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6. STABLE ISOTOPE STUDY OF ANHYDRITE AND SULFIDE MINERALS AT THE TAG 
HYDROTHERMAL MOUND, MID-ATLANTIC RIDGE, 26°N 1

Hitoshi Chiba,2 Noriaki Uchiyama,2 and Damon A.H. Teagle3

ABSTRACT

The active mound of the Trans-Atlantic Geotraverse (TAG) hydrothermal system at the Mid-Atlantic ridge at 26°N was
drilled during Ocean Drilling Program (ODP) Leg 158. One of the most important findings of the drilling is the discovery of an
anhydrite-rich zone beneath the active mound. Stable isotope ratios of anhydrite and sulfide minerals are measured to investi-
gate the formation conditions and mechanisms of the active mound and the anhydrite-rich zone. δ34S values of sulfide minerals
are heavier than those of other sediment-starved ridge hydrothermal systems. The heavy sulfide sulfur may be derived from the
anhydrite in the reaction zone, which was precipitated in the waning stage of the former high-temperature activity of this sys-
tem. Anhydrite δ18O and δ34S are out of equilibrium with the hydrothermal fluid. Disequilibrium of the oxygen-isotope
exchange reaction suggests a very short residence time of aqueous sulfate in a high-temperature environment. Anhydrite pre-
cipitation seems to have occurred instantaneously at the mixing interface where Ca2+ was supplied from the hydrothermal solu-
tion and SO4

2– from the seawater. Anhydrite 87Sr/86Sr values suggest the preheating of seawater sulfate before it enters the
anhydrite formation zone. The chemical behavior of seawater upon heating and interaction with basalt indicate that the preheat-
ing of seawater takes place at the environment where basalt is absent. Seawater must invade from the surface of the mound into
the anhydrite-rich zone.
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INTRODUCTION

The Trans-Atlantic Geotraverse (TAG) hydrothermal field is lo-
cated on the eastern side of the median valley of the Mid-Atlantic
Ridge at 26°08′N. Hydrothermal deposits have been found in a 5 × 5-
km area, but the known high-temperature venting is restricted to
active mound, which is about 200 m in diameter and 50 m high. I
one of the largest hydrothermally active mounds so far discove
(Rona et al., 1986).

During ODP Leg 158, a series of holes was drilled at the act
mound from September to November, 1994. One of the import
discoveries of the leg is the abundance of anhydrite beneath the
face of the active mound (Humphris et al., 1995). Anhydrite/gyps
is common in some zones of Kuroko-type massive sulfide deposit
Japan. However, Cyprus-type massive sulfide deposits do not h
massive anhydrite zones. The discovery of anhydrite beneath the
tive hydrothermal sulfide mound may provide important clues to 
vestigate the formation mechanism of the massive sulfide dep
formed at mid-ocean ridge hydrothermal systems.

The purpose of this study is to investigate the origin of sulfide s
fur and the formation mechanism of the anhydrite-rich zone us
sulfur- and oxygen-isotopic ratios of anhydrite and sulfide minera

SAMPLES AND ANALYTICAL METHODS

Samples are taken mainly from the TAG-1 area (Holes 158-95
957E, and 957G) from depths between 12.3 and 120.85 mbsf. All
lithologic units in the TAG-1 area (Humphris et al., 1995) were sa
pled. Three sulfide samples were also taken from the TAG-2 a
(Holes 158-957B and 957H; 1.0 to 9.07 mbsf) to compare δ34S values
of sulfide minerals with samples from the TAG-1 area.
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Samples for the oxygen- and sulfur-isotope analyses were ha
picked from the specimens. Sulfide samples were washed with a
lute HCl solution to remove sulfate minerals, then oxidized to sulf
by reaction with concentrated nitric acid and Br2. After removing cat-
ions using cation-exchange resin, sulfate ion was quantitatively p
cipitated as BaSO4 by adding BaCl2 solution. Anhydrite samples
were dissolved in dilute HCl solution. After removal of cations by t
ion-exchange resin, SO4

2– ion in the solution was precipitated as
BaSO4. Sulfur dioxide gas for the sulfur-isotope analysis was pre-
pared by the V2O5 heating method (Yanagisawa and Sakai, 1983).
Carbon dioxide gas for oxygen-isotope analysis was prepared by the
graphite reduction method (Sakai and Krouse, 1971). The sulfur- and
oxygen-isotope ratios were measured using VG Sira-10 and VG
Prism mass spectrometer, respectively. Values of δ34S and δ18O are
reported relative to the CDT and SMOW scales, respectively. During
measurements, OGS-1, which is seawater sulfate precipitated as
BaSO4, was analyzed for comparison. Analytical errors for both oxy-
gen- and sulfur-isotope ratios are lower than ±0.1‰.

RESULTS

Sulfur-isotopic ratios of sulfide samples are shown in Table 1 a
Figure 1. Values of δ34S range from 6.50‰ to 8.84‰. δ34S values of
sulfides in the TAG-2 area are within the same range as those in
TAG-1 area. No difference in δ34S values was found between sam
ples associated with anhydrite (above 58.9 mbsf) and samples no
sociated with anhydrite (120.9 mbsf), and there is no obvious tren
δ34S of sulfide minerals with depth (Fig.1). The δ34S values of sulfide
minerals in the TAG active mound are significantly higher than tho
in other sediment-starved, ocean-floor hydrothermal systems (e
Shanks et al., 1995).

Sulfur- and oxygen-isotopic ratios of anhydrite are listed in Tab
2 and are shown in Figure 1. δ34S values of anhydrite range from
21.4‰ to 22.8‰. There is no trend of δ34S with depth. Most of them
are heavier than the δ34S of seawater sulfate, that is 20.99‰ (Rees
al., 1978). Anhydrite δ18O values are more widely scattered than δ34S
values, ranging from 6.5‰ to 9.5‰. Most of them are lighter th
δ18O of seawater sulfate (9.1‰ to 9.6‰; Kusakabe et al., 1990). 
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mailto:hchiba@geo.kyushu-u.ac.jp


H. CHIBA, N. UCHIYAMA, D.A.H. TEAGLE

5).
ier

g py-
-1,
tion
ms.

lfate
a-
nks,
ch
ea-
nhy-
tem.
nd
 may
lies
arge
ow-
eac-
ne to
 reac-
tion
ived
sul-
The
 ba-
his
loor
though they show large scatter in range, there is no obvious trend of
δ18O with depth below seafloor (Fig.1).

DISCUSSION

Source of Sulfide Sulfur

The difference in δ34S between sulfide and anhydrite is almost
constant down to 48.5 mbsf (Fig.1). This may indicate that the two
minerals are formed at the same temperature regardless of the depth.
However, high-temperature seawater-basalt interaction removes sul-
fate ion from the seawater-derived hydrothermal solution (e.g.,
Bischoff and Seyfried, 1978). The sulfate concentration of the TAG
hydrothermal fluid discharged at the black smoker are almost zero
(Gamo et al., 1996). Thus, it is not likely that sulfide and sulfate min-

Table 1. Sulfur isotopic ratios of sulfide minerals, Site 957.

Note: py = pyrite, cp = chalcopyrite.

Hole, core, section Mineral
Depth 
(mbsf)

δ34S
(‰)

TAG-1 area
957F-1N-1 (Piece 10A) py 1.41 7.15
957G-1N-1 (Piece 7) py 12.32 7.53
957C-5N-1 (Piece 1) py 15.00 7.20
957C-10N-1 (Piece 2) py 28.75 7.34
957C-11N-2 (Piece 1B) py 32.19 6.98
957C-12N-2 (Piece 11B) py 36.23 6.88
957C-12N-3 (Piece 3) py 36.64 8.41
957C-13N-2 (Piece 3A) py 38.71 6.59
957C-14N-1 (Piece 6) cp 40.61 7.04
957C-15N-2 (Piece 1E) cp 43.18 6.50
957C-16N-2 (Piece 9D) py 48.50 8.28
957E-5R-1 (Piece 7) py 58.92 8.84
957E-18R-1 (Piece 3) py 120.85 8.08

TAG-2 area
957B-1R (Piece 1) py + cp 1.00 7.92
957B-1R-2 (Piece 1) py + cp 1.03 7.73
957H-1N-1 (Piece 9) py 9.07 8.37
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Figure 1. Depth profile of δ34S and δ18O values for anhy-
drite and sulfide minerals from the TAG-1 and the TAG-
2 area, TAG active mound.
86
erals were precipitated simultaneously from the hydrothermal fluid
alone. The constant apparent sulfur isotope fractionations between
sulfide and anhydrite must be a coincidence because of the nearly
constant δ34S values of the sulfide and anhydrite.

The δ34S of sulfide minerals at sediment-starved ridge hydrother-
mal systems typically range from 1‰ to 7‰ (Shanks et al., 199
Sulfide minerals at the TAG active mound are isotopically heav
than those at other sediment-starved systems (Table 1), includin
rite from below the anhydrite-rich zone (Sample 158-957E-18R
[Piece 3]). Thus, hydrogen sulfide supplied from the deep reac
zone is isotopically heavier than in other sediment-starved syste
The sulfur-isotopic ratio of MORB is +0.3‰ ± 0.5‰ (Sakai et al,
1984). Using the value for sulfur in basalt, the maximum δ34S values
theoretically modeled would be 4.5‰ even when the seawater su
is reduced by ferrous iron in hydrothermal fluid during mixing of se
water and hydrothermal fluid at the seafloor (Janecky and Sha
1988). Pyrite δ34S values in the TAG active mound exceed 8‰. Su
a heavy sulfur-isotopic ratio requires the addition of sulfur from s
water sulfate. Reduction of aqueous sulfate and/or reduction of a
drite must have occurred in the deep reaction zone of this sys
High-temperature hydrothermal activity at the active TAG mou
began about 20 ka, and, although it is active at present, venting
have been intermittent in the past (Lalou et al., 1993). This imp
that the major fracture system focusing the hydrothermal disch
can be reactivated. When high-temperature activity declines, l
temperature, seawater-derived fluid may eventually enter the r
tion zone. If the temperature along the path from the recharge zo
the reaction zone is low enough, seawater sulfate can reach the
tion zone leading to anhydrite precipitation at depth in the reac
zone. If the high-temperature activity is reactivated, seawater-der
sulfate, in the form of anhydrite, is available as source of sulfide 
fur in addition to the basaltic sulfur (Janecky and Shanks, 1988). 
sulfate sulfur can be reduced by the reaction with ferrous iron in
salt and would be incorporated into the hydrothermal fluid. T
mechanism can explain the isotopically heavy sulfide in the seaf
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Table 2. Sulfur- and oxygen-isotope ratios of anhydrite from the TAG-1
area, Site 957.

Note: n.a. = not analyzed.

Hole, core, section
Depth
 (mbsf)

δ34S
(‰)

δ18O
(‰)

957G-1N-1 (Piece 7) 12.3 21.9 8.1
957C-5N-1 (Piece 1) 15.0 22.1 n.a.
957C-7N-1 (Piece 8B) 20.3 21.9 8.2
957G-3N-1 (Piece 4D) 21.4 22.3 9.1
957C-7N-2 (Piece 1H) 21.7 21.7 8.0
957C-7N-3 (Piece 3) 22.5 22.2 9.6
957C-10N-1 (Piece 2) 28.8 22.1 8.8
957C-11N-1 (Piece 3J, 109 cm) 31.8 21.9 6.9
957C-11N-1 (Piece 3J, 111 cm) 31.8 22.0 8.4
957C-11N-1 (Piece 3K, 125 cm) 31.9 21.7 7.0
957C-11N-1 (Piece 3K, 126 cm) 31.9 21.6 8.2
957C-11N-1 (Piece 3K, 129 cm) 31.9 21.9 9.1
957C-11N-1 (Piece 3K, 129 cm) 31.9 21.5 8.2
957C-11N-1 (Piece 3K, 129 cm) 31.9 21.8 9.1
957C-11N-2 (Piece 1B) 32.2 22.8 7.9
957C-11N-3 (Piece 5B) 34.0 21.4 7.9
957C-12N-2 (Piece 11B) 36.2 22.0 6.5
957C-12N-3 (Piece 3) 36.6 21.9 6.8
957E-2R-1 (Piece 6) 37.3 22.3 9.5
957C-13N-1 (piece 15) 38.0 23.0 7.6
957C-13N-2 (Piece 3A) 38.7 22.0 7.5
957C-13N-2 (Piece 3A) 38.7 22.0 8.2
957C-14N-1 (Piece 6) 40.6 22.2 8.5
957C-14N-2 (Piece 1B) 41.1 22.1 7.8
957E-3R-1 (Piece 3) 41.8 22.3 9.4
957C-15N-1 (Piece 11B) 42.9 22.3 7.8
957C-15N-2 (Piece 1E) 43.2 22.1 7.4
957C-15N-4 (Piece 2) 45.9 22.4 7.7
957C-16N-1 (Piece 7) 46.7 22.0 n.a.
957C-16N-2 (Piece 9D) 48.5 22.2 8.8
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hydrothermal systems that intermittently discharge high-temperature
fluids.

Oxygen and Sulfur Isotopic Ratio of Anhydrite

The relationship between δ18O and δ34S of anhydrite and seawater
sulfate is shown in Figure 2. Both δ18O and δ34S of anhydrite samples
differ from seawater sulfate. Anhydrite δ34S values are almost con-
stant, but are 0.6‰ to 2‰ heavier than the δ34S of seawater sulfate
Anhydrite δ18O values, however, are variable and are smaller tha
δ18O of seawater sulfate.

The processes that can affect the isotopic composition of a
drite are depicted schematically in Figure 3. Anhydrite inherit
oxygen- and sulfur-isotope ratio from the aqueous sulfate at the
of precipitation, but there is a small oxygen-isotope fractionation
tween aqueous sulfate and anhydrite (0.1‰ at 300°C; Chiba 
1981). Once anhydrite precipitates, further isotope exchange re
does not easily take place, because it must proceed through ver
diffusion in solid anhydrite. Variations shown on Figure 2 mainly
flect isotope-exchange reactions in the fluid, which occur before
hydrite precipitates. The sulfur-isotope ratio of aqueous sulfate
change through isotope-exchange with hydrogen sulfide, which 
major sulfur-bearing species in the hydrothermal fluid. The resu
δ34S of the exchanged sulfate depends on the δ34S of H2S, tempera-
ture, and the degree to which equilibrium is approached. If w
sume that H2S is in sulfur-isotope equilibrium of 7‰ with pyrite, th
sulfur-isotope exchange reaction between aqueous sulfate an2S
makes δ34S of aqueous sulfate lighter than that of seawater su
above 380°C and heavier below 380°C (Ohmoto and Lasaga, 
Kiyosu, 1973; Kajiwara and Krouse, 1971). Oxygen-isotope rati
sulfate can also change through the isotope-exchange reactio
tween fluid and aqueous sulfate. Assuming that aqueous sulfa
tains isotope equilibrium with the TAG hydrothermal fluid (δ18O =
1.5‰; Shanks et al., 1995), the δ18O of precipitating anhydrite be
comes higher than that of seawater sulfate below 230°C and sm
above 230°C (Chiba et al., 1981). Another process that could a
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Figure 2. Relationship between δ18O and δ34S of sulfate minerals from sea-
floor hydrothermal systems. Solid circles = anhydrite of TAG-1 area; open
circles = anhydrite of black smoker chimney at EPR 21°N (Kusakabe 
1982); ×’s = barite chimney at Mariana backarc basin (Kusakabe et
1990); open squares = seawater SO4

2–. Dashed line indicates the isotope-
equilibrium condition of anhydrite with pyrite (δ34S = 7‰) and hydrotherma
fluid (δ18O = 1.5‰) at various temperatures.
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both δ34S and δ18O of aqueous sulfate is sulfate reduction. During su
fate reduction, the isotopically light molecules are preferentially r
duced to sulfide, and the remaining sulfate becomes isotopica
heavier than the original sulfate.

The dashed line on Figure 2 indicates equilibrium isotope fra
tionation among anhydrite, pyrite, and hydrothermal fluid as a fun
tion of temperature, given the assumptions above. From this figu
sulfur-isotope ratios of anhydrite seem to be in equilibrium with TA
hydrothermal solution at around 350°C, which is slightly lower tha
the temperature estimated from fluid inclusions, around 360
(Uchiyama, unpubl. data). However, the calculated equilibrium ox
gen-isotope temperatures between sulfate and hydrothermal fluid
all less than 305°C. Consequently, oxygen-isotope ratios of anhyd
87
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are far from equilibrium at temperatures of anhydrite precipitation in-
dicated by fluid inclusions, although SO4

2– could have exchanged its
oxygen isotopes with hydrothermal fluid to various degrees at tem-
peratures higher than 230°C. Equilibrium between sulfur-isoto
would not be expected if the oxygen-isotopes are not in equilibriu
Oxygen-isotope exchange reactions between sulfate ion and w
must be faster than sulfur-isotope exchange between sulfate ion
H2S, because the sulfur atom in the sulfate ion is surrounded by 
oxygen atoms, so more bonds must be broken, which is confirme
experimental works (Chiba and Sakai, 1985; Ohmoto and Las
1982). Therefore, high δ34S values of anhydrite is not interpreted t
be a result of equilibrium exchange with H2S in the TAG fluid. The
slight increase in δ34S of anhydrite compared with seawater sulfate
probably caused by partial reduction, about 10%, of seawater su
by ferrous iron in the hydrothermal fluid during mixing of seawat
and hydrothermal fluid in the anhydrite precipitation zone.

The oxygen-isotope exchange rates between aqueous sulfate
water were experimentally determined at various temperatures (
ba and Sakai, 1985). The half-reaction time depends on the temp
ture, pH of the solution, and total sulfur concentration. Extrapolat
of their results to 360°C suggests that the half-reaction time of o
gen-isotope exchange between aqueous sulfate and water is les
a few minutes at in situ pH as calculated by Tivey et al. (1995). T
temperature-pH-time path of SO4

2–-bearing fluid that is responsible
for precipitation of anhydrite in the active mound is not clear at
present. Therefore, it is not possible to estimate the residence time of
the fluid responsible for anhydrite formation in the mound. The fail-
ure to attain oxygen isotope equilibrium, however, does suggest that
aqueous sulfate must have precipitated as anhydrite extremely rapid-
ly within anhydrite-rich zone. It also may suggest that the flow rate
of the SO4

2–-bearing fluid into the subsurface of the mound is very
rapid. Samples of disseminated anhydrite (Samples 158-957C-12N-
2, [Piece 1B] and 158-957C-12N-3, [Piece 3]) and from narrow veins
(Samples 158-957C-13N-1, [Piece 15], 158-957C-13N-2, [Piece
3A], 158-957C-15N-2, [Piece 1E], and 158-957C-15N-4, [Piece 2])
tend to have lower δ18O values. It may indicate that the flow rate of
SO4

2–-bearing fluid slowed at the end of the flow path, allowing SO4
2–

to approach oxygen isotopic equilibrium.
Five anhydrite samples were taken for isotope analyses from a

single piece of core (Sample 158-957C-11N-1, [Piece 3K]) and their
isotopic ratios are listed in Table 2. The range of δ34S is from 21.6‰
to 21.9‰, which only slightly exceeds the reproducibility of the me
surements. Values of δ18O, however, vary from 7.0‰ to 9.1‰ within
the 5-cm-long piece. This sample contains several generation
veins. The wide range of δ18O values of sulfate indicates that the fo
mation conditions vary for individual veins.

Flow Path of Seawater into the Mound

Ca concentration of the TAG hydrothermal fluid (26 mmo
Champbell et al., 1988) is higher than that of seawater (11 mmol)
cause of seawater-basalt interaction (Bischoff and Dickson, 19
but sulfate ion is highly depleted (Gamo et al., 1996). To precipit
anhydrite beneath the subsurface of the mound, a SO4

2–-bearing solu-
tion (i.e., seawater) must invade from beneath the mound. Sr-isotopic
ratios of anhydrite samples of the anhydrite-rich zone were measured
by Teagle et al. (Ch. 11, this volume). Six sulfate samples, including
one collected at the surface of the active mound by the Japanese sub-
mersible Shinkai 6500 were analyzed for their 87Sr/86Sr and 18O/16O
ratios. The measured 87Sr/86Sr values (0.70633 to 0.70731) are be-
tween the 87Sr/86Sr of seawater (0.709), TAG hydrothermal solution
(0.704) (Gamo et al., 1996), and Mid-Atlantic Ridge basalt (0.7024
to 0.7026) (Hamelin et al., 1984; White and Schilling, 1978). 87Sr/86Sr
values vary even within a 5-cm-long piece of core, similar to δ18O
values. If we assume that anhydrite formed by adiabatic mixing of
ambient seawater (2°C, 87Sr/86Sr = 0.709) and the hydrothermal solu
tion (360°C, 87Sr/86Sr = 0.704), temperatures of the mixed solutio
can be calculated from the 87Sr/86Sr mass balance (Table 3). The con
88
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tribution of seawater Sr to the anhydrite samples are from 31%
49%, giving calculated temperatures of 131° to 204°C. The calcu
ed temperatures are much lower than the temperature estimated
fluid inclusions and δ18O values of anhydrite samples. The low tem
peratures estimated assuming adiabatic mixing suggest that th
sumption is not valid. To account for higher estimated formation t
perature of anhydrite by other methods, seawater that mixes with
drothermal fluid must be heated prior to mixing, because mixing
hydrothermal fluid and SO42–-bearing solution of seawater-origin
causes anhydrite precipitation immediately. Table 3 shows that anhy-
drites precipitated under higher contribution of hydrothermal fluid,
ones with low 87Sr/86Sr ratios, have low δ18O values (i.e., higher oxy-
gen-isotope temperature), and that the temperatures calculated by
oxygen-isotopes are about 100°C higher than the temperatures
mated by strontium-isotopes. Although δ18O of anhydrite is not in ox-
ygen-isotope equilibrium with fluid from which anhydrite was pr
cipitated, low δ18O of anhydrite indicates that SO4

2– partially ex-
changed its oxygen-isotopes with seawater before anhydrite
precipitation. The progress of oxygen-isotope exchange-reaction is a
function of temperature and duration of reaction: higher temperature
increases the reaction rate and longer time enables the reaction to ap-
proach equilibrium. The tendency of anhydrite that has a low δ18O
value to have a higher contribution of hydrothermal fluid suggests
that seawater that invaded close to the main stream of hydrothermal
fluid was heated at higher temperature and/or for a longer time com-
pared to seawater that precipitated anhydrite with lower contribution
of hydrothermal fluid.

Seawater begins to precipitate anhydrite when it is heated above
150°C (Bischoff and Dickson, 1975). If seawater is heated ab
250°C, magnesium hydroxyl sulfate hydroxide also begins to pre
itate (Bischoff and Seyfried, 1978). Although the sulfate concen
tion in the seawater continues to decrease upon further heating,
third of seawater sulfate remains in the heated seawater, even 
heated to 350°C because there is insufficient Ca + Mg to remov
sulfate from solution. If the seawater reacts with fresh basalt ab
70°C, Mg is removed from the seawater to form alteration miner
and Ca is leached from basalt (Mottl, 1983). Thus, basalt-seawat
teraction above 150°C forces all sulfate ions to precipitate as a
drite. To form an anhydrite-rich zone beneath the active mound,
water must flow into the anhydrite-forming zone without react
with enough basalt to remove all sulfate through anhydrite precip
tion. The feeder zone of the hydrothermal fluid beneath the TAG
tive mound appears to be narrow and restricted to the center p
the mound (Humphris et al., 1995). Also, basalt at the peripher
the mound is relatively unaltered. Therefore, the flow path of sea
ter into the anhydrite-formation zone is not likely to include sign
cant flow through fresh basalt at temperature in excess of 150°C
heat-flow measurements on the active mound suggest that ther
seawater recharge zone at the western part of the mound (Becke
Von Herzen, 1996). If the seawater flows from the mound itself, it
teracts mainly with low-Ca assemblages of sulfide and silica mine
5),
teTable 3. Oxygen- and strontium-isotope ratios of anhydrite samples
from the TAG-1 area, Site 957.

Notes: * = O temperature is the oxygen-isotope equilibrium temperature between anhy-
drite and water (1.5‰). † = Sr temperature is calculated assuming adiabatic mi
of seawater (2°C) and hydrothermal fluid (360°C). ** = anhydrite collected at t
surface of the mound by the submersible Shinkai 6500.

Hole, core, section
Depth 
(mbsf)

δ18O 
(‰)

O 
temperature 

(°C)* 87Sr/86Sr

Sr 
temperature

 (°C)†

216R-3** 0.0 8.5 252 0.707038 153
957C-7N-1 (Piece 8B) 20.3 8.2 258 0.707079 146
957C-11N-1 (Piece 3K, 129 cm) 31.9 9.1 239 0.707310 131
957C-11N-1 (Piece 3K, 126 cm) 31.9 8.2 258 0.706711 175
957C-11N-1 (Piece 3K, 125 cm) 31.9 7.0 289 0.706329 204
957C-14N-2 (Piece 1B) 41.1 7.8 268 0.706630 182
957C-16N-2 (Piece 9D) 48.5 8.8 245 0.706863 168
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in the mound and does not interact with any fresh basalt. Thus, the
heating of seawater in the mound is almost identical to the simple
heating experiments. Such a flow path is favorable to the formation
of the anhydrite-rich zone beneath the mound where this heated sea-
water mixed with hydrothermal fluid. Small amounts of sulfate may
be reduced to produce slightly heavy δ34S values of aqueous sulfate
by the reaction with pyrite in the mound and/or ferrous iron in the hy-
drothermal fluid.

The flow paths of seawater and hydrothermal fluid are schemati-
cally shown in Figure 4. Seawater invades from the mound into the
anhydrite-rich zone. Along this flow path, seawater is heated to some
extent. When the heated seawater enters the anhydrite-rich zone and
meets the hydrothermal fluid from the reaction zone, anhydrite pre-
cipitates at the mixing zone using Ca2+ from the hydrothermal fluid
and SO4

2– from the seawater. Strontium-isotope ratios of the anhy-
drite provide a measure of the relative abundance of seawater and hy-
drothermal fluid. The precipitation must be very rapid, because δ18O
of anhydrite is out of equilibrium with hydrothermal fluid or seawater
at the temperature estimated by the fluid inclusions. This suggests
that the flow rate of the seawater into the anhydrite-formation zone
may be rapid, and that anhydrite precipitation probably takes place at
the mixing interface between the two solutions.

CONCLUSION

Measurements of stable isotope ratios of sulfide minerals and an-
hydrite, mainly from the TAG-1 area of the active mound, together
with the trapping temperatures of fluid inclusions, provide insights
concerning the origin of sulfide sulfur, the mechanism of anhydrite
precipitation beneath the mound, and the flow path of seawater into
the anhydrite-rich zone.

1. Sulfide mineral δ34S values are heavier than those of other sed-
iment-starved ridge hydrothermal systems. The heavy δ34S
values indicate incorporation of sulfur of seawater sulfate ori-
gin. It may be derived from reduction of anhydrite in the reac-
tion zone, which was precipitated during the waning stage of a
former high-temperature discharge phase of this system.

2. Sampled anhydrite δ18O and δ34S values are out of equilibrium
with the hydrothermal fluid. Disequilibrium of oxygen-iso-
topes suggests a short residence time of aqueous sulfate in the
high-temperature environment. Anhydrite precipitation oc-
curred instantaneously at the mixing interface where Ca2+ was
supplied predominantly from the hydrothermal solution and
SO4

2– from heated seawater.
3. Anhydrite 87Sr/86Sr values suggest contribution of hydrother-

mal fluid to anhydrite formation. An adiabatic mixing model
using 87Sr/86Sr yields lower temperatures compared to temper-
atures estimated by oxygen-isotopes and fluid inclusions. Fail-
ure of the adiabatic mixing model indicates that seawater was
heated before anhydrite precipitation. The chemical behavior
of seawater upon heating and during interaction with basalt in-
dicates that the preheating of seawater takes place in an envi-
ronment where reactive basalt at high temperature is absent.
Seawater must invade from the surface of the mound into the
anhydrite-rich zone.
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