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Abstract

Aqueous dihydrogen (H2,aq) is produced in copious amounts when seawater interacts with peridotite and H2O oxidizes
ferrous iron in olivine to ferric iron in secondary magnetite and serpentine. Poorly understood in this process is the partition-
ing of iron and its oxidation state in serpentine, although both impose an important control on dihydrogen production. We
present results of detailed petrographic, mineral chemical, magnetic and Mößbauer analyses of partially to fully serpentinized
peridotites from the Ocean Drilling Program (ODP) Leg 209, Mid-Atlantic Ridge (MAR) 15�N area. These results are used to
constrain the fate of iron during serpentinization and are compared with phase equilibria considerations and peridotite–sea-
water reaction path models. In samples from Hole 1274A, mesh-rims reveal a distinct in-to-out zoning from brucite at the
interface with primary olivine, followed by a zone of serpentine + brucite ± magnetite and finally serpentine + magnetite
in the outermost mesh-rim. The compositions of coexisting serpentine (Mg# 95) and brucite (Mg# 80) vary little throughout
the core. About 30–50% of the iron in serpentine/brucite mesh-rims is trivalent, irrespective of subbasement depth and pro-
tolith (harzburgite versus dunite). Model calculations suggest that both partitioning and oxidation state of iron are very sen-
sitive to temperature and water-to-rock ratio during serpentinization. At temperatures above 330 �C the dissolution of olivine
and coeval formation of serpentine, magnetite and dihydrogen depends on the availability of an external silica source. At
these temperatures the extent of olivine serpentinization is insufficient to produce much hydrogen, hence conditions are
not reducing enough to form awaruite. At T < 330 �C, hydrogen generation is facilitated by the formation of brucite, as dis-
solution of olivine to form serpentine, magnetite and brucite requires no addition of silica. The model calculations suggest that
the iron distribution observed in serpentine and brucite is consistent with formation temperatures ranging from <150 to
250 �C and bulk water-to-rock ratios between 0.1 and 5. These conditions coincide with peak hydrogen fugacities during ser-
pentinization and are conducive to awaruite formation during main stage serpentinization. The development of the common
brucite rims around olivine is either due to an arrested reaction olivine ? brucite ? serpentine + brucite, or reflects metasta-
ble olivine–brucite equilibria developing in the strong gradient in silica activity between orthopyroxene (talc–serpentine) and
olivine (serpentine–brucite).
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1. INTRODUCTION

Serpentinization of the oceanic lithospheric mantle is a
widespread process, particularly along slow-spreading
ridges, with significant consequences for rheology, chemis-
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try and microbial habitability of the oceanic lithosphere
(e.g., Dick, 1989; Cannat et al., 1992; Cannat, 1993; Escar-
tı́n et al., 1997; Früh-Green et al., 2004; Iyer et al., 2008). A
particular feature of serpentinization is the distinct chemi-
cal characteristics of related hydrothermal systems. Fluid
pH25 ranging from 3 (at high temperatures) to 12 (at low
temperatures), and exceedingly high hydrogen and methane
concentrations make these systems one of the most extreme
environments on Earth (Kelley et al., 2001; Charlou et al.,
2002; Douville et al., 2002; Schmidt et al., 2007). The
strongly reducing conditions found in continental and oce-
anic serpentinization settings are indicated by the presence
of native metals/alloys (e.g., Nickel, 1959; Chamberlain
et al., 1965; Eckstrand, 1975; Frost, 1985; Alt and Shanks,
1998; Beard et al., 2009; Klein and Bach, 2009). The enor-
mous reduction potential is due to dihydrogen, which devel-
ops when H2O oxidizes ferrous iron in primary minerals
(e.g., olivine) to ferric iron in secondary phases, i.e., magne-
tite and serpentine minerals. Serpentinization does not only
lead to the incorporation of iron in serpentine and magne-
tite. A large proportion of iron in serpentinites resides in
brucite (Evans and Trommsdorff, 1972; Moody, 1976;
D’Antonio and Kristensen, 2004; Bach et al., 2006; Seyfried
et al., 2007). This is important for hydrogen production, be-
cause any ferrous Fe incorporated into brucite (and serpen-
tine) leads to less hydrogen production.

Experimental and theoretical studies indicate that high
H2,aq concentrations during serpentinization are mirrored
by low SiO2,aq concentrations (Berndt et al., 1996; Wetzel
and Shock, 2000; Allen and Seyfried, 2003; McCollom and
Bach, 2009). Frost and Beard (2007) discussed the effect of
silica activity (aSiO2

) on magnetite formation and under-
scored that the presence and distribution of brucite is criti-
cal for the interpretation of serpentinization processes.

Although the Fe distribution between serpentine, mag-
netite and brucite is of importance for quantifying hydro-
gen production during serpentinization, only little
attention has been paid to the mineral chemistry of brucite
coexisting with serpentine and magnetite in abyssal serpen-
tinites. Part of the problem is that comparisons of perido-
tite–seawater hydrothermal experiments and reaction path
models with natural samples are rare. Also, brucite analyses
from abyssal serpentinites are often not reported. From a
data compilation of brucite–serpentine assemblages in al-
pine serpentinites, Evans and Trommsdorff (1972) retrieved
a mean Fe–Mg distribution coefficient [KD = (XFe/XMg)Srp �
(XMg/XFe)Brc] of 0.5. However, brucite compositions more
ferroan than expected from this distribution coefficient
are not uncommon (Hostetler et al., 1966; Page, 1967).
Moody (1976) conducted an experimental study of serpent-
inization and reported Fe(OH)2 contents in brucite as high
as 18 mol.%, and pointed out an inverse correlation be-
tween Fe concentration in brucite and the amount of mag-
netite produced. Along those lines, Bach et al. (2006)
suggested that magnetite forms from breakdown of
Fe-rich brucite. However, these authors inferred brucite
compositions from linear extrapolation of serpentine–bru-
cite mixed analyses in abyssal serpentinites [Ocean Drilling
Program (ODP) Leg 209]. Pure brucite with Fe(OH)2 con-
centrations of up to 39 mol.% was reported by D’Antonio
and Kristensen (2004) from serpentinite clasts recovered
from the South Chamorro Seamount in the Mariana fore-
arc (ODP Leg 195; e.g., Savov et al., 2007). It is clear that
a more detailed and systematic analysis of coexisting
serpentine–brucite pairs in abyssal serpentinites would help
furthering our understanding of hydrogen production
during serpentinization.

This communication reports detailed petrographic and
mineral chemical data of partly to fully serpentinized peri-
dotites from Ocean Drilling Program Leg 209 (MAR 15�N
area). We link these observations with peridotite–seawater
reaction path models and phase petrological considerations
of the system SiO2�MgO�FeO�Fe2O3�H2O. The use of
geochemical modeling facilitates the reconstruction of
simultaneously changing heterogeneous phase equilibria
of peridotite–seawater interaction. This study focuses on
Fe distribution between serpentine, brucite and magnetite
and its implications for hydrogen production during ser-
pentinization. In addition, we evaluate dependencies of
fluid–rock reaction paths on protolith compositions and
compare our results with information provided by experi-
mental and field investigations.

2. ANALYTICAL METHODS

2.1. Microscopy and electron microprobe analysis (EMPA)

Thin sections were optically investigated in transmitted
and reflected light using a Leica DM RXP HC oil immer-
sion microscope. Mineral compositions were analyzed with
a ‘JEOL Superprobe JXA 8900 R’ electron microprobe at
the University of Kiel (Germany), equipped with five wave-
length-dispersive spectrometers. Minerals were analyzed
with an accelerating voltage of 20 kV for a beam current
of 15–20 nA and a fully focused 1 lm beam diameter. Both
synthetic and natural mineral standards were used. Raw
data were corrected using the CITZAF method of Arm-
strong (1995). Micro-scale element mappings and backscat-
tered electron (BSE) images of serpentine meshes were used
to complement petrographic observations.

2.2. Mößbauer spectroscopy and magnetization

measurements

To quantify the amount of magnetite present and the
distribution, coordination and oxidation state of iron in
mesh-rims of partially to fully serpentinized peridotites,
Mößbauer spectroscopic and magnetic investigations were
carried out at the Institute for Rock Magnetism (IRM),
University of Minnesota, USA. Mesh-rims of selected
samples from Hole 1274A were micro-drilled and ana-
lyzed using Mößbauer spectroscopy with a conventional
constant-acceleration spectrometer in transmission geome-
try. Hyperfine parameters such as magnetic hyperfine field
(BHF), isomer shift (IS) and quadrupole splitting (QS)
have been determined by the NORMOS program (Brand,
1987), and a-Fe at room temperature was used to cali-
brate isomer shifts and velocity scale. Room temperature
hysteresis loops were obtained in a vibrating sample mag-
netometer (Princeton Corporation Measurements) using
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an electromagnet to produce fields up to 1 T. Low tem-
perature remanent magnetization curves were performed
with a SQUID magnetometer (Quantum Design, San Die-
go, CA, USA – MPMS-XL). The data were obtained by
cooling the sample to 10 K in zero field and then giving a
2.5-T remanent magnetization. The resultant remanent
magnetization was measured with increasing temperature
up to 300 K.

2.3. Geochemical modeling

Calculations of equilibrium constants for dissolution of
minerals, dissociation of aqueous species and redox reac-
tions were made with the SUPCRT92 software code and
database (Johnson et al., 1992). The SUPCRT92 database
includes thermodynamic data from Helgeson et al. (1978)
and Wolery and Jove-Colon (2004) for minerals, and
Shock and Helgeson (1988), Shock et al. (1989, 1997)
and Wolery and Jove-Colon (2004) for inorganic aqueous
species. Further modifications include the addition of ther-
modynamic data for NaSO4

�, MgSO4 from McCollom
(2000), aqueous Al complexes from Tagirov and Schott
(2001), greenalite [Fe3Si2O5(OH)4], minnesotaite [Fe3S-
i4O10(OH)2] and ferroan brucite [Fe(OH)2] from McCol-
lom and Bach (2009). Volumetric data of ferroan brucite
(V� = 26.43 cm3 mol�1) were taken from Wolery and
Jove-Colon (2004) since data from McCollom and Bach
(2009) refer to amakinite (30.5 cm3 mol�1), which is not
the pure Fe-endmember of the brucite solid solution. As
experimentally derived thermodynamic data of Fe+3-ser-
pentine [Fe2Si2O5(OH)4] are not available we calculated
the standard Gibbs free energy of formation (DG�2þ

f ) fol-
lowing the polyhedral sum approach of Chermak and
Rimstidt (1989). Similarly, V� was calculated from polyhe-
dral data given in Holland (1989). In these computations,
hydroxide and oxide bonding of metals in the polyhedrons
as well as metal coordination are accounted for. Standard
heat capacity (Cp) and Maier–Kelley coefficients were cal-
culated for Fe+3-serpentine using Neumann–Kopp’s rule
and the reaction
Table 1
Calculated thermodynamic data of Fe+3-serpentine.

Mineral Cp� a

MgO* 9.03 10.18
Fe2O3

* 25.04 23.49
Mg3Si2O5(OH)4

* 52.90 75.82
Fe2Si2O5(OH)4

� 50.85 68.77

Polyhedral unit g

Fe2O3
� �185.49

SiO2
� �204.10

H2O� �57.34

Fe2Si2O5(OH)4
§ G�f = �708.36

Cp� = heat capacity (cal mol�1 K�1); a, b, c = Maier–Kelley Cp-coeffi
(kcal mol�1).
* Helgeson et al. (1978).
� Chermak and Rimstidt (1989).
� Fe2Si2O5(OH)4 = Mg3Si2O5(OH)4 + Fe2O3 � 3MgO.
§ Fe2Si2O5(OH)4 = Fe2O3 + 2SiO2 + 2H2O.
Fe2Si2O5ðOHÞ4
Feþ3-serpentine

þ 3MgðOHÞ2
brucite

¼Mg3Si2O5ðOHÞ4
chrysotile

þ 2FeðOHÞ3
bernalite

: ðR1Þ

Heat capacity data of brucite and chrysotile were taken
from Helgeson et al. (1978) and those of bernalite were ta-
ken from NIST (Chase, 1998). The standard molal third
law entropy (S�) of Fe+3-serpentine was estimated using
the “analogue mineral algorithm” (Helgeson et al., 1978;
Ransom and Helgeson, 1994) for reaction (R1). Thermody-
namic data of Fe+3-serpentine are summarized in Table 1.

Thermodynamic reaction path modeling was conducted
using the computer code EQ3/6, version 8.0 (Wolery,
1992a,b) with a customized thermodynamic database
assembled using SUPCRT92 (Johnson et al., 1992). The
EQ3/6 database contains log K values for a constant pres-
sure of 50 MPa and temperatures from 0 to 400 �C in
25 �C increments. For the calculation of activity coefficients
of dissolved inorganic species we used the B-dot equation
with hard core diameter, and B-dot and Debye–Hückel
parameter from Wolery and Jove-Colon (2004). Activity
coefficients are assumed to be unity for neutral species, ex-
cept for non-polar gaseous species, for which the activity
coefficients of CO2 (Drummond, 1981) were assigned. Solid
solutions we used in the reaction path models include ser-
pentine (containing the endmembers chrysotile, greenalite,
kaolinite, Fe+3-serpentine), brucite (Mg-brucite, Fe-bru-
cite), talc (talc, minnesotaite), orthopyroxene (enstatite, fer-
rosilite), clinopyroxene (diopside, hedenbergite), chlorite
(clinochlore, daphnite) and tremolite (tremolite, Fe-actino-
lite). Serpentine in abyssal serpentinites is in most cases
chrysotile or lizardite. Antigorite is common in alpine-type
serpentinites but rarely found in abyssal serpentinites. As
noted by Evans (2004) and Frost and Beard (2007) the dif-
ferences between thermodynamic properties of chrysotile
and lizardite are trivial and therefore we chose chrysotile
to represent the Mg-endmember of serpentine (cf.
Wilson et al., 2006). To account for Al in serpentine, we
considered kaolinite [Al2Si2O5(OH)4] instead of amesite
b � 103 c � 10�5 V� S�

1.74 �1.48 11.25 6.44
18.60 �3.55 30.27 20.94
31.60 �17.58 108.50 52.90
44.98 �16.69 105.03 54.52

cients; V� (cm3 mol�1); S� (cal mol�1 K�1); g (kcal mol�1); G�f



Table 3
Initial fluid composition used in the models (mmol/kg).

Na+ 464.0
Cl� 546.0
HCO3

� 2.34
Ca2+ 10.2
Mg2+ 53.0
K+ 9.8
SiO2,aq 0.11
Fe2+ 0.0000015
Al3+ 0.000037
SO4

2� 28.2
O2,aq 0.25
pH 7.8
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(Mg2Al2SiO5(OH)4) in the solid solution model, because
EQ6 is presently not capable of handling two ideal mixing
sites of a solid solution. Besides olivine, the composition of
which was fixed at Mg# 90 [(molar Mg/(Mg + Fe) � 100)]
in the harzburgite models (cf. McCollom and Bach, 2009),
all other solid solutions were allowed to vary freely over
their entire compositional range. To account for metastable
equilibria, we suppressed aragonite, calcite, dolomite, mon-
ticellite, magnesite, antigorite, hydroxyltopaz, huntite, wüs-
tite, grossular and andradite. Moreover, the reduction of
sulfate and carbon by dihydrogen was suppressed.

In total we calculated 12 isobaric (p = 50 MPa) reaction
path models of two types. Type one models were calculated
for temperatures from 25 to 400 �C at a water-to-rock ratio
(w/r) of �1. The second type of model was calculated for
variable w/r ratios from virtually 1 to �0.2 at constant
temperatures of 150, 200, 250, 300 and 350 �C.

2.3.1. Variable temperature (Type 1 models)

The advantage of computations with temperature as the
only variable in a reaction path is the ease of examining the
temperature dependence of heterogeneous phase equilibria
for a rock composition of choice. The compositions selected
in this study are (1) dunite (100% olivine, Mg# 90) and (2)
harzburgite (Ol:Opx:Cpx = 80:15:5 in vol.%; see Table 2 for
mineral compositions).

Each computation consists of several steps: at the begin-
ning of each EQ3/6 calculation, EQ3NR is used to speciate
1 kg of solution (seawater, see Table 3 for composition) at
25 �C. Next, 1 kg of rock (dunite or harzburgite) is added
and equilibrated with the solution in EQ6. The temperature
is then incrementally increased to 400 �C, recalculating the
equilibrium distribution of minerals and fluid species at
each temperature. In effect, this determines the equilibrium
compositions of minerals and fluid for the bulk system as a
function of temperature. Since water is consumed during
reaction with primary anhydrous minerals to form second-
ary hydrous minerals, the effective w/r deviates from unity
in the equilibrium assemblage at low temperatures
(w/r P 0.7).

2.3.2. Variable w/r ratio (Type 2 models)

These models emulate the entrainment of heated seawa-
ter into fresh peridotite at a fixed temperature and pressure.
We use dunite (olivine with Mg# 90) and harzburgite as the
starting materials. Average w/r ratios in hydrothermal sys-
tems are believed to approximate unity (e.g., Mottl, 2002).
Table 2
Mineral compositions used as starting materials in reaction path
models.

Atoms Ol Opx Cpx

Si 1.00 1.98 1.99
Al 0.04 0.03
Fe 0.20 0.19 0.09
Mg 1.80 1.75 0.89
Ca 0.04 1.01
O 4.00 6.00 6.00

Mg# 90 90 91
Our models include a much larger range of w/r ratios to
emulate phase equilibria from virtually incipient to com-
plete serpentinization. We emphasize that at the incipient
stage of serpentinization the w/r is infinitesimally low and
that hydration will increase the ionic strength of the inter-
acting fluids. The activity coefficients calculated by the B-
dot equation are unreliable above ionic strengths > 1 molal
(Wolery, 1992a). For this reason, all reaction paths were
terminated at w/r � 0.2.

The procedure for the variable w/r models is as follows:
we speciate 1 kg of seawater at 25 �C using EQ3NR. We
then simulate reaction of the seawater with a small amount
of peridotite (1 g) during heating to the designated temper-
ature (150, 200, 250, 300 and 350 �C). The reaction of sea-
water with a small amount of peridotite intends to emulate
the high w/r conditions within a recharge zone before the
seawater can hydrate the pristine mantle peridotite. To this
fluid, we next add peridotite in small increments until a final
w/r ratio of approximately 0.2 is reached. This procedure
allows us to examine the equilibrium distribution and abun-
dance of minerals and fluid species at water-to-rock ratios
between 0.2 and 1000.

3. RESULTS

3.1. Petrography

Comprehensive geological descriptions of ODP Leg 209
Hole 1274A have been published elsewhere (Bach et al.,
2004; Kelemen et al., 2004a,b; Paulick et al., 2006) and will
not be repeated here.

Thin section investigation indicates that the serpentinites
usually contain relics of primary olivine (�0–35 vol.%),
orthopyroxene (�0–30 vol.%), clinopyroxene (�0–5 vol.%)
and Cr-spinel (�0–2 vol.%). The primary modes were not
determined explicitly but protoliths were dunite and harz-
burgite similar to those reported in Seyler et al. (2007). Peri-
dotite from Hole 1274A shows an overall systematic
downhole increase in the extent of serpentinization (Kele-
men et al., 2004b). However, even on a thin-section scale,
the extent of serpentinization is highly variable with fully
replaced and unaltered primary minerals next to each other.
The micro-textures of serpentinized peridotites range from
pseudomorphic mesh and hourglass textures after olivine
and bastite textures after pyroxene to transitional ribbon
textures, to non-pseudomorphic and to interlocking tex-
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tures. Most thin sections from Hole 1274A feature extensive
paragranular and transgranular serpentine veining. Para-
granular veins form an anastomosing network that wraps
around porphyroclasts, whereas transgranular veins cross-
cut porphyroclasts (O’Hanley, 1996). Ni–Fe sulfides and al-
loys are present only in trace amounts. For a detailed
description of Fe–Ni–Co–O–S phase relations in the same
thin sections we refer to Klein and Bach (2009).

In the following section we focus on secondary hydrous
silicates, oxides and hydroxides in pseudomorphic textures
and veins. Due to the intimate intergrowth of serpentine
and brucite, these minerals are in most cases indistinguish-
able with an optical microscope. To overcome this difficulty
we used electron microprobe analyses (EMPA) for mineral
identification.
Fig. 1. Back-scattered electron images, element distribution maps and
1274A. (a) Transgranular serpentine vein crosscutting pseudomorphic mes
Fe sulfides/alloys has low Fe and Ni contents. White box indicates
Pseudomorphic serpentine (Mg# 95) and Fe-rich brucite (Mg# 80) grow
surrounding olivine and finely disseminated in serpentine surrounding b
disequilibrium (sample 1274A-22R1, 24–32 cm) (c–f). Detail in (c) (white b
rich brucite (Mg# 80) is present at the interface with olivine. The proporti
abundance of magnetite, Ni–Fe alloys, and sulfur-poor Ni–Fe sulfides in
transgranular serpentine veins. Note brownish brucite along veins (plan
crosscutting mesh texture. Magnetite forms a network tracing former ol
128–135 cm). (Ol, olivine; Srp, serpentine; Brc, brucite; Mgt, magnetite; P
the references to color in this figure legend, the reader is referred to the
3.1.1. Pseudomorphic mesh textures

In partially serpentinized rocks, mesh textures with oliv-
ine in the mesh center and a- or c-serpentine and brucite in
the mesh-rims are typical. Mesh-rims commonly reveal a
distinct in-to-out zoning from reddish-brown brucite at
the interface with olivine, followed by a zone of a-serpen-
tine + brucite ± magnetite and finally a- or c-serpentine
and magnetite in the outermost mesh-rims (see Fig. 1).
While the brucite abundance decreases, the proportions of
magnetite and serpentine increase from center to rim of
each individual mesh. Magnetite is dispersed throughout
much of the mesh-rim and it becomes more abundant and
coarser-grained near the rims. In many cases mesh-rims
are bordered by trails of anhedral to subhedral magnetite
with grain sizes ranging from less than 1 lm to more than
photomicrographs of partly serpentinized peridotites from Hole
h texture of dunite. Serpentine hosting abundant magnetite and Ni–
the area mapped in (c–f) (sample 1274A-10R1, 3–10 cm). (b)

ing after olivine. Magnetite is present in the brucite (Mg# 80) zone
rucite. Note the rugged interface of olivine and brucite indicating
ox). Element maps depicting Si, Fe, Ni and S in mesh-rim. Pure Fe-

on of serpentine relative to brucite increases from center to rim. The
creases from center to rim. (g) Mesh texture crosscut by para- and
e polarized light; sample 1274A-10R1, 3–10 cm). (h) Picrolite vein
ivine grain boundaries and intra-grain cracks (sample 1274A-6R2,
AM = pentlandite + awaruite + magnetite). (For interpretation of

web version of this article.)
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50 lm. Weakly serpentinized olivine appears to retain its
original crystal shape. A thin (ca. <10 lm) brucite zone sur-
rounds olivine (as inferred by EMPA). With increasing ex-
tent of alteration, grain boundaries of olivine become
progressively serrated, while the thickness of the brucite
zone increases and develops a distinct reddish-brown color.

Nickeliferous opaque minerals are scarce at the interface
between brucite and olivine, but their abundance and grain
size increases from center to rim suggesting growth with
progressive hydration of olivine (cf. Klein and Bach,
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g#

1274A-4R1, 104-105 cm

1274A-10R1, 3-10 cm1274A-10R1, 3-10 c

1274A-22R1, 24-32 cm

22.79 mbsf

49.33 mbsf

122.34 mbsf

Fig. 2. Regression analyses of brucite and serpentine in mesh textures
contains both Fe-rich (Mg# 81) and extremely Fe-rich (Mg# �55) brucit
Mg# of 79 although some brucite has slightly elevated Mg# of �85. (c
composition with Mg# 80. (d) In sample 1274A-17R1, 121–129 cm no
indicated. Note the bimodal distribution. (e) Sample 1274A-22R1, 24–32
range is �75–85. (f) Sample 1274A-27R2, 5–11 cm contains brucite a mea
of secondary phases, virtually all microprobe analyses represent the com
Brucite compositions are given at SiO2 = 0 wt.%. Serpentine composition
2009). Predominant nickeliferous opaque minerals are
(Co-) pentlandite, awaruite and heazlewoodite.

3.1.2. Pyroxene alteration

Relics of orthopyroxene are commonly preserved. They
contain exsolution lamellae of clinopyroxene parallel to the
(1 0 0) plane. The pseudomorphic replacement of orthopyrox-
ene, i.e., bastite, is by serpentine only; neither brucite nor mag-
netite is developed. Clinopyroxene is rare in rocks from Hole
1274A (cf. Seyler et al., 2007), but commonly preserved.
(b)

(d)

(f)

SiO2 wt.%
0 10 50403020

1274A-6R2, 128-135 cm

1274A-17R1, 121-129 cm

1274A-27R2, 5-11 cm

32.78 mbsf

89.51 mbsf

147.65 mbsf

of rocks from Hole 1274A. (a) Sample 1274A-4R1, 104–105 cm
e. (b) Sample 1274A-6R2, 128–135 cm contains brucite with a mean
) Sample 1274A-10R1, 3–10 cm exhibits a rather uniform brucite
pure brucite was detected, however, a rather low Mg# of 72 is
cm contains brucite with a mean Mg# of 81, however, the whole

n Mg# of 82 but Mg# is in places 85. Owing to the small grain size
position of serpentine and brucite mixtures on a submicron scale.
s are given at �43 wt.% (depending on its Mg/Fe mass ratio).
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3.1.3. Veins

Intra-grain veinlets in olivine consist of serpentine and
finely dispersed magnetite. EMPA reveal slightly lower
SiO2 contents of the vein material near the olivine interface,
which may point to the presence of brucite, but the exis-
tence of brucite could not unequivocally be verified. Para-
and transgranular serpentine veins usually host abundant
magnetite and nickeliferous opaque minerals. These occur
in relatively coarse aggregates (650 lm) and contrast with
the finely dispersed opaque minerals (62 lm) in intra-oliv-
ine veins or in mesh-rims. In para- and transgranular veins,
magnetite is enriched along the margins, while c-serpentine
is concentrated in the vein center. Sigmoidal c-serpentine
veins are usually devoid of magnetite and nickeliferous
phases. Para- and transgranular veins crosscutting mesh
serpentine are generally bound by reddish-brown brucite,
whereas sigmoidal veins lack brucite. The latest generation
of transgranular serpentine veins (picrolite) are composite,
laminated isotropic and anisotropic serpentine oriented
parallel to both vein boundaries. They show trails of magne-
tite usually near the vein margins and are bordered by brown
selvages with abundant brucite. Where picrolite veins
crosscut bastite, they always lack magnetite and brucite.
Fe     MgMg0.8Fe0.2(OH)2

Fig. 3. Fe–Mg–Si ternary plot (molar proportions) projected from
H2O similar to that by Wicks and Plant (1979). Tie lines extend to
hypothetical serpentine Fe+2 and Fe+3-endmembers. Serpentine in
mesh-rims contains both Fe+2 and Fe+3 as some analyses plot
along lines to Fe+3-serpentine, Fe2Si2O5(OH)4 and greenalite,
Fe3Si2O5(OH)4. The presence of Mg-cronstedtite, Mg2FeSiFe-
O5(OH)4, is not indicated. Most serpentine–brucite mixed analyses
plot between serpentine (Mg# 95) and brucite (Mg# 80), however,
samples 1274A-4R1, 104–105 cm and 1274A-17R1, 121–129 cm
trend towards much higher Fe contents.
3.2. Mineral compositions

Table A1 reports representative EMPA data for olivine,
orthopyroxene, serpentine and brucite from ODP Hole
1274A (the complete set of analyses is available from the
corresponding author upon request). Fig. 2 illustrates
Mg�Fe distribution between serpentine and brucite in
pseudomorphic mesh-rims. For comparison, Fig. 3 depicts
EMPA data of both serpentine and brucite in mesh-rims,
as well as serpentine and talc in bastite. In addition, EMPA
profiles were used to investigate the mineral chemistry of
serpentine, brucite and magnetite in spatial resolution
(Fig. 4). Owing to the small grain size of secondary phases,
virtually all microprobe analyses represent the composition
of mineral mixtures on a submicron scale.

3.2.1. Primary silicates

Olivine has Mg#s between 90 and 93, CaO contents of
0.03–0.21 wt.%, 0.34–0.42 wt.% NiO, and CoO contents
up to 0.05 wt.%. All olivine grains are chemically unzoned.
Orthopyroxene has Mg# of 91–93 and CaO contents of
1.3–4.6 wt.%. It contains about 3 wt.% Al2O3 and
1.0 wt.% Cr2O3. Clinopyroxene is diopside-rich (Mg# 93–
94) and contains about 3 wt.% Al2O3. The composition of
clinopyroxene exsolution lamellae (<1 lm thickness) could
not be determined. EMPA data of primary silicates re-
ported by Moll et al. (2007) and Seyler et al. (2007) are in
general agreement with our results.

3.2.2. Brucite

Regression analyses of brucite–serpentine mixtures in
mesh-rims reveal fairly uniform Mg#s of brucite between
81 and 84 (see Figs. 2 and 3). More variable and Fe-rich
compositions were determined for brucite from samples
1274A-4R1, 104–105 cm (Mg# >62; Fig. 2a) and 1274A-
17R1, 121–129 cm (Mg# >72; Fig. 2d). Mg#s derived from
single point analyses of brucite (where SiO2 <1 wt.%) are
consistent with these results, although individual analyses
scatter around the regression value. Individual analyses
are, in some cases, strongly elevated in MnO (1.1 wt.%),
CaO (0.6 wt.%) and Al2O3 (0.9 wt.%). Elevated sulfur con-
centrations (given as SO3 in Table A1) are most likely related
to Ni–Fe sulfides present in the brucite matrix. The actual
concentrations of NiO and FeO in brucite (corrected for sul-
fide) are likely to be lower than shown in Table A1 by as
much as 0.5 wt.%.

3.2.3. Serpentine

The composition of serpentine varies depending on its
precursor mineral and textural context. Regression analyses
reveal that serpentine in mesh-rims is more magnesian than
olivine, with Mg#s ranging from 94 to 96 (Figs. 2 and 3).
CaO contents are generally below 0.15 wt.%. The Al2O3 con-
tent is mostly below 0.1 wt.%, but may be up to 0.6 wt.%,
possibly indicative of minor chlorite intergrown with serpen-
tine. NiO is positively correlated with sulfur content, sug-
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Fig. 4. Representative EMPA profiles through mesh-rims illustrating mineral zoning from relic olivine in the center, towards brucite and
finally serpentine in the outermost mesh-rim. (a) 1274A-4R1, 104–105 cm, (b) 1274A-6R2, 128–135 cm, (c) 1274A-10R1, 3–10 cm, (d) 1274A-
22R1, 24–32 cm, (e) 1274A-27R2, 5–11 cm.
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gesting the presence of Ni–Fe sulfides in the serpentine ma-
trix. Pseudomorphic serpentine after orthopyroxene (bas-
tite) has Mg# ranging from 86 to 96 and high contents of
CaO (<1.7 wt.%), Al2O3 (<2.6 wt.%), Cr2O3 (<1.2 wt.%),
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MnO (<0.36 wt.%) and low contents of NiO (<0.2 wt.%)
compared to mesh serpentine (Fig. 3 and Table A1). Serpen-
tine associated with magnetite in para- and transgranular
veins has Mg# between 94 and 98. In contrast, chrysotile
in sigmoidal veins lacking magnetite, is more Fe-rich with
Mg# �92. CaO and Al2O3 contents of vein serpentine are
similar to those of mesh serpentine. Serpentine in para-
and transgranular veins hosting Ni–Fe sulfides and alloys
has extremely low NiO contents <0.05 wt.%.

3.3. Mößbauer spectroscopy and bulk magnetization

Mesh-rims of partly to fully serpentinized peridotites
were separated by micro-drilling to investigate Fe+3/

P
Fe

values of serpentine and brucite and the relation between
the oxidation state and the extent of serpentinization. Bulk
magnetization analyses were conducted to relate Fe+3/

P
Fe

values to magnetite contents of mesh-rims.
The spectra obtained (Fig. A1) where fitted by two sex-

tets, corresponding to site A and B of magnetite, and three
doublets, one associated with Fe+2 and two doublets of
Fe+3 corresponding to tetrahedral and octahedral occu-
pancy (Table 4). Samples 1274A-6R2, 128–135 cm and
1274A-22R1, 24–32 cm did not show sextet contributions;
however, low temperature remanent magnetization curves
for all samples including 1274A-6R2, 128–135 cm and
1274A-22R1, 24–32 cm show the characteristic phase tran-
sition at 120 K associated with the Verwey Transition in
magnetite. Bulk magnetization analyses and thin-section
petrography revealed a positive correlation of magnetite
content with extent of serpentinization. Where relict olivine
is present, the magnetite content is significantly lower com-
pared to fully serpentinized rocks. In weakly serpentinized
peridotites, where magnetite is generally sparse, Mößbauer
spectra revealed Fe+3/

P
Fe values between 0.30 and 0.48 of

hydrous secondary phases (Table 4). In strongly to fully ser-
pentinized peridotites hosting abundant magnetite, Fe+3/P

Fe values are consistently higher and range from 0.53
to 0.68. Trivalent Fe is present in both tetrahedral and octa-
hedral sites of serpentine. It appears that trivalent Fe occu-
pies preferentially the octahedral site, since its relative area
is larger than the area of tetrahedral site (see Fig. A1). In
one sample (1274A-22R1, 24–32 cm) we analyzed the bulk
Table 4
Mößbauer spectroscopy and bulk magnetization results of micro-drilled

Sample Mößbauer

% Fe3O4 Fe+2 Fe+3 (IV)

1274A-6R2, 128–135 cm 0 47 18
1274A-10R1, 3–10 cm 14 28 27
1274A-15R1, 106–114 cm 23 26 9
1274A-17R1, 121–129 cm 21 37 6
1274A-20R1, 121–126 cm 53 17 12
1274A-22R1, 24–32 cm 0 69 16
1274A-27R2, 5–11 cm 11 43 23
1274A-22R1, 24–32 cmb 0 65 24

(IV), tetrahedral coordination; (VI), octahedral coordination.
a Data from Paulick et al. (2006).
b Mößbauer spectroscopic and magnetization results of micro-drilled b
magnetization and Fe+3/
P

Fe of separated bastite. Magne-
tization analysis confirms that bastite hosts almost no mag-
netite. The Mößbauer spectra indicate that about one third
of the total Fe is trivalent. Where present, results of wet
chemical titration analyses (Paulick et al., 2006) of bulk
rock powders are in a good agreement with Mößbauer re-
sults for the mesh-rims.

3.4. Geochemical reaction path modeling

Thermodynamic calculations have been used for several
decades to examine the conditions of metamorphic hydra-
tion of peridotites (e.g., Olsen, 1963; Evans et al., 1976; Ber-
man et al., 1986; Früh-Green et al., 2004). In these studies,
intensive parameters of serpentinization (for example, pres-
sure and temperature) were estimated from univariant
phase equilibria in the system MgO�SiO2�H2O. Univari-
ant phase equilibria are suitable to examine alteration con-
ditions for rocks of known composition, but this approach
has little predictive value for speciation of interacting fluids.
Furthermore, the influence of solid solutions on phase equi-
libria in serpentinites has been largely disregarded in this
approach, even though solid solutions in serpentinites exhi-
bit a wide compositional range. In particular, the signifi-
cance of Fe–Mg exchange equilibria between serpentine
and brucite has been emphasized recently by Evans
(2008). Sleep et al. (2004) examined the effect of Fe parti-
tioning into serpentine and brucite on hydrogen production
during serpentinization, assuming a fixed Fe–Mg distribu-
tion coefficient of 0.5. Their approach constitutes a useful
extension of pure endmember phase equilibria, but still im-
poses too many constraints to allow a full assessment of
fluid–rock equilibria. Geochemical reaction path modeling
codes such as EQ3/6 (Wolery, 1992a,b; Wolery and Davel-
er, 1992; Wolery and Jarek, 2003) can be used to gain dee-
per insights into the evolution of fluid and rock
compositions during serpentinization. Several studies have
used reaction path modeling to investigate various aspects
of fluid–rock interaction during serpentinization (Wetzel
and Shock, 2000; Palandri and Reed, 2004; Foustoukos
et al., 2008; McCollom and Bach, 2009; Jöns et al., 2009).
However, one of the main limitations of previous geochem-
ical reaction path modeling studies is that the uptake of
mesh-rims.

Titrationa Magnetization

Fe+3 (VI) Fe+3/
P

Fe Fe+3/
P

Fe % Fe3O4

35 0.48 0.45 0.33
32 0.68 0.62 0.79
42 0.66 0.68 1.38
36 0.50 0.56 1.20
18 0.66 0.68 2.80
15 0.30 0.57 0.16
23 0.53 0.51 0.79
11 0.34 0.57 0.43

astite.
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Fe+3 into serpentine has not been considered, although it is
well documented that serpentine can contain significant
amounts of Fe+3 (Page, 1968; Whittaker and Wicks,
1970; Blaauw et al., 1979; Rozenson et al., 1979; O’Hanley
and Dyar, 1993; González-Mancera et al., 2003; Seyfried
et al., 2007). The reaction path models presented in this
communication expand beyond those of previous studies
as they additionally explore the uptake of Fe+3 in serpen-
tine, which has a significant impact on hydrogen generation
during peridotite–seawater interactions. Note that there is a
conspicuous lack of knowledge concerning the Fe+3 uptake
by brucite during serpentinization. Although it appears
possible that brucite contains Fe+3, we do not account for
this in the solid solution model of brucite.

3.4.1. Serpentinization of olivine (Mg# 90) between 400 and

25 �C at w/r � 1 (Model 1A)

This reaction path model investigates the isobaric retro-
grade hydration of monomineralic dunite in a closed sys-
tem. Fig. 5 depicts a summary of the model results for
equilibrium mineral assemblages and compositions of min-
erals and fluids as a function of temperature. At 400 �C
olivine dominates the equilibrium mineral assemblage,
accompanied by trace amounts of serpentine and magnetite
(Fig. 5a). With decreasing temperature the amounts of ser-
pentine and magnetite increase at the expense of olivine
according to the generalized reaction:

olivineþ SiO2; aqþH2O! serpentineþmagnetite

þH2; aq: ðR2Þ

As the formation of serpentine according to (R2) consumes
dissolved silica, the SiO2,aq activity drops (Figs. 5a and f,
and 10, see white dashed line). It is important to note that
the dearth of aqueous silica hampers the serpentinization of
olivine in a dunite and thus the effective formation of mag-
netite and H2,aq (Fig. 5a, c and f; (R2)). Reaction (R2) pro-
ceeds to the right with decreasing temperature, lowering
aSiO2 ;aq further until the system reaches a quasi-invariant
point of olivine (Mg# 90) + serpentine (Mg# 99) + brucite
(Mg# 96) + magnetite at 330 �C (Figs. 5a and b). Here,
olivine breaks down completely and brucite becomes part
of the stable equilibrium mineral assemblage according to
the generalized reaction:

olivineþH2O! serpentineþ bruciteþmagnetite

þH2; aq: ðR3Þ

Note that the emergence of brucite facilitates instanta-
neously the breakdown of olivine and the coincident forma-
tion of large amounts of magnetite and serpentine (Fig. 5a).
In association with this complete reaction of olivine, H2,aq
increases steeply and peaks at around 387 mmolal (mM, see
Fig. 5c). Concomitantly, the activity of H2O decreases as
H2O is incorporated into serpentine and brucite (Fig. 5e).
As (R3) is not dependent on silica, the lack of an external
source of silica is no longer stabilizing olivine and the reac-
tion is solely driven by the decrease in temperature. After
olivine has completely reacted out (i.e., at T < 320 �C),
H2,aq and SiO2,aq are controlled by equilibria between ser-
pentine, brucite and magnetite, the typical phase assem-
blage found in completely serpentinized dunites. The
amount of serpentine remains essentially constant with
decreasing temperature (because the amount is constrained
by the amount of SiO2 in the bulk system), whereas the pro-
portion of brucite increases steadily. Furthermore, serpen-
tine and in particular brucite become increasingly Fe-rich
as the temperature decreases (Fig. 5b and h). This is due
to the temperature-dependent changes in sub-reactions of
the brucite–serpentine–magnetite equilibrium that increase
the stability of the Fe-endmembers of serpentine and bru-
cite relative to magnetite. That is, the equilibrium constants
for (R4)–(R6) increasingly favor the products with decreas-
ing temperature:

Fe3O4
magnetite

þH2OþH2; aqþ 2SiO2; aq ¼ Fe3Si2O5ðOHÞ4
greenalite

:

ðR4Þ
Fe3O4
magnetite

þ2H2OþH2; aq ¼ 3FeðOHÞ2
Fe-brucite

: ðR5Þ

2Fe3O4
magnetite

þ7H2Oþ 6SiO2; aq ¼ 3Fe2Si2O5ðOHÞ4
Feþ3-serpentine

þH2; aq:

ðR6Þ

Shifting the equilibria of (R4) and (R5) to the right reduces
the amount of H2 present at equilibrium. Overall H2,aq
drops with decreasing temperature, which is mainly driven
by (R5). The activity of SiO2,aq is controlled by fluid–rock
equilibria (and buffered by specific mineral assemblages,
e.g., serpentine–brucite) so that drive to make (or consume)
hydrogen is implicitly accounted for in the reaction path
model. As (R4)–(R6) proceed to the right side with decreas-
ing temperature, magnetite is completely exhausted below
165 �C and the system is entirely controlled by exchange
equilibria among serpentine and brucite (Fig. 5a). The
H2,aq activity is now dependent on the stability of Fe+3-ser-
pentine (Fig. 5b–d):

2Fe3Si2O5ðOHÞ4
greenalite

þ2SiO2; aqþ 5H2O

¼ 3Fe2Si2O5ðOHÞ4
Feþ3-serpentine

þ3H2; aq: ðR7Þ

2FeðOHÞ2
Fe-brucite

þ2SiO2; aqþH2O ¼ Fe2Si2O5ðOHÞ4
Feþ3-serpentine

þH2; aq:

ðR8Þ

According to (R6)–(R8) at low temperatures the stability of
Fe+3-serpentine, and thus the activity of H2,aq, is limited by
the low SiO2,aq activity, which is chiefly buffered by
reaction:

Mg3Si2O5ðOHÞ4
serpentine

þH2O ¼ 2SiO2; aqþ 3MgðOHÞ2
brucite

: ðR9Þ

With the exhaustion of magnetite, serpentine becomes
increasingly magnesian as temperatures drop, while brucite
becomes increasingly rich in iron (Fig. 5b; (R8) and (R9)).

The pH of the fluid, illustrated in Fig. 5e, increases from
4.8 at 400 �C to 9 at 25 �C. As proposed by McCollom and
Bach (2009) the pH is largely determined by the stability of
brucite, but is ultimately controlled by the entire mineral
assemblage. Except for high temperatures, dissolved Ca
and Mg are slightly enriched compared to the original fluid
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(Fig. 5f). The concentration of Fe exhibits a strong temper-
ature dependency with increasing concentrations towards
higher temperatures, reflecting buffering by changing phase
assemblages described earlier.



Iron partitioning and hydrogen generation during serpentinization 6879
3.4.2. Serpentinization of harzburgite between 400 and 25 �C

at w/r � 1 (Model 1B)

The rock composition used as the starting material in
our calculations represents a harzburgite (Ol:Opx:Cpx =
80:15:5 vol.%). Although Cr-spinel is widespread in oceanic
serpentinites, we ignored it in our calculations, because it
remains largely unaltered in most samples from Hole
1274A (cf. Klein and Bach, 2009).

Fig. 5g–l summarizes the model results in terms of equi-
librium mineral assemblages and compositions of minerals
and fluids as a function of temperature. At 400 �C the equi-
librium mineral assemblage consists of olivine, serpentine
and tremolite as well as minor amounts of magnetite
(Fig. 5g). The predicted concentration of H2,aq is higher
compared to Model 1A, because orthopyroxene provides
the SiO2 needed to produce serpentine and magnetite
(Fig. 5i) according to the generalized reaction:

olivineþ orthopyroxeneþH2O

! serpentineþmagnetiteþH2; aq: ðR10Þ

At temperatures above the quasi-invariant point of olivine–
serpentine–brucite equilibrium, concentrations of SiO2,aq
are slightly lower than predicted in Model 1A (Fig. 5l), be-
cause more serpentine is produced according to (R10).
Diopsidic clinopyroxene is predicted to form at the expense
of tremolite, which is unstable at temperatures below 390 �C

Ca2Mg5Si8O22ðOHÞ2
tremolite

þH2O

¼ 2SiO2; aqþ 2CaMgSi2O6
diopside

þMg3Si2O5ðOHÞ4
serpentine

: ðR11Þ

The lower silica activity in Model 1B causes brucite to form
at slightly higher temperatures (346 versus 330 �C). The
emergence of brucite facilitates the formation of magnetite
and serpentine at the expense of olivine according to (R3),
resulting in H2,aq concentrations of 397 mM at 340 �C.
The predicted maximum concentration of H2,aq is similar
to that in the reaction path model with pure olivine, but
H2,aq is predicted to peak at a considerably higher temper-
ature due to the shift of the quasi-invariant point of olivine–
serpentine–brucite. As the temperature decreases, the con-
centration of H2,aq drops when magnetite breaks down
and Fe is taken up by brucite, serpentine and chlorite solid
solutions. The amounts of serpentine, clinopyroxene and
chlorite remain virtually constant with decreasing tempera-
ture, whereas the amount of brucite increases. Serpentine,
chlorite and brucite become enriched in Fe as temperatures
decrease, consuming magnetite (see (R4)–(R6)) until it is ex-
hausted at T < 146 �C. At yet lower temperatures concen-
trations of H2,aq and SiO2,aq are buffered to low values
by serpentine–brucite equilibrium (Fig. 5l). Owing to a spe-
ciation change from SiO2,aq to HSiO3

� at pH �8.5 the con-
centration of SiO2,aq rises somewhat at T < 165 �C
(Fig. 5k). The higher pH compared to Model 1A is related
to the breakdown of primary clinopyroxene and orthopy-
roxene (with a Ca-Tschermak’s component). These reac-
tions also liberate significant amounts of Ca to the fluid.
At temperatures below 346 �C, brucite–clinopyroxene–ser-
pentine equilibrium sets the pH, which increases steadily
as temperatures drop (Foustoukos et al., 2008). Concentra-
tions of dissolved magnesium are low over the entire temper-
ature range and are buffered by serpentine, brucite and
clinopyroxene. Serpentine is more Fe-rich than serpentine
in Model 1A and more serpentine is produced due to the
higher amount of SiO2 in the system (Fig. 5g and h). Conse-
quently, predicted concentrations of dissolved Fe are mark-
edly lower than in Model 1A. However, the strongly alkaline
fluids (buffered by serpentine, brucite and clinopyroxene)
are predicted to keep the concentrations of dissolved Fe low.

3.4.3. Serpentinization as a function of water-to-rock ratio

(Model 2)

We next treat serpentinization as an isothermal process
and compute the effect of changing water-to-rock ratios
(w/r) on fluid–rock equilibria. Titration calculations, in
which equal amounts of rock are added to 1 kg of seawater,
are used to evaluate changes in mineralogy and fluid com-
position at five temperatures (150, 200, 250, 300 and
350 �C). Again we use olivine (Mg# 90) and harzburgite
(Ol:Opx:Cpx = 80:15:5 vol.%) as the starting materials.
Predicted fluid compositions, mineral assemblages and solid
solution compositions of serpentine and brucite are illus-
trated in Fig. 6 as a function of w/r. In general, an increas-
ing fraction of the initial amount of water is incorporated
into hydrous phases with decreasing w/r. Consequently,
the concentrations of non-reactive dissolved elements in-
crease steadily with decreasing w/r.

3.4.4. Serpentinization of olivine (Mg# 90) at constant

temperature (Model 2A)

At 150 �C the predicted equilibrium assemblage consists
mainly of equal molar amounts of serpentine and brucite
(Fig. 6a). Trace amounts of magnetite are predicted to oc-
cur only between w/r � 1 and 40. Brucite composition is
highly sensitive to changing w/r, as its Mg# decreases from
91 at high w/r to 76 at low w/r (Fig. 6k). The Mg# of ser-
pentine decreases from 97 at high to 94 at low w/r. At high
w/r virtually all Fe in serpentine is predicted to be trivalent,
whereas at low w/r only 20 mol.% of the total Fe is ferric
(Fig. 6k). The lowering in Fe+3/

P
Fe of serpentine is related

to decreasing SiO2,aq and H2O activities as well as increas-
ing H2,aq activities at lower w/r (Figs. 6p and 7; cf. (R7)).
With the predicted disappearance of magnetite at w/r � 1,
H2,aq concentration are no longer buffered by equilibria
(R4)–(R6), causing a change in slope in H2 versus w/r
(Fig. 7). Equilibria (R7) and (R8) should now govern H2

activities, and although Fe+3-serpentine decreases in abun-
dance (Fig. 6k), H2 increases, because the system becomes
more rock dominated. The pH is largely controlled by the
solubility of serpentine and brucite, and Mg2+ is the domi-
nant cation apart from Na+ over the entire w/r range. Con-
centrations of dissolved elements (Fig. 6p), except for Al
(not shown), remain constant or increase slightly with
decreasing w/r (see above). Aluminum in the fluid decreases
due to incorporation in serpentine (kaolinite component).

At 200, 250 and 300 �C serpentine and brucite dominate
the equilibrium mineral assemblage over the entire w/r
range (Fig. 6b–d), similar to the model at 150 �C. The main
difference is that magnetite does not break down at w/r < 1.
As we have already shown in the temperature-dependent
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model, serpentine and brucite become increasingly magne-
sian at higher temperatures, promoting magnetite forma-
tion. The amount of magnetite is expected to increase
steadily with decreasing w/r, albeit not as much as the
abundance of serpentine and brucite. In accordance with
the corresponding temperature-dependent Model 1A
(Fig. 5), predicted concentrations of H2,aq increase consid-
erably from 150 to 300 �C (see Fig. 7). Moreover, at low w/
r, concentrations of dissolved H2 are predicted to increase
almost exponentially with decreasing w/r. Concentration
changes of the dissolved elements are very similar to those
of the 150 �C model, although absolute concentrations
differ (Fig. 6p–t). In particular, concentrations of dissolved
Si, Fe and Al are slightly higher whereas those of all other
dissolved elements are lower (as it is expected from the
equivalent temperature-dependent Model 1A) at the corre-
sponding w/r.

At 350 �C the equilibrium phase assemblage is predicted
to consist mainly of olivine with minor amounts of serpen-
tine and magnetite (Fig. 6e), reflecting the enhanced
stability of olivine at T > 330 �C. Consequently, aH2 ;aq is
low and concentrations of dissolved elements are elevated
compared to concentrations of dissolved elements at lower
temperatures.
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3.4.5. Serpentinization of harzburgite at constant

temperature (Model 2B)

At 150 �C and w/r > 4 the equilibrium assemblage pro-
duced by the hydration of harzburgite is predicted to con-
sist mainly of serpentine and brucite with minor
magnetite (at w/r < 40, Fig. 6f) and trace amounts of chlo-
rite. At a w/r 6 4 secondary clinopyroxene becomes part of
the equilibrium assemblage. Magnetite is predicted to
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disappear at w/r < 0.6, i.e., at a somewhat lower w/r than in
Model 2A. The evolution of the solid solution compositions
of serpentine and brucite is almost identical with that of
Model 2A (Fig. 6k). Clinopyroxene is essentially pure diop-
side. Chlorite appears in the assemblage as the primary host
of Al, but makes up only a small fraction of the solid prod-
ucts. Its composition evolves from pure clinochlore at high
w/r to more ferroan chlorite (20 mol.% daphnite) at low w/r.
Hydrogen concentrations are consistently higher compared
to Model 2A, but again, H2,aq concentrations increase
slightly at low w/r, when magnetite disappears, reflecting
H2,aq buffering by Fe+3-serpentine (kink in trend in
Fig. 7).

At high w/r ratios the pH is buffered by serpentine and
brucite to values around 6.5, whereas at w/r 6 4 pH is buf-
fered by secondary clinopyroxene, serpentine and brucite to
higher values around 8.6 (cf. Foustoukos et al., 2008). This
is reflected by concentrations of dissolved Mg and Ca. The
concentration of Mg is high (�52 mmol/kg) at high w/r ra-
tios and decreases slightly along with progressive formation
of serpentine and brucite. At w/r 6 4, where clinopyroxene
is predicted to be part of the equilibrium assemblage, the
concentration of Mg decreases drastically to low values
�1 lmol/kg. Calcium, liberated by dissolution of primary
clinopyroxene and the CaTs-component of orthopyroxene,
is only partly incorporated into secondary clinopyroxene,
resulting in increasing concentrations of Ca with decreasing
w/r ratio.

At 200, 250 and 300 �C the equilibrium mineral assem-
blage is essentially the same as in the model at 150 �C, how-
ever, the main difference is the strong increase of the amount
of magnetite towards lower w/r and thus consistently higher
H2,aq concentrations at higher temperatures. In addition,
concentration patterns of dissolved elements relative to
w/r are very similar to those of the model at 150 �C although
shifted to higher concentrations for most elements.

In contrast to Model 1A, at 350 �C the equilibrium
phase assemblage is predicted to consist mainly of serpen-
tine and olivine with minor amounts of clinopyroxene,
chlorite and magnetite (Fig. 6e).

In general, the presence of orthopyroxene in harzburgite
means the bulk rock composition has a higher proportion
of Si than in dunite, allowing a greater fraction of serpen-
tine in the equilibrium assemblage. In this respect, during
serpentinization of harzburgite two factors permit higher
concentrations of H2,aq compared with serpentinization
of dunite: (1) Since serpentine accommodates less Fe in
its structure than brucite, a higher proportion of Si results
in greater amounts of magnetite and (2) promotes a higher
proportion of Fe+3-serpentine relative to greenalite.

3.4.6. Fe�Ni�O�S phase relations

The most abundant Fe�Ni�O�S assemblage in partly
serpentinized rocks is pentlandite [(Fe,Ni,Co)9S8] + awaru-
ite (Ni3Fe) + magnetite, followed by pentlandite + heazle-
woodite (Ni3S2) + magnetite in partly to completely
serpentinized rocks (Klein and Bach, 2009). At increasingly
reducing conditions, pentlandite is desulfurized to awaruite
and/or heazlewoodite – the sulfide-phase representing the
lowest S fugacity.

In agreement with the petrologic observations of Klein
and Bach (2009), our reaction path models predict the
desulfurization of pentlandite to low sulfur fugacity Ni-
phases awaruite and/or heazlewoodite (Fig. 8). Consistent
with calculations by Frost (1985), Fe�Ni�O�S phase equi-
libria reveal a strong dependency on the total sulfur (

P
S)

content of the system. At low
P

S concentrations pentland-
ite will be desulfurized and the system proceeds towards
heazlewoodite + awaruite + magnetite, whereas at some-
what higher

P
S concentrations pentlandite will form an

assemblage together with heazlewoodite and magnetite.
Minimum H2,aq concentrations required to stabilize the

pentlandite + awaruite + magnetite assemblage increase
from �150 mM at 150 �C to almost 4 M at 400 �C (Klein
and Bach, 2009). The modeling results reveal that serpent-
inization of dunite and harzburgite yields insufficient
H2,aq above �330 �C to stabilize this assemblage (cf. Figs.
5 and 7). Below a temperature of �330 �C, it depends on
the w/r whether this assemblage is stable or not, since ser-
pentinization produces more H2,aq at lower w/r ratios
(Fig. 7).

4. DISCUSSION

4.1. Serpentinization at Hole 1274A and geochemical

reaction path models

Our modeling results allow an assessment of the temper-
ature and w/r dependencies of Fe–Mg equilibria between
serpentine, brucite and magnetite. The models predict that
serpentine incorporates increasing amounts of iron with
decreasing temperature and w/r (Figs. 5 and 6) as long as
magnetite and brucite are present. Brucite behaves similarly
and becomes increasingly Fe-rich with decreasing w/r and
temperature. However, the Fe-enrichment of brucite at low-
er temperatures is much more pronounced than that of ser-
pentine. The temperature dependency of Fe–Mg equilibria
is mirrored by the temperature dependency of redox condi-
tions during serpentinization, and concomitantly moni-
tored by Fe�Ni�Co�O�S phases. Hence, before
modeled Fe–Mg equilibria for coexisting serpentine, brucite
and magnetite can be adopted for samples from Hole
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1274A, constraints on serpentinization temperatures are
required.

Serpentinization temperatures have been estimated for
rocks from Hole 1274A using phase relationships (Bach
et al., 2004; Klein and Bach, 2009) and whole rock oxygen
isotope compositions (Alt et al., 2007). Bach et al. (2004)
interpret the replacement of olivine by serpentine, brucite
and magnetite in the presence of fresh clinopyroxene from
the upper half of Hole 1274A, to be indicative of low ser-
pentinization temperatures, probably <200�250 �C. Based
on the high d18O values (up to 8.1&) of whole rocks from
Hole 1274A, Alt et al. (2007) proposed low alteration tem-
peratures (<150 �C). Klein and Bach (2009) found co-occur-
ring iron–nickel- and cobalt–pentlandite endmembers in
samples from Hole 1274A, which can coexist only at temper-
atures below �200 �C (Kaneda et al., 1986). The serpentine
and brucite compositions predicted for this temperature
range are in a very good agreement with compositions of
serpentine and brucite from Hole 1274A (Figs. 2–6).

The evaluation of predicted and measured mineral com-
positions in combination with temperature estimates men-
tioned above, allows us to approximate water-to-rock
ratios during serpentinization (Figs. 2–6). At 150 �C the du-
nite and the harzburgite model predict a w/r of �3 and �4,
respectively, for serpentine Mg# 95 and brucite Mg# 80. At
200 �C the corresponding w/r predicted by both models is
�1. Although these estimates are fairly rough, the numbers
are similar to what has been approximated for the root zone
of the Lost City hydrothermal system (Früh-Green et al.,
2003; Foustoukos et al., 2008).
4.2. Changing Fe�Ni�O�S phase assemblages during

serpentinization

We examine Fe�Ni�O�S phase equilibria with chang-
ing temperature and w/r ratio in Fig. 8. Phases of the
Fe�Ni�O�S system provide a useful monitor for changing
H2 and H2S activities during progressive serpentinization
(Eckstrand, 1975; Frost, 1985; Alt and Shanks, 1998; Klein
and Bach, 2009). Klein and Bach (2009) interpret the occur-
rence of pentlandite + awaruite + magnetite, the dominat-
ing Fe�Ni�O�S assemblage in partly serpentinized rocks
from Hole 1274A, to be indicative of consistently reducing
conditions prevailing throughout serpentinization. The
occurrence of this mineral assemblage indicates that the sys-
tem was near H2 saturation and that a separate H2-rich va-
por phase may develop during serpentinization at low
pressures. Moreover, at site 1274 awaruite was found only
in samples containing abundant brucite. Our reaction path
models corroborate these findings, as awaruite is predicted
to form only where brucite is stable, i.e. below �330 �C.
Above these temperatures awaruite will not be stable as
conditions are not sufficiently reducing. In addition, the
modeling results underscore the relevance of

P
S in the sys-

tem in interpreting opaque phase relations (Fig. 8). Apart
from redox conditions determined by equilibria in the
MgO�SiO2�FeO�Fe2O3�H2O system, the bulk sulfur
content of the rock determines whether or not pentlandite
will be part of the equilibrium assemblage at w/r ratios of
1 and above. Low

P
S will cause pentlandite to desulfurize

and the assemblage heazlewoodite + awaruite + magnetite
to be stable (see Fig. 8, cf. Peretti et al., 1992). In contrast,
if
P

S is elevated, pentlandite will desulfurize only in part,
even at highly reducing conditions. Yet higher

P
S will hin-

der awaruite to form at the expense of pentlandite. Instead,
pentlandite is predicted to coexist with heazlewoodite and
magnetite. However, a direct correlation between

P
S con-

tent of the rock and the presence (or lack) of heazlewoodite
was not observed. The same holds true for the sulfur con-
tent of the serpentine matrix surrounding heazlewoodite
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as no clear trend was observed. Perhaps heazlewoodite
nucleation is overstepped, since it is found only in strongly
to fully serpentinized peridotites (Klein and Bach, 2009).
Overstepping of heazlewoodite formation would allow
pentlandite + awaruite + magnetite to exist metastably at
slightly less reducing conditions. If we account for metasta-
ble equilibrium of pentlandite + awaruite + magnetite and
suppress the formation of heazlewoodite in our calculations
to simulate overstepping of heazlewoodite nucleation, our
model predicts that pentlandite is part of the equilibrium
assemblage over the entire temperature range at w/r � 1,
together with awaruite occurring at T < 330 �C.

4.3. Fe+2–Fe+3 exchange equilibria in serpentinites

Evans (2008) reviewed the serpentinite literature focus-
ing on the oxidation state of Fe and Fe+2Mg�1 exchange
equilibria in serpentinites and emphasized the importance
of Fe+3 in serpentine as it contributes to hydrogen forma-
tion during serpentinization. However, there is a lack of
Fe+3-data for abyssal serpentinites. O’Hanley and Dyar
(1993) report Mößbauer results from Archean serpentinites
that indicate (1) significant Fe+3 in serpentinite (about 50%
of the total Fe) and (2) significant Fe+3 in tetrahedral sites,
again about 50% (cf. Page, 1968; Whittaker and Wicks,
1970; Blaauw et al., 1979; Rozenson et al., 1979; Gon-
zález-Mancera et al., 2003). Our EMPA data reveal at least
1.97 mol of Si (on the basis of 7 oxygens) in the tetrahedral
site of serpentine in mesh-rims. Additionally, aluminum ac-
counts for up to 0.01 formula units in the tetrahedral site
(see Table A1). Hence, in the tetrahedral site of serpentine
with 0.15 mol of Fe (calculated as FeO) less than 0.02–
0.03 mol per formula unit can be occupied by Fe+3. This
is equivalent to �15–20% of the total iron. Mößbauer spec-
troscopy applied to separated mesh-rims of partly serpenti-
nized dunites and harzburgites reveals the presence of
significant amounts of Fe+3 in hydrous secondary minerals
(Table 4). Trivalent Fe is present in both tetrahedral and
octahedral sites, but occupies preferentially the octahedral
site (48–86%, mean = 64% of total Fe+3). This result is at
least qualitatively in concert with results of EMPA. How-
ever, in the bastite sample Fe+3 occupies preferentially the
tetrahedral site.

In mesh-rims of weakly serpentinized peridotites the
Fe+3/

P
Fe ranges between 0.30 and 0.48. In mesh-rims of

strongly to fully serpentinized peridotites the Fe+3/
P

Fe
of hydrous secondary phases is between 0.53 and 0.68,
which is considerably higher than in weakly serpentinized
peridotites. The higher Fe+3/

P
Fe may be linked to de-

creased aH2 ;aq, either because the reducing capacity of the
rock decreases or through diffusive/advective loss of
H2,aq (see (R7)) or both. Increasing aSiO2 ;aq is unlikely to
promote higher Fe+3/

P
Fe as aSiO2 ;aq is buffered to exceed-

ingly low values at low temperatures by (R9). We assume
that the Fe+3 detected resides chiefly in serpentine, although
uptake of Fe+3 by brucite cannot be excluded. In general,
Fe+3/

P
Fe-data obtained by Mößbauer spectroscopy repre-

sent an upper limit and must be interpreted with caution,
because oxidation of ferrous iron in serpentine and brucite
under atmospheric conditions during sample recovery and
subsequent storage is possible. It is also possible that diffu-
sive loss of hydrogen after serpentinization but before sam-
pling leads to cryptic oxidation of serpentinites.

Between 150 and 250 �C (the expected temperature
range of serpentinization at Hole 1274A (Bach et al.,
2006; Alt et al., 2007; Klein and Bach, 2009) the predicted
Fe+3/

P
Fe of serpentine appears largely insensitive to pre-

cursor rock mineralogy but varies significantly with changes
in w/r ratio and temperature (Figs. 5 and 6). At 150 �C and
w/r � 3, where brucite and serpentine have predicted com-
positions in accordance with natural equivalents from Hole
1274A (Mg# of brucite = 80 and Mg# of serpentine = 95),
the Fe+3/

P
Fe is 0.33, i.e., comparable to the lowest Fe+3/P

Fe measured in partly serpentinized peridotites (Table 4).
At 200 �C and a w/r of 0.6, where predicted brucite and ser-
pentine also have compositions in accordance with their
natural equivalents, the predicted Fe+3/

P
Fe is 0.21, which

is lower than what is measured in natural samples. How-
ever, because our calculations do not allow for iron parti-
tioning into the tetrahedral sites, the predicted
proportions of Fe+3 in serpentine have to be considered
as minimal values. With increasing temperatures the mis-
match between observation and prediction increases fur-
ther, which is seen as evidence that serpentinization of
rocks from Hole 1274A took place at temperatures below
250 �C and low w/r ratios.

4.4. Geochemical reaction path modeling and serpentinization

experiments

Seyfried et al. (2007) conducted serpentinization experi-
ments of a spinel–lherzolite at 200 �C and 50 MPa. They re-
ported a Mg# of 91 and the Fe+3/

P
Fe of experimentally

derived hydrous alteration products, i.e., serpentine is
�0.42 and thus consistent with Fe+3/

P
Fe of serpentine

of partly serpentinized peridotites from Hole 1274A. To
compare their experimental results with our geochemical
reaction path modeling results we have to know the exact
w/r, where w/r is mass of water divided by mass of solids.
Seyfried et al. (2007) started their experiment with 44 g arti-
ficial seawater and 40 g spinel–lherzolite. In the course of
their experiment about 55 wt.% of the solid starting mate-
rial (equivalent to 22 g of rock) reacted to serpentine and
brucite, thus the final w/r was �2. The calculated Fe+3/P

Fe of serpentine from our olivine (2A) and harzburgite
(2B) models is 0.3 at w/r � 2. The difference between the
calculated and the experimentally derived Fe+3/

P
Fe values

(0.42) can be due to (1) incorporation of ferric iron in bru-
cite, (2) incorporation of Fe+3 in the tetrahedral site of ser-
pentine, or (3) weaknesses of the thermodynamic data and
solid solution models. Another factor is that the models
represent equilibrium conditions and it is evident that equi-
librium was not achieved in the experiments. Overall, the
model prediction of significant uptake of Fe+3 into serpen-
tine is consistent with experimental and observational data.
The lack of magnetite in the experiments by Seyfried et al.
(2007) is not matched by our predictions for 200 �C and
w/r = 2. Our models predict, however, that magnetite
may not form at temperatures below 150 �C and w/r < 1.
This result may indicate that the thermodynamic drive for
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magnetite formation in the 200 �C experiments was fairly
small, perhaps too small to allow magnetite to nucleate.

Dihydrogen concentrations were up to 77 mM in the
experiments of Seyfried et al. (2007), which is more than
four times lower than what these authors predicted in a geo-
chemical reaction path model (350 mM) that emulates the
serpentinization of a lherzolite (62 vol.% Ol, 26 vol.%
Opx, 10 vol.% Cpx, 2 vol.% Sp), while ignoring solid solu-
tions. McCollom and Bach (2009) emphasize that the parti-
tioning of Fe between secondary minerals will exert a
strong influence on the amount of H2,aq generated during
serpentinization. The large difference between predicted
and observed H2,aq concentration is likely related to the
lack of serpentine and brucite solid solutions in the reaction
path model of Seyfried et al. (2007) (i.e., Fe is not allowed
to be incorporated in serpentine and brucite). McCollom
and Bach (2009) and this study show that the partitioning
of Fe into serpentine and brucite demonstrated experimen-
tally (Moody, 1976; Seyfried et al., 2007) can be matched at
least semi-quantitatively in reaction path models that allow
solid solutions to form. This is a crucial step forward in
increasing the reliability of predictions of hydrogen yields
during serpentinization.

Our serpentinization model of olivine (Model 2A) pre-
dicts a concentration of 82 mM at 200 �C at a w/r of 2. In
the corresponding serpentinization model of harzburgite
(Model 2B) the predicted H2,aq concentration is 94 mM.
Like in the calculations by McCollom and Bach (2009),
these concentrations are similar to those measured by Sey-
fried et al. (2007; 77 mM). The match in H2,aq concentra-
tions is noteworthy, because the mineral proportions used
in the experiments and model calculation are different. It
appears that regardless of peridotite composition, serpent-
inization at a temperature of 200 �C, a pressure of 50 MPa
and a w/r � 2 cannot yield more than about 100 mM
H2,aq. An obvious explanation for this phenomenon is
that all compositions used have serpentine–brucite–magne-
tite phase relations that govern the H2 activities. If a rock
composition is chosen that has other stable mineral
assemblage at 200 �C, i.e., serpentine–talc–magnetite, the
hydrogen fugacities are expected to be much lower, as
a higher silica activity would stabilize Fe in serpentine
[Fe3Si2O5(OH)4 = Fe3O4 + 2SiO2,aq + H2O + H2 (cf. Frost
and Beard 2007)].

Allen and Seyfried (2003) conducted serpentinization
experiments of olivine (Mg# 89) at 400 �C and 50 MPa
to better assess alteration and mass transfer in high tem-
perature ultramafic-hosted hydrothermal systems. We used
their experimentally determined fluid compositions to
check consistency with predictions of our serpentinization
Model 1A (see Fig. 6). Predicted and measured concentra-
tions of dissolved Mg (predicted 39 mM; measured
27 mM), Si (1.1 mM; 0.2 mM), Fe (5.5 mM; 13.3 mM),
Ca (0.3 mM; 0.3 mM) and H2,aq (1.3 mM; 1.2 mM) are
in general agreement (see Fig. 5), although Allen and Sey-
fried (2003) used artificial seawater with high concentra-
tions of Cl and Na to simulate fluids emanating from
the Rainbow hydrothermal field. Moreover, the measured
pH (at 25 �C) of 5.27, equivalent to an in situ pH of 4.9 is
in close agreement with our predicted in situ pH of 4.8.
Consistent with the model calculations, the experiment
by Allen and Seyfried (2003) shows unambiguously that
olivine is almost unreactive at temperatures of 400 �C
and pressures of 50 MPa.

Berndt et al. (1996) conducted a serpentinization exper-
iment of olivine (Mg# 88) at 300 �C and 50 MPa. The ob-
served alteration mineralogy consists of Fe-poor
serpentine, brucite and magnetite, which is in agreement
with our modeling results (see Fig. 6, serpentine Mg# 97;
brucite Mg# 93). However, at w/r � 2 their analyzed fluid
composition is clearly at odds with our predictions, which
can be explained with the fact that they used a starting fluid
containing almost no dissolved cations besides Na. Never-
theless, concentrations of Si (predicted 21 lM; measured
31 lM) and H2,aq (146 versus 158 mM) are very similar,
indicating buffering by serpentine, brucite and magnetite
(Figs. 6 and 7). In a similar experiment by Janecky and Sey-
fried (1986), where a synthetic dunite was reacted with arti-
ficial seawater (equivalent to seawater that we used in our
models) at 300 �C, 50 MPa and a w/r � 10, concentrations
of dissolved elements are in agreement with our predictions.
The concentration of H2 was not determined during their
experiment, so comparison with the model predictions is
not possible.

In spite of the limitations, the results of thermody-
namic reaction path modeling are, at least semi-quantita-
tively, in a very good agreement with experimental results,
underscoring the relevance of solid solutions in geochem-
ical reaction path models for the interpretation of min-
eral–fluid equilibria during serpentinization. While these
models have increased predictive power, the results should
be regarded provisional, until experimentally derived ther-
modynamic data for serpentine and brucite solid solutions
exist.
4.5. The formation of brucite and serpentine in mesh-rims

Independent of the extent of serpentinization, mesh-
rims exhibit a distinct zoning starting with brucite at the
interface with olivine to a zone of a-serpentine + bru-
cite ± magnetite and finally serpentine and magnetite at
the outer rim (Figs. 1, 2 and 4). The reaction path models
that provide phase equilibria changes in the system MgO–
SiO2–FeO–Fe2O3–H2O on a sliding scale of water-to-rock
ratios do not predict the observed mineral zoning. The
temperature interval during which olivine–serpentine and
brucite coexist stably is extremely narrow, so that the pres-
ence of iron does not change significantly the invariant
nature of the iron-free system (cf. Trommsdorff and Evans,
1972).

Equilibria between olivine, serpentine and brucite in the
MgO–SiO2–H2O system are governed by the following
reactions (see Fig. 9):

3Mg2SiO4
olivine

þSiO2; aqþ 4H2O ¼ 2Mg3Si2O5ðOHÞ4
serpentine

: ðR12Þ

2Mg2SiO4
olivine

þ3H2O¼Mg3Si2O5ðOHÞ4
serpentine

þMgðOHÞ2
brucite

: ðR13Þ

Mg2SiO4
olivine

þ2H2O ¼ SiO2; aqþ 2MgðOHÞ2
brucite

: ðR14Þ
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Above �330 �C, olivine should be converted to serpentine
following (R12). If there is no external source of silica
(e.g., from orthopyroxene breakdown), this reaction is not
expected to yield much serpentine. Also, olivine shows bru-
cite – not serpentine – at the reaction front, so we rule out
(R12) from having played a large role in serpentinization of
rocks from Hole 1274A. Reaction (R13) represents the
invariant point at aH2O � 1 and T < �330 �C at which oliv-
ine should react instantaneously to form serpentine and
brucite.

There are a number of possibilities that can explain the
coexistence of olivine, serpentine, brucite and a fluid. One is
non-unity activity of water (Sanford, 1981), because the sys-
tem gains a degree of freedom if pH2O < ptotal, allowing for
univariant four phase equilibria in the MgO–SiO2–H2O sys-
tem (Fig. 10). Indeed, the water activity may be reduced
near the serpentinization front, where water is consumed.
Enrichment of chlorine near the reaction front would be ex-
pected (e.g., Sanford, 1981) but this is not observed in rocks
from Hole 1274A. Also, the brucite zone between olivine
and serpentine is at odds with olivine–serpentine–brucite
equilibrium, as serpentine and olivine are physically sepa-
rated by brucite.

It seems therefore more likely that metastable equilib-
ria between olivine, serpentine and brucite or arrested
reactions in olivine serpentinization need to be considered
to explain the brucite rims. Reaction (R13) can be broken
down in two sub-reactions (R14) and (R9), which can be
taken into consideration to explain the zoning in the
mesh-rims. If (R14) took place, silica activity would in-
crease, the fluid would move into the serpentine stability
field, and serpentine may ultimately form once the Gibbs
energy required for its nucleation is available. In this
sense, the brucite rims may represent an arrested reaction.
While brucite prevails at the frozen reaction front, the
outer mesh-rims lack brucite entirely. This is best ex-
plained by the strong contrast in silica activities develop-
ing locally within a peridotite undergoing serpentinization
(Fig. 9). When metastable orthopyroxene reacts at
T < 400 �C, it is expected to form serpentine and talc.
The associated inter-granular fluid will have a relatively
high silica activity. In contrast, serpentine + brucite form-
ing from olivine breakdown reactions will impose very
low silica activities on the intergranular fluid. It is likely
that this strong gradient in silica activity (Fig. 9) can lead
to diffusive silica transport between orthopyroxene and
olivine. Interestingly, the metastable olivine–brucite phase
boundary is situated between the talc–serpentine and bru-
cite–serpentine buffers (Fig. 9). Perhaps the system dwells
in this metastable state near the contact with olivine, but
away from it, silica released from orthopyroxene break-
down provides enough excess thermodynamic drive to
form serpentine.

Experimental data may help to shed some light on this
issue. The only experiment for which silica data are avail-
able throughout the runtime of the experiment is that of
Berndt et al. (1996). These authors conducted serpentiniza-
tion experiments with pure olivine (Mg# 88) as the starting
material and found that replacement products were Fe-
poor serpentine, brucite and magnetite. Again, assuming
full equilibrium at 300 �C (and at aH2O ¼ 1) olivine should
react to form contemporaneously serpentine and brucite,
which is in accordance with their findings and our model-
ing results. In the course of the experiment, however, silica
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first increased and subsequently decreased. Fig. 10 illus-
trates the isothermal reaction path of SiO2. which starts
between the stable univariant phase boundary of (R9)
and the metastable branch of (R14). Concentrations of
SiO2 increase until (at 362 h reaction progress) a maximum
is reached, which matches the metastable branch of (R14).
Subsequently the concentration of SiO2 drops until it
reaches the univariant phase boundary of (R9) (at
1658 h). This experimental reaction path may be taken as
evidence for (R14) taking place before (R9), which will
ultimately control the SiO2 activity of the entire system
when olivine is exhausted. More serpentinization experi-
ments and sufficiently accurate SiO2,aq analyses are
needed to constrain this further.

5. CONCLUSIONS

Our study indicates that unprecedented details about
the reaction sequences during serpentinization may be ob-
tained from merging careful petrographic, mineral chem-
ical, magnetic and Mößbauer spectroscopic analyses with
comprehensive thermodynamic modeling. We have calcu-
lated how dihydrogen generation depends on tempera-
ture, rock composition and fluid/rock ratios during
serpentinization. Below 320–330 �C it is entirely con-
trolled by serpentine–magnetite–brucite equilibria. We
have specifically addressed the partitioning of divalent
iron into brucite and divalent as well as trivalent iron
into serpentine.

Model calculations reveal that both partitioning and
oxidation state of iron are very sensitive to temperature
and water-to-rock ratio during serpentinization. As the
compositions of coexisting serpentine (Mg# 95) and brucite
(Mg# 80) are almost constant in most samples from Hole
1274, it is likely that alteration conditions were very similar
downhole. Based on our modeling results, we propose ser-
pentine and brucite formation temperatures ranging from
<150 to 250 �C. Corresponding bulk water-to-rock ratios
range from <0.1 to 5. Awaruite must have formed during
main stage serpentinization at temperatures between 200
and 250 �C and w/r < 1, when hydrogen fugacities are
maximal.

Rock composition appears to be of key importance for
our understanding of Fe-partitioning during serpentiniza-
tion. Serpentinization of orthopyroxene generates more
dihydrogen than serpentinization of olivine at high temper-
atures (>330 �C). This is the case because olivine break-
down to serpentine and magnetite depends on the
availability of an external silica source. At temperatures be-
low 330 �C brucite is stable and an external silica source is
no longer required to facilitate the formation serpentine
and magnetite. Accordingly, dihydrogen concentration
peaks approximately at 320–330 �C (depending on proto-
lith mineralogy) when brucite emerges. In the temperature
range where brucite is present, the dihydrogen yield by ser-
pentinization of olivine will exceed by far the dihydrogen
yield by serpentinization of orthopyroxene.

A significant amount of divalent iron partitions into
brucite and does not drive dihydrogen generation. Textural
evidence indicates that olivine is replaced by brucite (and
not serpentine) along the grain boundaries so that the for-
mation of brucite appears to be the initial step of a ser-
pentinization reaction sequence. We propose that brucite
is metastable in the stability field of serpentine until en-
ough thermodynamic drive for serpentine nucleation is
available.

The formation of Fe+3-serpentine markedly contributes
to hydrogen generation, in particular at low temperatures
and low water-to-rock ratios. Mößbauer spectroscopic
results indicate that about 30–50% of the iron in serpen-
tine/brucite mesh-rims is trivalent, irrespective of subbase-
ment depth and the orthopyroxene content of the
precursor rock. Our geochemical reaction path models
are semi-quantitatively in agreement with the spectro-
scopic results if serpentinization temperatures were 150
to 250 �C.

If the Fe+3-component of serpentine is neglected in
geochemical reaction path models, magnetite is predicted
to be part of the equilibrium assemblage over the entire
temperature range. In contrast, if Fe+3 is allowed to par-
tition into serpentine, magnetite is not predicted to form
at T < 150–200 �C. Consistent with this notion, in a re-
cent experimental study Seyfried et al. (2007) reported
on the lack of magnetite formation during serpentiniza-
tion of peridotite at 200 �C. This result underscores the
importance of considering the Fe+3-component in serpen-
tine solid solution models. However, since Fe+3 was not
allowed to substitute for silicon in tetrahedral coordina-
tion in the present study, our modeling results should
be regarded as provisional. To improve the predictive
power of serpentinization models, experimentally derived
thermodynamic data of Fe+3-serpentine and thermody-
namic parameters for the serpentine solid solution are
necessary.
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Table A1
Selected electron microprobe analyses.

Hole 1274A 1274A 1274A 1274A 1274A 1274A 1274A 1274A 1274A 1274A 1274A 1274A
Core 4 6 10 17 22 27 4 6 10 17 22 27
Section 1 2 1 1 1 2 1 2 1 1 1 2
Depth (cm) 104–105 128–135 3–10 121–129 24–32 5–11 104–105 128–135 3–10 121–129 24–32 5–11
Depth (mbsf) 22.79 32.78 49.33 89.51 122.34 147.65 22.79 32.78 49.33 89.51 122.34 147.65
Rock type Hz Hz Du Hz Hz Hz Hz Hz Du Hz Hz Hz
Lab code None Ap-86 AP-88 AP-95 AP-99 AP-103 None AP-86 AP-88 AP-95 AP-99 AP-103
Mineral Ol Ol Ol Ol Ol Ol Srp Srp Srp Srp Srp Srp
Texture Mesh Mesh Mesh Mesh Mesh Mesh Mesh Mesh Mesh Mesh Mesh Mesh

Wt.%

SiO2 40.84 40.73 40.85 41.10 40.87 40.31 39.72 40.76 40.91 40.70 40.58 39.95
TiO2 0.02 0.02 0.00 0.00 0.03 0.03 0.01 0.03 0.01 0.01 0.05 0.03
Al2O3 0.04 0.03 0.03 0.04 0.02 0.02 0.28 0.11 0.08 0.17 0.09 0.26
Cr2O3 0.01 0.01 0.01 0.02 0.02 0.02 0.00 0.04 0.03 0.02 0.00 0.02
FeO 8.14 8.27 8.26 8.18 7.67 8.20 4.00 4.28 4.20 3.08 4.23 3.45
MnO 0.11 0.12 0.11 0.13 0.09 0.10 0.06 0.08 0.10 0.08 0.09 0.09
MgO 50.22 49.89 50.26 49.86 50.70 50.73 37.70 38.69 39.44 39.58 38.45 39.05
NiO 0.38 0.37 0.38 0.38 0.41 0.40 0.30 0.32 0.42 0.46 0.27 0.40
CoO 0.03 0.04 0.02 0.01 0.03 0.02 0.01 0.02 0.02 0.01 0.02 0.01
SO3 0.00 0.00 0.02 0.00 0.01 0.01 0.13 0.06 0.05 0.13 0.04 0.10
CaO 0.07 0.09 0.25 0.07 0.03 0.06 0.06 0.08 0.10 0.05 0.04 0.06
Na2O 0.02 0.02 0.00 0.00 0.00 0.00 0.03 0.03 0.00 0.00 0.01 0.02

0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01
Total 99.88 99.59 100.19 99.79 99.88 99.90 82.31 84.50 85.36 84.29 83.87 83.45

Formula

Si 1.00 1.00 0.99 1.00 0.99 0.99 1.99 1.99 1.98 1.98 1.99 1.97
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.17 0.17 0.17 0.17 0.16 0.17 0.17 0.17 0.17 0.13 0.17 0.14
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 1.83 1.82 1.82 1.81 1.84 1.85 2.81 2.81 2.84 2.87 2.81 2.87
Ni 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.02
Co 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
S 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 3.01 3.00 3.00 2.99 3.01 3.02 4.99 4.98 5.02 5.00 4.98 5.01
Oxygens 4 4 4 4 4 4 7 7 7 7 7 7

Hole 1274A 1274A 1274A 1274A 1274A 1274A
Core 4 6 10 17 22 27
Section 1 2 1 1 1 2
Depth (cm) 104–105 128–135 3–10 121–129 24–32 5–11
Depth (mbsf) 22.79 32.78 49.33 89.51 122.34 147.65
Rock type Hz Hz Du Hz Hz Hz
Lab code None AP-86 AP-88 AP-95 AP-99 AP-103
Mineral Brc Brc Brc Brc Brc Brc
Texture Mesh Mesh Mesh Mesh Mesh Mesh

Wt.%

SiO2 1.27 0.93 1.18 17.26 0.56 0.86
TiO2 0.02 0.01 0.00 0.00 0.00 0.00
Al2O3 0.71 0.41 0.08 0.40 0.22 0.68
Cr2O3 0.01 0.00 0.00 0.01 0.00 0.00
FeO 28.31 21.75 20.34 17.66 21.20 17.80
MnO 0.77 0.94 0.64 0.48 0.64 0.74
MgO 38.35 48.18 49.37 43.84 49.26 50.37
NiO 0.76 1.88 0.51 0.67 0.44 0.59
CoO 0.10 0.06 0.04 0.05 0.05 0.05

(continued on next page)
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Table A1 (continued)

SO3 0.42 0.18 0.18 0.40 0.10 0.13
CaO 0.07 0.29 0.24 0.12 0.14 0.30
Na2O 0.03 0.00 0.02 0.03 0.05 0.01
K2O 0.00 0.00 0.00 0.00 0.01 0.01
Total 70.82 74.63 72.60 80.92 72.67 71.54

Formula

Si 0.01 0.01 0.01 0.15 0.01 0.01
Ti 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.27 0.19 0.18 0.13 0.19 0.16
Mn 0.01 0.01 0.01 0.00 0.01 0.01
Mg 0.66 0.75 0.78 0.56 0.78 0.80
Ni 0.01 0.02 0.00 0.00 0.00 0.01
Co 0.00 0.00 0.00 0.00 0.00 0.00
S 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00
Total 0.96 0.98 0.98 0.84 0.99 0.99
Oxygens 1 1 1 1 1 1
Calc. endm. Mg# 63.4 78.6 79.7 71.7 80.7 81.5
# Analyses 68 114 194 149 84 28
R2 0.84 0.83 0.96 0.89 0.87 0.84

Hole 1274A 1274A 1274A 1274A 1274A 1274A 1274A 1274A 1274A 1274A 1274A
Core 4 6 17 22 27 4 6 10 17 22 27
Section 1 2 1 1 2 1 2 1 1 1 2
Depth (cm) 104–105 128–135 121–129 24–32 5–11 104–105 128–135 3–10 121–129 24–32 5–11
Depth (mbsf) 22.79 32.78 89.51 122.34 147.65 22.79 32.78 49.33 89.51 122.34 147.65
Rock type Hz Hz Hz Hz Hz Hz Hz Du Hz Hz Hz
Lab code None AP-86 AP-95 AP-99 AP-103 None AP-86 AP-88 AP-95 AP-99 AP-103
Mineral Opx Opx Opx Opx Opx Srp Srp Srp Srp Srp Srp
Texture Bastite Bastite Bastite Bastite Bastite Bastite Bastite Bastite Bastite Bastite Bastite

Wt.%

SiO2 55.65 56.10 56.74 55.93 55.15 37.64 37.99 34.90 40.81 39.10 39.12
TiO2 0.02 0.03 0.04 0.01 0.03 0.03 0.01 0.02 0.02 0.03 0.05
Al2O3 3.00 2.67 2.36 2.52 2.60 1.95 1.54 1.75 1.55 1.38 1.73
Cr2O3 0.89 0.89 0.77 0.97 0.89 0.93 0.86 1.39 0.94 0.94 0.94
FeO 5.19 5.26 4.95 4.86 5.17 5.97 7.16 2.79 4.98 5.51 5.62
MnO 0.14 0.13 0.15 0.14 0.13 0.16 0.19 0.15 0.17 0.13 0.15
MgO 33.55 32.82 32.69 34.06 32.61 34.30 33.65 32.59 33.71 35.48 35.03
NiO 0.10 0.09 0.10 0.10 0.09 0.12 0.10 0.07 0.10 0.11 0.10
CoO 0.01 0.01 0.02 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01
SO3 0.01 0.01 0.02 0.00 0.01 0.16 0.09 0.31 0.12 0.16 0.23
CaO 1.64 1.46 2.08 1.33 1.29 0.88 0.66 0.10 1.79 0.10 0.66
Na2O 0.02 0.02 0.03 0.06 0.04 0.04 0.04 0.02 0.03 0.02 0.03
K2O 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00
Total 100.22 99.49 99.95 99.99 98.03 82.19 82.32 74.10 84.23 82.97 83.67

Formula

Si 0.98 0.99 0.99 0.98 0.99 1.95 1.97 1.98 2.02 1.98 1.97
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.03 0.03 0.02 0.03 0.03 0.06 0.05 0.06 0.05 0.04 0.05
Cr 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.00 0.02 0.02 0.02
Fe 0.08 0.08 0.07 0.07 0.08 0.26 0.31 0.13 0.21 0.23 0.24
Mn 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01
Mg 0.88 0.86 0.85 0.89 0.87 2.65 2.60 2.75 2.49 2.68 2.63
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Co 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
S 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.01
Ca 0.03 0.03 0.05 0.03 0.02 0.05 0.04 0.01 0.13 0.01 0.04
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Table A1 (continued)

Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 2.01 2.00 1.99 2.01 2.00 5.01 5.00 4.95 4.93 4.98 4.97
Oxygens 6 6 6 6 6 7 7 7 7 7 7

Depth (cm), sample depth in core section; mbsf, meters below seafloor; Hz, harzburgite; Du, dunite; Ol, olivine; Opx, orthopyroxene; Srp,
serpentine; Brc, brucite; Calc. endm. Mg#, calculated endmember brucite Mg#.
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