~200 °C, the propor-
tion of Fe incorporated into brucite exceeds that of the
primary olivine and orthopyroxene (i.e., Mg# < 0.85). Be-
cause a greater amount of the Fe from the primary minerals
is incorporated into brucite, the amount of Fe converted
to magnetite decreases with decreasing temperature
(Fig. 2a). Secondary clinopyroxene in the equilibrium
alteration assemblage is essentially pure diopside at all tem-
peratures (Mg# = 0.98), suggesting that recrystallization of
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clinopyroxene should occur during lower temperature alter-
ation (<~315 °C) that results in loss of Fe. Talc and trem-
olite predicted to form at >370 °C are essentially pure Mg
end-members (Mg# > 0.98).

The pH and H, concentration of the fluid in equilibrium
with the minerals is shown in Fig. 2c. It can be seen from
this figure that the predicted concentration of H; at equilib-
rium varies strongly with temperature, attaining a peak of
~360 mmolal at 315°C and decreasing sharply at both
higher and lower temperatures, reaching <70 mmolal at
400 °C and only ~7 mmolal at 50 °C. Since production of
H, during serpentinization occurs largely as a consequence
of the formation of magnetite (Rxn. 2), the reduction in
concentration of H, at lower temperatures reflects the in-
creased partitioning of Fe(II) into brucite and decrease in
magnetite formation with decreasing temperature (Fig. 2a
and b). At temperatures around 150 °C, the amount of
H, generated at equilibrium for a water:rock ratio of one
is predicted to be <25% of that occurring from the same
amount of rock alteration at higher temperatures near
300 °C, dropping to less than 3% at 50 °C.

The production of H, also decreases at temperatures
above 315 °C, but in this case the amount of H, generated
is limited by attainment of thermodynamic equilibrium be-
tween olivine, the fluid, and secondary alteration minerals.
At these temperatures, alteration ceases when the original
olivine is only partially reacted, decreasing the amount of
Fe converted to magnetite. The extent of olivine reacted
and, consequently, the amount of magnetite formed de-
creases with increasing temperature above 315°C.
Although it is difficult to discern in Fig. 2a, a small amount
of magnetite is still produced above the temperature where
olivine becomes essentially unreactive (>~370 °C) owing to
reaction of pyroxenes. As a consequence of pyroxene reac-
tion, substantial concentrations of H, are still generated at
equilibrium (50-80 mmolal) even without the involvement
of olivine, albeit at levels significantly less than those at-
tained at lower temperatures where olivine is reactive.

The equilibrium pH is near neutrality at high tempera-
tures, but becomes increasingly alkaline at lower reaction
temperatures, reaching a pH of ~11 at 50 °C (Fig. 2c¢).
The pH is largely determined by equilibrium of the fluid
with brucite, which can be represented by the general
reaction:

(Mg Fe,)(OH), «» xMg*" + yFe’* + 20H . (6)
brucite
The equilibrium constant for this reaction increases with
decreasing temperature, favoring higher dissolved concen-
trations of OH™. However, the pH is dependent not only
on the equilibrium constant for this reaction but also on
the levels of dissolved Mg and Fe, which are regulated in
turn by equilibrium with the other minerals present in the
alteration assemblage. Thus, the pH is ultimately controlled
by the entire mineral assemblage and not just brucite.
Concentrations of dissolved elements in equilibrium with
the mineral assemblages shown in Fig. 2 are given in Fig. 3,
where it can be seen that variations in the fluid composition
as a function of temperature are relatively minor (note that
concentrations in Fig. 3 are represented on a log scale so that

all elements can be displayed, and this scale exaggerates min-
or variations in elements present at low abundance). Except
at high temperature, the fluid is enriched in Ca, slightly de-
pleted in Si, and strongly depleted in Mg relative to the start-
ing solution. Dissolved concentrations of Si, Mg, and Fe are
predicted to increase substantially during reaction at higher
temperatures, increasing by more than two orders of magni-
tude between 315 °C and 400 °C. However, even at the high-
est temperatures the concentrations of these elements remain
below a couple of mmolal.

3.2. Dependence on water:rock ratio

The impact of water:rock ratio (W:R) on alteration min-
eralogy and fluid composition during serpentinization var-
ies significantly as a function of temperature. This can be
illustrated by examining the effect of varying water:rock ra-
tio on thermodynamic equilibrium at three representative
temperatures, with 100 °C representing the low temperature
range (50 °C to ~200 °C), 300 °C the intermediate temper-
ature range where H, generation is highest (~200 °C to
315°C), and 350 °C representing the range where olivine
persists in equilibrium with secondary alteration products
after only partial reaction (315-390 °C). These tempera-
tures are considered individually in the following
subsections.

At all temperatures, reaction at low W:R results in a
large fraction of the water being incorporated into hydrated
alteration minerals at equilibrium, leading to steeply in-
creased salinity and concentrations of dissolved compounds
in the remaining fluid. The thermodynamic data on which
the models are based are only appropriate for total dis-
solved solute concentrations up to ~2-3 molal (Wolery,
1992). Owing to the concentration of solutes by incorpora-
tion of water into hydrated minerals, this limit is exceeded
at low water:rock ratios in the equilibrium calculations.
Consequently, model results for W:R < ~0.2 were consid-
ered to be too unreliable to include in the discussion, and
results for W:R < ~0.3 should probably be considered as
provisional. In all cases, water:rock ratio in the following
discussion refers to the value at the start of the reaction,
not the relative amounts present at equilibrium.

3.2.1. Variation with water:rock ratio at 100 °C

Calculated equilibrium mineral assemblages and fluid
compositions as a function of water:rock ratio at a constant
temperature of 100 °C are shown in Fig. 4. Serpentine dom-
inates the equilibrium mineral assemblage over the entire
range of W:R studied, with lesser amounts of brucite, mag-
netite, and secondary clinopyroxene (diopside) (Fig. 4a).
The fraction of magnetite in the mineral assemblages de-
creases substantially at lower water:rock ratio, while sec-
ondary diopside is not present in the equilibrium
assemblage at W:R > ~6 because concentrations of Ca
and Si remain below saturation levels for diopside at high
ratios. The proportion of Fe in serpentine is lower than
the initial harzburgite minerals at all water:rock ratios while
that of brucite is higher than the starting minerals (Fig. 4c).
For both minerals, the Fe content increases gradually with
decreasing water:rock ratios.
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At lower water:rock ratios, an increasingly large fraction
of the initial water is incorporated into hydrated minerals,
so that only ~20% of the initial H,O remains at equilibrium
for W:R = 0.2 (Fig. 5b). Largely as a consequence of the
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uptake of water into minerals, the concentrations of most
dissolved elements increase steadily with decreasing water:
rock ratio (Fig. 4d). However, the relative levels of dis-
solved elements are also somewhat dependent on equilib-
rium with the mineral products. The pH remains
essentially constant at ~9.7 except at very large W'R,
reflecting buffering by the mineral assemblage (Fig. 4b).
At water:rock ratios >~6, all Ca from the harzburgite is
dissolved into the aqueous phase without reaching satura-
tion with respect to diopside, allowing high concentrations
of Mg and lower pH in the fluid.

The equilibrium concentration of dissolved H, is calcu-
lated to be around 15 mmolal at high W:R, and increases
gradually with decreasing water:rock ratios to plateau at
around 24 mmolal for W:R < 0.7 (Fig. 4b). These concen-
tration levels are affected by several different factors.
Although H, concentrations are higher at lower water:rock
ratios, the amount of H, that is generated from each kilo-
gram of harzburgite actually increases steeply with increas-
ing water:rock ratios from 0.9 moles H, per kg of rock at
W:R =02 to ~I130moleskg™' at W:R =10 (Fig. 5a).
However, because the H, generated is dissolved into a lar-
ger amount of fluid at higher water:rock ratios, the result-
ing concentrations end up being lower. This effect is
compounded at low water:rock ratios by incorporation of
a larger fraction of H,O from the initial fluid into hydrated
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Fig. 4. Predicted equilibrium mineral and fluid compositions for hydrothermal alteration of harzburgite at 100 °C over a range of water:rock
ratios. (a) Weight percent of minerals in the alteration assemblage, (b) pH and H, concentrations, (c) solid solution compositions, and (d) fluid
composition. Dashed lines in (c) indicate composition of mineral solid solutions in the original harzburite.
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minerals (Fig. 5b), further concentrating the H, in the
remaining fluid. The overall result is that H, concentrations
decrease with increasing water:rock ratio even though more
H, is being generated from each kg of rock, and concentra-
tions are highest when the least amount of H; is generated
per a given amount of rock.

Because the dissolved H, is maintained through equilib-
rium with the mineral phases, higher H, concentrations at
lower water:rock ratios coincide with increased partitioning
of Fe(II) into brucite and serpentine, and reduced produc-
tion of magnetite (Fig. 4). These relationships can be por-
trayed by the generalized reactions:

Fe304 + HZ + 2H20 = 3[Fe(OH)2]bmciZe (7)
and

FG3O4 + Hz + Hzo + 2Si02‘(aq) = [Fe;Sle5(OH)4]

serpentine
(8)
where [Fe(OH)2]hrm~ire and [Fe3Si205(OH)4]s‘erpentine repre-
sent Fe components of brucite and serpentine solid solu-
tions. Higher H, concentrations require higher activities
of the Fe components in brucite and serpentine in order
to maintain equilibrium, shifting Fe from magnetite into
these other minerals. Alternatively, one might look at these
relationships from the point of view that, at low water:rock
ratios, only a small amount of Fe(II) from the initial harz-
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Fig. 5. Amount of H, generated per kg harzburgite (a) and percent
of the initial H,O remaining at equilibrium (b) as a function of
water:rock ratio. The amount of H, generated is expressed as
mmoles per kg initial rock.

burgite minerals has to be converted into magnetite in order
to produce H, concentrations that are high enough to sta-
bilize the higher levels of Fe in brucite and serpentine.

3.2.2. Variation with water:rock ratio at 300 °C

Equilibrium mineral assemblages and fluid compositions
as a function of water:rock ratio at a constant temperature
of 300 °C are shown in Fig. 6. Again, serpentine dominates
the equilibrium mineral assemblage over the entire range of
W:R studied, accompanied by lesser amounts of brucite,
magnetite, and secondary diopside (Fig. 6a). The relative
proportions of the minerals in the equilibrium assemblage
are fairly constant, although the relative amounts of brucite
and diopside are slightly greater and that of magnetite
slightly less at lower water:rock ratios. Over the entire
range of W:R, the proportions of Fe in both serpentine
and brucite are lower than it was in the initial reactant min-
erals, and the Fe contents increase with decreasing water:-
rock ratios (Fig. 6¢). The pH of the solution is essentially
constant for all W:R except for very high values, reflecting
control by the mineral assemblage (Fig. 6b). The relative
proportion of dissolved elements in the fluid at equilibrium
remain essentially constant over most of the range of W:R,
but total concentrations increase slightly with decreasing
water:rock ratios as incorporation of a larger fraction of
water into the alteration minerals focuses solutes in the
aqueous phase (Figs. 5b and 6d).

The relatively low Fe contents of serpentine and brucite
attained at equilibrium means that a large fraction of Fe is
partitioned into magnetite, generating substantial amounts
of H,. As was observed in the 100 °C results, the amount of
H, generated per kg of harzburgite is greater at higher W:R
(Fig. 5a), but the resulting concentration in the fluid de-
creases with increasing water:rock ratio (Fig. 6b). However,
even at high W:R, H, concentrations at this temperature
are higher than the highest concentrations attained at lower
temperatures (e.g., Fig. 4b). At high ratios (W:R > ~5), the
equilibrium concentration is below 100 mmolal, but con-
centrations increase steeply at lower ratios, with calculated
equilibrium concentrations exceeding one molal for
W:R < ~0.4.

Although the model calculations predict that extremely
high H, concentrations would be present at equilibrium
for very low W:R (Fig. 5b), it is unlikely that such high con-
centrations would be attained in natural systems, for two
reasons. First, the calculated concentrations exceed the sol-
ubility of H, in high temperature fluids at moderate pres-
sures (Seward and Franck, 1981). For example, at
35 MPa and 300 °C the solubility of H, in pure water is
about 1.2 molal. As a consequence, alteration of rocks to
equilibrium at low water:rock ratios at shallow levels in
the crust should lead to exsolution of a separate H,-rich va-
por phase after attaining saturation concentrations. The ex-
act concentration at saturation will depend on a number of
factors, including pressure, temperature, fluid salinity, and
abundance of other volatiles. However, if saturation and
exsolution of a separate H, gas phase should occur, the
aqueous concentration would then remain essentially con-
stant and equilibrium Fe contents of mineral solid solutions
would be lower than those shown in Fig. 5b.
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Second, accumulations of high concentrations of H,
may lead to conditions that are sufficiently reducing to sta-
bilize native metals, particularly Ni,Fe-alloys such as
awaruite (Frost, 1985). Once these levels are reached, H,
generated during magnetite formation will be consumed
in the formation of Ni,Fe-alloy through reactions such as:

(FeO), + (NiO), o + H, — Ni, Fe —alloy + H,O  (9)

where (FeO),ock and (NiO),.cx represent ferrous iron and
nickelous nickel derived from olivine and pyroxene. Alter-
natively, the overall process can be viewed as a dispropor-
tionation of Fe(Il) from the ultramafic rocks into both
more oxidized and more reduced forms:

(FeO), o + (NiO), . — Ni, Fe — alloy + Fe;0,4 + H,O.

(10)

Either way, the result is that accumulations of high levels of
dissolved H, will be limited by formation of native metals,
particularly Fe-bearing alloys.

Owing to a lack of thermodynamic data for native metal
alloys, it is difficult to place quantitative constraints on the
limitations on H, concentrations imposed by saturation
with respect to Ni,Fe-alloy, or on the amounts of alloys
that would be precipitated at equilibrium under hydrother-
mal conditions. However, Frost (1985) estimated that
awaruite is only stable at oxygen fugacities below about

rock

107%® at 300 °C and 200 MPa, which is equivalent to dis-
solved H, concentrations above ~340 mmolal. The pres-
ence of sulfides can buffer H, concentrations at somewhat
higher levels (e.g., Alt and Shanks, 1998). Although the ex-
act H, concentrations required to stabilize metal alloys and
sulfides may be sensitive to pressure and other factors, these
considerations suggest that H, levels during serpentiniza-
tion at temperatures around 300 °C and low W:R may level
off at around 400 mmolal as concentrations are buffered by
mineral assemblages that include native metals and Ni,Fe-
sulfide minerals.

3.2.3. Variation with water:rock ratio at 350 °C
Equilibrium mineral assemblages and fluid compositions
as a function of water:rock ratio at a constant temperature
of 350 °C are shown in Fig. 7. At this temperature, olivine
joins serpentine as the predominant members of the equilib-
rium mineral assemblage for all water:rock ratios, along
with lesser amounts of magnetite and secondary diopside
(Fig 7a). The proportions of serpentine and magnetite in
the equilibrium assemblage decrease somewhat at lower
W:R, reflecting the decreasing amount of olivine that must
react in order to bring the fluid into equilibrium with the
mineral assemblage at lower ratios. Because olivine consti-
tuted 80 wt% of the initial harzburgite, between 35% and
55% of the original olivine is converted into alteration
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minerals before reaching equilibrium at this temperature,
depending on water:rock ratio. For all values of W:R, the
Fe content of serpentine is predicted to be less than that
of the original olivine and pyroxenes, and increases slightly
at lower W:R (Fig. 7c). The pH is constant at ~6.5 over the
range of W:R except at very high values, reflecting buffering
by the equilibrium mineral assemblage of olivine + serpen-
tine + magnetite + diopside (Fig. 7b). The concentrations
of all dissolved elements increase gradually at lower water:
rock ratios as an increasing proportion of the water is taken
up in hydrated minerals (Fig. 7d).

Equilibrium concentrations of dissolved H, exhibit a
trend of increasing concentrations at lower water:rock ra-
tios similar to that observed at 300 °C, although the overall
concentrations are substantially lower (i.e., ~20-450 mmo-
lal at 350 °C vs. ~40 to >2500 mmolal at 300 °C). The low-
er overall concentrations at 350 °C relative to 300 °C are
attributable to two factors. First, because olivine is only
partially reacted at equilibrium, less magnetite is formed
and, consequently, the amount of H, generated from each
kg of harzburgite is significantly lower (Fig. 5a). Second,
because a lower proportion of the initial water is incorpo-
rated into alteration minerals for an equivalent W:R at
350 °C than at 300 °C (Fig. 5b), H, and other dissolved sol-
utes are less concentrated by loss of water.
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3.3. Dependence on estimated thermodynamic properties of
brucite solid solution

The strong dependence of the predicted equilibrium con-
centrations of H, on the amount of Fe(II) incorporated into
solid solutions raises the issue of the sensitivity of the model
results to the thermodynamic parameters employed in the
calculations, particularly the Fe component of brucite.
With regard to the parameters employed for brucite solid
solution, uncertainties arise from the values of AG°; S°
and C, used in the calculations for the endmembers as well
as the presumption of ideal mixing behavior for the stan-
dard solution. Because the heat capacity makes only a rel-
atively small contribution to the value of the standard
Gibbs energy at elevated temperature and pressure (AG°7 p;
Johnson et al., 1992) of Fe(OH), over the temperature
range of this study, uncertainties in the assumed values of
C,, for this component have only a small impact on the
model results. For instance, increasing the assumed C, for
Fe(OH), by 10% decreases AG°rp only slightly from
—5183kImol™" to —519.0kJmol' at 250°C and
35 MPa. Additional model calculations (not shown) per-
formed with the C, for Fe(OH), varied by +10% from
the value adopted in this study resulted in predicted
amounts of minerals, Mg#s for solid solutions, and H, con-
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Fig. 7. Predicted equilibrium mineral and fluid compositions for hydrothermal alteration of harzburgite at 350 °C over a range of water:rock
ratios. (a) Weight percent of minerals in the alteration assemblage, (b) pH and H, concentrations, (c) solid solution compositions, and (d) fluid
composition. Dashed lines in (c) indicate composition of minerals in the original harzburite.
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centrations that deviated by <3% from the results presented
above.

More substantial variations may arise from the value of
AG°¢pecom)2 adopted in the calculations. The value em-
ployed here (—492.82 kJ mol™') is taken from Sverjensky
and Molling (1992), which is derived from solubility data
for Fe(OH), reported by Baes and Mesmer (1976). The value
from Sverjensky and Molling (1992) is in agreement within
the stated uncertainty (£~4 kJ mol™!) with that derived for
Fe(OH), by Refait et al. (1999) (=490 + 1 kJ mol™}), but dif-
fers more considerably from the value reported by Wagman
et al. (1982) (—486.5 kJ mol ).

In order to assess the potential impact of the adopted
value of AG°;(om)2 on the outcome of the models, addi-
tional calculations were performed substituting the AG°,
value from Wagman et al. (1982) for Fe(OH), while leav-
ing all other thermodynamic parameters unchanged. A
comparison of selected results from these calculations is
shown in Fig. 8, where it can be seen that the models per-
formed with the value from Wagman et al. (1982) predict
much lower Fe contents for brucite at equilibrium for all
temperatures, along with substantially larger amounts of
magnetite and H, concentrations. Indeed, Mg#s for bru-
cite remain above 0.93 at all temperatures in the models
using the Wagman et al. datum. If the Wagman et al.
value is accurate, the model predictions presented above
may substantially overestimate the role of Fe partitioning
into brucite and the amount of H, generated during
incipient serpentinization. However, the low levels of
Fe in brucite predicted in the model using the Wagman
et al. data would appear to be inconsistent with observa-
tions of Fe-rich brucite in natural samples (Hostetler
et al., 1966; Page, 1967, Moody, 1976a,b; D’Antonio and
Kristensen, 2004; Bach et al., 2006) and laboratory experi-
ments (Moody, 1976b; Allen et al., 1995; Seyfried et al.,
2007).

The above comments notwithstanding, it should be
kept in mind that inaccurate predictions of equilibrium
Fe partitioning and H, concentrations may also arise
from uncertainties in the thermodynamic data for compo-
nents other than Fe(OH),, even those that do not contain
Fe. For example, uncertainties in the thermodynamic
data for pure Mg-brucite and magnetite are both of a
similar magnitude to that of Fe(OH), (Helgeson et al.,
1978), and could potentially lead to inaccurate predic-
tions of the same magnitude as that produced by varia-
tions in the reported values of AG°pomp> As a
consequence, it should not be assumed that the estimated
thermodynamic parameters for Fe(OH), are the only, or
even the most substantial, source of potential errors in
the calculations.

4. PHYSICAL AND CHEMICAL IMPLICATIONS

The thermodynamic models presented above emphasize
that the partitioning of Fe among alteration minerals will
exert a strong influence on the amount of H, generated dur-
ing aqueous alteration of ultramafic rocks. In particular,
partitioning of Fe(II) into serpentine and brucite can signif-
icantly reduce the amount of magnetite produced during
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alteration and, consequently, the amount of H, generated.
Furthermore, the models predict that reaction temperature
has a particularly large impact on the proportion of Fe(Il)
that precipitates as a component of brucite, with the Fe
content increasing substantially at lower reaction tempera-
tures. Water:rock ratio also influences the Fe content of
brucite somewhat, but the impact of this factor is relatively
minor compared to that of reaction temperature. In con-
trast, temperature apparently has only a modest impact
on the Fe content of serpentine. Nevertheless, the partition-
ing of Fe(Il) into serpentine minerals can significantly re-
duce the amounts of magnetite and H, that would be
formed if all Fe was excluded from the mineral during
alteration.

The range of brucite compositions predicted by the geo-
chemical models (Mg# ~ 0.7-0.95) appears to be consistent
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with the range of compositions observed in natural serpen-
tinites (e.g., Hostetler et al., 1966; Page, 1967; Moody,
1976a; D’Antonio and Kristensen, 2004; Bach et al.,
2006) as well as the limited data available from laboratory
experiments (Moody, 1976b; Allen and Seyfried, 1995;
Seyfried et al., 2007). The models also predict an increase
in Fe content of brucite with decreasing temperature, which
appears to agree with trends observed in the limited exper-
imental data available for lower temperature alteration of
Fe-bearing olivine (Moody, 1976b; Seyfried et al., 2007).
The predicted compositions of serpentine (Mg# =~ 0.92—
0.96) are also comparable to those in natural serpentinites,
which are generally depleted in Fe by several mole% relative
to the original olivine and pyroxene in the precursor rock
(e.g., Frith-Green et al., 1996; Mevel and Stamoudi,
1996). Although it is uncertain whether variable amounts
of Fe in natural serpentinization products reflect equilib-
rium or metastable partitioning, it is apparent that Fe
content in brucite plays a fundamental role in the extent
of magnetite and H, formation.

At low temperatures, the thermodynamic constraints on
H, generation will be compounded by kinetic factors that fur-
ther limit rates of H, generation from serpentinizing rocks.
While there are many factors that influence reaction rates, it
appears that reaction rates are sufficiently rapid at tempera-
tures >~200 °C that extensive serpentinization can occur in
fluids circulating through ultramafic rocks on timescales of a
thousand years or less (Table 4) (Wegner and Ernst, 1983).
Conversely, substantially longer timescales are apparently re-
quired for serpentinization to proceed at lower temperatures.
Thus, unless fluid residence times are very long, the amount of
H, presentinfluidscirculating throughultramaficrocksatlow
temperatures are likely to be restricted both by the partition-
ing of Fe into brucite and by limited reaction progress owing
to kinetic limitations.

While the models predict that ultramafic rocks al-
tered at low temperatures should contain Fe-enriched
brucite, the models refer to the initial stage of alteration
during reaction of aqueous fluids with fresh ultramafic
rocks in a closed system, and the alteration assemblages
produced under such conditions may become unstable
and undergo further reaction as conditions change. In
particular, the stability of Fe-rich brucite depends on
the activity of H, in the system and, if the H, activity
decreases, Fe-bearing brucite will become unstable,
decomposing to magnetite and brucite with a lower Fe
content. That is, loss of H, from the system will cause
the reaction:

(Mg,Fe,)(OH), < (Mg,Fe,_3.)(OH), +zFe;0, + zH,

Brucite Brucite

+22H20Magnctitc ( 11 )

to proceed to the right. Thus, loss of H, by fluid advec-
tion or diffusion, or a decrease in H, activity owing to
influx of additional fluids, will cause the Fe(Il) compo-
nent of brucite to be converted into magnetite, reducing
the Fe content of the brucite and generating additional
H,. Over time, most or all of the Fe content of brucite
formed during incipient alteration of ultramafic rocks
may be converted to magnetite, so that rocks altered

Table 4

Estimated time required for 50% (7s0,,) and 99% (#99,) serpenti-
nization of olivine in the presence of excess H,O (data from
Wegner and Ernst, 1983).%

Temperature (°C) fogv, (years)

Isov, (years)

20 40,000 270,000
50 13,000 86,000
100 2,900 19,000
150 930 6200
230 240 1600
310 90 600

# Data shown are for pure forsteritic olivine with 50 mm grain
diameters and a pressure of 50 MPa.

at lower temperatures may eventually evolve to have
abundances of magnetite and low-Fe brucite composi-
tions similar to serpentinites formed at much higher tem-
peratures. In serpentinites initially formed at low
temperatures, this process may result in a steady source
of H, as Fe-rich brucite gradually decomposes in re-
sponse to continual loss of H, from the system. In this
case, the total amount of H, generated from low tem-
perature serpentinites over time could equal the amount
generated during higher temperature alteration, although
the H, generation in this case would be gradual and at
consistently lower concentrations.

Initially formed alteration assemblages may also
become unstable as the temperature of the system
decreases. For instance, ultramafic rocks initially altered
at temperatures above ~390°C where olivine is essen-
tially unreactive should contain talc and tremolite as
the primary alteration minerals. But, as the temperature
of these rocks decrease, they will enter a regime where
olivine is increasingly reactive and serpentine plus mag-
netite should replace olivine and talc as the predominant
alteration phases (Fig. 2a). This change in mineral
assemblage should be accompanied by steeply increasing
concentrations of H,, especially when the system
approaches the temperature where olivine is no longer
stable (~315°C) (Fig. 2). Under closed system condi-
tions, the thermodynamic models would also predict that
magnetite formed during serpentinization at higher tem-
peratures should be converted to Fe-rich brucite as tem-
peratures decrease (i.e., Rxn. 11 proceeding to the left)
(Fig. 2a). However, natural serpentinites are likely to
be open systems, particularly with respect to H,, so that
cooling systems may not result in conversion of magne-
tite to Fe-rich brucite, since this reaction requires H, to
proceed.

While partitioning of Fe(II) into serpentine minerals will
also effect the amount of H, generated during serpentiniza-
tion, the models indicate that thermodynamic controls on
the partitioning of Fe into serpentine are much less variable
than that of brucite. The narrow range of Fe contents pre-
dicted by the models (Mg# = 0.93-0.97) appears to be con-
sistent with the limited variation of Fe in natural
serpentinites (e.g., Frith-Green et al., 1996, 2004; Mével
and Stamoudi, 1996). Nevertheless, even a small amount
of Fe(Il) partitioning into serpentine can substantially re-
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duce the overall amount of H, generated during
serpentinization.

The thermodynamic models also indicate that diop-
sidic clinopyroxene can be a stable member of the equi-
librium mineral assemblage over a broad range of
temperatures during hydrothermal alteration of perido-
tites. Relict clinopyroxene is commonly observed in ultra-
mafic rocks that have undergone serpentinization, where
its presence is accounted for by the inference that clino-
pyroxene alteration occurs at a slower rate than that of
orthopyroxene and olivine. However, the thermodynamic
models suggest a different interpretation is possible. The
clinopyroxene may persist simply because it becomes
thermodynamically stable in equilibrium with the other
minerals and fluid present. If this is the case, then the
persistence of clinopyroxene may be due to thermody-
namic rather than kinetic factors, and the inherent reac-
tion rate of clinopyroxene may not be the primary
factor responsible for its occurrence in partially serpenti-
nized rocks.

4.1. Stability of native metals and oxidation state during
serpentinization

One of the most distinctive aspects of serpentinites is the
occurrence in many of these rocks of native metals and me-
tal alloys such as awaruite. Although minor components of
the rocks, these metals are of particular interest as indica-
tors of the oxidation state during serpentinization (Frost,
1985; Alt and Shanks, 1998). In addition, Ni,Fe-alloys such
as awaruite have been proposed to be catalysts for methane
formation during serpentinization (Horita and Berndst,
1999), and may be capable of catalyzing the synthesis of
more complex organic compounds as well.

Since metallic elements are present in pristine ultramafic
rocks primarily in the +2 oxidation state [e.g., Fe(Il),
Ni(IT)], formation of native metals involves reduction of
these elements, which requires very strongly reducing con-
ditions (i.e., high levels of H,). Curiously, since reducing
environments in serpentinites develop from the oxidation
of Fe(II), formation of Fe-bearing alloys requires that some
Fe(II) in the rocks must first be oxidized in order to create
the conditions that allow Fe reduction. This requirement
also indicates that, on some scale, native metals must al-
ways co-occur with magnetite or some other Fe(IlI)-bear-
ing mineral. This means that olivine can alter to an
assemblage of serpentine + Ni,Fe-alloy 4 brucite only if
the serpentine contains significant Fe(III).

Owing to limited availability of thermodynamic data for
metal alloys at elevated temperatures and pressures, it is not
presently possible to place precise quantitative constraints
on the conditions required for their formation. However, it
appears that H, concentrations of several hundred mmolal
H, are required in order for Ni,Fe-alloys to be stable, at least
for temperatures around 300 °C (Frost, 1985). The model
results predict that sufficiently reducing conditions to allow
Ni,Fe-alloys to form may only be generated during serpent-
inization for a limited range of temperature and water:rock
ratios. For the modeled rock composition and pressure
(35 MPa), H, concentrations exceeding a few hundred

mmolal occur only at temperatures of ~250 °C to 350 °C
and relatively low water:rock ratios. At intermediate temper-
atures in this range (~300-315 °C), equilibrium H, concen-
trations exceeding several hundred mmolal occur for W:R
up to ~1 (Fig. 6), but these high concentrations are only
attained at much lower W:R (<<1) for higher and lower tem-
peratures (Fig. 7).

If these predictions are correct, they indicate that forma-
tion of native metals and metal alloys during serpentiniza-
tion may be limited to a fairly restrictive range of
environmental conditions. In particular, the models suggest
that metal alloys may only form during the initial stages of
fluid penetration while water:rock ratios are low, and
should become unstable with continued fluid penetration
as effective water:rock ratios increase. Furthermore, awaru-
ite and other Ni,Fe-alloys may only be expected to form in
rocks undergoing serpentinization at temperatures between
about 250 °C and 365 °C for shallow environments within
the ocean crust, and might be absent from rocks undergo-
ing serpentinization at higher and lower temperatures.
Ni,Fe-alloy formation may be localized to rocks undergo-
ing serpentinization at peak H,-generating temperatures
around 300-315 °C. Based on the pressure dependence of
serpentine-forming reactions (Fig. 1), these temperatures
can be expected to increase by a few tens of degrees for
pressures up to 500 MPa.

Frost (1985) noted that awaruite commonly occurs in
rocks that are only partially serpentinized, where relict oliv-
ine occurs along with serpentine, brucite and magnetite. Re-
sults of the thermodynamic models suggest that, at
temperatures where olivine is present as a stable member
of the equilibrium assemblage (>~315-390 °C), sufficiently
reducing conditions to allow awaruite to precipitate only
occur at very low water:rock ratios (e.g., Fig. 7). Under
these conditions, however, brucite is not a member of the
equilibrium assemblage. At lower temperatures where oliv-
ine is unstable but brucite occurs as an alteration phase, H,
concentrations that would allow awaruite to form appear to
occur over a much larger range of water:rock ratios (Fig. 6).

These considerations suggest two possible scenarios for
the co-occurrence of awaruite and olivine in rocks of harz-
burgitic composition. First, the awaruite may form at tem-
peratures above 315 °C at very low W:R, in which case the
brucite may represent a metastable transition phase or re-
flect localized equilibrium owing to fine-scale compositional
variations. Second, the awaruite may form at lower temper-
atures (i.e., ~250-315 °C) with the persistence of olivine
attributable to kinetic factors or limited water availability.
Because the hydration of olivine appears to be very rapid
at geologic timescales at these temperatures (e.g., Table 4;
Wegner and Ernst, 1983), it seems unlikely that the kinetics
of mineral reactions would be responsible for relict olivine.
Instead, it seems more likely that the persistence of olivine
would be related to slow penetration of water to the react-
ing mineral surface or to infiltration of insufficient water to
completely hydrate the rock. The processes may be interre-
lated, since alteration may allow further penetration of flu-
ids to the unreacted olivine surface. In either case, it
appears likely that awaruite formation may occur predom-
inantly under very low effective water:rock ratios, even at
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temperatures where olivine is not thermodynamically stable
in the presence of aqueous solutions.

Frost (1985) also noted that metal alloys appear to be
preferentially associated with the ‘“‘serpentinization front”
and disappear as serpentinization progresses away from
this front according to the sequence: (1) partially serpenti-
nized harzburgite + awaruite — (2) serpentine + awaru-
ite — (3) serpentine + magnetite. This observation would
appear to be somewhat incongruous, since it would be ex-
pected that more extensive serpentinization and magnetite
formation would generate greater amounts of H, and there-
fore more strongly reducing conditions favoring awaruite
formation. Frost (1985) suggested that this sequence can
be interpreted as a non-equilibrium process in which the
most strongly reducing conditions occur during active ser-
pentinization of olivine and then evolve to less reducing
conditions once the reaction is complete. Alternatively,
the models suggest that this reaction sequence might repre-
sent equilibrium relations over a range of effective water:
rock ratios. At the serpentinization front, a large fraction
of the infiltrating water is adsorbed into hydrated minerals,
creating extremely low effective water:rock ratios. The H,
generated is focused into the remaining fluid to high H,
activity, stabilizing awaruite and, possibly, Fe-rich brucite.
Behind this front, however, continued fluid infiltration
means that the rock communicates with a larger reservoir
of fluid and experiences a higher effective water:rock ratio,
diluting the H, generated to lower concentrations, and
destabilizing awaruite and Fe-rich brucite in favor of mag-
netite. Consequently, awaruite may form during initial pen-
etration of water into fresh rock, but then become unstable
with continued infiltration, while maintaining local equilib-
rium throughout. Yet another possibility is that the reac-
tion sequence reflects diffusion of H, away from the
reaction front. Whatever the reaction path, even in partially
serpentinized rocks awaruite must be associated on some
scale with magnetite or some other Fe(III)-bearing phase
to supply sufficient H, to stabilize the alloy.

4.2. Implications for timing of magnetite formation and
magnetization of the ocean crust

Formation of magnetite during serpentinization of peri-
dotites significantly alters the rock’s magnetic properties,
and hence has implications for the role of serpentinites in
oceanic magnetic anomalies and evolution of the magneti-
zation of the ocean crust (e.g., Toft et al., 1990; Dyment
et al., 1997; Oufi et al., 2002; Bach et al., 2006). Several as-
pects of the model results have potential implications for
interpreting the timing and extent of magnetite formation
during alteration of ultramafic rocks. First, during incipient
alteration, the amount of magnetite formed appears to be
strongly influenced by the reaction temperature (Fig. 2a),
so that the greatest extent of magnetite formation should
occur at temperatures around 300-315°C, with lesser
amounts of magnetite produced during initial alteration
of fresh rock at both higher and lower temperatures. At
low temperatures, inhibition of magnetite formation by
partitioning of Fe into brucite and serpentine will be com-
pounded by slow reaction kinetics (Table 4). Accordingly,

the strongest and most rapid increase in magnetization
should occur in fresh rocks that undergo initial serpentini-
zation at around 300 °C.

Over time, however, the amount of magnetite formed in
rocks initially altered at temperatures above and below this
optimal range may increase substantially. At temperatures
>~315 °C, where olivine is partially or entirely persistent
at equilibrium, only small amounts of magnetite should
form during initial alteration. But, as such systems cool,
the remaining olivine should increasingly react and the
amount of magnetite produced should therefore increase
steadily (Fig. 2a), more strongly effecting the magnetization
of the crust. At lower temperatures (<~250 °C), alteration
of pristine ultramafic rocks should initially produce Fe-rich
brucite with only modest amounts of magnetite (Fig. 2a).
However, loss of H, from the system through either advec-
tion or diffusion will destabilize the Fe component of bru-
cite and cause it to decompose to magnetite. As a
consequence, ultramafic rocks that undergo serpentiniza-
tion at low temperatures can be expected to generate
increasing amounts of magnetite and stronger magnetiza-
tion over time. The rate of this process would depend on
the rate of H, loss from the rocks, such that the timing of
increased magnetization of the crust may be largely con-
trolled by fluid advection or diffusive processes. Further-
more, at these temperatures the kinetics of reactions may
be sufficiently slow that these reactions would require sig-
nificant amounts of time, so that increased magnetization
from decomposition of Fe-rich brucite might proceed only
gradually as the crust ages.

The model results also indicate that magnetite formation
and magnetization should increase with increasing water:
rock ratio during alteration (Figs. 4, 6 and 7). As a result,
initial penetration of fluids into fresh rock can be expected
to produce limited amounts of magnetite, particularly at
lower temperatures. As fluid fluxes and integrated water:
rock ratios increase, more magnetite should be produced
resulting in increased magnetization. Even rocks that have
undergone pervasive serpentinization under low water:rock
ratio conditions may exhibit an increase in magnetite
formation with continued fluid penetration as these fluids
lower H; concentrations through dilution and lead to desta-
bilization of Fe-rich brucite in favor of magnetite (i.e., by
driving Rxn. 7 to the right).

Trends in magnetic susceptibility as a function of density
in the ocean crust indicate that magnetite primarily forms
when the density is already low (that is, after most of the
rock is already serpentinized). Density-magnetic suscepti-
bility relations indicate that the production of magnetite
is limited in most rocks until they have been 60-70% ser-
pentinized (Toft et al., 1990; Oufi et al., 2002; Frost and
Beard, 2007). These trends suggest that Fe-rich brucite
forms during incipient serpentinization of the rocks and is
subsequently replaced by magnetite, a reaction sequence
further supported by recent TEM results (Bach et al.,
2006). One interpretation of this observation that is consis-
tent with the model results is that the rocks undergo ser-
pentinization at temperatures and low water:rock ratios
where Fe-rich brucite is stable relative to magnetite, and
then the magnetite “grows in” as H, activity decreases,
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either by migration of H, out of the rocks by diffusion/
advection or by dilution during intrusion of additional flu-
ids. If this is the case, the rate of diffusion (or advection) of
H, from serpentinized rocks may play a prominent role in
controlling the timing of the development of increasing
magnetization of the oceanic crust as it ages.

4.3. Implications for hydrogen-based microbial communities
and abiotic organic synthesis

The H, generated during serpentinization can poten-
tially support populations of autotrophic microorganisms
in two types of environments. First, if temperatures are
low enough to allow life, hydrogen-consuming organisms
can inhabit the interior of ultamafic rocks and take
advantage of H, generated by serpentinizing reactions
in their immediate surroundings. Second, organisms can
inhabit environments where Hy-rich fluids discharge
from serpentinites and are exposed to seawater or the
atmosphere (Kelley et al., 2001, 2005; Takai et al.,
2004; McCollom, 2007). In either case, the capacity for
the environment to support hydrogen-consuming micro-
organisms depends on the amount and rate of H, gener-
ated during serpentinization.

In environments with temperatures low enough for life
to exist (<~130 °C), the models indicate that partitioning
of Fe into brucite may significantly restrict the amount of
H, produced during serpentinization. At the same time, ki-
netic inhibitions will hamper the progress of serpentiniza-
tion reactions, perhaps requiring many thousands of years
for a given piece of rock to be completely serpentinized
(Table 4). If these effects are combined, the rate of supply
of H, to organisms within low temperature serpentinites
could be severely limited. Considering that the strongly
alkaline conditions attained during low temperature serpen-
tinizing may impose steep metabolic costs or nutrient limi-
tations in addition to a limited H, supply, the interiors of
serpentinizing rocks could be very challenging environ-
ments for hydrogen-consuming organisms to inhabit.
Despite these potential limitations, indirect evidence that
microbial life exists within serpentinites beneath the sea-
floor is provided by analyses of sulfur isotopes in drill cores
which indicate that sulfate reducing microorganisms have
contributed significant sulfur to the rocks (Alt and Shanks,
1998; Alt et al., 2007).

Hydrogen-enriched hydrothermal fluids associated with
ultramafic rocks have been observed discharging from the
seafloor at several locations, including both high tempera-
ture hydrothermal systems along the axis of the mid-ocean
ridge (Charlou et al., 1998, 2002; Takai et al., 2004) and
moderate temperature systems off-axis (Kelley et al., 2001,
2005). Both types of environments support substantial
autotrophic microbial communities of which hydrogen-
consuming organisms appear to constitute a major compo-
nent (e.g., Miroshnichenko et al., 2003a,b; Schrenk et al.,
2004; Takai et al., 2004; Kelley et al., 2005; Voordeckers
et al., 2005; Brazelton et al., 2006). Hydrogen-rich alkaline
springs have also been observed discharging from serpenti-
nites on land (Barnes and O’Neil, 1969; Neal and Stanger,
1983; Abrajano et al., 1988, 1990), but the microbial com-

munities associated with these springs are just beginning
to be explored (Johnson et al., 2006).

High temperature (352-365 °C) hydrothermal vent fluids
whose chemical compositions suggest interaction with
ultramafic rocks in the subsurface have been identified at
several sites along the mid-ocean ridge, including Rainbow,
Logatchev, and Kairei (Charlou et al., 1998, 2002; Takai
et al., 2004). Measured H, concentrations in these fluids
range from 2.5 to 16 mmolal, and are the highest concentra-
tions reported for steady-state, unsedimented mid-ocean
ridge hydrothermal vents. At their measured venting tem-
peratures, these systems should be in a regime where olivine
is reactive (Fig. 2). However, the fluids may have cooled
during transport to the surface, and temperatures within
subsurface reaction zones may be higher than the observed
venting temperatures. For example, Allen and Seyfried
(2003) have suggested that fluid compositions at Rainbow
may be controlled by reaction at temperatures above
400 °C. In such circumstances, the fluid-rock interactions
that control fluid compositions in these systems may be tak-
ing place at temperatures where olivine is stable, with the
primary alteration products being talc, tremolite, and mag-
netite rather than serpentine (Fig. 2; Allen and Seyfried,
2003).

If this is the case, it suggests the possibility that vent
fluid H, concentrations in these systems might increase over
time if the systems cool and temperatures in the reaction
zone decrease to the point where olivine becomes unstable.
The model results suggest that reaction zone temperatures
in the vicinity of ~300-325 °C would generate the highest
concentrations of H,, potentially attaining concentrations
an order of magnitude or more higher than those yet ob-
served in seafloor systems. To date, however, no fluids have
been obtained from systems within this optimal tempera-
ture range for H, generation. Nevertheless, the presence
of Ni,Fe-alloys in some subseafloor serpentinites (e.g., Alt
and Shanks, 1998) suggests that fluids with very high H,
concentrations occur within the ocean crust in some cir-
cumstances, and these fluids may at times vent to the sea-
floor. Such systems would have an ever greater potential
to support populations of hydrogen-consuming organisms
than the currently recognized sites.

Moderate temperature (40-91 °C) hydrothermal fluids
with H, concentrations up to 15 mmolal have also been re-
ported off-axis at the Lost City site (Kelley et al., 2001,
2005). Similar to the higher temperature systems, it appears
that the hydrothermal fluids at this location originate from
reaction zones in the subsurface that are at higher temper-
atures than those measured at the seafloor. Estimated
subsurface temperatures for the Lost City system are
~110-200 °C (Allen and Seyfried, 2003; Proskurowksi
et al., 2006), and in this temperature range the model results
suggest that H, concentrations may be limited by formation
of Fe-rich brucite. To date, brucite has not been reported in
basement rocks collected from exposures adjacent to the
Lost City hydrothermal vents (e.g., Kelley et al., 2005;
Boschi et al., 2006), but these rocks may not reflect condi-
tions in the subsurface.

In addition to high levels of H,, fluids venting from
serpentinites are commonly observed to have high
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abundances of methane and other hydrocarbons (e.g.,
Abrajano et al., 1988, 1990; Charlou and Donval, 1993;
Charlou et al., 1998, 2002; Holm and Charlou, 2001; Kelley
et al., 2001, 2005; Proskurowksi et al., 2008). The occurrence
of these compounds has often been attributed to abiotic or-
ganic synthesis from reduction of CO, (or bicarbonate) dur-
ing serpentinization, perhaps involving mineral catalyzed
processes analogous to Fischer—Tropsch synthesis. The
overall process can be expressed by the general reaction:

C02+H2—>CH4+C2H6+C3H8 +C,,H,,+2...+H20. (12)

Experimental studies support the potential for methane and
other light hydrocarbons to form by reduction of CO, un-
der conditions that can occur during serpentinization (e.g.,
Horita and Berndt, 1999; McCollom and Seewald, 2001,
2003, 2007; Foustoukos and Seyfried, 2004; Seewald
et al., 2006; Fu et al., 2007).

Because the abiotic formation of organic compounds
according to Rxn. 12 requires H,, the reaction can, in gen-
eral, be expected to be more favorable under conditions that
generate higher concentrations of H,. According to the
model predictions, rocks undergoing serpentinization in
the 200-315 °C range should generate the greatest amounts
of H,, and would therefore appear to have the greatest
potential as environments for abiotic organic synthesis.
Similarly, lower water:rock ratios should provide more
favorable conditions for abiotic synthesis. Of course, other
factors such as the abundance and speciation of inorganic
carbon, residence time, and occurrence of potential catalysts
will also effect abiotic synthesis reactions, and would have to
be considered when comparing the relative potential for
organic synthesis between specific environments.

Serpentinization in the 200-315 °C temperature range
might also promote abiotic organic synthesis in two addi-
tional ways. First, reduction of dissolved CO, to methane
is kinetically inhibited at temperatures below about
~400 °C, so that production of methane is sluggish even
under highly favorable circumstances (McCollom and
Seewald, 2001, 2003, 2007; Foustoukos and Seyfried,
2004; Seewald et al., 2006). However, the reaction can
be effectively catalyzed by Ni,Fe-alloys, and rapid reduc-
tion of CO, to methane in the presence of Ni,Fe-alloy
has been observed experimentally at temperatures as
low as 200 °C (Horita and Berndt, 1999). As discussed
above, Ni,Fe-alloys require very strongly reducing condi-
tions to form, and may occur only in ultramafic rocks
undergoing serpentinization under a limited range of con-
ditions (perhaps between 200°C and 315°C and
W:R < ~1). Where it does occur, the combination of high
H, abundance and an effective catalyst will provide a
very favorable environment for methane synthesis. Such
environments, however, may not be widespread, and
none of the deep sea hydrothermal systems associated
with ultramafic rocks that have been observed to date
have sufficiently high H, concentrations to stabilize
Ni,Fe-alloys. Consequently, it appears unlikely that meth-
ane synthesis catalyzed by Ni,Fe-alloys is currently taking
place in these systems, unless it is occurring in parts of
the system where H, levels are higher than those reflected
in the vent fluids.

Second, while reduction of dissolved CO, appears to be
relatively sluggish even in the presence of potential catalysts
such as magnetite and chromite, reduction of gas phase
CO, may proceed much more rapidly (see McCollom and
Seewald, 2007). Consequently, conditions within serpenti-
nites that produce a separate gas phase may promote abi-
otic organic synthesis reactions. In shallow systems,
separation of a gas phase may occur by boiling as the fluids
migrate upward through the crust. In deeper systems, satu-
ration of the fluids with respect to H, may lead to separa-
tion of an H,-rich gas phase. At 35 MPa, H, saturation
in pure water ranges from ~0.4mol% at 100°C to
~3 mol% at 350 °C, approximately equivalent to concen-
trations of 220 and 1660 mmolal (Seward and Franck,
1981). According to the model predictions, H, concentra-
tions approaching saturation could potentially be attained
during serpentinization at temperatures of ~250-315°C
and W:R <~0.5 ratios for the pressure of the models
(35 MPa), suggesting the possibility that a separate H,-rich
gas phase favorable for organic synthesis could form in
some serpentinites.

5. CONCLUDING REMARKS

The thermodynamic models presented here are an initial
attempt at constraining the factors that control H, genera-
tion during hydrothermal alteration of ultramafic rocks.
Strictly speaking, the models are only applicable to the
conditions of the calculations, and different conditions in
natural environments (rock and fluid compositions, pres-
sure, closed- vs. open systems, etc.) may cause variations
from the equilibrium predictions made in the present mod-
els. Nevertheless, it appears likely that the impact of these
variations will be comparatively modest, and most of the
conclusions will be broadly applicable to alteration of
ultramafic rocks in general, even if the details deviate some-
what from the present predictions. The models themselves
can be readily adapted to conditions beyond those explored
here in order to make more detailed interpretations of spe-
cific geologic situations. Overall, the results demonstrate
that thermodynamic reaction path models can be a useful
tool to investigate geochemical processes during alteration
of ultramafic rocks.

The models also reveal some significant limitations in
the data currently available to conduct theoretical assess-
ments of the hydrothermal alteration of ultramafic rocks.
In particular, the models in this study required use of esti-
mated thermodynamic parameters for several Fe-bearing
solid solutions, including those for brucite and serpentine.
Also, while Ni-bearing minerals such as awaruite and hea-
zlewoodite are commonly used as indicators of oxidation
state during serpentinization of ultramafic rocks (e.g.,
Frost, 1985; Alt and Shanks, 1998), current thermodynamic
databases do not include parameters for these minerals,
precluding inclusion of Ni-bearing phases without invest-
ment of substantial additional effort. Attainment of more
complete and accurate thermodynamic data for Fe- and
Ni-bearing phases in the future would allow for more accu-
rate models and broaden the range of applications of the
model predictions. In addition, improved understanding
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of the relative and absolute reaction rates for the minerals
involved would allow the relative contributions of thermo-
dynamics and kinetics on mineral alteration and H, gener-
ation to be considered (e.g., Seyfried et al., 2007).
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