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5. SULFIDE MINERALOGY, SULFUR CONTENT, AND SULFUR ISOTOPE COMPOSITION

OF MAFIC AND ULTRAMAFIC ROCKS FROM LEG 147!
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ABSTRACT

A total of 107 hard-rock samples from Ocean Drilling Program Leg 147 drill cores were analyzed for sulfur content and,
where possible, for sulfur isotope composition and sulfide mineralogy. At Site 894, plutonic rocks (gabbros and gabbronorites)
from the roof of an intrarift magma chamber were sampled, whereas mafic and ultramafic rocks (gabbroic rocks, troctolites,
dunites, and harzburgites) belonging to a transition zone between the lower magmatic crust and upper residual mantle were
sampled at Site 895.

The average (and range) of sulfur content in analyzed rocks are as follows: gabbros (14 samples): 1590 ppm (<100-10340
ppm); gabbronorites (39 samples): 760 ppm (<100-3100 ppm); troctolites (9 samples): 680 ppm (<100-1700 ppm); harzburg-
ites (20 samples): 200 ppm (<100-700 ppm); and dunites (19 samples): 400 ppm (<100-1200 ppm).

About 65% of 8*S values from 45 isotope analyses are between —2%o and +4%o, which is similar to reported values of
about (%o = 2%o for magmatic rocks and upper mantle material. Extreme deviations (up 1o —29%¢) from this range were found
in three extremely serpentinized dunite samples.

In gabbroic rocks, sulfur-bearing phases were identified as pyrrhotite, pyrite (marcasite), and chalcopyrite by microscopy
and electron microprobe. In troctolites, dunites dominate, and in harzburgites pentlandite dominates with some Ni-Fe alloys

and native copper as alteration products.

INTRODUCTION

Data on sulfur content and isotope composition of mantle rocks
are scarce because few sampling locations are accessible on the sur-
face. Ophiolites (Maynard, 1993) and xenoliths that are incorporated
in volcanic materials during their ascent (Kovalenko et al., 1987;
Chaussidon and Lorand, 1990; Lorand, 1991) have provided oppor-
tunities for these investigations to be conducted. Available data show
that the sulfur content in mantle rocks is very low (<50 ppm; Ionov
etal., 1992). Sulfide minerals are rarely visible, normally with a size
of only a few microns. The unique opportunity to sample a long se-
quence of mantle rocks is provided by two Ocean Drilling Program
(ODP) Leg 147 cores, which probed 19.08 m of mantle at Hole 895D
and 32.47 m at Hole 895E.

Although data on the geochemistry of sulfur in upper parts of the
oceanic crust are more readily available (e.g., Andrews, 1979; Hub-
berten and Puchelt, 1985; Alt et al., 1989), studies documenting the
distribution and isotopic composition of sulfur in plutonic rocks of
the lower oceanic crust are less abundant. Alt and Anderson (1991)
focused on an area of slow spreading on the Southwest Indian Ridge
(ODP Leg 118, Hole 735B). This hole consists of a 500-m-long pro-
file through Layer 3, and is made up mainly of gabbros that show
varying degrees of alteration. In contrast, beneath fast-spreading
ridges, a different alteration regime was predicted in which high-tem-
perature metamorphism may not play a significant role (Mével and
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Cannat, 1991). At Site 894, located in an area of the fast-spreading
Cocos-Nazca rift, rocks of the lower oceanic crust (mainly gabbroic
rocks) were penetrated and sampled.

GEOLOGIC SETTING AND LITHOSTRATIGRAPHY

During Leg 147, two sites within the fast-spreading Cocos-Nazca
rift valley at Hess Deep were investigated by drilling. An overview
of the lithostratigraphy and geologic setting of the sampling sites is
given by Mével, Gillis, and Shipboard Scientific Party (1993).

Site 894

Site 894, located near the top of an intrarift ridge, revealed a se-
quence of gabbroic rocks, which is considered to have formed along
the roof of an axial magma chamber. Of the seven holes drilled within
an area of roughly 200 by 300 m, Hole 894G provided by far the long-
est and most complete sequence of igneous rocks, penetrating to a
depth of 154.5 m below seafloor (mbsf). Hole 894F, 10 m to the east,
represents a section of rock types equivalent to the upper 18.6 m of
Hole 894G, which was drilled, but not cored in the latter hole. In the
continuous section of the two holes, 13 lithologic units were recog-
nized. The upper part of the profile is dominated by gabbros and oli-
vine gabbros, deformed to various extents and locally transformed to
cataclasites. Below 45 mbsf, gabbronorite is the principal lithology,
interrupted only by a few short intervals of olivine gabbronorites and
gabbros. Two porphyritic basaltic dikes were also recovered in Hole
894G.

The complex history of metamorphism and fluid-rock interaction
at Site 894 starts with hydrothermal fluids of probable magmatic or-
igin, resulting in the local development of coarse-grained amphibole
pods. During the main stage of alteration, seawater-derived fluids
penetrated along grain boundaries and microcracks generated by the
thermal contraction of the cooling pluton. This pervasive static meta-
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morphism began with amphibolite facies and evolved to zeolite fa-
cies conditions. As a consequence, the primary mineral assemblage
is at least 20%-50%, but forms about 80% of the gabbroic rocks re-
covered in places totally replaced by newly formed mineral phases.
Most characteristic for this background alteration stage is the trans-
formation of pyroxenes. The fossilized channel ways of the altering
fluids appear now as a ubiquitous network of microveins filled with
amphibole. With progressive cooling, fluid circulation intensified,
generating veins of macroscopic size with mineral assemblages
formed at lower temperatures, In local cataclastic zones, Ca-rich flu-
ids caused a pervasive alteration and recrystallization of the gabbroic
host rocks from green schist to zeolite facies conditions.

Site 895

Site 895 lies about 9 km southeast of Site 894 on the southern
slope of the same intrarift ridge. Only two of the six holes penetrated
a depth greater than 40 mbsf (93.7 mbsf at Hole 895D and 87.6 mbsf
at Hole B95E). The sequence consists of an alternating series of peri-
dotitic (dunites and harzburgites) and a lesser amount of mafic (main-
ly gabbroic) rocks and is considered to represent a transition zone be-
tween the lower magmatic crust and the upper residual mantle. In
Hole 895D, harzburgite is the main lithology to a depth of about 76
mbsf. Dunite together with more abundant sequences of gabbroic and
troctolitic rocks occurs toward the bottom of the hole. Along the pro-
file of Hole 895E, dunite prevails over harzburgite (i.e., the relative
proportion of peridotitic rocks is opposite that found in Hole 895D).
Typically, a gradational transition between the two rock types could
be observed. In dunites, short troctolitic sequences occur all along the
transect, whereas gabbroic rocks (gabbros and olivine gabbros) are
restricted mostly to its upper part. For the peridotitic rocks of Hess
Deep there is a close association of dunite with refractory harzburg-
ite. The harzburgites, as compared to other abyssal peridotites, are
moderately to highly depleted.

The rocks of Site 895 are intensively altered by seawater-derived
fluids. Static metamorphism evolved under somewhat lower thermal
conditions as compared to those prevailing at Site 894 (greenschist to
zeolitic facies). Alteration is strongly controlled by the primary min-
eralogy and in the peridotitic rocks is defined mainly by the replace-
ment of olivine by serpentine. As a general rule, dunite is more inten-
sively altered as compared to harzburgite. Several generations of
veins composed mainly of serpentine and magnetite crosscut the per-
vasively altered background.

SAMPLE PREPARATION AND ANALYTICAL
TECHNIQUES

Base-metal phases were described and tentatively identified using
reflected light microscopy on the basis of their optical properties.
Base-metal-bearing minerals from gabbros from Site 894 and trocto-
lites, dunites, and harzburgites from Site 895 were analyzed using
two techniques. Quantitative analyses of base-metal-rich phases were
obtained using a Cambridge Mark 9 electron microprobe with a spot
resolution size of approximately 5 pm. A subset of analyses was
gained using a Cambridge 360 scanning electron microscope with a
Link Systems energy-dispersive analytical attachment, specially cal-
ibrated for the quantitative analysis of sulfides with a spot resolution
of approximately 2-3 pum. This subset of phases was analyzed be-
cause these phases are associated with platinum-group minerals.

Total sulfur content was determined on samples carefully washed
with distilled water in order to remove seawater sulfate. Samples
were ground to <30 pm in a shatter box with an agate lining and an-
alyzed with a carbon-sulfur analyzer, type CSA-302 (Leybold Herae-
us). About 200 mg of sample were mixed with tungsten chips, which
are used as accelerators. Sulfur in the sample material was converted
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to SO, in a current of oxygen in a inductively heated furnace. The SO,
concentration was measured by infrared absorbency at a specific
wavelength. The instrumental detection limit for sulfur is 50 ppm.
Calibration was made against certified reference materials (Bunde-
sanstalt fiir Materialpriifung, Berlin).

For S isotope determinations, a required minimum of 0.10 mmol
S must be converted to SO,. To obtain information about the isotopic
signature of various sulfur-bearing minerals, they were first extracted
chemically according to the scheme in Figure 1. Only the acid vola-
tile sulfides (AVS: pyrrhotite, pentlandite, sphalerite, and, partially,
chalcopyrite) and pyrite were separated in sufficient quantities for
isotope analysis. SO, was prepared according to Berner et al. (1993).
Stochiometric mixtures of CdS and V,05 were reacted at 1030°C in
evacuated quartz tubes, and the evolved SO, gas was analyzed for
¥8/%28 on a VG mass spectrometer with a dual inlet system (Micro-
mass 1202). Results are reported relative to the CDT standard. The
analytical uncertainty is typically less than +0.20%e.

RESULTS
Sulfide Mineralogy and Chemistry

Site 894

In the gabbroic rocks of Site 894, both primary as well as second-
ary sulfide phases occur. Primary sulfides are scarce and either form
rounded, globular inclusions or are localized at the contact with inter-
stitial oxide minerals. The larger proportion of the sulfides. disposed
mostly in veins and patches after altered olivine and pyroxene, seems
to have a secondary origin. Less commonly, these sulfides were
found as inclusions in early crystallized minerals, in which case they
replaced primary sulfides.

The most common base-metal sulfides in the gabbroic rocks are
pyrrhotite, pyrite, marcasite. and chalcopyrite. Representative analy-
ses are given from Samples 147-894G-7R-1 (Piece 11, 62-68 cm)
and 147-894G-13R-2 (Piece 9A, 100-107 cm) (Table 1). Chalcopy-
rite (analysis 5, Table 1) commonly occurs within pyrrhotite (PI. 1,
Fig. 1, and analysis 6, Table 1), which may be altered on the edges to
pyrite (analysis 4, Table 1). These sulfides are commonly associated
with oxides (Pl. 1 and Fig. 2) and are typically interstitial to the host
silicates. Quantitative analyses also confirmed the presence of much
smaller, less than S-um-wide laths of pentlandite in the alteration
zones adjacent to olivine in olivine gabbros.

In sections from Site 894G where gabbro is adjacent to basaltic
dikes, the greater degree of alteration suggests a higher water to rock
ratio. Core locations where this greater alteration occurs are Sections
147-894G-2R-1, 147-894G-2R-2, and 147-894G-19R-1. Euhedral
zoned sphalerite was observed in prehnite veins crosscutting the gab-
bro (Sample 147-894G-2R-3 [Piece 3, 11-14 cm]). In these zones,
pyrite is commonly altered to marcasite, which has a characteristic
mottled extinction and usually has an irregular outline.

In the basaltic dikes, pyrite and to a lesser amount chalcopyrite are
the most representative sulfides and they commonly occur in the
more altered zones.

Site 895

Sulfide minerals in the ultramafic and gabbroic lithologies of Site
895 occur as veins or as secondary phases associated with alteration
products after clinopyroxene. Pentlandite and pyrite are the dominant
sulfides in these rocks.

Troctolites

The most common base-metal sulfide in the troctolites is pentlan-
dite, which occurs as grains within spinels (Pl. 1, Fig. 4), interstitial
subangular grains between olivine crystals (P1. 1, Fig. 5), and much
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Figure 1. Chemical preparation scheme used to separate sulfur-bearing phases for isotopic analyses.

more rarely within altered plagioclase. The pentlandite is commonly
partially altered to awaruite, a Ni-Fe alloy or millerite. Chalcopyrite
is associated with the pentlandite but is usually replaced by native
copper, which is characteristically situated around the Ni-Fe-bearing
minerals. For example, in Sample 147-895C-4R-2 (Piece 6C, 129-
133 cm), native copper is adjacent to pentlandite. In analysis 15 (Ta-
ble 1), the native copper appears to contain minor Ni, Fe, and S,
which may be contributed to the analysis from the surrounding Ni-
Fe-bearing minerals.

Dunites

The most abundant sulfide in dunite is also pentlandite (analyses
22-25, Table 1) which is commonly partially altered to awaruite (Pl.
1, Fig. 6, and analyses 27 and 28, Table 1).

Harzburgites

The harzburgites contain diverse base-metal-bearing minerals as
varied as in the other lithologies. Again, the most common mineral is
pentlandite, which usually contains laths of magnetite and is com-
monly altered to awaruite (analyses 16 and 17, Table 1). In one case.
a cobaltian pentlandite was analyzed (analysis 26, Table 1). Some
chalcopyrite is altered to bornite and native copper. Rare marcasite is
also present in the serpentinites at Site 895 (PI. 1, Fig. 3).

Sulfur Contents
The sulfur contents and isotope data of the analyzed samples are
listed in Table 2. Mean values and variation limits grouped according
to lithology are summarized in Table 3.

Site 894

Of all the samples analyzed, the gabbros and gabbronorites at Site
894 display the highest sulfur contents (Fig. 2). The average sulfur
concentration in the gabbronorites (i.e., in the main lithology of Hole

894G) is 760 ppm (39 samples). Two samples lie below the detection
limit (100 ppm), and at the higher end, only one surpasses 2000 ppm
(3160 ppm). Concentrations in the gabbros are quite similar. If two
olivine gabbro samples that are extremely enriched in sulfur are not
considered, an almost identical mean value of 780 ppm results. These
averages are only slightly higher than those found by Alt and Ander-
son (1991) in Layer 3 gabbros from Hole 735B (Southwestern Indian
Ocean). Extreme S contents are commonly associated with zones of
intensive alteration. In Samples 147-894G-2R-3 (Piece 1, 0-5 cm)
and (Piece 4, 20-26 cm) with the highest sulfur contents (4570 and
10,340 ppm), the modal alteration attains its highest value (34.8%).
Here, in a cataclastic shear zone developed in highly altered gabbros,
pyrite-sphalerite-chalcopyrite are associated with composite chlo-
rite-prehnite veins.

Site 895

In contrast, the suite of peridotitic rocks at Site 895 is significantly
lower in sulfur. The average S content in harzburgite, dunite, and
troctolite was found to be 200, 400, and 680 ppm, respectively, but
strongly serpentinized samples are distinctly higher (Table 3). Less
altered harzburgites and dunites show average concentrations (100
and 230 ppm, respectively) that are close to the upper mantle esti-
mates of 200-350 ppm based on partial-melting model calculations
(Sun, 1982; Ringwood and Kesson, 1976) and studies on orogenic-
type peridotites (Garuti et al.. 1984; Lorand, 1989, 1991; Chaussidon
and Lorand, 1990). At the same time, they significantly exceed the
values (commonly <50-60 ppm) of peridotitic xenoliths (Mitchell
and Keays, 1981; Lorand, 1990; Hartmann and Wedepohl, 1990; Ion-
ov et al., 1992). The troctolites are always almost completely trans-
formed into an association of secondary minerals and have sulfur
concentrations that are unusually high for this sequence of rocks. For
example, Sample 147-895E-4R-1 (Piece 7, 34-36 cm), which has the
highest S content (1750 ppm), is from a completely altered troctolite
in which secondary sulfides are more abundant than anywhere else in
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Table 1. Quantitative electron microprobe analyses of base-metal-rich phases.

Analysis Core, section,
number interval (cm) Piece Fe Ni Co S Cu Total Mineral Lithology
147-894G-
1 TR-1, 62-68 11 30.4 0.0 0.1 339 339 98.3 Chalcopyrite Olivine gabbro
2 TR-1, 62-68 11 71 2.1 0.3 38.1 0.0 97.6 Pyrrhotite Olivine gabbro
3 TR-1, 62-68 11 56.8 23 0.3 39.1 0.1 98.6 Pyrrhotite Olivine gabbro
4 13R-2, 100-107 9A 30.3 0.0 0.0 34.5 3d4.6 99.4 Chalcopyrite Gabbro
5 13R-2, 100-107 9A 30.0 0.3 0.1 34.6 345 99.5  Chalcopyrite Gabbro
6 13R-2, 100-107 9A 40.9 34 0.1 41.0 0.2 85.6 Pyrrhotite Gabbro
7 13R-2, 100-107 9A 45.7 0.0 1.3 53.9 0.1 101.0 Pyrite Gabbro
8 13R-2, 100-107 9A 46.5 0.0 0.1 535 0.1 100.2 Pyrite Gabbro
9 13R-2, 100-107 9A 42.1 54 0.5 33.7 0.1 101.8 Pyrite Gabbro
10 13R-2, 100-107 9A 45.1 0.0 1.8 527 0.0 99.6  Pyrite Gabbro
11 13R-2, 100-107 9A 459 0.9 0.1 49.2 0.0 96.1 Pyrite Gabbro
147-895C-
12 4R-2, 129-133 6C 3LY 3.1 1.3 31.5 0.0 97.8 Pentlandite Troctolite
13 4R-2, 129-133 6C 359 28.1 13 325 1 98.9 Pentlandite Troctolite
14 4R-2, 129-133 6C 225 728 0.3 0.0 26 98.2 Awaruite Troctolite
15 4R-2, 129-133 6C 6.7 56 0.1 6.6 81.7 100.7  Native copper Troctolite
147-895D-
16 3R-1, 133-139 15 289 50.9 02 17.4 0.1 91.5 Pentlandite/awaruite Harzburgite
17 3R-1, 133-139 15 27.1 48.2 0.2 20.8 0.1 96.4 Pentlanditefawaruite Harzburgite
18 TR-1,71-74 11 353 28.3 0.8 322 3.0 99.6 Pentlandite Troctolite
19 TR-1,71-74 11 34.1 302 0.9 29.2 6.3 100.7 Pentlandite Troctolite
20 TR-1,71-74 11 36.1 28.8 0.7 326 1.7 99.9  Pentlandite Troctolite
21 7R-2, 8-12 2 10.6 65.5 0.8 27.7 0.1 104.7 Pentlandite/awaruite Harzburgite
22 10W, 25-28 3 333 318 1.3 424 0.0 98.5 Pentlandite Dunite
23 10W, 25-28 3 33.0 32.2 1.5 322 0.0 98.9  Pentlandite Dunite
24 10W, 25-28 3 323 33.0 1.3 31.6 0.0 98.2 Pentlandite Dunite
25 10W, 25-28 3 324 332 1.4 328 0.0 99.8 Pentlandite Dunite
147-895E-
26 IR-3, 74-76 3B 13.6 259 257 30.8 0.0 96.0 Co-pentlandite Harzburgite
27 4R-2, 105-109 12 27.1 73.5 0.7 0.0 0.3 101.6  Awaruite Dunite
28 4R-2, 105-109 12 253 734 0.6 0.0 03 99.6  Awaruite Dunite
29 6R-1, 90-92 17 29.0 37.1 0.0 3.6 0.4 98.1 Pentlandite Troctolite
30 6R-1, 90-92 17 239 72.6 0.0 0.2 1.2 97.9 Awaruite Troctolite
31 6R-1, 90-92 17 242 73.6 0.0 0.0 1.2 99.0 Awaruite Troctolite
32 6R-1, 90-92 17 3.1 68.9 0.0 254 0.0 974 Millerite Troctolite
33 6R-1, 90-92 19 25.6 73.8 0.0 0.0 0.6 100.0 Awaruite Dunite

Note: Because the base-metal-rich phases in Samples 147-895E-6R-1, 90-92 cm, and 147-8B95E-4R-2, 105-109 cm, are associated with platinum-group minerals, these analyses were
obtained using a scanning electron microscope equipped with an energy-dispersive analytical attachment.

144 Basalt

—_

Gabbro

124 Gabbronorite

Troclolite

Dunite
B3
Har zbur gile

Number of sarmnples

L1

1000 1500 2000 | 2500 = >3000
S [ppm)

Figure 2. Histogram showing the distribution of sulfur contents in various lithologies.
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Table 2. Sulfur content and S isotope values in samples from Sites 894 and 895.

Sulfur % of S fixed as &4 i
Caore, section, Depth content AVS Pyrite AVS Pyrite
interval (cm) (mbsf) Lithology (ppm)
147-B94E-
3R-1, 19-21 19.09 Gabbro 700 +3.8 -8.6
3R-1, 21-25 19.11 Gabbro 960
3R-1, 62-70 19.52 Gabbro 550
147-894F- '
3R-1,98-103 17.79 Gabbro 590
3R-1,99-101 17.79  Gabbro 1000
147-894G-
2R-1, 8-10 28.68 Olivine gabbro 900 99.3 0.7 +0.5 —
2R-1, 60-65 29.20 Basalt 760
2R-1, 127-134 29.87  Basalt 780 83.0 17.0 -1.1 (+1.0)
2R-2, 95-100 31.05 Basalt 800
2R-2, 113-115 31.23 Basalt J00
2R-3, 0-5 31.55  Olivine gabbro 4570
2R-3, 20-26 3175 Olivine gabbro 10340 24.1 75.9 — +4.2
2R-3, 109-115 32.64 Olivine gabbro 750
2R-3, 120-122 3275 Olivine gabbro S00
4R-1, 113-119 46.15  Gabbronorite 1080
5R-1, 10-14 50.10  Gabbronorite 400
5R-1, 27-30 50.27 Gabbronorite 1100 259 74.1 =20 0.7
5R-1, 30-34 50.30  Gabbronorite 600
6R-1, 81-85 55.61 Gabbronorite 600 1.8 98.2 —_ +4.4
6R-2, 12-14 56.35 Gabbronorite 3100 4.2 958 -9.0 +2.0
6R-2, 79-87 57.02 Gabbronorite 620 825 17.5 +1.5 +3.0
6R-2, 113117 5736 Gabbronorite 1800
6R-2, 141-143 57.64  Gabbronorite 1900
TR-1, 56-66 65.36 Gabbronorite 990 449 55.1 +2.1 +1.7
TR-1, 75-76 65.55  Gabbronorite 100
TR-1, 7684 65.56  Gabbronorite 130
9R-2, 28-29 75.93 Gabbronorite 300 79.1 209 +5.9 +4.0
9R-2, 115-120 76.80  Gabbronorite <100
9R-3, 133-139 78.32 Gabbronorite 780
9R-4, 100144 79.50  Olivine gabbronorite 710 91.7 23 -0.5 —_
9R-4, 127-129 79.60  Olivine gabbronorite 1000
10R-1, 90-91 80.00 Gabbro 700
11R-2, 100-107 86.60  Gabbronorite 200
11R-2, 133-137 86.89  Gabbronorite 1040
11R-2, 138-140 86.94 Gabbronorite 900 53.6 46.4 -0.3 -0.7
11R-3, 17-28 87.14 Gabbronorite 1040
11R-3,31-38 87.28 Gabbronorite 660 15.2 84.8 (+3.7) +2.1
12R-2, 37-38 95.63  Gabbronorite 200
12R-2, 37-45 95.83  Gabbronorite 800 43 95.7 — +35
12R-3, 40-45 97.13 Gabbronornite 600 1.4 98.6 — +2.0
12R-5, 84-88 100.57 Gabbronorite 800
13R-1, 4248 103.85 Gabbronorite 150
13R-2, 6-13 104.83  Gabbronaorite <100
13R-2, 90-98 105.67  Gabbronorite 340 220 78.0 — (+4.1)
13R-2, 100-107 105.77 Gabbronorite 980 8.7 91.3- (+1.0) +1.1
13R-2, 132-137 106.09  Gabbronorite 300
13R-3, 13-15 106.36 Gabbronorite 300 43 95.7 —_ +1.3
13R-3, 17-24 106.40 Gabbronorite 530
13R-3, 131-134  107.54  Gabbronorite 500 2.1 97.9 —_ +2.6
17R-1, 50-58 126.30  Gabbronorite 640 228 772 (+3.5) +2.0
17R-1, 95-99 126.75 Gabbronorite 800
19R-1, 49-55 141.04  Gabbronorite 1860 .7 98.3 — +4.4
19R-1, 84-96 141.39 Gabbronorite 530 23.6 76.4 +9.2 +5.6
20R-1, 19-26 145.83 Gabbronorite 1170
147-895A-
2R-1, 19-26 9.36 Basalt 200
2R-1,91-95 10,08 Basalt 1020
147-895B-
IR-1,77-81 077  Harzburgite (serp.) 200 — —
147-895C-
2R-1,2-4 12.32  Harzburgite 100
4R-1, 129-133 29.95  Harzburgite <100
147-895D-
2R-134-38 16.34 Basalt <100 — —
3R-1, 108-111 27.08 Harzburgite <100
3R-1, 133-139 27.33 Harzburgite 200
4R-3, 44-46 37.43 Harzburgite (serp.) <100 - —
4R-3, 50-56 37.49  Harzburgite (serp.) <100
4R-4, 87-91 3932 Harzburgite (serp.) 300
5R-1, 50-52 43.80 Harzburgite <100 — —_
OR-1, 128-134 56.30 Harzburgite 170
7R-1,23-27 64.83  Gabbro 240
TR-1, 4143 65.01 Troctolite <100
TR-1,45-49 65.05 Troctolite 1390 99.9 0.1 +0.3 —
7R-1, 65-67 65.25  Troctolite 400
7R-1, 74-79 65.34  Troctolite 490
TR-1, 131-135 6591 Harzburgite (serp.) 270 — —_
TR-2, 8-12 66.20 Harzburgite (serp.) 350
8R-2, 123-125 76.91 Dunite (serp.) 700 -23.7 —
8R-2, 132-135 77.00 Dunite (serp.) 500 -26.3 —
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Table 2 {continued).

% of S fixed as dYs ot

Sulfur
Core, section, Depth content AVS Pyrite AVS Pyrite
interval (cm) (mbsf) Lithology (ppm)
147-895E-
IR-1, 64-68 0.64 Olivine gabbro <100
IR-3, 20-24 3.06 Harzburgite (serp.) <100
IR-3, 51-55 337 Dunite (serp.) 1200
IR-3, 62-64 348 Harzburgite (serp.) <100
IR-3, 65-66 351 Dunite (serp.) 300 94.7 53 -33 —
IR-3, 74-76 3.60  Dunite (serp.) 390
1R-4, 28-32 4.60  Dunite (serp.) 560 +0.6 —
3R-2, 39-46 31.36 Dunite (serp.) 425
3R-2,89-91 31.86  Troctolite 300 71.2 128 +2.5 4.8
4R-1,29-31 39.79  Troctolite 400
4R-1, 34-36 3984 Troctolite 1750
4R-1, 117-126 40.67 Harzburgite (serp.) 510
4R-1, 131-134 40.81 Harzburgite (serp.) 500
4R-1, 135-137 40.85 Harzburgite (serp.) T00 -6.5 -1.6
4R-2, 18-21 41.15 Dunite 260
4R-2, 105-109 42.05 Dunite 200
5R-1,31-33 49.21 Olivine gabbro <100 — —
6R-1, 82-84 5942  Troctolite 1100 2.8 97.2 — +1.8
GR-1, 90-92 59.50  Troctolite 330
6R-1, 110-114 59.70  Dunite (serp.) 500 98.9 1.1 -293 —
6R-3, 89-95 6220  Dunite 170
6R-4, 33-37 62.73 Dunite 280
7R-1,123-128 69.48 Dunite <100
TR-2, 44-49 70.14 Dunite 200
TR-4, 48-51 73.05 Harzburgite (serp.) 220
8R-3, 39-44 8130  Dunite 270
8R-4, 28-35 82.58 Dunite 400
147-895F-
IR-1, 14 0.01 Harzburgite (serp.) 200
2R-1, 65-69 18.85 Harzburgite (serp.) <100
2R-2, 6671 20.36 Harzburgite (serp.) 200
Notes: AVS = acid-volatile sulfides; values in parentheses have a higher error; — = sulfur recovery too low for isotope measurement.

Table 3. Average, minimum, and maximum sulfur contents (ppm),
grouped according to lithology.

No. of
Rock type samples  Mean  Minimum Maximum
Basalt 7 620 <100 1020
Dunite (total) 16 400 <100 1200
Dunite (less altered) 8 230 <100 400
Dunite (serpentinized) 8 570 300 1200
Gabbro 14 1590 <100 10340
Gabbronorite 39 760 <100 3100
Harzburgite (total) 20 200 <100 700
Harzburgite (less altered) 5 100 <100 200
Harzburgite (serpentinized) 15 250 <100 700
Troctolite 9 680 <100 1700

the rocks of Hole 895E. Plagioclase is replaced here by a fibrous in-
tergrowth of tremolite-prehnite, amphibole, and clay minerals. The
dark green olivines are transformed into talc, amphibole, chlorite,
serpentine, and sporadic native copper.

Of the samples obtained for investigation, only seven are basalts.
They belong to the dikes found in Holes 894G, 895A, and 895D. The
sulfur content of these ranges from less than 100 to 1020 ppm and av-
erages 620 ppm. These values are close to results obtained in earlier
investigations on oceanic basalts (e.g., Andrews, 1979; Puchelt and
Hubberten, 1980; Sakai et al., 1982; Hubberten and Puchelt, 1985;
Altetal., 1989; Alt and Anderson, 1991: Alt, 1994).

Sulfur Isotopes

Sulfur isotope ratios were determined separately for AVS and py-
rite. The results are presented in Table 2. In most samples, AVS as
well as pyrite were present. However, because of small sample sizes
and/or low S contents, it was sometimes impossible to obtain suffi-
cient sulfur (as CdS) for isotope analysis. Isotope ratios for the total
(bulk) sulfidic sulfur were evaluated by balancing the 8*S values of
the two fractions (AVS and pyrite) with the relative amount of each.
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The distribution of these values are displayed in Figure 3, according
to lithology.

Hole 894G

In Hole 894G, a sulfur isotope profile over 140 m of lower ocean-
ic crust was obtained. No systematic, depth-related trends were ob-
served here. The bulk &%S values in the gabbroic rocks (gab-
bronorites and gabbros) cover a range between —2.4%o and +6.4%e,
with an average of +2.2%e¢. The means are quite similar for the AVS
and pyritic fractions (+1.5%e and +2.0%¢), but the individual data sets
show considerably higher dispersion relative to the bulk sulfidic 8*S
values (between —9%¢ and +9%). In many samples, pyrite sulfur is
depleted in *S compared to the AVS, which points to an isotopic dis-
equilibrium. These isotopic data are extremely close to those of com-
parable sequences of the lower oceanic crust. The Layer 3 gabbros re-
covered at Hole 735B display slightly lower values (+0.8%0 % 0.9%),
but sequences that underwent subsequent hydrothermal alteration are
biased toward more positive values (up to +6.9%¢) (Alt and Ander-
son, 1991). In the lower gabbros of the Troodos ophiolitic crust, 8*S
ranges from +0.1%c¢ to +5.9%c (Alt, 1994), and in the Shetland ophi-
olite it averages +3.3%o (Maynard, 1993).

Site 895

The low sulfur content and small sample size of the mantle-de-
rived rocks recovered at Site 895 did not permit determination of a
systematic S isotope profile. Because monosulfides dominate in dun-
ites and harzburgites, only the AVS fraction could be analyzed. The
six values measured in these rocks cluster into two groups: three of
them are in a slightly negative range, but still close to 0%e (+0.6%0,
—3.3%0, and —4.1%e¢), whereas the other three are related to highly ser-
pentinized dunites and strongly depleted in *S (=23.7%o, —26.3%«,
and =29.3%¢). Two of the troctolite samples yielded 8*S values for
total sulfur close to 0%e (0.3%¢ and 0.8%¢), and one is quite enriched
in ¥S (+7.8%).
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Figure 3. Distribution of bulk §*S values in samples with various lithologies.

DISCUSSION
Site 894

Our data on the sulfide mineralogy, sulfur content, and isotopic
composition of the profile sampled at Site 894 generally agree with
results of previous investigations on the lower oceanic crust (Alt and
Anderson, 1991; Maynard, 1993; Alt, 1994).

Although primary microstructural features are blurred to some ex-
tent by later stage alteration, they suggest that a paragenesis of pyr-
rhotite + chalcopyrite may have crystallized from an immiscible Ni-
Fe-Cu sulfide liquid separated at the early stages of mafic magma
evolution. The high Ni contents in the analyzed pyrrhotites suggest
that crystallization preceded Ni extraction from the magma by olivine
(Fleet and MacRae, 1987). The Ni concentration in the sulfide melt,
on the other hand, was not high enough to permit crystallization of
pentlandite, which was found mostly as a secondary phase. Not only
the microscopic features but also the high Ni contents in pyrite sug-
gest that some of the pyrite results from the alteration of such pyrrho-
tites (Table 1). The secondary sulfide assemblage (pyrite + marcasite
+ chalcopyrite = pentlandite + sphalerite) is typically localized in
zones of intensive alteration. The higher sulfur content of these se-
quences clearly indicates an external sulfur input. From a profile
through Hole 894G (Fig. 4), it is evident that high sulfur concentra-
tions are coupled mostly with an increase of the pyritic (marcasitic)
fraction, although high pyrite contents are also associated with low S
contents, too (in these samples, mostly secondary after pyrrhotite).

The primary sulfur content of the investigated gabbroic rocks is
related to the sulfur concentration of the basic melt, which in turn is
a function of pressure, temperature, and, in particular, iron content
and the fugacity of oxygen and sulfur (Wallace and Carmichael,
1992). Strong alteration of the primary composition by late metamor-
phic events makes it impossible to trace back the evolution of sulfur
contents by applying the quantitative relationships established by
these authors. They considered that preeruptive S concentrations in
basaltic magmas must have been between 800 and 2500 ppm. Ac-
cording to Mathez (1976), basaltic melts can contain up to 1500 ppm
sulfur depending on the iron content, and the S content of primitive

mid-oceanic ridge basalt (MORB) magmas resulting by partial melt-
ing of 10%—20% of a mantle source with 80-300 ppm of S is restrict-
ed to about 800-1000 ppm (Chaussidon et al., 1989). These values
can therefore be taken as the upper limits of the primary sulfur con-
tained in the investigated rocks. However, considering the effects of
the metamorphic processes on the distribution of sulfur, it is reason-
able to start from the mean of the gabbroic rocks at Hole 894G (i.e.,
760 ppm), which is well within the range of primary igneous sulfur
concentrations given by Altand Anderson (1991) for Layer 3 gabbros
in Hole 735B (610 = 180 ppm).

A depletion in sulfur during the early stages of dynamothermal
metamorphism and the subsequent static hydrothermal metamor-
phism cannot be excluded and would be responsible for the very low
values (<100 ppm) found in some of the samples. However, the mo-
bilization of S was probably restricted to a relative small scale. A
more intensive circulation of seawater-related fluids occurred in later
episodes of alteration, leading to an enrichment through incorpora-
tion of sulfides derived from reduction of seawater sulfates.

The isotopic signature of the gabbroic rocks at Site 894 (+2.2%o),
on the whole, is slightly higher than the generally accepted 0%o of the
magmatic (MORB) sulfur reservoir. Variations in the primary isoto-
pic composition of the source are considered low. Possible causes are
equilibrium fractionation related to the speciation of sulfur as a func-
tion of oxygen and sulfur fugacities or magmatic differentiation (Ue-
da and Sakai, 1984).

The similar isotopic signatures of the AVS and pyrite fractions,
with means close to 0%e, suggest to a first approximation the same
(possibly magmatic) sulfur source for both. Nevertheless, although
pyrite and marcasite must have formed at temperatures below 742°C
(Barton and Skinner, 1979; Barker and Parks, 1986), a portion of the
AVS in the analyzed samples might have a primary magmatic origin.
A low-temperature breakdown of a monosulfide solid solution can
also lead to an symplectic intergrowth of “primary” pyrite + pentlan-
dite (Chaussidon and Lorand, 1990). However, a part of the bisul-
fides (pyrite) is derived from the in situ alteration of primary sulfides
(pyrrhotite), as microscopic investigations demonstrate. In this case,
the sulfur keeps its original magmatic isotopic signature.
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Figure 4. Variation of sulfur content and AVS/(AVS + pyrite) ratio with depth in Hole 894G.

Nevertheless, the relatively wide range of variation and the light
positive shift of the average of the 8*S values suggest that other
sources must be considered in addition to magmatic sulfur. In some
of the samples, the depletion of pyrite sulfur in *S as compared to the
AVS points to an isotopic disequilibrium and, as a consequence, sug-
gests different mechanisms and episodes of formation.

If present-day seawater (&S = +20.9%0; Rees et al., 1978) is con-
sidered as a source for this external sulfur, we have to find a reduction
mechanism that at the same time explains the isotopic shift from the
&%S value of the seawater sulfate to the values measured in sulfides.
Under the actual conditions, an “abiogenic” mechanism seems plau-
sible. At the temperature of hydrothermal fluids (>200°C; Ohmoto,
1986), the equilibrium fractionation between sulfide and sulfate
alone could produce 88 values for sulfides with a “magmatic” 0%«
signature. The fractionation factor is a function of temperature, oxy-
gen fugacity, pH, and ionic strength. Generally, inorganic sulfate re-
duction at temperatures below 200°C is kinetically inhibited and be-
comes reasonable in hydrothermal systems only above this tempera-
ture (Ohmoto and Lasaga, 1982). The possibility of inorganic sulfate
reduction was discussed by Shanks et al. (1981). They proposed a re-
action in which Fe?* from fayalite forms pyrite, magnetite, and hema-
tite. Ferrous iron is oxidized to reduce seawater sulfate, which is then
incorporated into the fluids and rocks and results in higher 8*S val-
ues of the sulfide.

Andrews (1979) proposed a model in which oxidation of sulfides
under limited oxygen supply leads to the formation of sulfite and
thiosulfate. The spontaneous disproportionation of these unstable
species leads to a depletion of *S in sulfides formed from such solu-
tions and could account for a shift to more negative S values.

Site 895

In the mantle-derived peridotitic sequences at Site 895, pentland-
ite and chalcopyrite are the dominant primary sulfides, and secondary
Ni-sulfides, native metals, and alloys (copper, awaruite) occur as al-
teration products. The lower abundance of primary pyrrhotite is in
agreement with the presence of a refractory peridotite residue (i.e.,
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with the moderately to highly depleted character of the rocks in Hess
Deep). Fe-sulfides (pyrrhotite) are restricted mostly to relatively
primitive peridotites because iron tends to enter the melt preferential-
ly, leaving the residual solids relatively enriched in Ni and Cu
(Mitchell and Keays, 1981; Garuti et al., 1984).

The presence of awaruite and native copper is significant and
casts some light on the conditions in which alteration of the primary
assemblages took place. Awaruite (an alloy in the compositional
range Ni,Fe and Ni;Fe) in terrestrial conditions has been reported in
association with serpentinized peridotites from about 20 localities
(Rubin, 1991). The common occurrence of awaruite together with na-
tive metals, and the appearance of H, gas in springs draining areas of
active serpentinization, suggests strongly reducing conditions. These
are related to mineral reactions leading to H, as a reaction product
such as (Frost, 1985):

6Fe,Si0, + 7H,0 = 3Fe;Si,05(0OH), + Fe;O, + H,
olivine serpentine magnetite

and subsequently to formation of awaruite (Bird and Weathers,
1979):

2FeNiS, + 3H, = Ni,Fe + FeS + 3H,S.

Phase relations among Fe-Ni sulfides in serpentinites led Frost
(1985) to the conclusion that the appearance of awaruite is favored by
high Ni and low S abundances. In consequence, fluids involved in the
formation of awaruite must have been low in sulfur and contributed
to the leaching of sulfur (on a local scale?) from the rocks during ser-
pentinization.

Because of its incompatible behavior, the sulfur content of the
mantle rocks is inversely correlated with the degree of partial melting
and magma extraction (Sun, 1982; Lorand, 1989; Ionov et al., 1992).
High Mg values and low abundances of clinopyroxene could there-
fore be considered to indicate that the rocks did not undergo signifi-
cant sulfur fractionation. Their sulfur content is representative for the



mantle source. If we agree with Chaussidon and Lorand (1990) that
during serpentinization only a restricted and localized remobilization
of sulfur occurs, based on the average content of the peridotitic rocks
at Site 895, we derive an abundance of about 300 ppm S for the man-
tle. This is close to the range of values measured in orogenic-type
peridotites. The discrepancy with the considerably lower sulfur ob-
served in mantle xenoliths (by a factor of up to 10) is accounted for
by the loss caused by low-temperature alteration (secondary oxyhy-
dration) of pristine magmatic sulfides or their replacement by mag-
netite (Mitchell and Keays, 1981; Lorand, 1990).

Although there is a general consensus that the average isotopic
composition of sulfur in the mantle at about 0%¢ + 2% is close to the
meteoric value, the relevant literature data are much more scattered
(Schneider, 1970; Hubberten, 1984; Kyser, 1986; Chaussidon et al.,
1987, 1989; Chaussidon and Lorand, 1990; Ionov et al., 1992).
Chaussidon and Lorand (1990) were the first to report negative §*'S
values in mantle peridotites and relate them to an early depletion
event in the upper mantle. Heterogeneity is explained by postulating
two extreme reservoirs with different isotopic compositions at about
—3%o and +3% in the continental upper mantle. Subduction of crustal
slabs enriched in *S and isotopic fractionation between residual peri-
dotites and generated basaltic melts are further mechanisms invoked
to explain the relative large interval in which the S values of man-
tle-derived rocks fall (Ueda and Sakai, 1984; Harmon et al., 1987;
Ionov et al., 1992; Maynard, 1993). The group of slightly negative
&8 values in the dunites and harzburgites at Site 895 is similar with
those found by Chaussidon and Lorand (1990), although this compar-
ison to the subcontinental mantle is not rigorous in many respects.

Three samples of serpentinized dunites are strongly depleted in
S (84S values between —23.7%¢ and —29.3%c). Far higher, but still
relatively low, is a %S value (-10.1%¢) found in the serpentinized
lherzolite massif from Ariege (Northeastern Pyrenees, France) by the
same authors, Such negative 8S values occurring in this environ-
ment are yet not well understood. Their association with intensely
serpentinized rocks could hint at a possible genetic relationship with
the strongly reducing conditions that prevail during serpentinization,
Maynard (1993) considered the possible isotopic significance of the
reduction of sulfides to awaruite during the serpentinization of Shet-
land dunites, based on an equilibrium fractionation. Assuming a Ray-
leigh distillation model, he concluded that only an insignificant frac-
tionation could occur. Rather, kinetic fractionation is more probable.
The slower reaction kinetic of **S would lead to an isotopically light
H,S, which will produce at some distance a secondary sulfide phase
depleted in *S. Experimental studies are necessary to determine the
kinetic fractionation effect caused by the reduction of sulfides by hy-
drogen.

CONCLUSIONS

New data on the geochemistry of sulfur were obtained on samples
recovered from Hess Deep, eastern Pacific Ocean, during ODP Leg
147. Two distinct sections of oceanic lithosphere were investigated:
a profile through the lower part of the oceanic crust at Site 894 and a
transition zone to the upper residual mantle at Site 895.

In the gabbroic rocks at Site 894, the primary sulfidic paragenesis
pyrrhotite + chalcopyrite is not well preserved and is widely replaced
by a secondary sulfide assemblage. However, the slight positive shift
of the S isotope data from a primary signature of about 0%. appears
to suggest a restricted external, seawater-derived sulfur input. As a
result, we conclude that, although the primary sulfur content was re-
distributed during the subsequent alteration, the average of the gab-
broic rocks of 760-780 ppm is still quite close to the primary sulfur
abundance in the lower oceanic crust.

The sulfide assemblage in the mantle-derived peridotitic rocks at
Site 895 is dominated by Ni-rich phases (mainly pentlandite) and by
their alteration products, rather than pyrrhotite. Alteration and mobi-
lization of sulfur, as native Cu and Ni-Fe alloys show, occurred under
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the strongly reducing conditions of serpentinization. However, this
mobilization was restricted, and had only a local character. On the
other hand, we can exclude a significant change in the pristine sulfur
content that might have been caused by the fractionation of sulfur
during magma extraction, based on petrological considerations. We
therefore consider that the average sulfur content of the peridotitic
rocks at Site 895 (about 300 ppm) reflects quite well the initial sulfur
content in the mantle source. The isotopic data obtained are too
scarce and too broadly scattered to permit valid conclusions. We re-
late the three very low 8*S values obtained at this site to the strongly
reducing conditions that prevailed during serpentinization.
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Plate 1. Photomicrographs illustrating the most common types and textures of the base-metal-bearing minerals. In all cases, the width of the field of view repre-
sents 0.5 mm. 1. Chalcopyrite lath (analysis 1, Table 1) within an angular pyrrhotite grain (analysis 2, Table 1) from Sample 147-894G-7R-1 (Piece 11, 62-68
cm). 2. Chalcopyrite on the edge of a rounded grain of ilmenite and magnetite interstitial to silicates from Sample 147-894G-7R-1 (Piece 11, 62-68 cm). 3. Mot-
tled texture in an irregularly shaped grain of marcasite in an altered vein through harzburgite in Sample 147-895E-1R-3 (Piece 4B, 74-76 cm). 4. Spinel con-
taining rounded inclusions of pentlandite. The spinel is altered in patches on its edges. From Sample 147-895D-7R-1 (Piece 11, 71-74 cm). 5. Pentlandite
surrounded by serpentine and chlorite in an alteration zone between partially serpentinized olivine and totally altered plagioclase. The pentlandite shows charac-
teristic cleavage and contains laths of magnetite. From Sample 147-895D-7R-1 (Piece 11, 71-74 cm). 6. Pentlandite (P), altering to awaruite (A), can be distin-
guished from awaruite by the slightly higher reliel and by the presence of magnetite laths crosscutting and partially surrounding it. These base-metal minerals
are close to a chrome-spinel grain, situated in a line of magnetite, and surrounded by serpentinized olivine. From Sample 147-805E-4R-2 (Piece 12, 105-109
cmj).
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