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Sulfur geochemistry and microbial sulfate reduction during low-temperature
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Sulfide petrography plus whole rock contents and isotope ratios of sulfur were measured in a 1.5 km section of
oceanic gabbros in order to understand the geochemistry of sulfur cycling during low-temperature seawater
alterationof the lower oceanic crust, and to testwhethermicrobial effectsmaybepresent.Most samples have low
SO4/ΣS values (≤0.15), have retained igneous globules of pyrrhotite±chalcopyrite±pentlandite, and host
secondary aggregates of pyrrhotite and pyrite laths in smectite±iron-oxyhydroxide±magnetite±calcite
pseudomorphsof olivine and clinopyroxene. Compared to fresh gabbrocontaining100–1800 ppmsulfur our data
indicate an overall addition of sulfide to the lower crust. Selection of samples altered only at temperatures
≤110 °C constrains microbial sulfate reduction as the only viable mechanism for the observed sulfide addition,
which may have been enabled by the production of H2 from oxidation of associated olivine and pyroxene. The
wide range in δ34Ssulfide values (−1.5 to +16.3‰) and variable additions of sulfide are explained by variable
εsulfate-sulfide under open system pathways, with a possible progression into closed system pathways. Some
samples underwent oxidation related to seawater penetration along permeable fault horizons and have lost
sulfur, have high SO4/ΣS (≥0.46) and variable δ34Ssulfide (0.7 to 16.9‰). Negative δ34Ssulfate–δ34Ssulfide values for
themajority of samples indicate kinetic isotope fractionationduringoxidationof sulfideminerals.Depth trends in
sulfide–sulfur contents and sulfidemineral assemblages indicate a late-stage downward penetration of seawater
into the lower 1 km of Hole 735B. Our results show that under appropriate temperature conditions, a subsurface
biosphere can persist in the lower oceanic crust and alter its geochemistry.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Reaction of seawater with oceanic crust results in significant
chemical exchange, buffering the composition of seawater and
affecting the geochemistry of the lithosphere entering subduction
zones (Edmond et al., 1979a; Zindler and Hart, 1986; Wheat and
Mottl, 2000; Boschi et al., 2008; Shilobreeva et al., 2011). Fluid–rock
interaction also supports chemosynthetically based biological com-
munities on and beneath the seafloor that can impose further
chemical changes on seawater and crustal reservoirs (Edwards et
al., 2004, 2005). In particular, sulfur geochemistry varies with
temperature and redox, and is affected by kinetic and biological
effects, making sulfur a good tracer of hydrothermal and microbial
processes (e.g., Alt and Shanks, 1998, 2003; Alt et al., 2003, 2007;
Delacour et al., 2008a,b; Rouxel et al., 2008).

Active high-temperature hydrothermal systems at mid-ocean
ridges are driven by magmatic heat sources at depth, and vent

hydrothermal fluids at the seafloor to form spectacular black smokers
andmassive sulfide deposits (Edmond et al., 1979a,b). Mixing of these
acidic, reducing, and metal-rich fluids with seawater supports
microbial communities on and within chimney vent structures, on
the seafloor, and in the shallow subsurface around hydrothermal
vents (see summary in Kelley et al., 2002). At temperatures of ~150 °C
down to near 0 °C, circulation of fluids in the upper few hundred
meters of volcanic basement on ridge flanks and in the ocean basins
progresses as passive hydrothermal circulation, driven by cooling of
the oceanic lithosphere (Fisher, 1998). Water–rock interactions in
these systems also produce important chemical changes, and support
a vast subsurface biosphere in oceanic basement (Fisk et al., 1998;
Torsvik et al., 1998; Furnes and Staudigel, 1999; Alt et al., 2003; Bach
and Edwards, 2003; Cowen et al., 2003; Huber et al., 2006). Open
circulation of cold oxygenated seawater in these passive environ-
ments leads to the breakdown and oxidation of sulfide minerals, and
loss of sulfur from basement rocks (Alt, 2004). Where basement is
sealed to seawater by overlying sediment, more restricted circulation
and reducing conditions prevail, and pyrite is a common secondary
mineral in altered basalts (Honnorez, 2003). The very slow reaction
kinetics of sulfate at the low temperatures (b100 °C) and moderate
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pH (~6) of these systems precludes inorganic reactions for pyrite
formation (Malinin and Khitarov, 1969; Seyfried and Bischoff, 1979;
Ohmoto and Lasaga, 1982; Goldstein and Aizenshtat, 1994; Ohmoto
and Goldhaber, 1997; Alt, 2004). Sulfur isotope data for basement
volcanic rocks provide evidence for microbially mediated reduction of
seawater sulfate as the mechanism for this local addition of sulfur to
the upper oceanic crust (Alt et al., 2003; Rouxel et al., 2008). Based on
modeling of seawater entrainment and fluid flow within ridge flanks,
such biologically mediated reactions in the volcanic upper crustal
environments of ridge-flanks may persist for tens of Mya (Hutnak et
al., 2008).

On slow spreading ridges, lower crustal gabbros and upper mantle
peridotites are commonly exposed at the seafloor in oceanic core
complexes consisting of a core of relatively unaltered gabbro within
either highly deformed gabbro or serpentinized peridotite occurring
as topographic highs at inside-corners of ridge-transform intersec-
tions (Tucholke et al., 1998; Carbotte and Scheirer, 2004; Buck et al.,
2005). The exposure of these lower crustal rocks occurs as the result of
episodic emplacement of magmas in concert with continual extension
of the lithosphere, allowing for the formation of a heterogeneous
“plum-pudding” architecture of the lower crust and the formation of
low-angle detachment faults (Carbotte and Scheirer, 2004; Buck et al.,
2005; Ildefonse et al., 2007). During uplift, formation of brittle faults
and infiltration of seawater leads to late-stage alteration of the outer
portions of the uplifted block, as well as localized areas of the gabbroic
core from amphibolite facies conditions down to low temperatures
(Karson, 1998; Escartin et al., 2003; Ildefonse et al., 2007). The low-
temperature alteration of peridotite exposed in these environments
commonly supports microbial activity, in particular sulfate reducers,
adding isotopically fractionated sulfide to the rocks (Alt and Shanks,
1998; Alt et al., 2007; Delacour et al., 2008a). Studies of oceanic
gabbros have yet to show similar evidence for microbial sulfate
reduction, however the gabbros investigated in previous studies were
mainly affected by higher-temperature hydrothermal alteration and
were subjected to only minimal low-temperature seawater–rock
interaction (Alt et al., 2007; Delacour et al., 2008b).

ODP Hole 735B in the SW Indian Ocean penetrates a 1.5 km section
of lower crustal gabbros, which were locally affected by brittle
fracturing and low-temperature (down to 10 °C) late-stage alteration
(Dick et al., 2000; Alt and Bach, 2001; Bach et al., 2001). This paper
presents the results of an investigation of the geochemistry of sulfur in
Hole 735B gabbros, with the goal of examining evidence for microbial
sulfate reduction during low-temperature alteration of exposed lower
oceanic crust. We present sulfidemineral petrography and analyses of
the contents and isotopic composition of sulfur in these rocks. Results

indicate that microbial sulfate reduction was an important process,
and suggest that oxidation of sulfide minerals was related to
penetration of oxidizing seawater along permeable fault horizons.

2. Geological setting of site 735

ODP Site 735 is located on Atlantis Bank, an exposure of lower
oceanic crustal material near the top of a transverse ridge along the
Atlantis II Fracture Zone at 32°43.392'S, 57°15.960'E (Fig. 1). This
portion of crust formed at the ultra-slow spreading Southwest Indian
Ridge (SWIR) at 11.5 mya, andwas exposed by detachment faulting at
11 mya as an oceanic core complex at the intersection of the paleo-
SWIR and the Atlantis II Fracture Zone (John et al., 2004). Subsequent
cooling of the detached block allowed for temperatures of b110 °C to
be attained by 7 Ma, 4–5 m.y. off-axis (John et al., 2004). Hole 735B
was drilled to a depth of ~500 m below seafloor (mbsf) on ODP Leg
118, and later extended to a final depth of 1508.0 mbsf during ODP
Leg 176. Core recovery was extremely high for both Legs 118 and 176,
averaging ~87% (Shipboard Scientific Party, 1999).

Hole 735B has been divided into 12 lithologic units, defined by
grain size and primary modal mineralogy (Table 1). The applied
classification scheme follows the International Union of Geological
Sciences system with some modifications such that “disseminated
oxide gabbros” contain 1 to 2% Fe–Ti oxides, “oxide gabbros” contain
greater than 2% Fe–Ti oxides, “gabbronorites” contain N5% orthopyr-
oxene and the modifier “troctolitic” defines gabbros with 5 to15%
clinopyroxene. (Shipboard Scientific Party, 1999).

A series of events led to variations in the type and distribution of
alteration effects with depth in Hole 735B (Shipboard Scientific Party,
1999). Initial dynamothermal metamorphism during exhumation of
overlying crustal material resulted in high-temperature crystal–
plastic deformation in zones of highly foliated rock, predominantly
in the upper 200 m. Subsequent cooling and cracking allowed
formation of brittle fractures and sub-vertical amphibole veins in
the upper 700 m, and mediated high-temperature “static alteration”
manifest as coronas of amphibole±talc surrounding pyroxene and
olivine. Later cooling and uplift of the ridge led to further fracturing
and penetration of cold seawater, forming late-stage smectite,
chlorite, carbonate, and zeolite±prehnite veins throughout Hole
735B.

Alt and Anderson (1991) studied sulfur in the upper 500 m
recovered on Leg 118, and showed: 1) a general loss of sulfur to
hydrothermal fluids due to the breakdown of igneous sulfides during
high-temperature (N350 °C) dynamothermal metamorphism; and 2)
local oxidation by late-stage circulation of seawater. Lithologic unit IV

Fig. 1. Location of ODP Hole 735B in the SW Indian Ocean. (after Natland et al., 2002).
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within this upper 500 m is a highly evolved oxide olivine gabbro
containing abundant Fe–Ti oxides, sulfide minerals, and high sulfur
contents, as the result of igneous fractionation and concentration of
sulfides and oxides (Alt and Anderson, 1991). Bach et al. (2001)
divided the entire 1.5 km of Hole 735B into eight low-temperature
alteration zones based on differences in secondary mineralogy and
geochemistry between less-altered and more extensively altered
samples (Table 2) (Bach et al., 2001). These authors showed that
sulfur has been variably added and lost in different low-temperature
alteration zones of Hole 735B.

3. Methods

3.1. Sample selection

Fifteen whole-rock samples from low-temperature alteration
zones 1 through 5 and three pairs of highly and minimally altered
whole-rocks from zone 2 were selected for study based on the
presence of low temperature phases including iron-oxyhydroxides,
calcite, smectite and zeolites, and the general absence of large
(N300 μm) igneous sulfides. Oxygen isotope analyses of these phases
indicate that they formed at temperatures less than about 110 °C,
down to 10 °C (Alt and Bach, 2001). The paired samples are
characterized by a host rock and a low-temperature alteration halo,
which were separated into “minimally altered” and “highly altered”
sub-samples, respectively. No samples were chosen from alteration
zone 6 (1475–1508 mbsf), as this zone is characterized by greens-
chist-facies assemblages (Bach et al., 2001) and whole-rock 18O

depletions (Alt and Bach, 2006), indicating alteration temperatures in
excess of 250 °C.

3.2. Petrography and mineralogy

Each sample selected for analysis was examined in hand specimen
and thin section under transmitted and reflected light to document
petrogenic relationships. Eight samples representing alteration effects
typical of different lithologic unit and alteration zone combinations
were subsequently selected for compositional analysis of sulfide
minerals on a CAMECA SX-100 Electron Microprobe Analyzer.
Operating conditions were: 20 kV accelerating voltage; 20 nA sample
current; 1 μm spot size.

3.3. Sample preparation and sulfur extractions

Sample surfaces were abraded with an aluminum oxide grinding
wheel and air-blasted to remove any surface contamination. Samples
were then broken in a steel jaw crusher, and powdered in a tungsten
carbide shatterbox. All equipment was scrubbed with water, rinsed
with 70% ethyl alcohol, and air-blasted between samples.

Powdered samples were dried overnight at 100 °C and stored in a
dessicator under vacuum. Separate fractions of sulfur were extracted
from ~9.5g of individual sample powders following Rice et al. (1993)
and Tuttle et al. (1986). First, an acid-volatile sulfide (AVS) fraction
was extracted by reaction of sample powders in 6 N HCl with SnCl2 for
5 min under boiling conditions, followed by sub-boiling conditions for
30 min. After recovery of the AVS fraction, a chromium-reduced
sulfide (CRS) fraction representative of mainly disulfides was
extracted by using an acidified CrCl2 solution (Zhabina and Volkov,
1978; Canfield et al., 1986) where contents of the reaction vessel were
boiled for 1–2 h. The final digestion in the extraction procedure
targeted sulfates by boiling the remaining contents in the reaction
vessel for 2–3 h with a solution of HCl+H3PO2+HI modified from
Thode et al. (1961). All digestions were carried out sequentially in a
closed reaction vessel through which N2 gas continuously flowed to
serve as a carrier gas to transport evolved H2S to a AgNO3

precipitation trap and to maintain a reduced atmosphere in the
system. The weight of the recovered Ag2S precipitate was determined
gravimetrically for each fraction.

3.4. Sulfur isotope analysis

The Ag2S precipitates were analyzed for sulfur isotope composi-
tion at the United States Geological Survey stable isotope laboratory in
Denver, Colorado. The precipitates were combusted to SO2 with an
elemental analyzer and introduced directly via continuous flowmode
to a Micromass Optima mass spectrometer for measurement of
34S/32S ratios. Results are reported in standard δ-notation relative to
Vienna Canyon Diablo Troilite (V-CDT) in per mil (‰), where the δ34S
of the synthetically produced silver sulfide standards IAEA-S-1 and
IAEA-S-2 have been defined as −0.3‰ and 22.67‰ relative to V-CDT
and the original CDT sulfur standard (Coplen and Krouse, 1998).
Replicate measurements of standards were reproducible to ±0.2‰.
Due to limits of detection, only Ag2S precipitates that weighed at least
1 mg were analyzed. Use of the recently defined V-CDT scale is
necessary due to depletion of the original CDT standard, and also
allows for greater precision than what has been achievable using the
naturally occurring heterogeneous CDT (Beaudoin et al., 1994).

4. Results

4.1. Sulfide petrography

Representative microprobe analyses of sulfide minerals are
presented in Table 3. Two types of sulfide minerals were analyzed:

Table 1
Lithologic units of Hole 735B.

Drill
Leg

Unit Base of Unit Lithology

Hole-Leg-core-section-
interval, cm

Depth*
(mbsf)

LEG
118

I 735B-118-10D-1, 70 37.41 Gabbronorite

II -35R-6, 72 170.22 Upper Compound
Olivine Gabbro

III -46R-2, 150 223.57 Disseminated Oxide-
Olivine Gabbro

IV -56R-3, 116 274.06 Massive Oxide Olivine
Gabbro

V -74R-6, 3 382.40 Massive Olivine Gabbro
——— VI -176-93R-5, 33 537.37 Lower Compound

Olivine Gabbro
LEG

176
VII -103R-3, 78 600.76 Gabbronorite & Oxide

Gabbronorite
VIII -115R-6, 81 669.84 Olivine Gabbro
IX -120R-3, 142 714.35 Gabbronorite & Gabbro
X -149 R-1, 73 961.23 Olivine Gabbro & Gabbro
XI -188R-6, 14 1314.12 Olivine Gabbro
XII -210R-7, 142 1508.00 Olivine Gabbro & Troctolitic

Gabbro

*Basal depth of lithologic units as presented by Dick et al., (1991) and Shipboard
Scientific Party (1999).

Table 2
Low-temperature alteration zones of Hole 735B.

Alteration Zone Depth Range (mbsf) Alteration Type Chemical Changes

1' 0–40 Oxidative + 16O
2' 40–500 Nonoxidative + 16O
1 500–600 Oxidative + 18O, C
2 600–835 Nonoxidative + C, 18O, S
3 835–1050 Nonoxidative —

4 1050–1300 Nonoxidative + C, 18O, S
5 1300–1475 Nonoxidative + C, 18O
6 1475–1508 Greenschist facies + 16O

Adapted from (Bach et al., 2001).
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“igneous sulfides” and “secondary sulfides” based on mode of
occurrence. Igneous sulfides are defined here as sulfide globules
within igneous silicate grains or in interstitial areas, and may or may
not be rimmed by alteration minerals. Secondary sulfides fill fractures
or occur as sub- to euhedral grains within or replacing altered igneous
silicates. None of the most common sulfide minerals, pyrite,
pyrrhotite, pentlandite and chalcopyrite, are found exclusively as
either igneous sulfide or secondary modes.

4.1.1. Igneous Sulfides
Igneous sulfides in alteration zones 2 through 5 commonly occur as

monomineralic pyrrhotite or chalcopyrite, or as assemblages of
pyrrhotite±chalcopyrite±pentlandite (Fig. 2; Table 3), and are
commonly surrounded by rims of smectite, iron-oxyhydroxide or
calcite. The mineralogy of the igneous sulfides is similar to that
described previously for primary igneous sulfides in Hole 735B (Alt
and Anderson, 1991; Miller and Cervantes, 2002). Rare ~100 μm
subhedral grains displaying optical properties and chemical composi-
tions approaching sulfur-rich x-bornite (Cu4.610Fe0.935S4.05(Co0.001))
and idaite (Cu3.345Fe1.194S4(Co0.021)(Ni0.023)) with lamellae of chalco-
pyrite were observed in interstitial calcite in sample 177R-5, 61–66 cm,
and are most likely alteration products of primary igneous sulfides.

Alteration zone 1 is characterized by porous textures of sulfide
minerals. The few igneous sulfides in this zone include rare ≤20 μm
porous pyrite globules (99R-1, 113–118 cm), and rare ~20×55 μm
anhedral greigite in interstitial smectite (103R-4, 72–76 cm). Such
porous textures of sulfide minerals are generally absent in alteration
zones 2–5, although rare ≤1 mm interstitial subhedral pyrite and
pyrrhotite±chalcopyrite grains displaying porous textures are
present in sample 116R-3, 39–44 cm in zone 2. Secondary magnetite
within pseudomorphs of olivine and clinopyroxene in alteration zone
1 is partly altered to hematite.

4.1.2. Secondary sulfides
Themost common secondary sulfides in alteration zones 2 through5

are part of an assemblage of smectite±iron-oxyhydroxide±calcite±
magnetite replacing olivine and clinopyroxene grains. This assemblage
occurs aspseudomorphs of olivine and clinopyroxenewithin 1 cmof 0.5
to 2 mmwide veins of smectite±calcite, or as a “mesh” texture among
kernels of relict olivine and clinopyroxene in the host rock farther from
the veins (Fig. 3a,b). In the host rock, aggregates of secondary pyrrhotite
laths are concentrated linearly within fractures of the “mesh” texture
and along the inside edge of pseudomorphs. The pyrrhotite laths
commonly display a porous texture. In contrast, silicate pseudomorphs

Table 3
Results of representative electron microprobe analyses from the Leg 176 section of Hole 735B.

Alt.Zone-
Lith. Unit-

Core-Section,
interval (cm)

Description Elements (Wt %)

S Fe Co Ni Cu Total

1-VII 99R-1, 113–118 CT-2-SM-V 28.39 4.33 0.01 —— 57.04 89.76
PY-1-SM-I 52.55 44.02 0.36 1.37 0.16 98.46

1-VIII 103R-4, 72–76 CP-2-CC-V 35.05 29.69 0.09 0.02 33.79 98.63
G-1-SM-I 41.16 55.96 0.16 0.46 0.03 97.76
PO-2-SM-ROL 39.86 59.30 0.12 0.06 0.03 99.37

2-IX 116R-3, 39–44 PY-2-CC-V 53.06 45.63 0.06 0.03 —— 98.78
PY-2-SM-V 53.16 46.20 0.07 0.01 —— 99.43
PY-2-FF-PL 53.06 45.87 0.06 —— 0.01 99.01
PY-2-FF-CPX 53.59 45.37 0.05 0.01 —— 99.02
PY-2-SM-RCPX 52.84 46.72 0.08 —— —— 99.64

2-X 131R-1, 120–125 PY-2-SMT-ROL 52.29 46.23 0.17 0.13 0.01 98.84
PY-2-SM-ROL 52.07 46.13 0.09 0.07 —— 98.36
PY-2-FX-ROL 51.95 46.18 0.08 0.08 —— 98.29
PO-2-FX-ROL 38.78 59.93 0.09 0.01 —— 98.82
PO-1-SM-I 38.50 59.84 0.09 0.01 0.03 98.48
PN-1-SM-I 33.41 32.45 7.05 25.87 0.12 98.90
CP-1-SM-I 34.60 30.27 0.09 0.02 33.01 97.98

3-X 140R-1, 119–124 PY-2-Z-V 51.87 45.83 0.06 —— 0.01 97.77
PO-2-SM-ROL 38.36 58.02 0.10 0.07 0.02 96.58

3-XI 159–2, 74–80 PY-2-FX-ROL 52.24 45.91 0.08 0.05 —— 98.27
PO-2-SM-OPX 39.10 57.75 0.13 0.05 0.19 97.21
PO-2-FX-ROL 39.35 58.31 0.11 0.02 0.67 98.46
PO-1-SM-I 39.60 59.19 0.10 0.14 0.03 99.05
CP-1-SM-I 34.31 30.07 0.05 0.01 33.21 97.64

4-XI 177R-5, 61–66 CP-1-CC-I 37.06 29.45 0.04 0.10 33.74 100.38
ID-1-CC-I 32.18 16.23 0.03 0.03 51.63 100.10
XBN-1-CC-I 28.00 10.92 0.02 —— 61.12 100.05
PY-2-SM-V 56.32 46.36 0.08 —— —— 102.76
PN-1-SM-OL 35.01 28.41 2.11 35.41 0.16 101.11
CP-1-SM-PL 37.10 29.97 0.04 —— 33.86 100.97
PO-1-SM-PL 40.94 59.30 0.10 0.04 0.68 101.05
PN-1-SM-PL 35.09 33.74 2.82 29.59 0.06 101.29
PO-2-SM-ROL 38.17 59.03 2.19 0.20 —— 99.59

5-XII 196R-5, 126–133 PO-2-SM-ROL 38.28 61.83 0.10 0.01 —— 100.22
PO-2-CC-ROL 38.32 61.77 0.10 —— —— 100.19
CP-2-SM-ROL 35.98 30.20 0.04 0.01 33.65 99.88
PN-2-SM-ROL 35.38 21.67 11.86 31.66 0.04 100.60
CP-1-Z-I 37.59 29.46 0.06 0.05 33.04 100.20
PN-1-Z-I 34.96 24.26 4.280 36.56 0.08 100.14
CP-2-Z-RPL 36.61 29.52 0.04 —— 33.54 99.71

*Description: analyzed sulfide mineral-alteration type-associated alteration mineral-occurrence where PY=pyrite, PO=pyrrhotite, PN=pentlandite, CT=chalcocite,
CP=chalcopyrite, G=greigite, ID=idaite, XBN=anomalous bornite, 1=primary, 2=secondary, CC=calcite, FX=iron-oxyhydroxide, SM=smectite, SMT=smectite-talc,
Z=zeolite, FF=fracture filling, ROL=replacing olivine, RCPX=replacing clinopyroxene, RPL=replacing plagioclase, OL=in olivine, PL=in plagioclase, CPX=in clinopyroxene,
OPX=in orthopyroxene, V=vein, I=interstitial.
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in the wallrock close to the smectite±calcite veins contain lath-shaped
pyrite, suggesting that the pyrite has replaced pyrrhotite. In alteration
zone 1, olivine and clinopyroxene replacements are abundant, but lack
the associated secondary sulfideminerals common to alteration zones 2
through 5.

In addition to the presence of secondary sulfides in altered olivine
and pyroxene, secondary sulfides also occur in major veins, interstitial
areas, and fractures. Pyrite is the most common vein-associated
secondary sulfide, present within calcite+smectite, smectite, and
zeolite veins (Fig. 3c,d). The vein-associated pyrite is commonly
present as≤5 μm sub- to euhedral grains in minor amounts, however,
a large calcite vein in sample 107R-1, 81–86 cm hosts ~100 μm pyrite
grains. Pyrite also fills fractures and occurs as sub- to euhedral blocky
grains in interstitial areas in alteration zone 2. Additional secondary
sulfides are uncommon, but are present as rare ~6 to 110 μm porous

chalcopyrite±trace≤5 μm globular chalcocite in smectite-lined
calcite veins (Fig. 4a,b), and as trace sub- to euhedral 100×35 μm
chalcopyrite±≤40 μm globular pentlandite in interstitial smectite.

4.2. Sulfur contents

Total sulfur contents of samples from this study range from 269 to
8305 ppm (Table 4), with the highest sulfur contents restricted to the
low-temperature alteration zones 2 and 4 as defined by Bach et al.
(2001) (Fig. 5). Total sulfide sulfur (AVS+CRS) ranges from 85 to
8187 ppm with an average of 1933 ppm, while sulfate sulfur ranges
from 8 to 522 ppm with an average of 116 ppm. AVS contents range
from ~0 (not detected) to 6123 ppm, with samples from alteration
zone 4 encompassing nearly this full rangewhereas all other zones are
limited to less than 1000 ppm AVS (Fig. 5). CRS ranges from 9 to
7564 ppm with alteration zones 2 and 4 containing widely varying
CRS contents, while all other zones are limited to b200 ppm CRS
(Fig. 5).

4.3. Sulfur isotopes

Total δ34S values (δ34STotal-S) were calculated by mass balance of
the three separate sulfur fractions and range from−1.5 to 16.1‰with
an average of 6.4‰ (Table 4). Total sulfide δ34S values (δ34Ssulfide),
calculated as a mass balance of δ34SAVS and δ34SCRS, range from −1.5
to 16.9‰ (Table 4). For the separate sulfur fractions, δ34SAVS ranges
from −1.2 to 9.4‰, δ34SCRS from −3.9 to 25.3‰ and δ34Ssulfate from
−8.0 to 18.4‰ (Table 4). The general clustering of sulfide δ34S values
around δ34SMORB (0.1±0.5‰; Sakai et al., 1984) accompanied by
some enriched and depleted δ34S values is similar to analyses from the
upper ~500 m of Hole 735B (Fig. 6) (Alt and Anderson, 1991).

Fig. 3. BSE Images of common secondary sulfides in Hole 735B. a.Mesh texture of calcite and smectite hosting aggregate of pyrite laths among kernels of relict olivine. b. Pyrrhotite
laths in iron-oxyhydroxide pseudomorphs of olivine. c. Blocky pyrite grains in smectite-lined fractures filled with zeolite. d. Pyrite grains in calcite vein and in smectite lining vein
wall. Abbreviations: cc=calcite, feox=iron oxyhydroxide, ol=olivine, opx=orthopyroxene, pl=plagioclase, po=pyrrhotite, py=pyrite, sm=smectite, z=zeolites.

Fig. 2. BSE (back-scattered electron) image of igneous sulfide. cp=chalcopyrite,
feox=iron oxyhydroxide, mt=magnetite, ol=olivine, po=pyrrhotite and pn=pen-
tlandite. Dashed lines highlight grain boundaries.
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5. Discussion

5.1. Sulfur changes during low temperature alteration

Samples from this study, specifically selected to reflect low
temperature alteration effects, generally exhibit an increase in sulfur
contents relative to unaltered rocks, but some samples show that
sulfur has been lost locally. Bach et al. (2001) show that relatively
unaltered samples from the lower 1000m of Hole 735B contain 100–
1800 ppm S compared to 269–8305 ppm total S for our samples
altered at low temperatures, indicating an overall addition of sulfur as
the result of low temperature alteration. Themajority of samples from
this study have SO4/ΣS≤0.15 (Table 4) and commonly host secondary
sulfides. Two of the paired samples (116R-3, 39–44 cm and 127R-1,
105–109 cm) have higher sulfide contents and lower SO4/ΣS values in
the highly altered sub-samples than in the associated minimally
altered host rock sub-samples, consistent with an overall addition of
sulfide during low-temperature alteration.

A few samples from this study provide evidence of significant local
losses of sulfur during low-temperature alteration in alteration zone1 in
associationwith faults. Samples from the upper part of alteration zone 1
(96R-1, 36–40 cm and 99R-1, 113–118 cm) reflect a decrease in sulfur
during low-temperature alteration: high SO4/ΣS valuesN0.60 indicate
more oxidizing conditions in this zone (Table 4). These rocks lack
igneous sulfides, contain porous secondary sulfide grains, and have
generally low sulfide-S contents (b120 ppm). These findings are
consistent with the interpretation of Bach et al. (2001) for an oxidative
loss of sulfur throughout alteration zone 1 by contactwith relatively un-
reacted seawater associated with a large fault at 560 mbsf. Sulfur was
lost locally elsewhere in the basement, as illustrated by the decrease in
total sulfur (from741 to357 ppm)between the “minimally altered” and
“highly altered” sub-samples of 133R-7, 107–111 cm (Table 4). Though
this sample is within alteration zone 2, which is generally defined as a
reductive zone (Bach et al., 2001), an increase in SO4/ΣS (from 0.06 to
0.46), decrease in sulfide sulfur (from 693 to 191 ppm), an increase in
sulfate sulfur (from 48 to 166), and the presence of iron oxy-hydroxides

Fig. 4. BSE images of rare secondary sulfides in Hole 735B. a. Porous cauliflower chalcopyrite with shrinkage cracks in a blocky calcite vein lined with smectite. b. Globular chalcocite
associated with vermicular smectite in a blocky calcite vein. cc=calcite, cp=chalcopyrite, ct=chalcocite, sm=smectite and pl=plagioclase.

Table 4
Sulfur contents and isotopic compositions for whole-rock samples from the Leg 176 section of Hole 735B.

Lith.
Unit

Alt.
Zone

Core-Section,
interval (cm)

Depth
(mbsf)

S Contents (ppm) SO4/
ΣS

δ34S (‰)

AVS CRS Sulfide Sulfate Total* AVS CRS Sulfide Sulfate Sulfate -
Sulfide

Total**

VII 96R-1, 36–40 549.13 35 50 85 522 607 0.86 5.0 25.3 16.9 2.7 −14.2 4.7
VII 1 99R-1, 113–118 567.24 — 113 113 183 296 0.62 0.7 0.7 13.6 12.9 8.7
VIII 103R-4, 72–76 599.87 170 185 355 60 415 0.14 0.6 2.7 1.7 −1.9 −3.6 1.2
VIII 107R-1, 81–86 620.31 558 6576 7134 158 7292 0.02 8.7 16.9 16.3 9.0 −7.3 16.1

Minimally altered
Halo and pyrite vein

674.66 95 182 277 39 316 0.12 0.8 11.8 8.0 −4.8 −12.8 6.4
IX 116R-3, 39–44 623 7564 8187 118 8305 0.01 8.4 9.8 9.7 2.0 −7.7 9.6
IX 118R-1, 8–14 690.88 555 1281 1836 68 1904 0.04 2.2 9.5 7.3 −1.2 −8.5 7.0

2 Minimally altered 765.95 392 40 432 53 485 0.11 0.3 1.1 0.4 −0.9 −1.3 0.2
X 127R-1, 105–109 Halo 580 2316 2896 92 2988 0.03 9.4 8.2 8.4 −2.1 −10.5 8.1
X 131R-1, 120–125 804.70 997 520 1517 277 1794 0.15 6.7 5.5 6.3 3.9 −2.4 5.9
X 133R-7, 107–111 Minimally altered 832.33 684 9 693 48 741 0.06 4.4 −3.6

Halo 160 31 191 166 357 0.46 1.8 4.0 2.2 −5.6 −7.8 −1.4
X 3 140R-1, 119–124 881.49 321 39 360 58 418 0.14 −0.3 −3.9 −0.6 18.4 19.0 2.0
XI 150R-3, 56–62 973.12 253 13 266 8 274 0.03 1.1 −2.3 0.9 −0.9 −1.8 0.9
XI 159R-2, 74–80 1055.74 313 140 453 46 499 0.09 1.0 −2.3 0.0 −4.8 −4.8 −0.5
XI 168R-3, 59–64 1133.48 66 4978 5044 38 5082 0.01 −1.2 −1.5 −1.5 −8.0 −6.5 −1.5
XI 4 172R-7, 132–137 1178.13 1521 38 1559 138 1697 0.08 5.7 2.5 5.6 −4.3 −9.9 4.8
XI 177R-5, 61–66 1207.65 254 257 511 3.3 2.1 2.7
XI 181R-2, 7–13 1241.70 6123 1425 7548 209 7757 0.03 5.4 4.7 5.3 3.9 −1.4 5.2
XII 5 196R-5, 126–132 1379.92 223 34 257 12 269 0.04 −0.8 −0.8 −0.8
XII 202R-2, 135–141 1423.94 752 134 886 19 905 0.02 2.4 1.55 2.3 −5.7 −8.0 2.1

Lithologic units as presented by Dick et al., (1991) and Shipboard Scientific Party (1999).
Alteration Zones as defined by Bach et al. (2001).
—=none detected.
Blanks=not analyzed.
Total*=sum of extracted sulfur from AVS, CRS and Sulfate extractions.
Total**=(δ34SAVS x AVS Content/Σ S Content)+(δ34SCRS x CRS Content/Σ S Content)+(δ34SSO4 x SO4 Content/Σ S Content).
SO4/ΣS=(Sulfate S Content)/(Σ S Content).
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suggest anoxidative loss of sulfur during low-temperature alteration for
this sample pair. Abundant smectites at this depth have been attributed
to seawater infiltration through faults at 560 and 690 to 700 mbsf (Bach
et al., 2001) and it is likely that these same faultsmay be responsible for
the localized oxidation observed here. Oxidative processes throughout
Hole 735B are further suggested by the δ34Ssulfate values from this study
which are all depleted in 34S relative to seawater sulfate (Fig. 6). These
relatively low values require a component of sulfate sulfur in Hole 735B
that is sourced via oxidation of sulfides as precipitation does not impart
fractionation upon the 34S/32S ratio ofmarine sulfate (Davis et al., 2003).

5.2. Microbial sulfate reduction

The secondarymineralogy and geochemistry of Hole 735B samples
indicate sulfur addition in the form of sulfide minerals. The samples
for this study host secondary smectite, carbonate, iron-oxyhydroxide

and zeolite. Oxygen, strontium, and carbon isotope analyses of
phyllosilicates and carbonates in these rocks indicate formation at
temperatures less than 110 °C down to 10 °C, from 0 to 10 Ma
seawater (Alt and Bach, 2001; Bach et al., 2001). Secondary phases in
our samples are restricted to only those that form at low temperatures
(b110 °C), so seawater sulfate is taken to be the source of sulfur added
to the rocks, as opposed to sulfur derived from magmatic or high-
temperature hydrothermal fluids.

Inorganic reduction of seawater sulfate and thermochemical sulfate
reduction can be ruled out because these processes are kinetically
inhibited at the low temperatures (b110 °C) prevailing for these
samples, and at the moderate pH (~6) during seawater interaction
with mafic rocks at these temperatures (Malinin and Khitarov, 1969;
Seyfried and Bischoff, 1979; Ohmoto and Lasaga, 1982; Goldstein and
Aizenshtat, 1994; Ohmoto and Goldhaber, 1997). Although there are
viable chemical pathways by which thermochemical sulfate reduction

Fig. 5. Profile of total sulfur, AVS and CRS contents for whole-rock samples from Hole 735B. Filled circles (●)=Leg 118 samples from Alt and Anderson (1991) [Appendix 1], filled
triangles (▲)=Leg 176 “altered” samples from Bach et al. (2001), open triangles (△)=Leg 176 “fresh” samples from Bach et al. (2001), filled diamonds (♦)=Leg 176 single samples
from this study, filled squares (■)=Leg 176 “highly altered” sub-samples from this study, open squares (□)=Leg 176 “minimally altered” sub-samples from this study. Black solid
tie-lines connect “altered” and “minimally altered” sub-sample pairs. Roman numerals denote lithologic stratigraphy as defined by Dick et al. (1991) and Shipboard Scientific Party
(1999) [Table 1]. Dashed horizontal lines denote boundaries between low-temperature alteration zones as defined by Bach et al. (2001) [Table 2].
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mayoperate at these temperatures, suchprocesses require the presence
of significant amounts of pre-existing H2S and hydrocarbons to catalyze
reduction reactions (Goldstein and Aizenshtat, 1994; Ohmoto and
Goldhaber, 1997). Such conditions are present in oil-fields, where low-
temperature thermochemical sulfate reduction has been proposed to
take place, but are not consistent with sediment-free subseafloor
basement environments as in the section penetrated by Hole 735B.

Microbial reduction of sulfate can occur from −1.5 to 110 °C
(Jørgensen et al., 1992; Canfield, 2001), and is the only reasonable
sulfate reducing mechanism to produce sulfide in the 10–110 °C
temperature range indicated by our samples. Microbial sulfate
reduction does not directly form iron-sulfide minerals but the
signature of this process is recorded in the δ34S of sulfide minerals.
At equilibrium, SO4 is enriched in 34S relative to coexisting H2S, and
microbial sulfate reduction imparts a kinetic isotope fractionation
primarily due to the biological preference for processing the weaker
S–O bond formed with 32S versus 34S (Ohmoto and Goldhaber, 1997).
The SO4–H2S isotope fractionation imparted by sulfate reducing
bacteria can vary significantly due to temperature, rate of reduction,
electron donor and the specific species of sulfate reducer involved,
and has been described by enrichment factors of εSO4-H2S up to 46‰ in
natural samples (where εSO4-H2S=δ34SSO4–δ34SH2S) (Kaplan and
Rittenberg, 1964; Canfield, 2001; Brunner and Bernasconi, 2005).
Upon contact of H2S with Fe2+ in solution, sulfide minerals readily
precipitate with minimal fractionation of sulfur isotopes under the
conditions of basement alteration and sulfate reduction in Hole 735B
(Ohmoto and Rye, 1979; Ohmoto and Goldhaber, 1997).

Samples from this study have εSO4-sulfide values ranging from 5.7 to
24.1‰ relative to δ34SSO4 of 22.6‰ for seawater (Davis et al., 2003),
which are generally consistent with isotope fractionation imposed by
microbial sulfate reduction. Sulfur isotope data presented by Alt and
Anderson (1991) for the uppermost 500 m of the core (Leg 118) have
slightly larger εSO4-sulfide values of 19.4 to 32.0‰. These data were

previously interpreted in terms of high-temperature (~350 °C)
hydrothermal processes and low-temperature oxidation plus dispro-
portionation effects (Alt and Anderson, 1991). In light of our new data
for samples affected only by low temperature processes, many of
these older data containing sulfides in association with low-
temperature alteration phases are better interpreted as the effects
of microbial sulfate reduction. By comparison, serpentinites and
marine sedimentary pyrites influenced by microbial sulfate reduction
pathways display a range in εSO4-sulfide of 21 to 66‰ and 24 to 71‰,
respectively (Canfield and Teske, 1996; Alt and Shanks, 1998; Alt et
al., 2007; Delacour et al., 2008b). Restriction to the lower end of viable
enrichment factors in Hole 735B basement is due to a combination of
potential factors: the involvement of different species of sulfate
reducers, a greater utilization of H2 in lieu of organic carbon as an
electron donor, variable amounts of disproportionation of H2S prior to
iron sulfide precipitation, and reservoir effects (Kaplan and Ritten-
berg, 1964; Canfield, 2001).

5.2.1. Sulfate reduction pathways
Fig. 7 illustrates potential pathways for addition of microbial

sulfide to Hole 735B gabbros. Unaltered gabbro is plotted at
δ34Ssulfide=0.1‰ (Sakai et al., 1984) and sulfide contents of 100–
1800 ppm based on the range of sulfur contents for fresh gabbro
samples from Leg 176 (Bach et al., 2001). Samples from this study and
those of Alt and Anderson (1991) are variably enriched and depleted
in 34Ssulfide and sulfide-S relative to fresh gabbro. Values for εSO4-H2S in
natural populations of sulfate reducers generally range from 2 up to
46‰ (Kaplan and Rittenberg, 1964; Detmers et al., 2001) so lines in
Fig. 7 illustrate addition of sulfide produced by open-systemmicrobial
reduction of seawater sulfate using these ε values and starting at
varying initial sulfur contents for gabbro. Disproportionation of H2S
can result in greater isotope fractionation between sulfate and iron
sulfide minerals, but the range of εSO4-H2S in Fig. 7 is sufficient to
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illustrate processes in Hole 735B. Many samples fall along a rough
trend of increasing S contents and increasing δ34S, and are consistent
with sulfate reduction at low ε values, whereas the scattered negative
δ34S values are consistent with large values of ε. The area between the
ε=46‰ and ε=2‰ lines illustrates that variations in ε can produce
the observed elevated S contents of the gabbros at varying δ34S values.
In particular, negative δ34S values at low S contents can be produced
by open system sulfate reduction and addition of sulfide to the rock
starting at lower initial S contents.

It is possible that reservoir effects may have influenced sulfur in
our samples. The supply of dissolved sulfate to a specific location
within the system may become limited, e.g., due to decreasing
permeability or to sulfate reduction occurring upstream. Rayleigh
fractionation processes would result in a progressive enrichment in
34S of the dissolved sulfate reservoir as microbial sulfate reduction
preferentially removes 32S into H2S. For an assumed seawater/rock
ratio of 1, the amount of sulfur available would be a maximum of
~900 ppm (based on the concentration of dissolved sulfate available
in seawater). The seawater/rock ratio for gabbros of the Atlantis
Massif is generally low, however (Bach et al., 2001), so the
concentration of sulfur available is likely much lower than 900 ppm,
limiting the amount of S that could be added by this process. Thus, the
effects of a closed system with reservoir effects on δ34S are likely
small, and are not distinguishable from the wide range of δ34Ssulfide
values that can be produced by microbial sulfate reduction in an open
system in Hole 735B (Fig. 7).

5.3. Iron-silicate replacements and secondary sulfide precipitation

The presence of hematite lamellae in magnetite within olivine and
clinopyroxene pseudomorphs of alteration zone 1 reflects oxic condi-
tions, which led to loss of sulfur from rocks in this zone and prohibited
formation of secondary sulfides. Oxygenated seawater was probably
introduced through a permeable fault in the middle of this alteration
zone at 560 mbsf (Dick et al., 2000). Continued reaction of these fluids
with basement rocks would have eventually removed O2 from solution,
allowing for the establishment of obligate anaerobic microbial sulfate
reducers down-flow from the fault, possibly deeper in the section.

The common presence of magnetite (FeO·Fe2O3) in pseudo-
morphs of olivine and pyroxene, plus elevated Fe3+/Fetotal measured
by Bach et al. (2001) demonstrate localized oxidation of iron silicate
minerals in Leg 176 samples altered at low temperatures. Oxidation of
ferrous iron in olivine can produce H2 through reduction of H2O,
which is common during serpentinization of seafloor peridotites and
has been proposed for basalt-groundwater interaction (Alt and
Shanks, 1998; Stevens and McKinley, 2000). As lithotrophic sulfate
reducers utilize H2 as an electron donor (Canfield, 2001; Edwards et
al., 2005), the involvement of an H2-forming reaction may have
contributed to microbial activity, similar to mechanisms supporting
autotrophic metabolisms in the Columbia River Basalts (Stevens and
McKinley, 2000; Chapelle et al., 2002).

The lathmorphology displayed by all secondary sulfides associated
with olivine and clinopyroxene replacements suggests initial precip-
itation of these secondary sulfides as pyrrhotite. This would be
expected regardless of sulfur fugacity due to the high nucleation
barrier for pyrite with respect to monosulfides at temperatures less
than 100 °C (Schoonen and Barnes, 1991). Transformation of
pyrrhotite to pyrite to produce the observed pyrite laths can occur
by addition of sulfur via sulfidation, or by Fe2+ loss through oxidation
(Schoonen and Barnes, 1991; Belzile et al., 2004). Sulfidation is a
possible mechanism for pyrite formation given the production of H2S
by sulfate reduction, but the distribution and textures of secondary
minerals suggest otherwise. Less-altered host rocks contain well-
crystallized pyrrhotite in pseudomorphs after olivine and pyroxene,
and this grades to porous pyrrhotite and then lath-shaped pyrite in
the highly altered wallrock adjacent to veins containing low-

temperature alteration phases. This observed zonation is consistent
with sulfidation in the formation of pyrrhotite, followed by an
oxidation of pyrrhotite to pyrite. The oxidation of pyrrohtite to pyrite
in alteration halos plus the greater concentration of sulfur in
alteration halos relative to host rocks (Table 4: 127R, 105–109 cm
and 116R-3, 39–44 cm) reflects greater initial sulfidation to pyrrhotite
in the alteration halos compared to the adjacent host rock.

The lath morphology retained by the pyrite is not a characteristic
morphology resulting from microbial oxidation of pyrrhotite (Bhatti
et al., 1993), suggesting abiotic oxidation processes. Abiotic oxidation
of pyrrhotite requires the presence of O2 in solution (Knipe et al.,
1995), whichmay have occurred locally within highly reacted areas as
altering iron silicates became depleted in iron, thereby lowering the
local reduction potential and allowing for incoming seawater to retain
O2 in solution longer. According to the experimental model by Pratt et
al. (1994), progressive oxidation of pyrrhotite by O2 would lead to the
production of increasing Fe2+ deficiency in iron sulfides towards the
main O2 source, similar to the sulfide mineral gradients in wallrock
adjacent to veins in Hole 735B. A similar Fe2+ deficiency in iron
sulfides is also present with depth in the proportion of pyrite relative
to pyrrhotite which decreases with depth, with abundant pyrite in
zone 2, common pyrite in zone 3, and with pyrite generally absent in
zones 4 and 5. Decreasing proportions of CRS compared to AVS with
depth provide further evidence of this pattern (Fig. 5; Table 4) and
reflects the progressive movement of the redox front through the
system as the reduction potential of iron-silicates becomes exhausted.
Though sulfur is also oxidized during the oxidation of pyrrhotite, the
temporary formation of pyrite is allowable due to stoichiometric
relationships which result in the oxidation of only 1 mol of sulfur for
every 8 mol of iron that is oxidized (Bach and Edwards, 2003).

5.3.1. Oxidation pathways
Oxidation of sulfides in submarine environments can occur readily

at low-temperatures via abiotic oxidation by dissolved oxygen (O2) or
by sulfide oxidizingmicroorganisms (Wirsen et al., 1993; Ohmoto and
Goldhaber, 1997; Wirsen et al., 1998; Canfield, 2001). Abiotic
oxidation of sulfide minerals is generally considered to result in little
fractionation of sulfur isotopes (e.g., Taylor et al., 1984). Microbial
oxidation of sulfide minerals has been shown to produce kinetic
fractionation of sulfur isotopes because of the biological preference for
processing 32S (see Canfield, 2001). Values for εsulfate-sulfide of up to
−18‰ can occur from direct oxidation pathways, but some
experiments show little or no fractionation during this process (e.g.,
Balci et al., 2007; Pisapia et al., 2007). Moreover, some experiments
involving abiotic oxidation of sulfide minerals have shown a kinetic
sulfur isotope fractionation of −0.7 to −3.8‰ (Balci et al., 2007;
Thurston et al., 2010). Thurston et al. (2010) suggest that interme-
diate sulfur species (e.g., S°) are important in producing this kinetic
isotope fractionation, and pH may be important. Thus, both abiotic
and microbial oxidation of sulfide minerals can result in variable
kinetic fractionation of sulfur isotopes, but this is not always the case.
Values of εsulfate-sulfide that might be expected during oxidation can
thus range from 0‰ to −18‰.

Most samples from this study have δ34SSulfide values greater than
coexisting δ34SSO4 (Table 4). This is opposite to the expected
relationship at equilibrium, where species with higher oxidation
states should have higher δ34S values, and is consistent with kinetic
isotope fractionation during oxidation of sulfide minerals. Sample
96R-1, 36–40 cm is highly oxidized (SO4/ΣS=0.86), has low sulfide
contents (85 ppm), lacks secondary sulfides, contains rare porous
igneous sulfides, and has a high δ34Ssulfide value (16.9‰) (Fig. 7;
Table 4). These points suggest kinetic fractionation of sulfur isotopes
during oxidization of igneous sulfides, with loss of fractionated (32S-
enriched) sulfate resulting in enrichment of 34S in the residual sulfide
in the rock. The minimally altered portion of sample 116R-3, 39–
44 cm lacks secondary sulfides, so the elevated δ34Ssulfide value (8.0‰)
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at low sulfur content (277 ppm sulfide-S) could reflect kinetic isotope
effects during oxidation. Kinetic fractionation of sulfur isotopes during
low-temperature oxidation of serpentinites and gabbros exposed at
the seafloor has been documented elsewhere (Alt et al., 2007;
Delacour et al., 2008a, 2008b).

In another paired sample, 133R-7, 107–111 cm, the less altered
host rock portion has elevated δ34SAVS (4.4‰) at moderate sulfide-S
contents (700 ppm), consistent with addition of microbial sulfide to
the rock (Fig. 7, Table 4). The more highly altered part of this sample
has low sulfur content and high SO4/ΣS (0.46) indicating loss of sulfur
through oxidation. Negative δ34SSO4–δ34SSulfide for this sample in-
dicates a kinetic isotope fractionation during oxidation, but the
δ34Ssulfide value of 2.2‰ does not reflect 34S-enrichment compared to
the host rock (4.4‰) that would be expected from this process. This
may reflect isotopic heterogeneity in secondary sulfide added to the
rocks prior to oxidation, or variable oxidation processes producing
varying isotope fractionation during oxidation.

6. Summary and conclusions

The results of this study provide evidence for addition of sulfide to
oceanic gabbros through microbial reduction of seawater sulfate. This
shows that a subsurface microbial biosphere, identified in sediments
and the uppermost basaltic layer of the oceanic crust, can also be
present in the lower oceanic crust under appropriate low-tempera-
ture conditions.

Secondary sulfide minerals are common in gabbros of ODP Hole
735B affected by low-temperature (b110 °C) alteration. Laths of
pyrrhotite and pyrite are present with smectite±iron-oxyhydroxide±
magnetite±calcite replacing olivine and clinopyroxene adjacent to
veins of smectite±calcite. Minor pyrite also occurs locally in veins of
smectite±calcite±zeolite. Formation of secondary sulfides in altered
gabbros led to gains of sulfur relative to fresh rocks (up to 7000–
8000 ppm vs 100–1800 ppm, respectively). Because of the low
temperatures of alteration, microbial reduction of seawater sulfate is
the only viable mechanism for sulfide addition, and was likely enabled
by the production of H2 from the oxidation of ferrous iron in olivine and
pyroxene. A wide range in δ34Ssulfide values from −1.5 to 16.3‰ and
variable additions of sulfide indicate that conditions ranged from open-
system to closed-system with respect to seawater sulfate during
microbial sulfate reduction.

Oxidation of sulfide minerals is evident in some highly oxidized
samples that have low sulfur contents, high SO4/ΣS (≥0.46), contain
porous igneous sulfides and globular secondary sulfides, and lack
secondary sulfides. High δ34Ssulfide values and negative εsulfate-sulfide for
some of these samples indicate a kinetic isotope effect during
oxidation, which may be a biotic or abiotic process. Oxidation effects
are likely related to seawater penetration along a permeable fault at
560 and 690–700 mbsf.

The amount of sulfide that was precipitated during low-temper-
ature alteration may have been limited by the development of closed
system reduction processes, and by local oxidation. Nonetheless,
microbial interactions resulted in a net addition of sulfur to altered
gabbros and an elevation of the average δ34STotal to 6.4‰ within local
areas altered at temperature ≤110 °C. These results indicate that
exposed lower oceanic crust can harbor measurable geochemical
anomalies due to interactions with microorganisms, and that a
subsurface biosphere can occur in the lower oceanic crust under
appropriate conditions.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.chemgeo.2011.05.005.
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