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ABSTRACT

MICROBIAL SULFATE REDUCTION DURING LOW-TEMPERATURE ALTERATION OF THE
LOWER OCEANIC CRUST: INSIGHTS FROM ODP HOLE 735B
by
Susan E. Alford

Sulfide mineralogy was studied in conjunction with measurements of sulfur contents and
sulfur isotopes in gabbros from ODP Hole 735B to constrain the mechanisms involved in sulfur
cycling during low-temperature seawater alteration of the lower oceanic crust. Most samples
have low SO,4/ZS values (< 0.15), have retained primary sulfide globules of pyrrhotite +
chalcopyrite + pentlandite and commonly host secondary sulfides as aggregations of pyrrhotite
and pyrite laths in assemblages of smectite + iron-oxyhydroxide + magnetite + calcite replacing
olivine and clinopyroxene. In comparison to fresh gabbro containing ~ 600 ppm sulfur and 3%S of
0.1%o, our data indicate an overall addition of sulfide sulfur during low-temperature alteration that
varies with depth, accompanied by an overall enrichment in ¥s resulting in an average 634Sma| of
6.4%0. Selection of samples based on the presence of vein minerals formed 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 H, from oxidation of
associated olivine and pyroxene. Within these reduced samples, a range in 8**Squrige values from
-1.5 to 16.3%o and additions of greater than 900 ppm sulfide among associated sub-samples
indicate that reduction of sulfate proceeded under a combination of open and closed system
pathways. The few samples that have high SO4/ZS ( = 0.46) generally lack secondary sulfides
and primarily host trace porous igneous sulfides + globular chalcocite and pentlandite within
vermicular smectite. These samples contain low concentrations of sulfur (<200 ppm) and range
in 8**Squrge from 0.7 to 16.9%o, implying the involvement of microbial oxidation of igneous sulfides
to produce the elevated 634ssu|ﬁde values. A late stage of oxidized seawater penetrated locally into
the lower 1000 m of Hole 735B and allowed for oxidation of secondary pyrrhotite to secondary
laths of pyrite while preventing further additions of sulfur to the gabbro. Our results show that
under appropriate temperature conditions, a subsurface biosphere can persist in the lower

oceanic crust and alter its geochemistry.
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INTRODUCTION

Submarine hydrothermal circulation enables the exchange of chemical components
between the seawater, crustal and biological reservoirs. Chemical reactions at submarine
hydrothermal sites buffer magnesium and sulfate concentrations of seawater (Edmond et al.,
1979b), alter the geochemistry of the lithosphere introduced to subduction zones (Edmond et al.,
1979b; Zindler and Hart, 1986) and lead to the formation of massive sulfide deposits (Edmond et
al., 1979b; Robb, 2004). Additionally, fluid-rock interaction at and below the seafloor supports
chemosynthetically based biological communities that can impose further chemical changes to

the seawater and crustal reservoirs (Edwards et al., 2005).

Overview of Submarine Hydrothermal Circulation

Ambient bottom seawater is introduced into the oceanic lithosphere through permeable
zones of connected pore-spaces and fractures in the brittle upper oceanic crust (Fisher, 1998).
Along the axis of seafloor spreading centers heat provided by magmatic bodies at depth
progressively heats the infiltrating seawater, resulting in precipitation of anhydrite as subsurface
temperatures reach 150°C, and later production of hydrothermal fluids within deep “reaction
zones” as seawater is reacted with middle crustal rocks at temperatures in excess of 350°C (Alt,
1995a). The high-temperature interactions within the deep reaction zone leach igneous sulfides
from the rock to mobilize sulfur as hydrogen sulfide (H.S), and cause the H,S-rich hydrothermal
fluids to become buoyant and rise through the subsurface (Alt, 1995a; Lister, 1982). Upon
ascent, the hydrothermal fluids may cool and mix with seawater to form anhydrite and sulfide
precipitates in the shallow volcanic section, or be vented into bottom seawaters by focused
discharge of the hydrothermal fluids along axis (Alt 1995; Edmond et al., 1979a; Edmond et al.,
1979b).

The crust emplaced at mid-ocean ridges is gradually distanced from the high-temperature
magmatic heat source at the ridge by tectonic extension, thereby resulting in a continual
reconfiguration of the hydrothermal system governed by fracturing, dissolution and mineralization
as the system transforms from an “active” circulation system driven by an underlying heat source
at the ridge axis, to a “passive” circulation system driven by residual heat within cooling oceanic
lithosphere along the ridge-flanks at temperatures below 150°C (Alt, 1995a; Alt, 2004; Jacobson,
1992; Lister, 1982). The interaction between low-temperature, oxygenated seawater and the
upper ocean crust in these environments leads to the loss of sulfide minerals by oxidation to
dissolved sulfate, and loss of anhydrite by dissolution due to its retrograde solubility (Alt, 2004).
Furthermore, in contrast to the higher-temperature axial environments, inorganic sulfate reduction '
cannot actively fix sulfur into the crust in the low-temperature ridge-flank environments because
abiotic reduction of dissolved sulfate is inhibited by slow reaction kinetics at temperatures below

150°C (Goldstein and Aizenshtat, 1994; Malinin and Khitarov, 1969; Ohmoto and Golhaber, 1997,



Ohmoto and Lasaga, 1982). However, textural evidence in conjunction with the presence of DNA
and nucleic acids in altered submarine glasses (Fisk et al., 1998; Furnes and Staudigel, 1999;
Torsvik et al., 1998) and sampling of ridge-flank fluids (Cowen et al., 2003; Huber et al., 2006)
indicate an active presence of microorganisms in subsurface ridge-flank environments. In
particular, sulfur isotope data (Alt et al., 2003; Rouxel et al., 2008) provides evidence for the
addition of sulfur to the upper oceanic crust under low-temperature, reducing conditions by
microbial sulfate reduction. Based on modeling of seawater entrainment and fluid flow within
ridge flanks, such biologically-mediated reactions within the upper oceanic crustal environments
of ridge-flanks may persist for up to 20 My (Hutnak et al., 2008).

Alteration in Slow-Spreading Systems

Numerous exposures of the lower oceanic crust and upper mantle are present along the
sealfoor. These “oceanic core complexes” are inherent to the structure of slower spreading
ridges and result from the exhumation of overlying material and subsequent uplift of lower
basement sections along detachment faults in response to relatively low magma budgets and
asymmetric extension (Carbotte and Sheirer, 2004; Karson, 1998). During uplift and cooling of
the basement block, formation of brittle fractures provide for the penetration of seawater and
consequent late-stage alteration of the uplifted material (Karson, 1998).

Drilling of an exposed gabbroic oceanic core complex at ODP Site 735 to a depth of 1.5 km
allowed for the first significant recovery of an in-situ section of lower oceanic crust (Shipboard
Scientific Party, 1999). Initial studies of recovered material indicate relatively low temperatures of
< 250°C during late-stage alteration of the lower 1000 m of the core accompanied by local
additions of sulfur (Shipboard Scientific Party, 1999 and Bach et al., 2001). Here, we present the
results of a sulfur isotope investigation of the lower 1 km of Hole 735B to explore the evidence for
microbial sulfate reduction as a mechanism for the addition of sulfur to the lower oceanic crust.
Our results also provide evidence for microbial sulfide oxidation of sulfide minerals within

localized sections of the core.

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 Il Fracture Zone at 32°43.392'S, 57°15.960'E
[Figure 1]. This portion of crust has been dated at 11.5 my and is inferred to have been formed at
the ultra-slow spreading Southwest Indian Ridge (SWIR) and later exposed by detachment
faulting at 11 mya as an oceanic core complex at the intersection of the paleo-SWIR and the
Atlantis Il Fracture Zone. Hole 735B was drilled at this site to a depth of ~500 meters below
seafloor (mbsf) on ODP Leg 118, and later extended to a final depth of 1508.0 mbsf during ODP






A series of events led to variations in the type and distribution of alteration effects with
depth in Hole 735B. Initial dynamothermal metamorphism during exhumation of overlying crustal
material resulted in crystal-plastic deformation concentrated as zones of highly-foliated rock,
predominately in the upper 200 m. Subsequent cooling and cracking allowed for the formation of
brittle fractures and sub-vertical amphibole veins in the upper 700 m, and mediated high-
temperature “static alteration” manifested 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. (Shipboard Scientific Party, 1999)

Initial studies indicated a general loss of sulfur to hydrothermal fluids due to the
breakdown of igneous sulfides during high-temperature (>350°C) dynamothermal metamorphism,
and local oxidation by late-stage circulation of seawater throughout the upper 500 m section
recovered during Leg 118 (Alt and Anderson, 1991). Abundant sulfide minerals and high sulfur
contents formed in a massive oxide olivine gabbro unit (Lithologic unit 1V) within this upper 500 m,
as the result of igneous fractionation and concentration of sulfides and oxides (Alt and Anderson,
1991). Further study following recovery of the lower 1 km during Leg 176 led to definition of eight
low-temperature alteration zones for the material recovered from Hole 735B based on
geochemical differences between relatively fresh and more extensively altered samples [Table 2]
(Bach et al., 2001). Bach et al. (2001) illustrated that in correlation with the defined low-
temperature alteration zones, sulfur has been both added and lost during low-temperature
alteration of 735B.

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

Alteration Depth Range . Chemical
Zone p(mbsf) 9 Alteration Type Changes
1 0-40 Oxidative + %0
2 40-500 Nonoxidative +'%0

1 500-600 Oxidative +'%0, C
2 600-835 Nonoxidative +C, "0, s
3 835-1050 Nonoxidative

4 1050-1300 Nonoxidative +C, "0, s
5 1300-1475 Nonoxidative +C, %0
6 1475-1508 Greenschist facies +%0

Adapted from (Bach et al., 2001).



METHODS

Sample Selection

Fifteen whole-rock samples from low-temperature alteration zones 1 through 5 and three
paired whole-rock sub-samples from low-temperature alteration zone 2 were selected for study
based on the presence of iron-oxyhydroxide, calcite, smectite and zeolite in reference to
published 3'®0 analyses from 735B (Alt and Bach, 2001) which indicate formation temperatures
of £ 110°C for these minerals. The paired sub-samples are characterized by associated low-
temperature alteration halos, which allowed for separation into associated “minimally altered” and
“highly altered” sub-samples. The upper limit of 110°C was applied during sample selection to
identify samples formed within the temperature limits of microbial sulfate reducers (J@rgensen,
1992; Seal, 2006) and below thé lower temperature limits at which inorganic and thermochemical
sulfate reduction become viable mechanisms for sulfide production in seafloor hydrothermal
systems (Ohmoto and Lasaga, 1982). For samples that also hosted higher temperature alteration
phases such as chlorite or actinolite veins (176-735B-150R-3, 56-62 cm and 176-735B-177R-5,
61-66 cm), the portion containing the higher temperature alteration phase was cut and removed
from the sample prior to processing. For this study, no samples were chosen from alteration
zone 6 (1475-1506 mbsf), as this zone is characterized by greenschist-facies assemblages (Bach
et al., 2001) and whole-rock 3'®0 values that are depleted relative to primary gabbroic material

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

Petrography & Microprobe Analysis

Each of the samples selected for analysis was examined in hand specimen and thin
section under transmitted and reflected light to document petrogenic relationships. Following
these characterizations, eight samples representing alteration effects typical of different lithologic
unit and alteration zone combinations were selected for compositional analysis of sulfides on a
CAMECA SX-100 Electron Microprobe Analyzer. Operating conditions were the following: 20 kV
accelerating voltage; 20 nA sample current; 1 um spot size. ldentification of sulfides was based
on diagnostic properties of various sulfides in reflected light (Craig and Vaughan, 1981), and was
then verified by comparison of electron microprobe analyses with published mineral data
(Anthony et al., 1990) and by comparison of calculated formulas to the ideal stoichiometric

formula of the relevant sulfide.

Sample Preparation and Sulfur Extractions
In preparation for sulfur extractions, sample surfaces were abraded with an aluminum

oxide tipped dremel tool and air-blasted to remove any surface contamination that may have

been introduced during coring or later sawing and handling of the rock material. Samples were



then broken in a steel jaw crusher, and powdered in a tungsten carbide shatterbox to homogenize
individual samples and to allow for complete reaction of samples during digestions as it has been
shown that the reactivity of sulfides using the prescribed extraction methods is dependent on
grain size (Backlund et al., 2005; Canfield et al., 1986; Rice et al., 1993). To avoid
contamination, all equipment was scrubbed with water, rinsed with 70% ethyl alcohol, and air-
blasted between processing of each sample.

After powdering, samples were dried overnight at 100°C and stored in a dessicator under
vacuum until digestion. As sulfur in MORB often occurs in the form of various sulfide minerals as
well as sulfates, each characterized by different 8%s (Sakai et al., 1984), three separate fractions
of sulfur were extracted from ~ 9.5g (weighed to a precision of 0.1 mg) of individual sample
powders following a digestion sequence producing H;S from targeted sulfur forms. Following the
procedures of Rice et al (1983) and Tulttle et al. (1986), an acid-volatile sulfide (AVS) fraction was
extracted by reaction of sample powders in 6N HCI with SnCl; for five minutes under boiling
conditions, followed by reaction under sub-boiling conditions for 30 minutes. After recovery of the
AVS fraction, a chromium-reduced sulfide (CRS) fraction representative of mainly disulfides was
extracted by using an acidified CrCl, solution (Canfield et al., 1986; Zhabina and Volkov, 1978)
where contents of the reaction vessel were boiled for 1-2 hours. The final digestion in the
extraction procedure targeted sulfates by boiling the remaining contents in the reaction vessel for
2-3 hours with a solution of HCI + H3PO, + HI modified from Thode (1961). All digestions were
carried out sequentially within a closed reaction vessel through which N, gas continuously flowed
to serve as a carrier gas to transport evolved H,S to a precipitation trap and to establish a
reduced atmosphere within the extraction system during digestions. Following extractions, the
weight of the recovered Ag,S precipitates was determined gravimetrically for each fraction. Ag.S
fractions were then transferred to clean vials for storage until isotope analysis. For additional
reference, a detailed description of the sulfur extraction procedure addressing relevant analytical

considerations is presented in Appendix 1.

Sulfur Isotope Analysis

The Ag,S precipitates from the recovered sulfur fractions were analyzed for sulfur isotope
composition at the United States Geological Survey stable isotope laboratory in Denver,
Colorado. The precipitates were combusted to SO, with an elemental analyzer and introduced
directly via continuous flow mode to a Micromass Optima mass spectrometer for measurement of

%3323 ratios. Results are reported in 8-notation relative to Vienna Canyon Diablo Troilite (V-

CDT) in parts per thousand (%) according to equation 1:



- (348/328 )samp]e - (348/328 )
sample (348/328)

6348 standard X 1 000 (1 )

standard

where the §*S of the synthetically produced silver sulfide standards IAEA-S-1 and IAEA-S-2
have been defined as -0.3%o 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%o.
Due to limits of detection, only Ag,S precipitates that weighed at least 1mg 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).

RESULTS

Petrography

Results of representative microprobe analyses of sulfide minerals are presented in
Appendix 2. Two different types of sulfide minerals were analyzed, termed as “igneous sulfides”
and “secondary sulfides” based on mode of occurrence. Igneous sulfides are defined here as
large sulfide globules within igneous silicate grains or interstitial areas and may or may not be
rimmed by alteration minerals. Secondary sulfides fill fractures or form as sub- to euhedral grains
associated with alteration phases replacing igneous silicates. None of the most common sulfide
minerals, pyrite, pyrrhotite, pentlandite and chalcopyrite, are found exclusively as either an

igneous sulfide or a secondary sulfide within Hole 735B.

Igneous Sulfides

Igneous sulfides in samples examined from alteration zones 2 through 5 commonly occur
as monomineralic pyrrhotite or chalcopyrite, or assemblages of pyrrhotite + chalcopyrite +
pentlandite [Figure 2] and are commonly surrounded by rims of smectite, iron-oxyhydroxide or
calcite. The sulfide mineralogy observed for the igneous sulfides is similar to what has been
described previously for primary igneous sulfides in Hole 735B (Alt and Anderson, 1991; Miller
and Cervantes, 2002). In addition to these common mineralogies, rare ~100 um subhedral grains
displaying optical properties and chemical compositions approaching anomalous bornite
(Cuas g10F €0.93554.05(C00.001)) and idaite (Cus sasFeq.104S4(C00.021)(Nig.o23)) with lamellae of
chalcopyrite were observed in interstitial calcite in sample 177R-5, 61-66 cm, however these rare
mineralogies are likely alteration products of primary igneous sulfides reacted with interstitial

fluids.
























> 0.60 indicate oxidative conditions [Table 3]. Sulfide was likely lost from alteration zone 1
through oxidation by seawater as illustrated by a decrease in sulfide sulfur contents
accompanying an increase in oxidation state (SO4/ZS) between sub-samples of 133R-7, 107-

111 cm.

Sulfur Exchange Mechanisms

The net addition of sulfur to Hole 735B requires a sulfur source that was readily
accessible to the material while it was being altered. According to §'0 and 8D analyses, the high
temperature hydrothermal fluids involved in the alteration of gabbros in Hole 735B include
magmatic and seawater components (Alt and Bach, 2006). As magmatic fluids can host sulfur
transported from depth and ambient seawater contains ~900 ppm of sulfur as dissolved sulfate
(Ohmoto and Goldhaber, 1997), either of these fluid components may act as sources of sulfur
into the system. High-temperature hydrothermal fluids (250°C to 380°C) host mixtures of H,S
from reacted igneous sulfides and seawater sulfate (Alt, 1995b), and may also act a source of
sulfur to Hole 735B. However, the samples used in this study host smectite, carbonate and
zeolite as major veins in addition to iron-oxyhydroxide, as predominant alteration minerals. These
vein minerals have all been interpreted as low-temperature alteration products from infiltrating
seawater along late-stage brittle fractures based on 87Sr/868r, 6180, and 8'°C values and Sr
contents of vein minerals and whole rocks (Alt and Bach, 2001; Bach et al., 2001). As samples
containing other vein minerals were either avoided during sample selection, or removed from the
sample prior to processing, seawater sulfate is taken to be the source reservoir responsible for

the addition of sulfur observed in this study.

Sulfide Addition by Microbial Sulfate Reduction

As the secondary mineralogy and geochemistry indicate sulfur addition in the form of
sulfide minerals, a reducing mechanism is required in order to have transferred the sulfur from the
dissolved seawater sulfate into a form of sulfide available for sulfide precipitation. Inorganic
sulfate reduction and thermochemical sulfate reduction are not applicable to the production of
alteration effects observed in our samples because they are kinetically inhibited below 150°C and
200°C, respectively, when only pathways that involve reductants available in sub-seafloor
basement environments are considered (Goldstein and Aizenshtat, 1994; Malinin and Khitarov,
1969; Ohmoto and Goldhaber, 1997; Ohmoto and Lasage, 1982). However, microbial sulfate
reduction can occur from -1.5 to 110°C (Canfield, 2001; Jorgensen et al., 1992), and thus, it is the
only reasonable sulfate reducing mechanism to produce sulfide within the 10°C to 110°C range of
alteration temperatures described by our samples. Though there are viable chemical pathways
by which thermochemical sulfate reduction may also operate at these temperatures, such

processes require the presence of pre-existing H,S and hydrocarbons to catalyze reduction
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reactions (Goldstein and Zizenshtat, 1994; Ohmoto and Goldhaber, 1997). Such conditions are
readily available within oil-fields where low-temperature thermochemical sulfate reduction has
been suggested to take place, but within submarine basement environments, abundant
hydrocarbons are not present, thereby discounting this as a viable mechanism in Hole 735B.
Though microbial sulfate reduction does not directly form iron-sulfide minerals (equation
3.1 and 3.2), the signature of this process in the mediation of sulfide mineral formation is
recorded in the 8*S value of sulfide minerals. At equilibrium, SO, is enriched in **S relative to
coexisting H,S. Microbial sulfate reduction however, imparts a kinetic isotope fractionation
primarily due to the biological preference for processing the weaker S-O bond formed with %S
versus *S. (Ohmoto and Goldhaber, 1997) The total degree of fractionation imparted by sulfate
reducers between SO4 and H,S 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 €so4.H2s < 45%0 in natural samples (where €so4.Hos = 6348304 - 634SH23)

(Canfield, 2001). Upon contact of H,S with Fe?" in solution, sulfide minerals readily precipitate
with minimal fractionation of sulfur isotopes under the conditions of low fO, and low pH assumed
to be present during sulfate reduction in Hole 735B (see “Iron-silicate Replacements and
Secondary Sulfide Formation”), thereby producing sulfide minerals with 8**S values that are

nearly identical to that of the H,S (Ohmoto and Rye, 1979). Samples from this study have

€so0s-suifide Values ranging from 4.2 to 30.6%. in reference to 6348304 of 22.6%. for seawater (Davis

et al., 2003), which is consistent with isotope fractionation imposed by microbial sulfate reduction.
Sulfur isotope data presented by Alt and Anderson (1991) for Leg 118 samples gives €sos-surride
values of 14.9 to 42.4%.. These data were interpreted in terms of hydrothermal processes and
low-temperature oxidation effects, but are also consistent with microbial sulfate reduction. By
comparison, marine sedimentary pyrites produced by microbial sulfate reduction pathways
display a range in €so4-surfige Of 24 to 71%0 with an average of 51%. (Canfield and Teske, 1996).
The relatively small enrichment factors described in Hole 735B in respect to marine sedimentary
pyrites may be due to a combination of factors including higher temperatures of reaction within
Hole 735B, the involvement of different species of sulfate reducers, a greater utilization of Hy in
lieu of organic carbon as an electron donor in basement environments, and reservoir effects
(Canfield, 2001; Kaplan and Rittenberg, 1964).

S04 + 2CH,0 > H,S + 2HCO; (3.1)
2H" + SO + 4H, > HyS + 4H,0 (3.2)

During subseafloor hydrothermal alteration, the supply of dissolved sulfate to a specific

location within the hydrothermal system may become limited due to decreasing permeability or to
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microbial sulfide oxidation pathways. Black diamonds (#) = single-samples with SO4/=S < 0.16,
grey diamond () = single-sample with SO4/2S > 0.45 and open diamonds (<) = paired highly-
and minimall)/-altered sub-sample. White square (O) = estimate of unaltered gabbro from Hole
735B with 8**Seurige = 0.1%o0 (SAKAl et al., 1984) and sulfide sulfur contents = 600 + 430 (1o) ppm

calculated from the average sulfur contents of “fresh” samples from Leg 176 presented by Bach
etal. (2001).

Sulfide Loss by Oxidation

A loss of sulfide under low-temperature conditions in the sub-sample pair 133R-7, 107-
111 cm suggests that oxidation resulted in the removal of sulfide from discrete areas of Hole
735B. Oxidation of sulfides within submarine environments can occur readily at low-temperatures
via abiotic oxidation by dissolved oxygen (O,) (Ohmoto and Goldhaber, 1997) or by oxidation by
sulfide oxidizing microorganisms (Canfield, 2001; Wirsen et al., 1998, Wirsen et al., 1993).
Abiotic oxidation of sulfide by O, does not fractionate sulfur isotopes, whereas the biological

preference for processing g imposes kinetic fractionations during microbial sulfide oxidation with

€h2s.s04 ranging from 10 to 18%. from direct oxidation pathways, and more variable fractionations

when intermediate steps are involved (where €y2s.504 = 634SH23 - 6348304) (Canfield, 2001). Thus,

while both abiotic and biotic oxidation processes result in a loss of sulfide (increasing SO4/=S),
microbial sulfide oxidation also enriches the remaining sulfide minerals in **S. In terms of sulfide
oxidation, the system can become closed if simultaneous production of H,S by microbial sulfate
reduction is inhibited or operates at rates below or equal to the rate of sulfide oxidation. In such
scenarios, progressive enrichments in *S occur within the remaining sulfide minerals with
increasing degrees of sulfide oxidation (Canfield, 2001; Ohmoto and Goldhaber, 1997). The
progressive %S enrichments in the remaining sulfide mineral due to rayleigh processes can
thereby lead to elevated §*'S values of reacted sulfide minerals relative to the **S value of the
sulfide mineral prior to oxidation [Figure 10]. The alteration of 133R-7, 107-111 cm may have
included a component of abiotic oxidation to result in a loss of sulfide in the highly altered sub-
sample, however the elevated 634Ssumde in both of the sub-samples requires the involvement of

microbial oxidation processes, or a phase of microbial sulfate reduction.
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and Barker, 2008), however, this drying effect is unlikely to be responsible for the vermiform

textures observed in Hole 735B as they are enclosed in calcite.

Iron-silicate Replacements and Secondary Sulfide Precipitation
Elevated Fe3+/Femta, values in altered Leg 176 samples (Bach et al., 2001) and the
common association of magnetite (FeO-Fe,03) within replacements of olivine and pyroxene (Alt
and Anderson, 1991; Bach et al., 2001) demonstrate localized oxidation of iron silicate minerals
throughout Hole 735B which may have produced H; by reduction of H,O (Stevens and McKinley,
2000). As lithotrophic sulfate reducers utilize H, as an electron donor (Canfield, 2001; Edwards
et al., 2005), the involvement of an H,-forming reaction may have allowed for the initial
establishment of sulfate reducers within Hole 735B, similar to the processes suggested by
Stevens and Mckinley for the support of autotrophic metabolisms in the Columbia River Basalts
(1995). With progressive reaction progress, the reduction and acidification of fluids (equation 4.1
and equation 4.2) may also allow Fe” to become available in solution (equation 4.3) thereby
promoting the precipitation of sulfide minerals in the presence of H,S provided by sulfate
reducers.
2Fe,Si04 + Hy0 + 0% > 2Fe,0; + Ho0 + H' + Si0, + Hy° 4.1)
2Fe,Si0, + 2H,0 > FeO-Fe,03 + H' + 2Si0;, + FeO(OH) + Hy° (4.2)
2Fe,Si0, + 2H" > FeO-Fe, 05 + 2Si0, + Fe® + H,°

The lath morphology displayed by all secondary sulfides associated with replacement
features of olivine and clinopyroxene suggests initial precipitation of these secondary sulfides as
pyrrhotite, which would be expected for these samples irrespective 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 S% via sulfidation, or Fe* loss by oxidation (Belzile et al.,
2004, Schoonen and Barnes, 1991). Sulfidation would be a possible mechanism for pyrite
formation based on the production of H,S by sulfate reduction, however, the occurrence of
porous pyrrhotite between well-crystallized pyrrhotite and lath-shaped pyrite within the sulfide
mineral zonations surrounding low-temperature alteration veins suggests that the pyrrhotite to
pyrite transformation in Hole 735B is the result of pyrrhotite oxidation. The lath morphology
retained by the pyrite is not a characteristic morphology resulting from pyrrhotite oxidation by
microbial oxidation (Bhatti et al., 1993), suggesting that abiotic oxidation caused the
transformation of pyrrhotite to pyrite. Abiotic oxidation of pyrrhotite requires the presence of Ozin
solution (Knipe et al., 1995), which within highly reacted areas, may have occurred locally as
altering iron silicates became depleted in iron, thereby lowering the local reduction potential and

allowing for incoming seawater to retain Oz in solution longer. According to the experimental
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model by Pratt et al. (1994), a progressive oxidation of pyrrhotite by O, would lead to the
production of increasing Fe? deficiency in iron sulfides towards the main O, source, similar to
that in the sulfide mineral gradients in wallrock adjacent to veins in Hole 735B. A gradient in
relative abundance of pyrrhotite and pyrite also exists vertically as shown by the AVS and CRS
profiles [Figure 6] as well as in observed sulfide mineralogy, whereby pyrite is abundant in
alteration zone 2, common in alteration zone 3, and is generally lacking within alteration zones 4
and 5 [Appendix 2]. Though sulfur is also oxidized during the oxidation of pyrrhotite, the
temporary formation of pyrite is allowable due to stoichiometric relationships which resultin the
oxidation of only 1 mole of sulfur for every 8 moles of iron that is oxidized (Bach and Edwards,
2003).

A caveat to this proposed mechanism is that because all sulfide reducers are obligate
anaerobes (Canfield, 2001), the water involved in the initial oxidation of iron silicates must be
depleted in O; in order to support microbial sulfate reduction. Hematite lamellae within magnetite
in olivine and clinopyroxene pseudomorphs in alteration zone 1 reflect the presence of O, within
alteration fluids in this zone, which is likely the factor that prohibited the formation of secondary
sulfides in this zone. The O, present in alteration zone 1 was likely from oxygenated seawater
introduced through a porous fault in the middle of this alteration zone at 560 mbsf (Dick et al.,
2000). Reaction of these fluids in alteration zone 1 would have eventually removed O, from
solution, thereby allowing for the establishment of microbial sulfate reducers down-flow from
alteration zone 1, possibly within the deeper alteration zones. However, the reduction potential of
reacted iron silicates is exhausted with increased reduction progress (Bach and Edwards, 2003)
and advance of the oxidation front, potentially making the presence of sulfate reducers

temporary.

SUMMARY & CONCLUSIONS

The results of this study provide evidence for the interactions of microbial sulfate
reduction, microbial sulfide oxidation, and abiotic oxidation during low-temperature alteration of
lower oceanic crust gabbros in Hole 735B.

Secondary sulfides in the lower 1000 m of Hole 735B are common throughout low-
temperature alteration zones 2 through 5 as aggregations of pyrrhotite and pyrite laths in
assemblages of smectite + iron-oxyhydroxide + magnetite  calcite replacing clivine and
clinopyroxene adjacent to 0.5 to 2 mm veins of smectite * calcite. Additional secondary pyrite
also occurs locally in minor abundances within smectite + calcite and zeolite veins. As primary
igneous globules of pyrrhotite + chalcopyrite + pentlandite are still present, and total sulfide
contents for most samples are within or above the range of 600 + 433 (10) ppm sulfur assumed

for fresh gabbro in Hole 735B (Bach et al., 2001), the observed secondary sulfides are interpreted
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as additions of sulfur to the gabbroic material from exchange with seawater sulfate. Microbial
sulfate reduction is the only viable exchange mechanism due to sample selection based on the
presence of associated vein minerals with formation temperatures < 110°C, and was likely
enabled by the production of H, from the oxidation of associated olivine and pyroxene grains.
Among relatively reduced samples (SO4/ZS < 0.15), a wide range in 634Ssumde values from -1.5 to
16.3%0 and sulfide additions ranging up to values greater than 900 ppm between associated sub-
samples indicates the involvement of both open and closed system processes during reduction.
An evolution towards locally closed systems may have eventually limited the amount of sulfide
that was added to Hole 735B during low-temperature alteration.

Evidence for biotic and abiotic oxidation within Hole 735B indicate additional limitations
imposed on the net addition of sulfide during low temperature alteration. The involvement of
microbial sulfide oxidation within Hole 735B is evident in some highly oxidized samples (SO4/ZS 2
0.46) by low sulfur contents, high 634Ssumde values, porous igneous sulfides, globular secondary
sulfides and a lack of the secondary sulfides commonly associated with olivine and clinopyroxene
replacement features. The extent of the microbially-driven oxidation is unclear as co-existence of
sulfide oxidizers with sulfate reducers may have masked the effects by which sulfide oxidation
can be identified but has clearly led to a decrease in sulfide sulfur in some samples. Additional
oxidation by late-stage penetration of oxygenated fluids throughout low-temperature alteration
zones 2 and 3 may have resulted in some loss of sulfides, but most clearly influences sulfide
contents by the formation of environments that are inhospitable to sulfate reducers, thereby
preventing any additional formation of secondary sulfide once an oxygenated environment is
locally established.

The amount of sulfide that was precipitated during low-temperature alteration may have
been limited by the development of closed system reduction processes in addition to oxidation by
sulfide oxidizers and late-stage penetration of oxygenated seawater. Nonetheless, microbial
interactions within the lower 1000 m of Hole 735B resulted in a net addition of sulfur and an
elevation of the average 634STota| to 6.4%o within focused areas altered at temperature < 110°C.
Similar microbial processes may have also influenced the fractionation of sulfur isotopes during
low-temperature alteration in the upper ~500 m. These results indicate that exposed lower
oceanic crust can locally serve as a sink for sulfur, and may harbor measurable localized

enrichments in %S due to interactions with microorganisms.
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APPENDIX 1. Detailed Sulfur Extraction Procedures

Figure A.1.1 illustrates the procedure followed for the extraction of sulfur from powdered
whole-rock samples. This procedure is a synthesis of published extraction methods for acid
volatile sulfides (AVS), chromium reduced sulfides (CRS), and sulfates, which target
predominately monosulfides (pyrrhotite, pentlandite, greigite, and chalcocite), disulphides
(elemental sulfur and pyrite) and sulfates (organic and inorganic), respectively, via chemical
digestion of sample material. All three digestions were carried out in succession on each sample
using an apparatus modified from those utilized by previous investigators [figure A.1.2]. By
completing all digestions in this manner within a single vessel, tedious time-consuming filtration
steps between digestions as required by the original methods (Rice et al., 1993; Tuttle et al.,
1986; Zhabina and Volkov, 1978) were avoided, which serendipitously eliminated errors
associated with accidental oxidation or loss of sample between collection of separate sulfur
fractions.

~ 9.5g of sample
+

glass chips

A

Add 35mLs of AVS reagent
(0.1M SnCl, in 6N HCI)

* React at room temperature for 10 mintues
* Boil for 5 minutes

* Sub-boil for 30 minutes

* Cool for 5 minutes

Y
Y
Evolved H,S Purified H,S
Add 35mLs of CRS reagent bubbled bubbled
(1M CrCl, in 0.5N HCl) through acid into AGNO,
* Boil for 1-2 hours tLaa‘:r;Aell:Z:sz > trap with N,
* Cool for 10 minutes carrier gas
A
Y \

Add 35mLs of modified Thodes reagent Precipitated Ag,S
(85% Hl, 25% H,PO,, 10%HCI) filtered, rinsed, and

* Boil for 2-3 hours weighed
* Cool for 10 minutes

Figure A.1.1. Flow chart of sulfur extraction procedures.
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reaction vessel was attached to a three-way valve to be used in conjunction with 60 cc syringes
for the introduction of reagents into the reaction vessel with minimal introduction of ambient air.

Where sulfur is present in the targeted species, each digestion results in the production
of H,S from that species, as well as possibly CI' due to the presence of hydrochloric acid (HCI) in
each of the reagents. Transport of CI" through the system is problematic as precipitation of Cl'in
the end trap of the system leads to an overestimation of sulfur contents and can lead to isobaric
interferences during isotopic analysis of the combusted precipitate. Thus, an in-line acidified
water trap (DD water + nitric acid) was placed after the condenser to strip C!" from the gas stream
(Backlund et al., 2005). This purified gas stream was then bubbled into a sterile centrifuge tube
containing ~34 mLs of a 0.2 M silver nitrate (AgNO3) in 10% ammonium hydroxide (NH;OH)
solution via a tube inserted through its cap. The solution in this “AgNOj3 trap” allowed for any H,S
present in the gas stream to precipitate evolved sulfur as silver sulfide (Ag,S) while preventing
precipitation of any remaining ClI” present in the gas stream to AgCl by complexation of ammonia
with Ag” (equation a.1.1 and equation a.1.2). Thode (1961) applied a post-extraction NH,OH
rinse to the precipitates formed in a trap solution containing only AgNOj3, however modification of
the AgNOj; solution itself simplifies this purification step by preventing the initial precipitation of
the AgCl. Additionally, alteration of the AgNOj solution in such a manner buffers the trap solution
to ammonium nitrate (NH4;NO3) by reaction of NH,OH with any nitric acid (HNOj3) produced as a
byproduct of the Ag,S-forming reaction (equations. a.1.1 and a.1.3) (Snoeyink and Jenkins, 1980)
thereby preventing the oxidation and exhaustion of the AgNO; trap solution by HNOs.

H,S + AQNO3 2> Ag,S + HNO; + H* (31 1)
CI'+ AgNOs + 2NH,OH > Ag(NHs), + 2H,0 + CI (@1.2)
HNO; + NH;OH > NH4NO; + H,O (a.1.3)

Similar to Backlund et al. (2005), immediately following the completion of a digestion, the
reaction vessel was allowed to cool, the AgNO; trap was replaced with a fresh trap, and the
reagent for the next digestion was added to the slurry already present in the reaction vessel via a
syringe through the three-way valve. To prevent a build-up of pressure within the system, the cap
for the AgNOj3 trap was always fitted loosely onto the centrifuge tube, with the assumption that
the positive pressure created by the escaping excess gas is sufficient to prevent significant
entrance of O, into the system through the end trap.

Carrying-out digestions under boiling conditions often resulted in bumping of the liquid in
the reaction vessel, which increased in severity with each digestion as the volume of liquid in the
reaction vessel is increased with the addition of each reagent to the slurry. This bumping is likely
the result of the relatively tall and narrow design of the reaction vessels and has the potential to

produce a back-pressure which can pull the contents of the AgNO; trap back through the system,

27



leading to low recovery of Ag,S. For any instance in which contents of the AgNQO; trap were
pulled back through the system, the extraction was aborted, any Ag,S precipitates were
discarded, and fresh sample powder was submitted to digestion for another attempt of extracting
the sulfur fractions. Teflon boiling beads added to the reaction vessel float in the reagent
solutions and are thus ineffective in reducing bumping, however, chips of broken glass proved to
be effective at decreasing the severity of bumping, and often prevented the drawback of the
AgNOgstrap solution. The glass chips used to decrease bumping were soaked in 10% HCI, rinsed
three times with double-distilled water, dried at 100°C overnight and cooled to room temperature
prior to use with samples. In lieu of including a boiling bead equivalent to the reagent solution,
use of a vessel that is much wider rather than tall and narrow as was used here may also prevent

the occurrence of bumping of solutions within the reaction vessel.

AVS Recovery

Recovery of the AVS fraction was completed by following the general procedures
presented by Tuttle et al. (1986). Via a syringe, 35mLs of a deaerated solution of 0.1M SnCl, in
6N HCI was introduced to the reaction vessel to produce H,S from reaction of monosulfides with
HCI (equation a.1.4). After 10 minutes at room temperature, the solution in the reaction vessel
was boiled for five minutes then maintained at sub-boiling for 30 minutes. The heat was then
turned off and after five minutes of cooling, the AVS digestion was considered complete and the

AgNOj; trap was replaced with a fresh trap.
FeS + 2HCI > H,S + FeCl, (a.1.4)

Experimental results indicate that stannous chloride (SnCl) in the reagent solution can
lead to the reduction and recovery of up to 5% of the pyrite (equation a.1.5) present during the
AVS digestion (Backlund et al., 2005; Chanton and Martens, 1985; Rice et al., 1993; Tuttle et al.,
2003). However, due to the presence of iron oxides (Hematite = Fezg*oa , Magnetite =
Fe?' 0O+Fe*,03) and griegite (Fe*'Fe,*'S;) in some of the samples, it is necessary to include
SnCl, in the reagent solution in order to prevent the oxidation of evolved H,S to elemental sulfur
(8°) by ferric iron (Fe3+) (equation a.1.6 & a.1.7) (Backlund et al., 2005; Pruden and Bloomfield
1986; Rice et al., 1993; Tuttle et al., 1986; Tuttle et al., 2003).

Sn?'Cl, + 4HCI + Fe?'S,” > 2H,S” + Fe?* + Sn*'Cl, (a.1.5)
H,S% + 2Fe® > S°+ 2H" + 2Fe?* (a.1.6)
H,S + 2Fe® + 3SnCl, > H,S + 2H" + 3Sn?" + 2FeCl, (@.1.7)
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Prevention of H,S oxidation is crucial because S° is not extractable during AVS digestion,
but is extractable by the CRS digestion, and hence the oxidation of H,S produced during the AVS
digestion results in a misrepresentation of sulfur present in both the AVS and the CRS fractions
(Rice et al., 1993). Thus, to ensure maximum recovery of the pyrrhotite, pentlandite, chalcocite
and greigite during the AVS extraction, SnCl, was included in the reagent solution. However, in
light of possible consequential partial recovery of pyrite during the AVS digestion, the timing of
the steps in the AVS reaction procedure were strictly adhered to for all samples and the reaction
was terminated after 30 minutes of sub-boiling, regardless of if there appeared to still be active

precipitation of Ag,S in the AgNOj trap.

CRS Recovery

Following procedures presented by previous investigators (Canfield et al., 1986; Tuttle et
al., 1986; Zhabina and Volkov, 1978) a solution of 1M chromous chloride (CrCl;) in 0.5N HCI was
used to reduce the sulfur of any remaining sulfides to S? via the oxidation of CrCl, (Newton et al.,
1995) which then produces H,S from reaction with the acidic solution (equation a.1.8). This
reduced solution is easily oxidized by atmospheric air (Canfield et al., 1986), and thus a fresh
solution was prepared in the laboratory prior to the commencement of sulfur extractions by
passing a solution of 1M chromic chloride (CrCl,) in 0.5N HCI through a Jone’s reductor. Use of
this apparatus results in the reduction of Cr** in the chromic chloride solution to Cr** via oxidation
of a column of amalgamated zinc pellets (equation a.1.9) (Skoog et al., 1992) thereby producing
a fresh acidic chromous chloride solution that was stored in a reagent bottle with a glass ground

stopper until use.

4H" + 2Cr%* + FeS, - 2H,S8% + 2Cr** + Fe** (a.1.8)

Zn(Hg) + 2Cr**Cly > Zn®*" + Hg® + 2Cr**Cl, +2CI (a.1.9)

For CRS digestion, 35mLs of the reagent solution was added to the reaction vessel via a
syringe immediately following the replacement of the AgNO; trap after the AVS extraction. The
slurry in the reaction vessel was then boiled for approximately 1-2 hours. As it has been shown
that this digestion procedure does not digest any sulfates (Canfield et al., 1986; Zhabina and
Volkov, 1978), the reaction was continued until there was no more active precipitation of Ag,S in
the AgNO; trap. After Ag,S precipitation ceased, the CRS digestion step was considered
complete, and the vessel was allowed to cool for 10 minutes prior to the replacement of the
AgNO; trap.

The chromous chloride reagent will digest any form of reduced inorganic sulfur present
(Canfield et al., 1986) by either equation a.1.8 and or equation a.1.5, and thus the extraction of

the CRS fraction using this solution was applied following AVS extraction in an attempt to collect
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separate fractions of monosulfide- and disulfide-sulfur. Although applying the digestion
procedures in this order allows for all recovered pyrrhotite, pentlandite, and chalcocite to be
collected in the AVS fraction, we emphasize that neither bornite nor chalcopyrite is fully
recoverable during the AVS digestion, and consequently significant portions of bornite (43%) and
chalcopyrite (24%) are included in the CRS fraction (Tuttle et al., 2003). Thus, it cannot be
assumed that the AVS and CRS fractions constitute sulfur from purely independent sulfide

phases.

Sulfate Recovery

Following the replacement of the AgNO; trap after completion of the CRS extraction,
35mLs of a solution modified from that used by Thode et al. (1961) was introduced to the reaction
vessel through the three-way valve via a syringe. Application of this reagent results in the
reduction of both inorganic and organic forms of sulfate (SO4%) to H,S via the oxidation of
hydriodic acid (HI) and hypophosophorous acid (H,PO3;) (Norwitz, 1971; Pepkowitz and Shirley,
1951) while also causing a double displacement reaction between the sulfate compound and HCI
in the reagent to form H,O and a chloride compound (equation a.1.10). Thus, any sulfates
present in the sample are reduced and any O, gas evolved as a byproduct of the reduction is
retained in the slurry in the reaction vessel as H,O. The reaction was carried out for two to three
hours until there was no more active precipitation of Ag,S in the AgNO; trap. After Ag,S
precipitation stopped, the reaction vessel was allowed to cool for 10 minutes, and the AgNO; trap

was removed from the apparatus and capped.
H3PO, + 2HI + CaSO, + 4HCI> H3PO, + 1,° + H,S + 2H,0 + CaCl, (a.1.10)

Hydriodic acid is easily oxidized by light and air (Brady and Holum, 1993), and thus the
reagent solution used for the sulfate digestion is unstable over long periods of time. Hence, the
reagent was prepared in the laboratory according to established procedures (Thode et al., 1961)
within days prior to extractions. Pre-purified N, gas was bubbled through a boiling mixture of 65%
HI (47 % HI stabilized with 1.5% H3PO,), 25% hypophosphorous acid (50% H3PO,), and 10%
concentrated HCI for 2 hours to ensure that the solution was free of any sulfur species. After
cooling, the solution was then stored in a brown glass reagent bottle with a ground glass stopper
until use. In application of this reagent, all sulfides, elemental sulfur, and sulfates will be digested
(Pepkowitz and Shirley, 1951) and thus in order to extract separate sulfur fractions, this reagent
was the last to be applied in the extraction procedure. Accordingly, due to HCl already present in
the reaction vessel following the AVS and CRS digestions, the percentages of the separate acids
used in preparation of the reagent solution as listed above are modified from those originally

prescribed by Thode et al. (1961).
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Cleaning

Between samples, the extraction apparatus was dismantled and all glassware, fittings
and tubing was rinsed three times with deionized water, followed by 3 rinsings with double
distilled water and dried at room temperature overnight. Following unsuccessful extractions that
resulted in the drawback of Ag,S through the system, all fittings and glassware parts were soaked
in a ~1.23% bleach solution (Regular Chlorox Bleach diluted to 1 part Chlorox : 4 parts DD water)
for a minimum of one hour between the deionized water and double distilled water rinsings, and

tubing was replaced.

Sulfur Contents and Preparation for Isotopic Analysis

Ag.S precipitates from each AgNOj trap were later filtered onto separate 0.45 um silver
filters (Spi supplies) and rinsed with double-distilled water. Silver filters were chosen because
their robustness allows for easy handling relative to other standard membrane filters.
Additionally, as a benefit of the pure Ag composition of the filters, physical transfer of the Ag,S
precipitate from the filter will not result in contamination of the sample by sulfur or other chemical
components present in many of the common fiber and membrane filter types (Ali and Basco,
1996; Kowalenko and Grimmett, 2008). Following filtration, filters and Ag,S were then placed
onto open Petri dishes (Falcon, 50 x 9mm, sterile) and allowed to dry in a dessicator with silica
gel overnight to remove excess moisture. Weight of recovered Ag,S precipitates was determined
gravimetrically by difference to 0.1 mg and was used to determine the weight of sulfur that was
extracted for the respective sample fraction (equation a.1.11). If at least 1mg of Ag,S precipitate
for a single fraction was extracted, the Ag,S was transferred to a clean vial for storage and was

submitted for isotope analysis.

S tent m) _ WAQZS/Wrock X 106 (a ] 11)
contents (ppm) = MW, x MW, N
Where:

W, s = weight of Ag,S precipitate (g)

= weight of rock powder sample (g)
MW, ,c = molecular weight of Ag,S = 247.8024 (g/mol)

MW, = molecular weight of S = 32.066 (g/mol)
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APPENDIX 2. Results of representative electron microprobe analyses from the Leg 176 section

of Hole 735B.
Lith. Elements (Wt %)
Unit- Core-Section, Description
Al interval (cm) P s Fe Co Ni Cu  Total
Zone
1-VIl 99R-1, 113-118 CT-2-SM-V 28.39 4.33 0.01 ——— 57.04 89.76
] PY-1-SM-| 52.55 44.02 0.36 1.37 0.16 98.46
X 103R-4, 72-76 CP-1-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-RO 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-RO 52.07 46.13 0.09 0.07 - 98.36
PY-2-FX-RO 51.95 46.18 0.08 0.08 - 98.29
PO-2-FX-RO 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-| 33.41 32.45 7.05 25.87 0.12 98.90
CP-1-SM-| 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-RO 38.36 58.02 0.10 0.07 0.02 96.580
3-XI 159-2, 74-80 PY-2-FX-RO 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-RO 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-l 37.06 29.45 0.04 0.10 33.74 100.38
ID-1-CC-l 32.18 16.23 0.03 0.03 51.63 100.10
XBN-1-CC-l 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 2.1 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-RO 38.17 59.03 2.19 0.20 - 99.59
5-XIl 196R-5, 126-133 PO-2-SM-RO 38.28 61.83 0.10 0.01 - 100.22
PO-2-CC-RO 38.32 61.77 0.10 - - 100.19
CP-2-SM-RO 35.98 30.20 0.04 0.01 33.65 99.88
PN-2-SM-RO 35.38 21.67 11.86 31.66 0.04 100.60
CP-1-Z-| 37.59 29.46 0.06 0.05 33.04 100.20
PN-1-Z-1 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, 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, CP = in clinopyroxene, OPX = in orthopyroxene, V = vein, | = interstitial.
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APPENDIX 4. Previously published sulfur contents from the Leg 176 section of Hole 735B
Total S

Sample ID Section, interval (cm) Depth (mbsf) Contents (ppm)
(F1) 91R-3, 125-130 521.23 300
(A1-2) 91R-3, 100-105 520.88 300
(A1-1) 91R-3, 90-95 520.98 200
(F2) 93R-1, 75-81 532.88 100
(A2) 93R-1, 86-91 532.99 200
(F3) 102R-3, 8-14 592.89 100
(A3) 102R-3, 1-8 592.83 100
(F4) 103R-2, 120-125 597.42 400
(A4) 103R-2, 139-142 597.6 100
(F5) 103R-4, 36-45 599.56 300
(A5) 103R-4, 18-22 599.35 300
(F6) 127R-5, 22-28 770.78 100
(AB) 127R-5, 12-20 770.69 200
(F7) 132R-1, 94-99 814.17 1800
(A7) 132R-1, 70-78 813.94 11800
(F8) 132R-8, 112-118 823.32 1000
(A8) 132R-8, 103-109 823.23 2400
(F9) 150R-3, 77-83 973.36 700
(A9) 150R-3, 65-69 973.23 600
(F10) 168R-3, 10-15 1133.02 600
(A10) 168R-3, 71-76 1133.63 800
(F11) 168R-7, 36-41 1139.05 700
(A11) 168R-7, 7-13 1138.75 400
(F12) 173R-4, 94-100 1183.61 800
(A12-1) 173R-4, 105-113 1183.73 4500
(A12-2) 173R-4, 115-119 1183.81 1700
(F13) 177R-5, 34-40 1207.41 400
(A13) 177R-5, 50-56 1207.57 2400
(F14) 180R-4, 93-100 1235.75 1300
(A14) 180R-4, 109-119 1235.92 1500
(F15) 188R-7, 61-68 1316 600
(A15) 188R-7, 101-107 1316.39 1500
(F16) 190R-2, 69-75 1327.95 600
(A16) 190R-2, 97-103 1328.23 2900
(F17) 207R-6, 32-38 1476.27 400
(A17) 207R-6, 32-38 1475.96 1500
(F18) 209R-4, 63-70 1493.67 600
(A18) 209R-4, 103-111 1493.67 500

Sulfur data as determined by a LECO sulfur determinator CS 225 by Bach et al. (2001) where:
“A” in sample D indicates “altered”
“F" in sample ID indicates “fresh”
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