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5. DETAILED SULFUR-ISOTOPE INVESTIGATION OF THE TAG HYDROTHERMAL MOUND
AND STOCKWORK ZONE, 26°N, MID-ATLANTIC RIDGE *

J. Bruce Gemmell? and Robina Sharpe?

ABSTRACT

Drilling of the Trans-Atlantic Geotraverse (TAG) hydrothermal mound and underlying stockwork zone has revealed a com-
plex interna stratigraphy consisting of, with increasing depth, massive pyrite and pyrite breccias, with significant chalcopyrite
and sphalerite in places, pyrite-anhydrite breccias, pyrite-silica breccias, silicified wallrock breccias, and chloritized basalt
breccias. Several stages of quartz pyrite + chalcopyrite veins occur in the stockwork zone and lower portions of the mound
whereas anhydrite + pyrite + chalcopyrite veins are common within the central and upper parts of the mound.

A detailed sulfur-isotope investigation of sulfides and sulfates within mound and the underlying stockwork zone has
revealed that the overall range of sulfide 3%S analyses is from 0.35%o to 10.27%o, with a mean of 7.20%.. Anhydrite has a mean
&%S value of 21.10%o within a tight range of 20.55%0—21.56%0. There are distinct differera®S iralues between the differ-
ent textural types of pyrite (massive sulfide, breccia clasts, disseminations associated with alteration, and veins) within the
hydrothermal mound and stockwork zone. The massive sulfide and breccia clasts have a similar distribution of isotope values
(%S = 6%0—8%0), however th&*S values of the disseminated pyrite associated with the alteration are distinctly RE4Sier (
= 8%0—10%o). Vein sulfides have the light@tS values §*S = 5%.—7%o) at TAG. The sulfur-isotope values measured at TAG
are, in general, the heaviest reported for unsedimented mid-ocean ridge deposits.

A sulfur-isotope model is proposed to account for the h&&& signature (compared to other sediment-free hydrothermal
systems), the distribution &S values from the various textural styles and the spatial distribution 8*®&alues both lat-
erally and vertically throughout the hydrothermal mound and underlying stockwork zone. The two initial sources of sulfur dur-
ing the life of the TAG hydrothermal system are seawater suB&t8 € 21%o) and mid-ocean ridge basalt (MORB) derived
sulfur @3S = 0%0—1%o). Variations i8%S values at TAG can be explained in a model where totally to partially reduced seawa-
ter sulfate of shallow origin mixes with a deep hydrothermal fluid dominated by MORB sulfur and interacts with previously
formed sulfide and sulfate minerals in the upper parts of the stockwork zone and within the mound. Deep subseafloor processes
cause the initial hydrothermal fluids entering the TAG system at depth to R&{® w@alue of approximately 0%.—1%o. This
fluid mixes with locally entrained partially reduced seawater in the upper parts of the subseafloor stockwork systemy(created b
local hydrothermal convection though the porous and permeable mound and stockwork zone) and creates a modified hydrother-
mal fluid with ad*S value of approximately 6%¢%.. The fluid rises to the seafloor, precipitating pyrite in the quartz-pyrite
veins §*S = 6%:-7%o) in the upper parts of the stockwork, and mixes with cold seawater, which causes rapid precipitation of
the massive pyrite: chalcopyrite §*S = 6%:-8%0) found at the top of the mound. Anhydrit#4S = 20%:21%o) is formed
from the heating of entrained seawater circulating within the massive sulfide or upper parts of the stockwork zone. During peri
ods of little or no high-temperature hydrothermal upflow, thermal collapse is accompanied by infiltration of cold seawater
through the TAG mound and upper parts of the stockwork. Anhydrite that was within the mound and overlying chimneys dis-
solves creating clasts and fragments of pyrithalcopyritet sphalerite within and on top of the mound. When the hydrother-
mal system resumes high-temperature upflow, similar processes as those described above in the initial high-temperature phase
take place, precipitating massive pydtehalcopyrite massive sulfideS = 6%0-8%o) present at the top of the mound and
the pyrite and quartz veins in the stockwork zone (vein Stagbsad anhydrite pyrite £ chalcopyrite veins (Stage 5) within
the mound &S = 5%q-7%0). Anhydrite in these veins, primarily Stage 5, 84S values of 21%., which reflects rapid heating
of entrained seawater that is infiltrating the mound. Hydrothermal fluid leaks out from the veins though the porous and perme-
able mound and reacts with previously formed sulfides and sulfates causing the hydrothermal fluid to become slightly enriched
in 8S. This fluid is responsible for precipitation of disseminated pyrite, the heaviest sulfur-isotope values in the TAG system
(3%S = 8%:-10%0), associated with alteration in the stockwork zone and lower portions of the mound.

INTRODUCTION fide mineralization, stringer veins, and alteration sulfides, and pro-
poses a model for the sulfur-isotope systematics of an actively form-

The Trans-Atlantic Geotraverse (TAG) mound isalargetonnage ~ INg Volcanic-hosted massive deposit in a sediment-free mid-ocean
(approximately 4 metric tonnes), low-grade (Cu-Zn) vol canic-hosted ridge environment. The approach used in this study is similar to the
massive sulfide (VHMS) deposit located at 26°N on the Mid-Atlanticon€ used by Gemmell and Large (1992, 1993) in investigating the
Ridge (Fig. 1). Recent Ocean Drilling Program (ODP) coring at TAGY™S characteristics of the Hellyer volcanic-hosted massive sulfide
(Humphris, Herzig, Miller, et al., 1996; Humphris et al., 1995) offersdepOsit in Tasmania, Australia. , ,
an ideal opportunity for a detailed sulfur-isotope study of a modern, Prévious investigations have described various aspects of the
seafloor volcanic-hosted massive sulfide hydrothermal system. ThisAG hydrothermal field: discovery (Rona et al., 1975, 1984; Thomp-

paper describes the sulfur-isotope characteristics of the massive sg2" et al., 1985), geology (Rona et al., 1993), hydrothermal precipi-
tates and fluid chemistry (Tivey et al., 1995; Mills, 1995), and min-

e ) _ eralogy of the primary (Hannington et al., 1995) and secondary (Han-
1Herzig, P.M., Humphris, S.E., Miller, D.J.,, and Zierenberg, R.A. (Eds.), 1998.

Proc. ODP, i. Results, 158: College Station, TX (Ocean Drilling Program). Elndgtot?] et Ial" 1?9.?8{ H?Emngtlon’ 1993) rTgélfeéal Iphases of
2Centre for Ore Deposit Research, University of Tasmania, GPO Box 252-79, ydrothermal precipitates. 1he only previous su values re-

Hobart, Tasmania 7001, Australia. bruce.gemmell @utas.edu.au ported from TAG were included in a paper by Lein et al. (1993).
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unaltered basalt near the edges of the mound has constrained the ex-
tent of the stockwork mineralization and intense alteration to a pipe-
like feature of about 80 m diameter.

Detailed core logging revealed 5 stages of veining in the footwall
alteration zone. Differentiation of stringer veins is based on consis-
tent crosscutting relationships, mineralogy, and vein selvage and al-
teration characteristics. Veining at TAG consists of anhydrite veins
in the upper portions of the mound passing downwards into a quartz
stockwork with late anhydrite veins in the stringer zone. The earliest
veins recognized (Stage 1) are very thin veins of dark green chlorite
occurring within fragments of green chloritized basalt. Stage 2 is
characterized by 0.5- to 3-cm zones gray quartz with abundant dis-
seminated pyrite and local chalcopyrite veins (PI. 1, Fig. 4). Stage 3
consists of less than 2- to 3-mm-wide, pyrite-filled fractures. White
quartz and pyrite, up to 2 cm wide, are the primary constituents of the
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Stage 4 veins (Pl. 1, Fig. 5). Stage 5 consists of anhydrite veins up to
45 cm thick, many of which have a chalcopyrite selvage and a pyriti-
zation halo (Pl. 1, Fig. 6).
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SULFUR-ISOTOPE GEOCHEMISTRY

Figure 1. Location of TAG hydrothermal field at 26°N on the Mid-Atlantic . ) . .
Ridge. The drilling at TAG offers the first opportunity for a detailed
study (laterally and vertically) of sulfur-isotope variation of the vari-
ous mineralization textures, stockwork veins, and alteration sulfides
within a modern seafloor hydrothermal mound and its underlying
stockwork zone. In this study four textural types of sulfides were an-

The TAG hydrothermal field is the site of large active and relictalyzed. These are (1) massive sulfide, (2) sulfide clasts from the var-
sulfide deposits in the rift valley and eastern wall of the slow-spreadeus breccias types, (3) disseminated sulfides associated with alter-
ing Mid-Atlantic Ridge at 26°N (Fig. 1). The first discovery of hydro- ation, and (4) veins, including vein selvages and halos. Pyrite, chal-
thermal activity at TAG was by the NOAA Trans-Atlantic copyrite, and rare sphalerite were analyzed. Anhydrites from the
Geotraverse project in 1972-73, which found low-temperature hydrgpyrite-anhydrite breccias and Stage 5 anhydrite veins were also ana-
thermal activity and Fe-Mn oxide mineralization on the eastern wallyzed. Table 1 lists the geologic characteristics of the samples ana-
of the rift valley (Rona et al., 1975; Rona et al., 1984; Thompson dyzed and examples of the various textural types of sulfides and sul-
al., 1985). The active TAG sulfide mound was discovered in 198%ates analyzed in this study are shown in PI. 1.
and is located at a water depth of 3650 m at the base of the eastern
wall of the Mid-Atlantic Ridge (Rona et al., 1993). The mound is dis-
tinctly circular, measures 200 m in diameter, rises approximately 50
m above the seafloor, and is the largest, single sulfide mound yet dis- For each sample the sulfide or sulfate was hand picked or drilled
covered on the seafloor (Rona et al., 1993). A cluster of black smokeut with the aid of a small-diameter dentist drill. Petrographic exam-
chimneys emitting fluids of up to 360°C and consisting of chalcopyination aided selection of sample sites that were monomineralic. The
rite, pyrite, and anhydrite is located northwest of the center of thdrill was cleaned between each sample extraction to ensure no cross-
mound on the top of a 10-15-m-high cone (Fig. 2). A field of sphalersample contamination. Hand-picked or drilled mineral separates
ite-dominated white smokers venting fluids from 260° to 300°C is lowere combusted with excess CuO in vacuo to produceb$ne
cated in the southeast quadrant of the mound, approximately 70 method of Fritz et al. (1974). Sulfur-isotope analyses were performed
away from the black smoker chimneys (Fig. 2). Fluids from the whitén the Central Science Laboratory at the University of Tasmania on a
smokers are zinc-rich and have lesser amounts of iron and coppéG ISOGAS stable isotope mass spectrometer. Stable isotope results
than the black smoker fluids (Tivey et al., 1995). are expressed in standadi) (otation with the Canyon Diablo Troi-

Seventeen holes were drilled in five areas of the mound, with thite (CDT) used as a reference. Sample reproducibility is typigally
deepest penetration of 125 m (Fig. 2). Areas drilled, include the higt®.05%o. (per mil) and analytical uncertainty is less th&n02%.o.
temperature black smoker complex and a lower temperature white
smoker vent field, reveal a multistage depositional history, complex
fluid interactions, and the extent of subseafloor mineralization and
associated alteration (Humphris, Herzig, Miller, et al., 1996; Sulfur-isotope data for sulfides and sulfates from the lateral and
Humphris et al., 1995). Detailed lithologic and petrographic descripvertical extent of the TAG mound and underlying stockwork system
tions of the rock units from the TAG mound and underlying alteratiorare given in Table 1 and Figure 4. In total, 103 sulfide (98 pyrite, 4
zone are presented in Humphris, Herzig, Miller, et al. (1996) andhalcopyrite, 1 sphalerite) and 5 sulfate samples were analyzed in this
Humphris et al. (1995) and will only be summarized here. study. The overall range of sulfi@'S analyses was from 0.35%o to

A schematic view of the geology of the TAG mound and the un10.27%o., with a mean of 7.20%. (Tables 1, 2). The anhydrite samples
derlying alteration zones is given in Figure 3. The uppeR@@n of  have a mead*s value of 21.10%. from a tight range of 20.55%. to
the TAG mound consists of massive pyrite (PIl. 1, Fig. 1) and pyrit21.56%.. The only previously published sulfur-isotope values for
breccias with significant chalcopyrite and sphalerite in places. TheSEAG samples range from 4%. to 6%o (n = 14), with a mean of approx-
are underlain by pyrite-anhydrite breccias (PI. 1, Fig. 2) from abouimately 5%. that came from the surface of the TAG mound (Lein et
20 to 30 meters below seafloor (mbsf). Pyrite-silica breccias (PI. 1al., 1993).
Fig. 3) at the top of the stockwork grade into silicified wallrock brec-  When the different sulfide textures are assessed, it becomes ap-
cias below 40 m (PI. 1, Fig. 4). Chloritized basalt breccias (PI. 1, Figoarent that significant differences exist between the textural types
5) were sampled at depths greater than 100 m. Recovery of relativeg[Jable 2; Fig. 5). The massive sulfide and breccia clasts have a simi-

GEOLOGY OF THE TAG DEPOSIT
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Results
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DETAILED SULFUR-ISOTOPE INVESTIGATION

Figure 2. Bathymetric map of the TAG mound showing
location of drill holes (solid circles) and areas of the

mound discussed in the text. Open squares are survey
markers. (From Humphris, Herzig, Miller, et al., 1996.)

Figure 3. Schematic representation of the internal stratigra-
phy of the TAG mound. Locations of areas of the mound
with associated drill holes (capital letters) discussed in the
text are illustrated. (Modified from Humphris et al., 1995.)

73



J.B. GEMMELL, R. SHARPE

74

Table 1. Sulfur-isotope data.

Sulfur isotopes (%o)

Hole, core, Piece Depth
section (mbsf) Mineralization type Sulfide texture Pyrite Sphalerite  Chalcopyrite  Anhydrite
158-957A-
A-1X-1 2 0.04 Porous massive pyrite Massive 6.62
A-3X-1 4 10.19 Porous massive pyrite Massive 0.35
A-3X-1 11 10.50 Porous massive sphalerite Massive 5.82
158-957B-
B-1R-2 2 113 Porous massive pyrite Massive 7.68
158-957C-
C-4W-1 2 10.52 Porous nodular pyrite breccia Clast 7.32
C-5N-1 4 15.21 Massive pyrite-anhydriteebcia Clast 6.72
C-7N-1 6E 19.94 Siliceous pyrite-anhydriteebcia Clast 6.62
C-7N-1 8E 20.68 Siliceous pyrite-anhydriteebcia Clast 6.88
C-7N-2 1F 21.59 Siliceous pyrite-anhydriteebcia Clast 6.61
C-7N-2 11 2181 Anhydrite vein Vein Py 7.51
C-7N-2 1K 22.12 Siliceous pyrite-anhydriteelocia Clast, vein 5.74 20.78
C-7N-3 4A 22.61 Siliceous pyrite-anhydriteelocia Clast, vein 6.44 21.38
C-8W-1 1 19.50 Siliceous pyrite-anhydriteebcia Clast 6.78
C-10N-1 3 28.81 Massive pyrite breccia Massive 7.25
C-11N-1 3F 31.39 Pyrite-silica-anhydrite breccia Clast 6.93
C-11N-1 3l 31.65 Anhydrite vein Vein Py 551
C-11IN-2 1B,C 32.19 Pyrite-silica-anhydrite breccia Clast, vein halo, vein 6.01 7.41 21.56
C-11N-2 10 33.44 Pyrite-silica-anhydrite breccia Clast 5.80
C-11N-3 2AB,C 33.63 Anhydrite vein Py halo 6.92
C-11IN-3  10A 34.64 Pyrite-silica breccia Clast, vein selvage 8.30 6.09
C-12N-2 6 36.05 Pyrite-silica-anhydrite breccia, veined Clast 6.51
C-12N-3 2 36.58 Pyrite-silica-anhydrite breccia Clast, Cp invein 6.11 5.64
C-13N-1 17AB 38.19 Pyrite-silica breccia Clast 6.22
C-13N-2 3A 38.71 Anhydrite vein Py halo, Cp selvage, vein 6.10 6.23 21.25
C-13N-2 3C 38.81 Pyrite-silica breccia Clast 7.30
C-14N-2 1C 41.12 Anhydrite vein Py + Cp in vein 6.36#
C-15N-1 11A-F 42.94 Silicified wallrock breccia Clast 6.61
C-15N-4 4 46.10 Pyrite-silica breccia Clast 7.15
C-16N-1 5A-D 46.48 Pyrite-silica breccia Clast 7.32
C-16N-1 16 47.47 Silicified wallrock breccia Clast 7.63
C-16N-2 7AB 48.29 Silicified wallrock breccia Dissem in matrix 8.27
158-957E-
E-1R-1 4 31.70 Pyrite-silica breccia Clast 7.89
E-5R-1 6 58.87 Pyrite-silica breccia Clast 7.60
E-7TR-1 1 68.30 Pyrite silica breccia Vein Py, clast 6.53, 7.76
E-9R-1 1 77.80 Massive granular pyrite Massive 6.45
E-11R-1 6 87.34 Silicified wallrock breccia Dissem in matrix 7.15
E-12R-1 2 91.89 Silicified wallrock breccia, anhydrite vein Vein selvage, vein 7.10 20.55
E-14R-1 9 101.86 Chloritized basalt breccia Dissem in alteration 7.74
E-17R-1 4 116.25 Chloritized basalt breccia Dissem in alteration 8.85
E-17R-1 7 116.37 Chloritized basalt breccia Vein Py 8.41
E-18R-1 9 121.13 Chloritized basalt breccia Clot in alteration 8.41
158-957F-
F-IN-1 6 1.23 Massive granular pyrite Massive 6.74
F-IN-1  10A-D 141 Nodular pyrite breccia Nodule 7.14
F-2N-1 7 5.86 Massive granular pyrite Massive 7.17
158-957G-
G-1N-1 3 12.10 Massive granular pyrite Massive 6.49
G-3N-1 4A-D 21.35 Nodular siliceous pyrite-anhydritedtria Clast 8.30
158-957H
H-1N-1 5 8.84 Porous massive pyrite Massive 7.78
H-1N-1 12 9.23 Porous nodular pyrite breccia Clast 7.59
H-2N-1 1 13.20 Porous nodular pyrite breccia Clast 7.73
H-3N-1 4 17.87 Porous nodular pyrite breccia Clast 7.91
H-5N-1 5A,B,C 26.98 Pyrite-silica breccia Clast 7.64
H-5N-2 1D 27.85 Silicified wallrock breccia Dissem in alteration 7.79
H-5N-2 3A,B,C 28.17 Silicified wallrock breccia Vein Py 6.05
H-6N-1 1 31.20 Pyrite-silica breccia ddule 8.29
H-8N-1 3 40.34 Pyrite-silica breccia Dissem in alteration 8.04
H-8N-1 10 40.86 Massive granular pyrite Massive 8.18
H-8N-1 14 41.10 Pyrite-silica breccia Dissem in alteration 8.49
158-9571-
I-IN-1 1 9.00 Porous massive pyrite Massive 7.60
I-IN-1 8 9.47 Porous massive pyrite Massive 6.91
I-IN-1 12 9.75 Pyrite-silica breccia Dissem in alteration 8.47
158-957K-
K-1X-1 3 0.14 Porous massive pyrite Massive 7.45
K-2N-1 3 10.08 Massive granular pyrite Massive 7.58#
K-2N-1 11 10.46 Massive granular pyrite Massive 8.16
K-3X-1 4 14.66 Massive pyrite Massive 7.44
158-957M
M-1R-2 6 0.79 Pyrite-silica breccia Dissem in alteration 8.08
M-2R-1 1 9.30 Porous massive pyrite Massive 7.58
M-2R-1 8 9.65 Pyrite-silica breccia Clast 7.24
M-3R-1 12 14.75 Porous massive pyrite Massive 6.81
M-3R-1 19 15.08 Pyrite-silica breccia Vein, dissem in alteration 6.62, 9.29
M-3R-1 30 15.60 Pyrite-silica breccia Vein 6.88
M-3R-2 2 Pyrite-silica breccia Vein 7.16
M-4R-1 11 19.78 Pyrite-silica breccia Dissem in alteration 8.42
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Table 1 (continued).

Sulfur isotopes (%o)

Hole, core, Piece Depth
section (mbsf) Mineralization type Sulfide texture Pyrite Sphalerite  Chalcopyrite  Anhydrite
M-5R-1 13 25.03 Silicified wallrock breccia Dissem in alteration 8.64
M-6R-1 4 29.45 Silicified wallrock breccia Vein 7.34
M-7R-1 4 34.48 Silicified wallrock breccia Dissem in alteration 8.49
M-8R-1 4 38.47 Silicified wallrock breccia Dissem in alteration 8.15
M-9R-1 4 42.17 Silicified wallrock breccia Dissem in alteration 8.20
158-957N-
N-1W-1 4 0.23 Pyrite-silica-anhydrite breccia Clast 7.37
158-9570-
0-3R-1 2 10.95 Pyrite-anhydrite breccia Nodule 7.14
0-4R-1 4 16.02 Pyrite-anhydrite breccia, vein related Clot in vein 6.43#
0-4R-1 14 16.54 Pyrite-anhydrite breccia, vein related Clot in vein 6.92
0-4R-1 16 16.63 Pyrite-silica breccia Dissem in alteration 8.10
158-957P-
P-1R-1 5 0.24 Pyrite-anhydrite breccia Dissem in alteration 10.27
P-1R-1 10 0.55 Pyrite-anhydrite breccia Clast 6.99
P-3R-1 2 11.95 Massive granular pyrite Massive 6.82
P-5R-1 2 2157 Massive granular pyrite Massive 5.71
P-8R-1 1 35.10 Massive granular pyrite Massive 6.94
P-8R-1 4 35.23 Pyrite-silica breccia Clast 7.02
P-9R-1 3 40.26 Massive granular pyrite Massive 7.32
P-10R-1 5 45.29 Pyrite-silica breccia Vein + dissem in alteration 741
P-11R-1 9 50.51 Pyrite-silica breccia Vein + dissem in alteration 7.11
P-12R-2 1 55.64 Massive granular pyrite Massive 6.84#
P-12R-2 6 55.89 Pyrite-silica breccia Dissem in alteration 8.32
P-12R-3 2 56.93 Pyrite-silica breccia Clast 7.73
P-12R-4 1 57.39 Silicified wallrock breccia Vein 6.97
P-12R-4 5 57.61 Massive granular pyrite Massive 7.08
158-957Q-
Q-2R-1 3 9.58 Massive porous pyrite Vein 7.49

Notes: * = texture of material analyzed, # = mixture of pyrite and chalcopyrite. Abbreviations: Sect. = Section, Py = pyrite, Cp = chalcopyrite, dissem = disseminations.
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Table 2.  Sulfur-isotope summary statistics.

Mean Minimum

Sample type n (%o) (%) Maximum

Sulfides

Overall 103 7.20 0.35 10.27

Massive sulfide 24 7.07 0.35 8.18

Breccia clasts 36 7.05 5.74 8.30

Disseminations 21 8.40 7.15 10.27

Vein* 22 6.70 551 7.51
Sulfate

Overall 5 21.10 20.55 21.56

Note: n = number of analyses, * = includes sulfides in vein, vein selvage, and vein halo.

lar distribution of isotope valued*S = 6%:-8%o0); however, thé*S
values of the disseminated pyrite associated with the alteration are
distinctly heavier &S = 8%:-10%0). Vein sulfides have the lightest
O*S values &S = 5%0-7%o) at TAG.

1. Massive Sulfide

Pyrite in the massive sulfide (PI. 1, Fig. 1) from the upper portions
of the mound (Fig. 3) hav®*Svalues that range between 0.35%. and
8.18%o, with a mean of 7.07%.. The pyrite is fine to medium grained,
granular, homogeneous, with variable porosity. Primary, colloform-
banded textures are preserved only locally in the more massive sam-
ples.With the exception of one sphalerite (Sample 158-957A-3X-1,
Piece 1, 50.858.0 cm; 10.50 mbsf) all samples analyzed were pyrite
(Table 1). Twenty-four of the 25 samples analyzed fall between
5.71%. and 8.18%. with one (Sample 158-957A-3X-1, Piece 4:-18.5
23.5 cm; 10.19 mbsf) having the light@8tS value (0.35%.) mea-
sured at TAG (Table 1).

Figure 4. Histogram of the sulfur-isotope values for all sulfide and sulfate
samples used in this study. Data from Table 1.

2. Breccia Clasts

Pyrite breccias are the dominant lithology between 15 and 40
mbsf. These breccias include all fragments and clasts of pyrite (PI. 1,
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rite) and halo sulfides (pyrite), and show vein sulfides to haisSa

401 W Vassive  sulfide mean of 6.75% compared to the selvages (6.81%.) and the halo
B Breccia clast (6.47%o) (Table 1). Figure 6 illustrates the distributiod¥$ values
[ Disseminated from a Stage 5 anhydrite vein with a well-developed chalcopyrite

351 selvage and pyritization halo that grades into a pyrite-silica breccia.

The chalcopyrite selvage has a slightly heavier sulfur-isotope signa-
ture (6.23%0) compared to the pyritization halo (6.10%o.). The pyriti-
O vein halo zation halo pyrite has a significantly ligh@®'S value compared to
the pyrite breccia clasts (7.30%o) in the pyrite-silica breccia host
rock.

Vein

%

[ Vein selvage

Spatial Distribution of &%4S Values

TAG-1 Area

The TAG-1 area, located 20 m east-southeast of the Black Smoker
Complex, includes Holes 957C, 957D, 957E, 957F, 957G, and 957L
(Fig. 2). These holes are aligned in a northeasterly direction in an area
measuring roughly 1& 5 m. No core was recovered from Holes
957D and 957L. Hole 957E had the deepest penetration of 125 m into
the TAG hydrothermal system.

The holes inthe TAG-1 area form a composite section through the
hydrothermal mound and into the upper portions of the stockwork
zone (Fig. 3). The rock types are, with increasing depth, massive po-
rous to granular pyrite chalcopyrite, pyrite breccias and pyrite sand,
pyrite-anhydrite breccias, pyrite-silica breccias, silicified wallrock
breccias, and chloritized basalt breccias. Anhydrite veining (Stage 5)

Sulfur isotopes  (%o) is abundant throughout the vertical extent of the core, but is best de-
veloped in the pyrite-anhydrite and pyrite-silica breccias. A quartz

Figure 5. Distribution of sulfide (primarily pyrite) sulfur-isotope values of Stockwork (Stages-2) occurs within the silicified wallrock and

specific textures within the TAG mound and underlying stockwork zoneChloritized basalt breccias. ]

Data from Table 1. The vertical distribution 08%*/S values for the four different tex-
tural types of sulfides analyzed at TAG-1 is shown in Figure 7. In
general, the overall trend is for the sulfur-isotope values to become

Figs. 2, 3) within the various breccias of the mound (pyrite brecciaheavier with depth. Disseminated pyrite within the siliceous matrix

pyrite-anhydrite breccia, pyrite-silica breccia) and stringer zone (sief the silicified wallrock breccias and the chloritic alteration of the

licified wallrock breccia and chloritized basalt breccia; Fig. 2). Thechloritized basalt breccias have the heavééé values. Pyrite in
pyrite-silica-anhydrite breccias consist mainly of pyritic and sili- breccia clasts throughout the vertical extent of the core from TAG-1
ceous clasts cemented by quartz and anhydrite matrix and veins. Riees not show any consistent variation either between the different
rite-silica breccias consist mainly of quartz-pyrite clasts in a quartbreccia types or with depth. Vein pyrite and chalcopyrite generally
matrix. All samples analyzed f@#*Swere pyrite. The rangef *S have lighterd®/S values compared to the massive sulfide and the
values for the breccia clasts varies from 5.74%. to 8.30%0, with #reccia clasts, except for a deep vein (Sample 158-957C-17R-1,
mean of 7.05 %.. These breccia clasts have a similar sulfur-isotofg&iece 4, 39.644.0 cm; 116.37 mbsf) in the chloritized basalt breccia

signature to the massive sulfide. that has a relatively heavy sulfur-isotope valdiéS = 8.41%o).

Number of analyses

3. Disseminated Sulfides Associated with Alteration TAG-2 Area

The heaviest sulfur-isotope values at TAG come from fine- Holes957A, 957B, and 957H in the TAG-2 area are located on the
grained, disseminated pyrite associated with siliceous and chloritiower terrace of the mound, within approximately 10 m of each other
alteration in the deeper portions of the mound and the underlyinigp the Kremlin white smoker field (Fig. 2). TAG-2 is located approx-
stockwork zone (Fig. 2; PI. 1, Fig. 4). Larger fragments of wallrockimately 60 m southeast of the central Black Smoker Complex and
are intensely fractured, veined by quartz, and contain widespread disbout 20 m from the eastern edge of the mound. Hole 957H had the
seminated pyrite and small pyrite aggregates. Fine-grained, dissendieepest penetration at 55 mbsf. Near the surface of the mound, iron-
nated pyrite occurs throughout the alteration and rims the wallrockxide, red-gray chert, and massive pyrite and sphalerite were recov-
fragments. Sulfur-isotope values from the disseminated pyrite are tlered. With increasing depth pyrite breccia, pyrite-silica breccia, and
heaviest at TAG, averaging 8.40%., from a range of 7.15%. tailicified wallrock breccias were encountered. Weakly altered basalt

10.27%o. was observed at the base of Hole 957B. In general, the pyrite breccias
and pyrite silica breccias in the TAG-2 area are more uniform in geo-
4. \Veins logical characteristics and appeared to have experienced a less com-

plex history of brecciation, cementation, and veining compared to

Sulfides in the deep quartz-pyrite stringer veins (Stagés@nd  rocks in either TAG-1 or TAG-4 areas (Humpbhris, Herzig, Miller, et
the anhydrite veins (Stage 5) from within the mound have, on avesl., 1996).
age, the lightest sulfur-isotope values at TAG. Pyrite and chalcopy- Sulfur-isotope values generally become heavier with depth in the
rite (Table 1) from within the veins, vein selvages, and vein haloFJAG-2 area (Fig. 8). Massive sulfide samples, both pyrite and
(Pl. 1, Figs. 5, 6) hav&®Svalues that vary from 5.51%. to 7.54%., sphalerite (Table 1), are light&#S values compared to the pyrite
with a mean of 6.70%.. Vein sulfides (pyrite and chalcopyrite) weredreccia clasts. The heavi€étS values come from disseminated py-
analyzed separately from the selvage sulfides (pyrite and chalcopgjte in the silicified wallrock breccias.
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Anhydrite

21.25%0

Pyritization halo /
0)
6.10% _

)/v Crustiform banded anhydrite vein

__— 6.23%

Clasts of pyrite in _— Chalcopyrite selvage

gray silica matrix
Anhydrite

Medium-grained massive
recrystallized pyrite clasts
(pyritization halo)

————

Anhydrite

Limit of pyritization halo
Figure 6. Distribution o®*S values in a Stage 5 anhy-

Clasts of pyrite in
gray silica matrix

K} Mixture of gray silica and

medium-grained pyrite with
minor anhydrite

drite vein with a well-developed chalcopyrite selvage
and pyritization halo that grades into a pyrite-silica
breccia (Sample 158-957C-13N-2, Pieces 3A-3C, 15.0—

33.0 cm; 38.71 mbsf). The chalcopyrite selvage has a
slightly heavier sulfur-isotope signature compared to
the pyritization halo. The pyritization halo pyrite has a
significantly lighter sulfur-isotope value compared to
the pyrite breccia clasts in the pyrite-silica breccia.
(Modified from Humphris, Herzig, Miller, et al., 1996).

7.30%o

Anhydrite

5cm |

TAG-3 Area TAG-5 Area

The TAG-3 area is located on the lower terrace of the mound a| ﬁe-l;lgert-rl;As%-g ;fﬁ;?;gﬁi?ggggj;ﬁa?;ﬂ% r?nf ;Zertﬁggii :)efrtrﬁge on
proximately 55 m south of the black smoker terrace (Fig. 2). As th lack Smoker Complex. Holes 9570 and 957P were drilled at TAG-

only material recovered in Hole 957Q were drill cuttings and a fe o ; : .
small fragments of red and gray chert and partially silicified iron ox-_’ The rohc K dtypeks) found with ]ncrglgsmg dep_th wer((ej m_?si_lvg pyrlllte,
ides, no sulfur-isotope analyses were undertaken. pyrite-anhydrite breccias, pyrite-silica breccias, and silicified wall-

rock breccias. The overall stratigraphy at TAG-5 is similar to that at
TAG-1.

Figure 10 shows the sulfur-isotope values at TAG-5. The heaviest
6%S value (10.27%o) measured in this study comes from disseminat-

Holes 9571, 957J, 957K, and 957M were drilled on the upper tered pyrite in the matrix of a pyrite-anhydrite breccia (Sample 158-
race on the western side of the mound in the area designated as TA®7P-1R-1, Piece 5, 24:80.0 cm; 0.24 mbsf) near the top of the
4 (Fig. 2). Core recovered from TAG-4 indicates that the upper 10 rmound. There is a weak correlation of head#$ values with depth
of the mound consists of massive sulfide (pyrite and marcasite) witht TAG-5, similar to thé®*S distribution in the TAG-4 area. The
red and gray chert, followed by a 10-m-thick zone of massive pyritBeaviest3®'S values are from the disseminated sulfides associated
and pyrite breccia that grades downwards into pyrite-silica brecciasvith alteration and the lightest values are from vein sulfides.
Underlying the pyrite-silica breccias are silicified wall rock breccias,
which are in sharp contact with weakly altered basalt.

The vertical distribution o&**Svalues for the four different tex-
tural types of sulfides analyzed at TAG-4 is shown in Figure 9. Over-
all there is a tendency for the sulfur-isotopes to become heavier with Sulfur-isotope data for sulfide and sulfate minerals precipitated at
depth, but this increase is less pronounced when compared to th@dern seafloor hydrothermal sites are illustrated in Figure 11. The
TAG-1 and TAG-2 areas. Massive sulfide and breccia clasts have&*S values for sulfides for unsedimented ridges range from approxi-
similar range and distribution 6#S values, but the disseminated py- mately —1%o to 8%.; however, the range for sedimented ridgelés
rite associated with alteration have headis values. to 1%0 (BOhlke and Shanks, 1994; Duckworth et al., 1995; Shanks et

TAG-4 Area

Comparison with Other Modern
and Ancient Seafloor Deposits

i



J.B. GEMMELL, R. SHARPE
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Figure 7. Distribution 0B%‘S values, by textural type,

for the TAG-1 area. Position of analyses corresponds to 1207
sample location within mound and stockwork zone.
Depths given are in mbsf (see Table 1). Excellent core
recovery in Hole 957C allowed abundant sampling.
(Modified from Humphris, Herzig, Miller, et al., 1996).
E.O.H. = end of hole.

8.41

al., 1995). In comparison, sulfides from seafloor hydrothermal sysseafloor sites (Fig. 11) have come from surface samples and the
tems forming in backarc environments of the Western Pacific haveeavies®**S values from TAG come from disseminated sulfides as-
0*S values that range fror2%o to +11%. (Gemmell et al., 1996).  sociated with alteration from the base of the mound and in the under-
A comparison of the data in Figure 11 shows that the sulfur-isolying stockwork system.
tope values measured at TAG are some of the heaviest recorded for Ancient volcanic-hosted massive sulfide mineralization consid-
unsedimented mid-ocean ridge deposits. Higher sulfide values haeeed to form at or near seafloor spreading systems (ophiolites) is
been reported in sedimented ridge settings, such as Escanaba Trofmimd in Cyprus, Oman, and Newfoundland. The sulfur-isotope val-
and Middle Valley. Care must be taken, however, when interpretinges for pyrite from the massive sulfide deposits hosted in the Troodos
these data in Figure 11 as all the samples analyzed from the variooghiolite, Cyprus, range from 0.4%o to 7%o (n = 45), with a mean of
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TAG-2 Area TAG-4 Area

Holes 957A, 957H  Hole 957B Holes 9571, 957J, 957K, 957M

Lithology
Chert e b ) Lithology
er rite breccia VAL D
Yy py AN 3 e 6.62 [V 3 o 7.68 0 VA AEva 745
Rt 6.35 = & B4 vEYl 808 Porous pyrite and chert
5.82
0.35 Massive pyrite * sphalerite
Massive pyrite
|10 6.91% Massive pyrite-marcasite
4 : v 8.47 756#
Tyt ZEgr 1.24
. . . = 816" 744
Massive pyrite breccia ==~}
o 6.81
< = 6.62# 9.29 Massive pyrite, pyrite-silica breccia
7// 6.88% * silicified basalt clasts
Pyrite-silica breccia
y / 7.16*
8.42
N,
Silicified wallrock breccia Weakly altered basalt 8.64 Pyrite-silica breccia
* coarse wallrock fragments
. .
» 30— g GSA0 .34
3°4S values % % QQG
Massive sulfide @;DdC)Od
Breccia clast —g TUgleoe 8.49 o )
bisseminated O?D%QQ fIIICIerd Wallrpck bre_cua
o ) Vein 4 Q.9 | 815 * porous pyrite matrix
Silicified wallrock breccia . [a} ﬂOCJ 2
A2
4| 8.20

— Weakly altered basalt
Figure 8. Distribution 0B®“S values, by textural type, for the TAG-2 area.
Position of analyses corresponds to sample location within mound and sto
work zone. Depths given are in mbsf (see Table 1). (Modified fron 55 |

Humphris, Herzig, Miller, et al., 1996.) %S values

Massive sulfide
4.2%0 (Spooner, 1977). Bettison-Varga et al. (1994) report heavi Breccia clast
%S values of 5.0%0 to 9.0%. (n = 8), averaging 7.2%. for pyrites il bisseminated
the massive sulfide mineralization of the Troodos ophiolite. Frankli )
et al. (1981) reports that there is no significant difference in sulfu vein

isotope values between the massive, fracture-filling, cavity-filling
and disseminated ores at Troodos, but that there is a slight differel Figure 9. Distribution 08*S values, by textural type, for the TAG-4 area.
in average sulfur composition between individual deposits. Position of analyses corresponds to sample location within mound and stock-
Volcanic-hosted Fe-Cu-Zn massive sulfide deposits in the Om: Work zone. Depths given are in mbsf (see Table 1). (Modified from
ophiolite haved®S values varying between 1.9%. and 8.0%. (Hay- Humphris, Herzig, Miller, et al., 1996.)
mon et al., 1989). Ophiolite-hosted cuperiferous pyrite deposits from
the Notre Dame Bay, Newfoundland, have a wide ran@é'gfval- basalts (MORB) (Ohmoto and Rye, 1979; Shanks et al., 1981; So-
ues between 5.5%. to 23.0%0 (Bachinski, 1977). lomon et al., 1988; Shanks et al., 1995).
Seawater in the modern ocean forms a uniform sulfur reservoir
(Shanks et al., 1995). Sulfate in the modern ocean has a consistent
SULFUR-ISOTOPE MODEL value of 21.0%qt 0.2%0 (Rees et al., 1978). Sangster (1968) high-
lighted the importance of seawater in the formation of volcanic-host-
ed massive sulfide deposits with the correlation, through geologic
Ohmoto (1986) and Taylor (1987) summarized the suggested otime, betwee®‘S values of the deposits and coeval seawater sulfate.
igins of sulfur in volcanic-hosted massive sulfide deposits. These ifFor MORB, the averag&*S value for total sulfur (sulfide and sul-
clude bacterial reduction of seawater sulfate, magmatic-hydrothefate) is 0.3%a: 0.5%o with the sulfide fraction having an aver@és
mal fluids, inorganic reduction of seawater sulfatdeached mag- value of-0.7%0+ 0.8%0 (Sakai et al., 1984; Shanks et al., 1995).
matic sulfide), and leaching of sulfate minerals, followed by partial Vent fluids for seafloor sulfide-sulfate mineralization typically
reduction. It is generally considered that the two main sources of suaved™S values of &S that range from 1.5%. to 7%., which are gen-
fur in unsedimented ridge, seafloor massive sulfide systems are tleeally similar to the values for sulfides precipitated within chimneys
reduction of seawater sulfate and magmatic sulfur, derived either #¢de Ronde, 1995). Shanks et al. (1995) consider that HtSes
direct magmatic emanations, or sulfur leached from mid-ocean ridgealues indicate that basaltic sulfur is the principal sulfur source, with
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- 34 0,
TAG 5 Area Unsedimented 0"S ('{”)
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TAG (this stud I T LI 1T T 1 T LI T 1
Lithology (this study) ]
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6.99* EPR 21°N (3) ————
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82* —
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=
50-J&4 ;,,Q 7.11% basalt clasts
%%ﬁ Figure 11. Comparison of TAG*S values with sulfides from other seafloor
7@3“@; g-gg* 6.97% deposits on unsedimented ridges. TAG has a similar to significantly heavier
ng% 773 1080 ) isotopic signature compared to these deposits.5P#e values for modern
08;537% Silicified wallrock breccia deposits occurring in sedimented ridge and backarc environments are given
oA and massive pyrite for comparison. EPR = East Pacific Rise. Data from: (1) Duckworth et al.

(1995); (2) Kase et al. (1990); (3) Woodruff and Shanks (1988); (4) Alt

(1988); (5) Bluth and Ohmoto (1988); (6) Knott (pers. comm. in Duckworth

89S values et al. (1995); (7) Marchig et al. (1990); (8) Shanks and Seyfried (1987); (9)
Knott et al. (1995); (10) Alt et al. (1989); (11) Bohlke and Shanks (1994);
Massive sulfide (12) Shanks et al. (1995); (13) Goodfellow and Blaise (1988) and Duckworth

et al. (1994); (14) Gemmell et al. (1996)
Breccia clast ) ! ' :

Disseminated ues greater than 4.5%., Janecky and Shanks (1988) concluded that
9.99 | Vein near-surface fluid/rock interactions between seawater and basaltic
silicates and oxides in the feeder zone have caused the increase in
Figure 10. Distribution 0d*S values, by textural type, for the TAG-5 area. &%*S of vent fluids.
Position of analyses corresponds to sample location within mound and stock- At TAG, any sulfur-isotope model must account for the heavy
work zone. Depths given are in mbsf (see Table 1). (Modified from3*S signature (compared to other sediment-free hydrothermal sys-
Humpbhris, Herzig and Miller, et al., 1996.) tems, Fig. 11), the distribution &S values of the various textural
styles (Fig. 5), and the spatial distribution of &S values both lat-
a small but detectable component from seawater sulfate inorganicakyyally and vertically throughout the mound and underlying stockwork
reduced to 5. No&%*S values of K5 for the TAG vent fluids are  zone (Fig. 12). If the deep subseafloor processes affecting the sulfur-
available from the literature. isotope signature of the upwelling hydrothermal fluids as outlined by
The two initial sources of sulfur during the life of the TAG hydro- Alt (1995) and Shanks et al. (1995) are correct, then the initial hydro-
thermal system are seawatéf§ = 21%o) sulfate and MORB-de- thermal fluids entering the TAG system at depth hat% value of
rived sulfur §°*S = 0%e1%o0). Shanks et al. (1995) summarized the approximately 0%.1%o. This fluid mixes with locally entrained, par-
processes affecting the sulfur budget that occur during circulation dfally reduced seawater in the upper parts of the subseafloor stock-
seawater in mid-ocean ridge hydrothermal systems. These processaxk system (created by local hydrothermal convection though the
are separated into the recharge zone, high-temperature reaction zoperous and permeable mound and stockwork zone) and creates a
and discharge zone. In the recharge zone the heating of sea#&er ( modified hydrothermal fluid with &*S value that is heavied¥{'S =
=21%o), causes anhydrite precipitation and water/rock reactions (pré%.—7%o) than the initial hydrothermal fluid. Pyrite in the quartz-py-
cipitation of magnesium-hydroxysulfate), which are effective mechite veins in the upper parts of the stockwork zone have the&4®e
anisms for limiting the amount of seawater sulfate entering the highsalues §*S = 6%+7%0) as the modified hydrothermal fluid. The
temperature reaction zone (Shanks et al., 1995). In the reaction zomedified fluid rises to the seafloor and mixes with cold seawater
seawater sulfate reduction occurs through the oxidatiorfd{fiag-  which causes rapid precipitation of the massive pyritbalcopyrite
netite and olivine) in MORB (Shanks et al., 1981). During water/rock3*S = 6%s8%.) found at the top of the mound. Any anhydrite
interactions in a MORB environment, seawater reacts with magmatiormed from the heating of entrained seawater in the massive sulfide
monosulfide solution (MSS) and/or pyrite and causes the release of upper parts of the stockwork zone would h&¥#8 values of ap-
H,S to the hydrothermal fluid that hasd#S value of 1%v1.5%0 proximately 21%o.
(Woodruff and Shanks, 1988; Alt, 1995; Shanks et al., 1995). In the As TAG has had a long and complex history of waxing and wan-
discharge zone (chimney environment), the hydrothermal fluid mixesg hydrothermal activity over tens of thousands of years, there have
with seawater causing minor sulfate reduction Wit values of  been periods with little or no high-temperature hydrothermal upflow
vent fluids increasing up to a maximum of approximately 4.5%. (JafRona et al., 1993). These periods are associated with a thermal col-
necky and Shanks, 1988). However, where vent fluids &48eval- lapse accompanied by infiltration of cold seawater through the TAG
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mound and upper parts of the stockwork. The cold seawater dissolvé® distribution 0%**S values from the various textural styles and the
anhydrite (because of the reverse solubility of anhydrite) that waspatial distribution of thé®*S values both laterally and vertically
within the mound and in the overlying chimneys. The dissolution othroughout the hydrothermal mound and underlying stockwork zone.
anhydrite creates clasts and fragments of pyritehalcopyritex The two initial sources of sulfur during the life of the TAG hydrother-
sphalerite on top of and within the mound. mal system are seawater sulfa&'$ = 21%.) and MORB-derived
When the hydrothermal system resumes high-temperature ugulfur @**S = 0%-1%o). Variations ind*S within mound and upper
flow, similar processes as those described above in the initial higlparts of the stockwork zone at TAG can be explained in a model
temperature phase begin operating again. Presently the hydrothermdiere totally to partially reduced seawater sulfate of shallow origin
fluid, with temperatures of between 350° and 400 °C (S. Petersen anuixes with a deep hydrothermal fluid dominated by MORB sulfur
M. Tivey, pers. comm. 1996), mixes with locally entrained partiallyand with previously formed sulfide and sulfate minerals in the upper
reduced seawater in the upper parts of the subseafloor stockwork spsyts of the stockwork zone and within the mound.
tem and creates a modified hydrothermal fluid v&tfs values of
6%0—7%o0. This fluid passes up though the subseafloor stockwork
zone and mound via veins and mixes with seawater at or near the sea-
water interface, causing precipitation of the massive pyrithal- ) ) ]
copyrite §*'S = 6%-8%o) present at the top of the mound. As TAG  JBG thanks CODES and the ODP Australian Secretariat for finan-
is located on a sediment-free ridge system, there should be no bigial support to participate on Leg 158 and carry out this research. JBG
genic processes affecting the sulfur-isotope systematics. Howeveind RS appreciate the ARC grant obtained by Professor Ross Large
the very light sulfur-isotope value for pyrit8*{S = 0.35%o) in the  for development of the Central Science Laboratory stable isotope fa-
massive sulfide at TAG 2 (Table 1) may indicate local biogenic procilities at the University of Tasmania. Discussions with the Leg 158
cesses operated near the top of the mound (Shanks et al., 1995). Shipboard Scientific Party and CODES colleagues (Ross Large,
The rising hydrothermal fluids precipitate pyrite and quartz in theGarry Davidson, Paul Kitto, Peter McGoldrick) have contributed to
stockwork zone (vein Stages®) and anhydrite pyrite+ chalcopy- th_e ideas present_ed here. Sulfur-lsotope_ a_nalyses were completed
rite veins (Stage 5) within the mound. Sulfur-isotope values for sulwith the help of Mike Power, Sr., and Christine Cook of the Central
fides ™S = 5%c7%o) in these veins reflect the original signature of Science Laboratory, University of Tasmania. Debbie Harding and
the modified hydrothermal fluid. Anhydrite in these veins, primarily Stuart Smith drafted some of the diagrams. Stewart Eldridge, Laura
Stage 5, has**s values of 21%o, which reflect rapid heating of en- St_okklng, and the ODP editorial staff are thanked for their reviews of
trained seawater that is infiltrating the mound. The hydrothermal fluthis paper.
id that is flowing through the veins leaks out though the porous and
permeable mound and reacts with previously formed sulfides and sul-

.fates Creat.mg afluid that b?c.omes slightly ?nr'Ch(.ﬁa‘B]' Thls.ﬂu'd Alt, J.C., 1988. The chemistry and sulfur isotope composition of massive sul-

is responsible for the precipitation of the disseminated pyrite assoCi- 'fie and associated deposits on Green Seamount, Eastern Faific.

ated with alteration and breccia matrix in the stockwork zone and Geol.,83:1026-1033.

lower portions of the mound (Fig. 3). This pyrite has the heaviestsul-— 1995. Subseafloor processes in mid-ocean ridge hydrothermal

fur-isotope values in the TAG systedi{S = 8%o—10%o). systemslIn Humphris, S.E., Zierenberg, R., Mullineaux, L., and Thom-
While this model has been proposed from the TAG sulfur-isotope son, R. (Eds.)Seafloor Hydrothermal Systems: Physical, Chemical, Bio-

systematics, other massive sulfide deposits where the source of the logical and Geological Interactions within Hydrothermal Systems.

sulfur is considered to be a combination of an igneous source and se?-Ge"phys- Monogr., Am. Geophys. Union, 91:854. .

water sulfate are, for example, Hellyer deposit, Tasmania (Gemméﬁt’ J.C., Anderson, T.F,, and Bonnell, L., 1989. The geochemistry of sulfur

. - in a 1.3 km section of hydrothermally altered oceanic crust, DSDP Hole
and Large, 1992, 1993), South Bay deposit, Ontario (Seccombe and 504B.Geochim. Cosmochim. AcB3:1011+1023.

Clark, 1981), Big Mike deposit, Nevada (Rye et al., 1984), Buttleg, opinski, D.J., 1977. Sulfur isotopic composition of ophiolitic cuperiferous

Lake deposits, British Columbia (Seccombe et al., 1990), and certain jron sulfide deposits, Notre Dame Bay, Newfoundlaggbn. Geol.72:

modern seafloor sulfide-sulfate chimneys (Styrt et al., 1981; Bluth 243-257.
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Plate 1. 1. Massive sulfide. Massive, granular pyrite with interstitial anhydrite. Black areas are pore space. Sample 158-957G-1N-1, Piece 3, 10-15 cm. Scale
bar in cm. 2. Pyrite-anhydrite breccia with Stage 5 anhydrite vein. Rounded to subangular clasts of pyrite + chalcopyrite set in a matrix of anhydrite. Vein con-
sistsof crustiform anhydrite with bands and clots of pyrite and chal copyrite. Sample 158-957C-7N-3, Piece 4A, 28-50 cm. Scale bar in cm. 3. Pyrite-silica brec-
cia. Subrounded to angular clasts of pyrite and pyrite-quartz set in afine-grained quartz with disseminated pyrite matrix. Sample 158-957H-5N-1, Piece 5A, 28—
40 cm. Scale bar in cm. 4. Silicified wallrock breccia. Silicified, sericitized, and pyritized basalt cut by quartz-pyrite-chal copyrite stockwork (Stage 2 veins).
Sample 158-957¢-16N-2, Pieces 7A and 7B, 67—-82 cm. Scae bar in cm. 5. Chloritized basalt breccia Basalt that has been initially chloritized (ch) and then
overprinted by quartz-sericite alteration (gs). Quartz-only Stage 3 (3) and Stage 4 pyrite-quartz (4) veins through sample. Sample 158-957E-17R-1, Piece 7, 39—
44 cm. Scale bar in cm. 6. Stage 5 anhydrite vein (asillustrated in Fig. 6). Vein consists of fine-grained crustiform banded anhydrite with a 0.5- to 1.5-cm-thick
chalcopyrite selvage (cp). A pyritization halo (py) extends 4 cm into the pyrite-silica breccia (br). Sample 158-957C-13N-2, Pieces 3A and 3B, 15-30 cm. Scale
bar in cm.
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