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14. TEMPERATURE AND SALINITY OF FLUID INCLUSIONS IN ANHYDRITE AS INDICATORS OF 
SEAWATER ENTRAINMENT AND HEATING IN THE TAG ACTIVE MOUND1

Margaret Kingston Tivey,2 Rachel A. Mills,3 and Damon A.H. Teagle4

ABSTRACT

Microthermometric analyses of fluid inclusions, carried out on individual anhydrite crystals from samples recovered at
depths from 0 to >120 mbsf within the Trans-Atlantic Geotraverse (TAG) active hydrothermal mound, indicate high tempera-
tures (>337°C) throughout the TAG-1 and TAG-2 areas and suggest that temperatures at depths greater than 100 mbsf are in
excess of 380° to 390°C. Samples from the TAG-5 area indicate a wider and lower range of temperatures (187°−337°C). Salin-
ities of fluids in all inclusions analyzed fall well within the range of measured salinities in mid-ocean ridge vent fluids. Cou-
pling data from fluid inclusion analyses with Sr-isotopic analyses of anhydrite crystals from the same locations allows
determination of both the proportions of hydrothermal fluid and seawater comprising the fluids that formed the anhydrite crys-
tals and the temperature of the fluid mixtures. These data provide evidence for seawater entrainment and significant conductive
heating of seawater/hydrothermal fluid mixtures within the mound. Conductive heat gain can occur as fluids are transported
through veins bounded by conductive sulfide-rich breccias. Estimated flow rates to allow for conductive heating are on the
order of 0.02 to 0.08 kg/s, and geochemical calculations indicate that on the order of 10−2 mol of anhydrite should precipitate
per kg of fluid. By assuming that between 1% and 10% of the 225 MW convective heat flux from the Black Smoker Complex
is used to heat seawater, it is estimated that the existing ~2 × 104 m3 of anhydrite present within the TAG active mound could
have been deposited in 80 to 800 yr. The convective process of entraining and heating seawater may be responsible for cooling
black smoker fluids from >380°C to the temperature of 366°C currently measured in orifices of chimneys that compose the
Black Smoker Complex.
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INTRODUCTION

The Trans-Atlantic Geotraverse (TAG) active hydrothermal
mound is located 2.5 km east of the neovolcanic zone at 26°08′N in
the middle of a 40-km-long ridge segment on the Mid-Atlantic Rid
The mound measures 150 to 200 m in diameter, exhibits 50 m o
lief, and is covered entirely by hydrothermal precipitates. Geoch
ical studies of solids and fluids recovered from the surface of
mound have provided crucial evidence for entrainment of seaw
into the mound and for ongoing zone refinement within the dep
(Tivey et al., 1995; Edmond et al., 1995). In the fall of 1994, 17 h
were drilled in the TAG active hydrothermal mound during Leg 1
of the Ocean Drilling Program in an effort to investigate subsur
portions of the mound. Recovered material, including substa
amounts of anhydrite, provide further evidence for significant 
trainment of seawater into the mound.

In order to better understand this entrainment process, det
studies of anhydrite within the mound have been carried out. T
include fluid inclusion analyses to determine the temperature an
linity of the fluids responsible for formation of anhydrite, Sr-isoto
analyses to deduce relative proportions of seawater and hydroth
fluid involved in the formation of anhydrite, and examination of ra
earth element (REE) concentrations of anhydrite to investigate
evolution of fluids within the mound. Here we report on the fluid 
clusion analyses. Sr-isotope and REE analyses from a similar sa
suite are discussed in detail by Mills et al. (Chap. 10, this volume)
Humphris (Chap. 12, this volume). Sulfur and O-isotope, O- and
isotope, and fluid inclusion analyses of alternative suites of anhy
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samples from within the mound are reported by Chiba et al. (Chap.
this volume), Teagle et al. (Chap. 22, this volume), and Petersen et
(Chap. 13, this volume).

THE TAG ACTIVE HYDROTHERMAL MOUND

The TAG active hydrothermal mound is located at a depth of 367
meters below sea level (mbsl) within the larger TAG hydrotherma
field on 100 ka crust, based on spreading rates (Rona et al., 199
The distribution of high- and low-temperature venting on the surfac
of the mound, and of sample types, is asymmetrical (Tivey et a
1995). High-temperature (363°C) black smoker activity is strongl
focused and localized northwest of the center of the mound (at t
Black Smoker Complex). Fluids exhibiting lower temperature
(260°−300°C) and less vigorous flow rates emanate from many sma
(1−2 m) chimneys concentrated in the southeastern quadrant of 
mound: the “Kremlin” area (Thompson et al., 1988). Low-tempera
ture fluids percolate through the hydrothermal precipitates ov
patchy areas of the top and sides of the mound and through area
the apron surrounding the mound. Results of heat-flow studies i
clude that conductive heat-flow values are extremely variable; the
is very high heat flow on the south and southeast sides of the mou
and also high heat flow in sediments on the seafloor surrounding t
mound to the northeast, northwest, and southwest, and there is a b
of very low heat flow 20 to 50 m west of the Black Smoker Complex
suggesting an area of shallow recharge (Becker and Von Herz
1996).

Considerable work has been done on samples collected from 
surface of the mound. The preliminary description of the geolog
setting and geochemistry of solids, reported by Thompson et 
(1988), is based on dredged samples and samples recovered du
three Alvin dives in 1986. Geochronological studies of samples from
the TAG active mound suggest that hydrothermal activity has be
intermittent over the past 20,000 yr, with a periodicity of 5000−6000
yr, and that the current activity commenced about 50 yr ago (Lalou
al., 1990, 1993). Edmond et al. (1995) carried out time-series stud
179
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of vent fluids from the TAG active mound that indicate that there 
currently two distinct, but related, fluid compositions exiting t
mound, and that the compositions of fluids have remained relati
stable over a period of 5 yr. White smoker fluids exiting the Krem
area are approximately 60° to 90°C cooler than black smoker flu
and are considerably more acidic, and less Fe- and H2S- rich; these
differences are attributed to the white smoker fluid being a mix
roughly five parts black smoker fluid and one part seawater, with 
cipitation of Fe-sulfide within the mound accounting for the low F
H2S, and pH (Edmond et al., 1995). Analyses of the REE comp
tions of vent fluids suggest that, except for Eu, white smoker flu
exhibit lower REE concentrations than black smoker fluids; howev
white smoker fluids show a significantly larger Eu anomaly (Mitra
al., 1994). Investigations of REEs in solids from the mound surf
led to the conclusion that precipitation of anhydrite within the mou
is responsible for removal of REEs (Mills and Elderfield, 1995). D
tailed mineralogical and geochemical studies indicate that sam
types associated with focused flow from the Black Smoker Comp
on the upper terrace are all enriched in Co and Se. In contrast, 
ples from the white smoker chimneys, and blocks of sulfide expo
on the lower terrace of the mound, are enriched in Zn, Au, Ag, 
Cd, and Pb (Tivey et al., 1995). The range of sample types, t
chemistry, and the relationship between black and white smoker 
have been explained by a model that involves entrainment of se
ter at two levels in the mound (Tivey et al., 1995). At the Bla
Smoker Complex, focused fluid flow leads to entrainment of sea
ter into the sides of the complex on the upper terrace at depths
than 3650 mbsl, resulting in formation of massive anhydrite. Sea
ter is also entrained into the main portion of the mound below 3
mbsl depth, resulting in precipitation of anhydrite and sulfide with
the mound as seawater mixes with black smoker fluid. Mineral d
osition modifies the pH, concentrations of metals, and H2S in the flu-
id mixture, forming white smoker fluid from black smoker fluid. Pr
liminary geochemical modeling of this process successfully rep
duced the chemistry of white smoker fluid by considering mixin
conductive cooling, and precipitation within the mound; calculatio
predict that the proportions of precipitates being deposited within
mound from the mixing process are ~19 parts anhydrite to 8 parts
rite and 1 part chalcopyrite (Tivey et al., 1995).

Not surprisingly, one of the significant findings of Leg 158 is th
there is abundant anhydrite present within the TAG mound. 
deepest penetration into the active mound, to 125 meters below
floor (mbsf), was in the TAG-1 area, located ~20 m southeast of
black smoker complex. Recovered core reveals a sequence of su
sulfate-silicate breccias underlain by silicified wallrock and chlo
tized basalt breccias (Fig. 1; Humphris et al., 1995; Humph
Herzig, Miller, et al., 1996). In the TAG-2 area, located on the sou
east edge of the mound near the Kremlin area, penetration was to
mbsf and pyrite and pyrite-silica breccias with anhydrite in veins 
vugs were recovered. Anhydrite was not recovered in core from
ther the TAG-3 area, located on the lower terrace about 55 m s
of the Black Smoker Complex, or the TAG-4 area, located on the
per terrace about 5 to 25 m west of the Black Smoker Complex
the TAG-5 area, located near the northern margin of the upper
race, about 20 to 30 m north-northeast of the Black Smoker Comp
the deepest penetration was to 59.4 mbsf, and pyrite, pyrite-a
drite, and pyrite-silica breccias were recovered. In the TAG-1, TA
2, and TAG-5 areas, anhydrite occurs in vugs, in veins (up to 45
thick in the TAG-1 area), as matrix in sulfide-silicate-sulfate bre
cias, and on broken surfaces of pyrite-silica, siliceous wallrock, 
chloritized basalt breccias. A combination of studies was mad
provide information on the temperature and salinity of fluids th
formed the anhydrite and on the relative proportions of seawater
hydrothermal fluid involved. These data allow examination of t
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processes and consequences of seawater entrainment and mi
within the mound.

METHODS

Microthermometric analyses of fluid inclusions were carried ou
on individual anhydrite crystals using a Fluid Inc. adapted U.S. Ge
logical Survey gas-flow heating and freezing stage, following th
procedures of Roedder (1984). Standardization of the stage was 
complished by measuring phase transitions within synthetic fluid in
clusion samples at −56.6°, 0.0°, and +374.1°C. Replicate measure
ments of homogenization and freezing point depression temperatu
were done on individual inclusions; progressive heating and cyclin
were used to avoid and test for leaking of inclusions (e.g., Kelley 
al., 1993). Temperature measurements were reproducible to ±0.1°C
during freezing and ±0.5°C during heating. Recognizing concerns re
lated to inclusions in anhydrite, all measurements were made on 
ther clusters of primary inclusions, or along single arrays, in whic
all inclusions displayed similar phase ratios, and homogenizatio
temperatures were within 5°−10°C of adjacent inclusions. Salinities
were calculated from freezing-point depression temperatures usi
data and equations from Bodnar (1993), and are expressed as w
NaCl equivalent. Homogenization temperatures were corrected f
pressure effects using the equation of Zhang and Frantz (1987).

Geochemical calculations of fluid mixing and heating were car
ried out using the computer code MINEQL (Westall et al., 1976
modified for use at high temperature (Tivey and McDuff, 1990). Th
thermodynamic database used was SUPCRT92 (Johnson et 
1992), with the addition of data for HCl° and CuCl° from Sverjensk
et al. (1991) and Ding and Seyfried (1992a), respectively, and wi
substitution of data for FeCl2° from Ding and Seyfried (1992b).

RESULTS

Description of Inclusions

Fluid inclusion analyses were performed on individual anhydrit
crystals picked from broken surfaces, matrix, vugs, and veins fro
depths between 20.76 and 120.89 mbsf (from cores from Holes 957
957E, and 957F) at the TAG-1 area, between 9.08 and 44.85 m
(from cores from Holes 957A and 957H) at the TAG-2 area, and b
tween 15.92 and 57.99 mbsf (from cores from Holes 957O and 957
at the TAG-5 area (see Fig. 1). In addition, measurements were ma
on anhydrite crystals picked from a massive anhydrite sample reco
ered from the surface of the mound in the TAG-1 area using the su
mersible Alvin (Sample ALV1677-2). Similar sample suites were
used for complementary studies of REEs (Humphris, Chap. 12, th
volume), and Sr-isotopes (Mills et al., Chap. 10, this volume).

Individual anhydrite crystals are tabular, ranging in size from 0.
to 3 mm. Information on whether crystals were from vugs, veins, m
trix, or broken surfaces, and on host sample types, is given in Tab
1. Inclusions were classified as primary and secondary following th
criteria of Roedder (1984). The majority of inclusions are primar
two-phase fluid inclusions, occurring in abundance parallel to cryst
faces (Fig. 2A). Inclusion size varies from 3 to 30 µm, and most in
clusions are rectangular or rectilinear; a small subset is round, a
pearing circular in cross section. Thin, tubular inclusions are prese
but were avoided owing to concerns about leaking. Secondary tw
phase fluid inclusions present along healed microfractures are le
common. They range in size from 4 to 25 µm, and are either recta
gular or circular in shape (Fig. 2B). These inclusions may be pseud
secondary inclusions, (i.e., they may have formed during the fractu
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Figure 1. Diagram of the TAG active hydrothermal mound showing the distribution of venting at the surface, the surface morphology, the location of 
areas TAG-1 through TAG-5, and a schematic view of the internal structure of the mound based on drilling results (from Humphris et al., 1995). Loca
samples used in the fluid inclusion study are indicated by the asterisks.
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Table 1. Origin of anhydrite crystals used in fluid inclusion study.

Note: V = vug or vein, M = matrix, I = interstitial, py = pyrite, cp = chalcopyrite, hm = hematite.

Core, section, interval 
(cm)

Depth 
(mbsf) Sample description

TAG-1
ALV1677-2 0 Massive anhydrite
158-957C-

7N-01,126-128 20.76 Vein in nodular siliceous pyrite-anhydrite breccia, with py
11N-01, 131-134 32.01 Banded vein with some hm
11N-03, 121-123V 34.82 Vein in pyrite-silica breccia, with cp
11N-03, 121-123I 34.82 Interstitial in pyrite-silica breccia, with py
15N-02, 43-45 43.83 Vein in silicified wallrock breccia
15N-04, 26-34 46.66 Thin vein against surface of nodular pyrite-silica breccia, with py

158-957E-
12R-1, 0-3 91.80 Broken surface of silicified wallrock breccia
17R-1, 8-15 116.18 Broken surface of chloritized basalt breccia
18R-1, 19-25 120.89 Vein in chloritized basalt breccia, with py

TAG-2
158-957H-

1N-1, 38-46 9.08 Vein and matrix of cp-rich porous massive pyrite
3N-1, 53-63 18.23 Matrix of porous nodular pyrite breccia
5N-2, 48-58 28.08 0.5-cm-wide vein on side of py clast from silicified wallrock breccia
5N-2, 79-84M 28.39 Matrix in silicified wallrock breccia
5N-2, 79-84V 28.39 Large vug around silica clast in silicified wallrock breccia
9X-1, 15-22 44.85 Broken surface of massive pyrite breccia, with cp and py

TAG-5
158-957O-

4R-1, 2-4 15.92 Broken surface of vein-related pyrite-anhydrite breccia

158-957P-
6R-1, 5-7 26.55 Vein-related pyrite-anhydrite breccia
12R-4, 86-93 57.99 Broken surface of massive granular pyrite
in-
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Figure 2. Photomicrographs of fluid inclusions in anhydrite from the T
active mound. A. Primary two-phase fluid inclusions in Sample 158-957
15N-4, 26−34, from the TAG-1 area. B. Secondary, two-phase inclusions 
Sample 158-957C-15N-4, 26−34, from the TAG-1 area. C. Decrepitated,
empty inclusions in Sample 158-957P-12R-4, 86−93, from the TAG-5 area.
ing and concomitant growth of the crystal [Roedder, 1984]). All 
clusions exhibit uniform phase ratios.

Fluid Inclusion Microthermometry

For all fluid inclusions, final ice melting (Tm) occurs between −3.1°
and −0.7°C (Fig. 3), corresponding to salinities of 5.1 to 1.2 wt% N
equivalent (Table 2). The range is about the same for samples fro
TAG-1 and TAG-2 areas but much narrower for samples from the T
5 area, where final melting occurs between −2.4° and −1.9°C, corre-
sponding to salinities of 4.0 to 3.2 wt% NaCl equivalent. In all sam
from the TAG-5 area, one third of the samples from the TAG-2 area
half the samples from the TAG-1 area, final ice melting temperat
correspond to salinities that are the same or greater than seawater s
(~3.2 wt% NaCl). It is possible for there to be some increase in sa
in fluid inclusions hosted in anhydrite, both from anhydrite dissolut
and from hydration if anhydrite alters to gypsum. This is discussed
ther below. In half the samples from the TAG-1 area and two-third
the samples from the TAG-2 area, final ice melting temperatures c
spond to a range of salinities (1.2 to 5.1 wt% NaCl equivalent) both
than and greater than seawater salinity (~3.2 wt% NaCl). Final me
temperatures in secondary inclusions exhibit similar ranges as for p
ry inclusions for the same sample.

All fluid inclusions homogenize at temperatures (Th) betwe
168° and 361°C (Fig. 4), which, when corrected for pressure effe
yield trapping temperatures (Tt) of 187 to 388°C (Table 2). Pres
corrections were carried out using properties for the NaCl-H2O sys-
tem, and data and equations from Bodnar (1993), assuming hy
static conditions. Samples from the TAG-5 area exhibit the low
and largest temperature range, with homogenization temperatur
168° to 309°C and corresponding trapping temperatures of 187
337°C. In general, there are fewer intact fluid inclusions in individ
anhydrite crystals from the TAG-5 area, and a much greater a
dance of what appear to be decrepitated, empty inclusions (Fig.
Fluid inclusions from the TAG-1 and TAG-2 areas, with the exc
tion of the shallowest sample examined from the TAG-2 area (w
fluid inclusions that homogenize at 255° to 287°C), homogeniz
greater than 310°C, indicating trapping temperatures higher 
337°C. For the same sample, homogenization and trapping tem
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Figure 3. Frequency histograms of temperatures of final ice melting, Tm
fluid inclusions in anhydrite from samples from the TAG-1, TAG-2, a
TAG-5 areas. N = number of samples. The dashed line indicates the tem
ture of final ice melting for a fluid of seawater salinity.
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atures (Tts of 280°-313°C vs. measured temperatures of 2−
301°C; Edmond et al., 1995). The correspondence of vent fluid 
peratures to fluid inclusion trapping temperatures has been obs
in samples from other active seafloor vent sites. For example, 
ping temperatures of fluid inclusions in anhydrite crystals from v
deposits from the East Pacific Rise (EPR) at 13°N (Nehlig, 1991)
EPR at 21°N (LeBel and Oudin, 1982), and the Southern Jua
Fuca Ridge (JFR; Brett et al., 1987), in zinc sulfide crystals from 
deposits from the EPR at 21°N (LeBel and Oudin, 1982; Styrt e
1981), and in calcite crystals from vent deposits from Guay
Basin, Gulf of California (Peter and Scott, 1988) are all in cl
agreement with measured temperatures of vent fluids exiting t
deposits. A similar correspondence between measured vent 
temperature and fluid inclusion trapping temperatures has bee
served in anhydrite crystals recovered from depths of 236 to
mbsf at Middle Valley (JFR; Peter et al., 1994).

Within the TAG mound at depths greater than 43 mbsf in
TAG-1 area, Tts are consistently greater than the current tempe
of black smoker fluids exiting the mound, reaching a maximum
22°C greater (388°C) at 121 mbsf. These data indicate that, at 
point in time, fluids of 388°C or greater have circulated within 
mound. The lack of trapping temperatures in excess of 366°C i
upper 30 m of the mound, the similarity of trapping temperature
the shallowest sample from the TAG-2 area with measured tem
tures of white smoker fluid, and the consistent increase in trap
temperatures with depth in samples from the TAG-1 and TAG-2
eas, suggests that current temperatures at depths of greater th
mbsf within the mound are, at least in some locations, in exce
380° to 390°C.

Although inclusions in anhydrite from TAG-1 and TAG-2 ar
samples exhibit a narrow range in Tts, a much greater range is
in the three samples from the TAG-5 area where Tts differ by 15
The highest trapping temperature, 337°C, is from a depth of 26 m
Fluid inclusions from crystals picked from the broken surface of
deepest sample recovered from the TAG-5 area (58 mbsf) ex
much lower trapping temperatures, from 187° to 207°C. These
suggest two possible scenarios. The first is that temperatures of 
forming anhydrite at depth in the TAG-5 area are currently cool
ative to those in the TAG-1 and TAG-2 areas, possibly represe
paths of seawater influx into the mound. The second possibility is
a past event of cooler fluid circulation has been succeeded by a
recent high temperature event. The observation, prior to heatin
freezing measurements, of abundant decrepitated, empty inclu
in anhydrite crystals from the TAG-5 area (Fig. 2C) supports the
ter scenario. Further speculation would require additional data 
TAG-5 area samples.

Salinity

Salinities of fluid inclusions in anhydrite crystals also exhib
relatively narrow range, from 1.2 to 5.1 wt% NaCl equivalent (Ta
2; Fig. 5). Unlike trapping temperatures, there is no correspon
general trend of salinities with depth in the TAG mound (Fig. 7).
linities greater than those of currently measured TAG black sm
fluid can be attributed to higher salinity fluids circulating within t
mound in the past. Dissolution of anhydrite or hydration of the 
mineral to form gypsum, however, must also be considered (se
low). Salinities lower than seawater can only be attributed to lo
salinity fluids circulating within the mound in the past.

All of the salinities of the TAG fluid inclusions fall well within th
range measured in mid-ocean ridge hydrothermal fluids (~0.2 t
wt% NaCl equivalent; Von Damm, 1990; Butterfield and Masso
1994; Von Damm et al., 1995), and are similar to those reported
analyses of fluid inclusions in anhydrite crystals from vent depo
on the EPR at 21°N (LeBel and Oudin, 1982), the EPR at 13°N (
lig, 1991), and the Southern JFR (Brett et al., 1987), in zinc su
crystals from vent deposits on the EPR at 21°N (LeBel and Ou
1982; Styrt et al., 1981), and in vein quartz intergrown with sulf

for
d
era-
tures in secondary inclusions were similar as those for primary in
sions. With the exception of the shallowest sample from the TA
area, for any given sample the range in Tt is less than ~20°C, a
Sample 158-957H-1N-1 it is less than 35°C. In over half the sam
Tt is even more tightly clustered, exhibiting ranges of 10°C or le

All fluid inclusions observed are two-phase, liquid-vapor inc
sions. No daughter minerals were observed prior to microthermo
ric analyses. However, if crystals were left for over 12 hr at ro
temperature (~20°C) after performing freezing runs, but before h
ing runs, fine-grained (<1 µm) translucent daughter phases were 
served. These grains disappeared upon heating to 108 to 120°C
did not reform unless the anhydrite crystal was frozen again and
to stand for many hours. Temperatures of final ice melting on i
vidual inclusions before daughter phase formation, and after fo
tion and subsequent dissolution by heating to ~120°C, were re
ducible to ±0.1°C.

DISCUSSION

Temperature

The most striking feature of the microthermometry data fr
TAG active mound anhydrite crystals is the narrow range in trap
temperatures, particularly in samples from the TAG-1 area (w
Tts differ by only 50°C) and the TAG-2 area (where for depths o
mbsf and greater Tts differ by only 27°C; Figs. 4, 5). In both a
there is a general increase in Tt with depth, from a maximum
~355°C near the top of the mound, to 369°C at 45 mbsf in the T
2 area, and to 388°C at 121 mbsf in the TAG-1 area (Fig. 6). M
mum trapping temperatures in samples from near the top o
mound are about 10°C less than the highest measured tempera
black smoker fluid exiting the mound (366°C; Edmond et al., 19
and trapping temperatures in the shallowest sample from the TA
area (9.08 mbsf) are within 12°C of measured white smoker tem
183
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ns of
e, v = vug or
Table 2. Summary of fluid inclusion analyses from anhydrite samples, TAG active hydrothermal mound.

Notes: Depth = depth of sample below the top of the mound. *Total number of measurements from each sample. +Temperatures corrected for entrapment pressure using equatio
Zhang and Frantz (1987). **Salinities calculated using data and equations from Bodnar (1993). Th = homogenization temperature. Tm = final ice melting temperatur
vein, I = interstitial, M = matrix.

Core, section, interval 
(cm)

Depth
(mbsf) No.*

Th
(°C range)

-Tm
(°C range)

Tt
(°C range) +

NaCl wt%
 eq.**

TAG-1 103
ALV1677-2 0 10 311-326 1.9-2.2 338-353 3.2-3.7

158-957C-
7N-1, 126-128 20.76 14 311-329 1.7-2.6 338-356 2.9-4.3
11N-1,131-134 32.01 1 336 2.1 363  3.5
11N-3, 121-123V 34.82 10 331-340 0.9-2.8 358-368 1.6-4.6
11N-3, 121-123I 34.82 12 334-342 0.7-2.5 362-369 1.2-4.2
15N-2, 43-45 43.83 18 348-352 2.4-2.9 375-379 4.0-4.8
15N-4, 26-34 46.66 10 340-348 1.5-2.5 368-375 2.6-4.2

158-957E-
12R-1, 0-3 91.80 14 349-359 1.9-2.8 376-386 3.2-4.6
17R-1, 8-15 116.18 8 336-354 1.5-3.1 365-381 2.6-5.1
18R-1, 19-25 120.89 6 354-361 1.8-2.6 382-388 3.1-4.3

TAG-2 46
158-957H-

1N-1, 38-46 9.08 7 255-287 1.5-2.1 280-313 2.6-3.5
3N-1, 53-63 18.23 6 315-327 1.7-2.8 342-354 2.9-4.6
5N-2, 48-58 28.08 10 320-328 2.2-2.7 347-355 3.7-4.5
5N-2, 79-84M 28.39 5 321-331 0.8-2.6 349-358 1.4-4.3
5N-2, 79-84V 28.39 8 326-332 1.5-2.5 353-359 2.6-4.2
9X-1, 15-22 44.85 10 326-342 2.1-3.1 354-369 3.5-5.1

TAG-5 27
158-957O-

4R-1, 2-4 15.92 6 250-252 1.9-2.3 274-277 3.2-3.9

158-957P-
6R-1, 5-7 26.55 16 293-309 1.9-2.2 319-337 3.2-3.7
12R-4, 86-93 57.99 5 168-187 2.1-2.4 187-207 3.5-4.0
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Figure 4. Frequency histograms of homogenization temperatures for 
inclusions in anhydrite from samples from the TAG-1, TAG-2, and TAG
areas. N = number of samples.
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ts of
as
in-
en a
from the Limni and Alestos ophiolitic sulfide ore deposits, Cyp
(Spooner and Bray, 1977). Similar ranges in salinities have also 
observed in fluid inclusions in hydrothermally altered gabbro 
breccia samples from the MARK and Hess Deep areas (Kelley
Delaney, 1987; Saccocia and Gillis, 1995; Kelley et al., 1993; Ke
and Malpas, 1996), in metagabbro, plagiogranite, and epidosite 
ples from the Oceanographer Transform, Mid-Atlantic Ridge (Va
et al., 1992), in plagiogranite samples from the Semail Ophio
(Nehlig, 1991), and in plagiogranite and gabbro samples from the
per level plutonic sequence, Troodos Ophiolite, Cyprus (Kelley 
Robinson, 1990). In all of these igneous oceanic crust samples
eral types of fluid inclusions are observed, some with salinitie
high as 40 to 50 wt% NaCl equivalent. In addition, separate pop
tions of low-salinity (~1 to 8 wt% NaCl equivalent), liquid-domi
ated fluid inclusions (commonly secondary, associated with mi
fractures) are observed. The favored explanation for generation o
high-salinity fluids is phase separation of either magmatic or 
water-derived fluids, and the favored model for generation of
low-salinity fluids is phase separation (either boiling or conden
tion) of seawater-derived fluids and/or variable mixing of hydroth
mal seawater with phase-separated brines and vapors (Kelley
Delaney, 1987; Kelley and Robinson, 1990; Nehlig, 1991; Vank
al., 1992; Kelley et al., 1993; Saccocia and Gillis, 1995; Kelley 
Malpas, 1996). This model for low-salinity fluid generation is a
the most likely explanation for the observed variability of salinit
of mid-ocean ridge vent fluids (e.g., Von Damm and Bischoff, 19
Von Damm, 1988; Edmonds and Edmond, 1995), and for the r
of salinities observed in TAG anhydrite fluid inclusions.

For the TAG hydrothermal system, with minimum depths
~3630 mbsl, phase separation of a seawater-derived fluid would
to occur at temperatures and pressures in excess of the critical
(407°C, 298 bars for a 3.2 wt% NaCl solution; Bischoff and Ros
bauer, 1985), resulting in condensation, or separation of drople
brine from a vapor-like fluid. As described by Kelley and Malp
(1996), if it is assumed that the lowest salinity fluids in TAG fluid 
clusions were generated by supercritical phase separation, th

id
5
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maximum pressure estimate can be deduced based on the low
linity measured. The maximum pressure at which phase sepa
could occur and generate a low-salinity phase of 1.2 wt% N
equivalent is ~73 MPa (Bodnar et al., 1985), corresponding to a d
of ~7300 mbsl assuming hydrostatic pressure. At greater pres
the low-salinity phase resulting from phase separation would
greater than 1.2 wt% NaCl equivalent. However phase separati
a seawater-salinity fluid at 73 MPa should also result in a brine p
of ~40−50 wt% NaCl equivalent (Bodnar et al., 1985), significan
greater than the maximum salinity (5.1 wt% NaCl equivalent) rep
ed here. The lack of evidence for such high-salinity fluids sugg
that phase separation likely occurred at shallower levels, wher
percritical phase separation could still result in low-salinity phase
≤1.2 wt% NaCl equivalent, but also in lower salinity brine pha
Factors that complicate estimating the probable depth of phase
t sa-
tion
Cl
pth
res

be
 of

ase
y
rt-
sts
su-
 of
s.
epa-

ration based on TAG anhydrite fluid inclusion data include (1) Sr-
tope data indicate that the anhydrite crystals formed from mixture
hydrothermal fluid and seawater, with proportions of hydrotherm
fluid being at most 43% (see below), and (2) dissolution of anhyd
from inclusion walls may have increased the salinities of fluids w
in the inclusions by ~0.65 wt% since entrapment (see below). C
sideration of either of these factors would result in a lower minim
salinity of the hydrothermal fluid component, and would decrease
estimate of the maximum depth at which phase separation occ
to less than 7300 mbsl.

Possible Problems with Inclusions in Anhydrite

It is well known that there are concerns associated with analy
fluid inclusions in anhydrite. These include possibilities of stretch
of inclusions (Bodnar and Bethke, 1984), and partial dissolution
185
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should be a greater increase in salinity in smaller inclusions, w
greater ratios of surface area to fluid volume. A general trend
greater salinities in smaller inclusions, however, is not observed
fact a number of arrays exhibit inclusions of widely varying size w
similar salinities (e.g., an array with 8-, 12-, and 25-µm inclusions
with Tms of −2.2°C, another array of 9-, 12-, 20-, and 25-µm inc
sions all with Tms of −2.3°C, and another array with 4-, 20-, and 2
µm inclusions, all with Tms of −2.5°C). For this reason it is assume
that there has not been a significant increase in salinity owing to
hydration from altering the surfaces of the inclusions to gypsum.

Salinity can also be affected by dissolution of anhydrite. If t
wt% of CaSO4 dissolved is controlled by solubility, then there cou
be a salinity increase that would be similar for all samples, and 
would not be affected by inclusion size or shape. The observation
grains precipitated within inclusions following freezing runs (s
above) indicates that possible increases in salinity owing to some
solution of CaSO4 should be considered. That measured temperat
of final ice melting are reproducible to ±0.1°C even after grains have
precipitated and then dissolved at ~120°C, suggests that this dis
tion is not taking place during freezing runs. Given the composit
of the fluids and host mineral, the translucency of the grains, and
the grains dissolve upon heating to ~120°C, it is most likely that
grains are gypsum. Fluids in equilibrium with anhydrite at ~350
would contain only small amounts of Ca (e.g., only 2 × 10−5 mol/kg
if the fluid was a mix of 80% seawater and 20% hydrothermal flu
see below). At 20°C these same fluids would be undersaturated
anhydrite; some CaSO4 may have dissolved even given the very slo
kinetics of anhydrite at temperatures less than 70°C (Blount 
Dickson, 1973). For a solution close to the salinity of seawater,
solubility of gypsum is approximately 0.42 wt% CaSO4, and that of
anhydrite is approximately 0.65 wt% CaSO4 (Deer et al., 1966; Pos-
njak, 1940). Assuming that some anhydrite has dissolved into the
id in the inclusion, repeatedly lowering the temperature to <−50°C
could result in nucleation of grains of gypsum, which could th
grow in slowly. Heating would result in dissolution of this gypsum
the 4-phase invariant equilibrium for H2O, vapor, gypsum, and anhy
drite is in the range from 50° to 60°C (Blount and Dickson, 197
Under this scenario the fluids in the inclusions may have disso
enough anhydrite to increase the concentration of CaSO4 to >0.42
wt%, that is, enough so that gypsum is supersaturated at room 
perature, and explaining the precipitation of gypsum grains w
temperatures are dropped low enough to cause nucleation of gyp
Assuming dissolution until saturation with anhydrite, the increase
salinity would be ~0.65 wt%.

The effect of such dissolution on the volume of the fluid inclusi
must also be considered because this could affect homogeniz
temperatures. As discussed above, homogenization temperatur
inclusions in arrays, and even of all inclusions in a given crystal,
tightly clustered, suggesting that any volume change is insignific
A simple calculation demonstrates that this is true. Assuming tha
concentration of CaSO4 in the fluid in the inclusion is controlled by
anhydrite solubility at 20°C, then there would be ~0.65 wt% CaS4,
or ~0.05 mol CaSO4 per kg of H2O. Assuming that when the inclusio
formed the fluid contained essentially zero Ca (e.g., 2 × 10−5 mol/kg;
see below), the amount of anhydrite dissolved would be 0.05 m
The volume of anhydrite dissolved is calculated by considering
molar volume of anhydrite (anh) (Robie et al., 1979):

(1)

The initial volume of a 20-µm inclusion is

(2)

0.05 mol CaSO4
kg H2O

--------------------------------------- 
  4.6 10

5–× m
3

mol anh
-------------------------------- 

 •
2.3 10 6–× m3anh

kg H2O
------------------------------------------=

4
3
---πr

3 4
3
---π 10

5–
m 

 3
• 4 10

15–
m

3×≅=

ng
anhydrite, precipitation of anhydrite during heating, and formatio
gypsum from reaction of anhydrite with the trapped aqueous f
(LeBel and Oudin, 1982). All of these can affect the volume of 
inclusion and thus homogenization temperatures. All but stretc
can affect the salinity of the fluid in the inclusion. The consistenc
the homogenization temperatures of inclusions along single arra
in clusters, however, argues against any of these factors other
stretching being a major problem for homogenization temperatur
the samples analyzed. The consistency of temperatures of inclu
of a range of sizes and shapes, the similarity of temperatures of i
sions to temperatures of vent fluids exiting the mound and to tem
atures of fluid inclusions in quartz from similar depths in the TAG 
tive mound (Petersen et al., Chap. 13, this volume), argue ag
stretching being a major problem in the TAG samples analyzed.

In terms of salinity, both dissolution of anhydrite and reaction
anhydrite with aqueous fluid to form gypsum along the surface o
inclusion could increase the salinity of the fluid trapped in the in
sions. If the latter of these effects was substantial, however, the 
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and would hold ~4 × 10−12 kg H2O. The amount of anhydrite th
would dissolve into this amount of fluid is

(3)

The dissolution of this amount of anhydrite results in an increa
volume of only ~0.2%.

The next point to consider is whether enough gypsum could 
from this fluid to account for the small (<1 µm) grains observed.
suming that there is 0.65 wt% CaSO4 dissolved in the fluid, and tha
the solubility of gypsum is ~0.42 wt% at room temperature, the
need to consider what the volume is of 0.23 wt%, or 0.017 
CaSO4 as gypsum. Considering the molar volume of gypsum (R
et al., 1979), this volume is

(4)

If this volume were present as 4 spherical grains, each would h
diameter of ~0.7 µm, on the same order as the grains observ
precipitate after freezing runs.

The calculations above demonstrate that dissolution of ~0.65
anhydrite, and precipitation of the amount of CaSO4 in excess of gyp
sum solubility at 20°C, can account for the observed precipitatio
grains after freezing runs. That such grains were observed in n
ous inclusions whenever crystals were left at room temperature
number of hours following freezing runs suggests that fluids in a
clusions may contain up to 0.65 wt% CaSO4. Thus, salinities of fluids
in inclusions are likely consistently 0.65 wt% greater than the sa
ties of the fluids initially trapped. As noted above, however, the 
imal volume increase (~0.2%) would not significantly affect m
sured homogenization temperatures.

Thus, despite the concerns given above, the consistencies 
mogenization temperatures suggest that dissolution of anhydrit
action to form gypsum, and deposition of anhydrite upon hea
have not significantly altered the volume of the inclusions, and
have not significantly affected homogenization temperatures. D
lution of CaSO4 may have occurred, however, resulting in slight
creases in salinity but probably not more than 0.65 wt%.

Implications for Entrainment and Mixing Processes

Data on trapping temperatures and salinities from samples w
the TAG active mound provide insight into entrainment and f
mixing processes. As described above, trapping temperatures in
ples from the TAG-1 and TAG-2 sites are all high, with many hig
than the current measured temperature of fluids exiting black s
ers. There is also a trend of increasing temperature with depth in
the TAG-1 and TAG-2 areas, with the cooler temperatures nea
mound surface close to the highest measured temperatures of
exiting the mound. Because sulfate is virtually absent in black s
er fluid (Edmond et al., 1995), the sulfate in anhydrite must be of
water origin. Sulfur-isotope data corroborate this assumption (C
et al., Chap. 6, this volume). Clearly seawater is being entrained
the mound and heated to temperatures close to that of the hotte
drothermal fluid within the mound. The heating of seawater ca
accomplished by a combination of mixing with hotter fluid, and c
ductive heating. Sr-isotopic analyses can be used both to es
what proportion of Ca and Sr in anhydrite is from seawater vs. hy
thermal fluid and to determine mixing ratios. Sr-isotopic analy
carried out on anhydrite from the same samples used for the flu
clusion study indicate hydrothermal fluid:seawater mixing ratios
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range from 43:57 to 0.5:99.5 (Mills et al., Chap. 10, this volume).
with temperature, there is a trend in Sr-isotopic values with de
with lesser amounts of hydrothermal fluid mixing with seawater
deeper levels within the mound (Table 3; Mills et al., Chap. 10, 
volume). The increase in temperature from conductive heating
quired to bring the temperature of the mixture up to the temperat
recorded by fluid inclusions is also given in Table 3. The simplest
planation for the decrease in the proportion of hydrothermal fl
with depth is a corresponding decrease in permeability with depth
portions of the mound at depths of less than 45 mbsf, not only
there greater proportions of hydrothermal fluid mixing with seawa
but also much greater abundances of anhydrite (e.g., the lower b
of the anhydrite-rich zone is placed at 45 mbsf; Humphris et al., 19
Humphris, Herzig, Miller, et al., 1996). The greater amounts of an
drite imply that this part of the mound was, and may still be, m
permeable. Thus, more seawater can be entrained, but also the
be more communication with hydrothermal fluid and seawater.
greater depths it is likely that the permeability is significantly low
and there is a greater likelihood that entrained seawater will no
able to mix with as much hydrothermal fluid.

The calculated mixing proportions from Sr-isotope data and 
corresponding fluid trapping temperatures from anhydrite sam
can also be used, along with published compositions of end-mem
black smoker fluid (Edmond et al., 1995), to calculate amounts of
hydrite that should precipitate from various mixtures. Previous ca
lations by Tivey et al. (1995) indicate that a mix of 80% seawater 
20% black smoker fluid at 350°C would be in equilibrium with anh
drite (~93% of total precipitate), chrysotile (~7% of total precipitat
trace amounts of hematite, and talc. If calculations are done with
cipitation of MHSH (.75) (magnesium hydroxysulfate hydrate ([.75
Janecky and Seyfried, 1983) considered, the same mixture is in 
librium with anhydrite (80% of total precipitate), MHSH (16% of tot
precipitate), and trace amounts of talc and hematite. If these cal
tions are redone with precipitation of chrysotile, talc, and MHSH s
pressed (because they have not been identified in drill core sam
Humphris, Herzig, Miller, et al., 1996), then 1.43 × 10−2 mol anhy-
drite, 2.66 × 10−5 mol chalcopyrite, and 3.7 × 10−4 mol hematite are
calculated to precipitate per kg of fluid. Only 2 × 10−5 mol/kg Ca re-
mains in solution. Precipitation of chalcopyrite and hematite increa
the acidity of the remaining solution, which can then react with pre
ously deposited minerals within the mound. The prediction tha
350°C MHSH and talc should be in equilibrium with mixtures of h
drothermal fluid and seawater, and the lack of MHSH or talc obser
in core samples, may indicate either a problem with thermodyna
data used in equilibrium calculations, or problems with kinetics. I
is the latter, then the implication is that anhydrite is precipitating fa
rapidly. This is also suggested by oxygen-isotope analyses of a
drite (Chiba et al., Chap. 6, this volume).

Data discussed above provide evidence for entrainment of se
ter into the mound, and heating of this seawater by mixing with 
hydrothermal fluid, and by conductive heat gain. Simple calculati
that consider conductive heating of hydrothermal fluid:seawater m
tures were carried out by Tivey et al. (1995) to examine whether
amounts of conductive heating required to heat fluids to near 35
were reasonable, and to estimate possible rates of flow of entra
seawater. Calculations were carried out by considering heat gai
fluid flowing through a hollow cylinder, assuming that the outer lay
is maintained at a constant temperature, To. The temperature, TF, of
the fluid exiting the end of the cylinder of length L is given by:

(5)

where Ti is the initial temperature of the seawater, or hydrotherm
fluid/seawater mix entering the cylinder, κ is thermal conductivity of
the wall of the cylinder, F is fluid flow rate, Cp is specific heat capac-
ity of the fluid, and r2 and r1 are the radii of the outer and inner wal

TF Ti To–( )e

2πKL
FCp 1n r2 r1⁄( )------------------------------------–

To+=
187
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Table 3. Ratios of hydrothermal fluid and seawater in fluids that formed
anhydrite crystals and corresponding maximum trapping temperatures in
anhydrite crystals.

Notes: Proportions of hydrothermal fluid and seawater (HF:SW) were calculated u
Sr-isotope data and concentrations of Sr in hydrothermal fluid and seawater
Mills et al., Chap. 10, this volume). Temperatures from mixing were calculated
considering the heat capacities of 3.2 wt% NaCl solutions at 40 MPa (Bischoff
Rosenbauer, 1985) and relative volumes of the two fluids. *Temperature incr
that must be achieved by conductive heating.

Core, section,
interval (cm) 

Depth 
(mbsf) 87Sr/86Sr

HF:SW 
ratio

T(°C)
 of mix

Max Tt 
(°C)

T gain* 
(°C)

TAG-1
ALV1677-2 0 0.707214 29:71      205      353 148

158-957C-
11N-1, 131-134 32.01 0.706370 43:57      250      363 113
11N-3, 121-123I 34.82 0.707283 28:72      202      369 167
11N-3,121-123V 34.82 0.706846 35:65      220      368 148

158-957E-
17R-1, 8-15 116.18 0.708155 15:85      110      381 271
18R-1,19-25 120.89 0.709128  0.5:99.5          5      388 383

TAG-2
158-957H-

1N-1, 38-46 9.08 0.707251 29:71      205      313 108
5N-2, 79-84V 28.08 0.707249 29:71      205      359 154
9X-1,15-22 44.85 0.706866 35:65      220      369 149

TAG-5
158-957P-

12R-4, 86-93 57.99 0.708847  4.5:95.5        32      207 175
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Table 4. Flow rates, distances, and times required to achieve sufficient
conductive heating.

Notes: Temperature, TF, of fluid heated by conduction as it flows at a rate F through a
hollow cylinder of length L, and inner and outer radii of r1 and r2, respectively, was
calculated using Equation 5 (see text). Ti is the initial temperature of the fluid, and
the outer side of the cylinder is maintained at constant temperature To. Velocity V is
related to flow rate by F = Vπr1

2ρ where ρ is the density of the fluid. Time is t = L/
V. Values used in Equation 5 for κ, Cp, ρ, and r1 are 8 W m–1 K–1 (approximate ther-
mal conductivity of breccias if extrapolated to 350°C from room temperature, see
Tivey [Chap. 16, this volume]), 6300 J kg–1K–1 and 670 kg m–3 (values for seawater
at ~360°C and 40 MPa; Bischoff and Rosenbauer, 1985), and 0.01 m. Two value
r2, 1 m and 0.1 m, are considered. * = Flow rates or velocities of greater than th
values will not result in sufficient conductive heating to achieve TF. ** = Average
values of Cp and r were used (5200 J kg–1K–1 and 830 kg m–3; Bischoff and Rosen-
bauer, 1985).

TF 
(°C)

Ti 
(°C)

To 
(°C)

L
(m) r2/r1

F*  
(kg/s)

V* 
(m/s)

t
(hr)

388** 2 390 100 100 0.040 0.15 8.8
388** 2 390 100 10 0.080 0.31 4.4
369 200 370 50 100 0.017 0.04 8.3
369 200 370 50 10 0.034 0.08 4.2
369 200 370 100 100 0.034 0.08 8.3
369 200 370 100 10 0.067 0.16 4.2
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of the cylinder, respectively (Seewald and Seyfried, 1990; Tive
al., 1995). The value used for thermal conductivity of the inner w
of the cylinder is an average value based on measured therma
ductivities of breccia samples from the mound (Rona et al., C
24, this volume), extrapolated to 350°C (Tivey, Chap. 16, this v
ume). Table 4 gives results of calculations done as part of this s
Results indicate that flow rates must be less than ~0.1 kg/s in o
for the fluids forming anhydrite to be conductively heated. The ti
for the fluid to traverse from the outside of the mound to the ins
would be ~4 to 9 hr. The amount of anhydrite that would precipi
in the mound per year from this flow rate is 2 m3.

A final related calculation to consider is an estimate of how m
seawater could be entrained and heated within the mound, given
the seawater or hydrothermal fluid/seawater mix must be heate
>338°C. Rona et al. (1993) calculated a convective heat flux from
Black Smoker Complex of 225 MW. If we use 5% of this heat as
estimate of the energy being used to heat seawater from 2° to ~3
then ~6 kg/s can be heated:

(6)

where 5250 J kg–1 K–1 is the average heat capacity of seawater a
and 360°C and 400 bars (Bischoff and Rosenbauer, 1985). This
responds to 60 separate channels or veins each carrying ~0.1
The amount of anhydrite that would precipitate per year in 
mound from this rate of seawater entrainment, assuming preci
tion of ~0.0143 mol anhydrite per kilogram fluid, is ~120 m3. If only
1% of 225 MW is used to heat seawater, the flow rate is 1.2 kg/s
the amount of anhydrite precipitated per year is ~24 m3, and if 10%
of 225 MW is used then the flow rate is 12 kg/s and 240 m3 of anhy-
drite would precipitate per year. An estimate of the amount of an
drite within the mound can also be made. If we assume that the
hydrite enriched zone, with an upper bound 10−20 mbsf, and a lower
bound at ~45 mbsf (Humphris et al., 1995), is represented by a

225 10
6

• J s⁄( ) 0.05( )•

5250J kgK⁄( ) 358°( )•
-------------------------------------------------------- 6kg s⁄=
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50-

m-diameter cylinder, 30 m thick, containing roughly 1/3 anhydrit
then there is ~2 × 104 m3 of anhydrite present in the mound. Th
length of time required to deposit this volume of anhydrite, assu
ing flow rates of 1.2 to 12 kg/s, is 80 to 800 yr.

CONCLUSIONS

Data from fluid inclusions in anhydrite provide evidence for hig
temperatures (>337°C) throughout the TAG-1 and TAG-2 areas, 
suggest that temperatures at depths of greater than 100 mbsf w
the mound are currently in excess of 380° to 390°C. Heating of 
trained seawater results from mixing with hydrothermal fluid, and 
conductive heat gain as fluids are transported through veins boun
by conductive sulfide-rich breccias. Flow rates in individual veins a
estimated to be less than 0.1 kg/s. This convective process of ent
ing and heating seawater to >337°C may well result in cooling
black smoker fluids from ~390°C at 125 mbsf to current exit temp
atures of 366°C.

Salinities of fluids in inclusions all fall well within the range mea
sured in mid-ocean ridge hydrothermal fluids. Dissolution of anh
drite into fluids trapped in inclusions may have occurred, but incre
es in salinity are likely less than 0.66 wt%. Sr-isotope analyses al
determination of the proportions of hydrothermal fluid and seawa
in the fluid mixtures from which anhydrite formed (Mills et al., Chap
10, this volume). A general trend of decreasing amounts of hyd
thermal fluid in mixtures with depth is consistent with a correspon
ing decrease in permeability. Geochemical calculations that cons
mixtures of hydrothermal fluid and seawater in proportions indica
by Sr-isotopic analyses, and at temperatures recorded by fluid in
sion trapping temperatures, predict that on the order of 10–2 mol of
anhydrite should precipitate per kilogram of fluid. Small amounts
sulfide and hematite should also precipitate, resulting in an incre
in the acidity of the remaining solution, which can then react w
previously deposited minerals within the mound.

The significance of seawater entrainment within the TAG acti
mound is underscored by the presence of a large volume of anhyd
estimated to be on the order of 2 × 104 m3. Whether or not such en-
trainment, which not only results in deposition of anhydrite, but a
in the generation of acidic fluids and subsequent metal remobili

(see
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tion, is anomalous to the TAG active hydrothermal mound, or is
ing on to various degrees at all vent sites, needs to be investiga
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