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ABSTRACT

The unique depositional environment of the Atlantis 11
Deep brine pool, in the Red Sea, produces a stratiform
metalliferous deposit of much greater arcal extent than
deposits formed by buoyant-plume systems typical of the
midocean ridges because of much more efficient metal
entrapment. Isotopic analyses of strontium, sulfur, carbon,
and oxygen from the metalliferous sediments indicate that
three major sources contribute dissolved components to the
hydrothermal system: seawater, Miocene evaporites, and
rift-zone basalt. Incoming hydrothermal fluid with a tem-
perature >250°C brings sulfide with 634S =~ 5%, and dis-
solved metals into the brine pool. Mixing of the hydrother-
mal fluid with cooler sulfate-bearing brine causes
precipitation of sulfides and sulfates that are not in chem-
ical or isotopic equilibrium. The 6348 and §!80 values of
sulfate minerals range from those of epigenetic veins, with
values typical of the present-day lower brine mass, to those
of brine-pool precipitates, with values similar to Miocene
evaporites recovered from DSDP 227. The values of §!80
from dissolved sulfate in the brine and sulfate minerals in
epigenetic veins reflect the high-temperature origin of the
hydrothermal fluid. The range of isotopic values suggests
mixing of isotopically distinct fluids. Carbonate in the
metalliferous sediment has two sources: biogenic carbonate
precipitated in normal Red Sea water at 19°C, and
hydrothermal carbonate precipitated in the lower brine at
temperatures of 47 to 82°C. Smectite in metalliferous sedi-
ments precipitated within the brine pool at temperatures
of 57 to 110°C (the present-day brine temperature is
62.3°C). Smectite in epigenetic veins precipitated from
incoming hydrothermal fluid over a temperature range of
145 to 270°C. An areally restricted magnetite-hematite-
pyroxene assemblage formed at high temperatures, possi-
bly in response to hydrothermal convection initiated by
intrusion of basalt into the metalliferous sediment. A corre-
lation between smectite Fe/(Fe + Mg) ratios and oxygen iso-
tope temperatures suggests that smectite is a potentially
important chemical geothermometer, and confirms
geochemical calculations indicating that Mg-rich smectite
is more stable than Fe-rich smectite at elevated tempera-
tures.

Keywords: Atlantis 11 Deep, metalliferous sediment, mas-
sive sulfide, brine pool, stable isotopes, strontium iso-
topes, smectite, geothermometry, seawater-rock inter-
action, fluid mixing, Red Sea.
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dans I’abysse de Atlantis II (mer Rouge) a donné un gise-
ment métallifére stratiforme d’une étendue beaucoup plus
grande que les dépbts produits par les panaches typiques
des dorsales médio-océaniques, & cause d’une concentra-
tion beaucoup plus efficace de métaux. Les mesures isoto-
piques de strontium, de soufre, de carbone et d’oxygéne
des sédiments métalliféres montrent que trois sources de
constituants dissous sont importants dans le systéme hydro-
thermal: ’eau de mer, les évaporites miocenes, et les basaltes
du rift. Le fluide hydrothermal, introduit dans le bassin
de saumures & une température supérieure & 250°C, apporte
le sulfure, qui posséde une valeur 8348 de 5%, environ. Le
mélange de ce fluide avec les saumures, moins chaudes et
porteuses de sulfate, cause une précipitation des sulfures
et des sulfates, qui ne sont pas en équilibre, ni chimique,
ni isotopique. Les indices §34S et 8180 des minéraux sul-
fatés ont des valeurs entre celles typiques des sulfates des
fissures épigénétiques ainsi que de la masse inférieure des
saumures modernes, et celles des précipités des bassins de
saumures, qui ressemblent aux valeurs des évaporites mio-
cenes, échantillonnées dans le forage DSDP 227. Les valeurs
de 5180 des sulfates dissous dans les saumures et cristalli-
sés dans les fissures épigénétiques refletent I’origine du
fluide hydrothermal 4 haute température. La diversité des
valeurs isotopiques résulterait d’un mélange de fluides iso-
topiquement distincts. Le carbonate dans les sédiments
métalliféres provient de deux sources; le carbonate biogé-
nique cristallise dans Peau de mer normale de la mer Rouge,
& 19°C, tandis que le carbonate hydrothermal est formé
dans les profondeurs du bassin de saumures, entre 47 et
82°C. La smectite des sédiments métalliféres du bassin a
cristallisé entre 57 et 110°C (la température des saumures
modernes est de 62.3°C). La smectite des fissures épigéné-
tiques a été formé entre 145 et 270°C & partir du fluide
hydrothermal introduit. Un assemmblage magnétite —
hématite — pyroxéne d’importance locale a été formé a
haute température, peut-8tre comme résultat d’une cellule
de convection hydrothermale initiée par I’intrusion d’un
magma basaltique dans le sédiment métallifére. Une cor-
rélation entre les valeurs de Fe/(Fe + Mg) de la smectite et
la température indiquée par les isotopes d’oxygéne mon-
tre que la smectite constitue un géothermométre potentiel-
lement important, et confirme les calculs géochimiques qui
prédisaient une smectite magnésienne plus stable qu’une
smectite ferrifére & température élevée.

(Traduit par la Rédaction)

Mots-clés: abysse de Atlantis I, sédiment métallifére, sul-
fure massif, bassin de saumures, isotopes stables, iso-
topes strontium, smectite, géothermomeétrie, interaction
roche — eau de mer, mélange de fluides, mer Rouge.
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INTRODUCTION

Studies of hydrothermal activity and sulfide depo-
sition along midocean ridges have provided insight
into the geochemistry of ore-forming systems. The
first actively forming deposit of seafloor sulfides was
discovered underlying metal-rich brine in the Atlantis
II Deep in the axial rift zone of the Red Sea (Degens
& Ross 1969) (Fig. 1). This segment of the Red Sea
is a slow spreading center with a total opening rate
of 1.5 cm/y (Roeser 1975).

The Atlantis II deposit remains the largest sulfide
accumulation discovered on the seafloor. It contains
=227 mt of metalliferous sediment (Backer 1976),
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90 mt of which have a grade of 2.06% Zn, 0.45%
Cu and 38.4 g/t Ag (Nawab 1984). This hydrother-
mal deposit, which has formed within the last 15,000
years (Shanks & Bischoff 1980), is comparable in
magnitude to the largest known volcanogenic mas-
sive sulfide deposits on land.

The importance of a brine pool in the formation
of large stratiform sulfide deposits is well-illustrated
by a comparison of open-ocean ridge-crest deposits
with the restricted brine-pool setting of the Atlantis
II deposit (Zierenberg 1984). The metalliferous sedi-
ments of the Atlantis II Deep are fine-grained, deli-
cately laminated silicates, sulfides, and oxides that
settled slowly from superjacent brine layers (Bischoff
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FIG. 1. Inset map shows the location of the Atlantis II Deep in the central Red Sea;
the 500-m contour defines the main trough of the Red Sea. The bathymetric map
of the Atlantis II Deep graben shows the location of the different basins. The
patterned area below approximately 2000 m is covered by brine.
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1969, Bécker & Richter 1973, Zierenberg & Shanks
1983). The sediments differ substantially from the
small, consolidated mounds and chimneys developed
along open-ocean spreading centers, as exemplified
by volcanic-hosted deposits on the East Pacific Rise
(EPR) at 21°N (Haymon & Kastner 1981, Goldfarb
et al. 1983) and on the Juan de Fuca Ridge (Koski
et al. 1984, Tivey & Delaney 1986). However, recent
studies have revealed many similarities, including
evolved-seawater hydrothermal fluids, 350°C phase
equilibria, low-fS, primary sulfide assemblages
(Pottorf & Barnes 1983, Schumann 1978), and iso-
topic evidence indicating basalt-seawater interaction
(Delevaux & Doe 1974, Faure & Jones 1969, Lup-
ton et al. 1977, Zierenberg & Shanks 1986). Sulfide
assemblages in both settings are rich in zinc and cop-
per, but poor in lead, which is consistent with a basal-
tic source for much of the metal.

Venting of low-salinity, 350°C hydrothermal fluid
onto the seafloor, e.g. at 21°N EPR, leads to the
formation of small, high-grade sulfide-sulfate
deposits around the immediate sites of venting. Most
of the dissolved load of the hydrothermal fluid is car-
ried away from the site of sulfide deposition by
buoyant hydrothermal plumes and is dispersed over
a large depositional area (Fig. 2). When venting
stops, sulfide deposits are immediately subjected to
dissolution and oxidation by ambient seawater.

In contrast, venting of a high-salinity hydrother-
mal fluid into a seafloor depression generally results
in development of a submarine brine pool (Fig. 2)
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because of the high rate of diffusion of heat relative
to that of dissolved components (Sato 1972, McDou-
gall 1984a,b). In‘the Atlantis II Deep, confinement
of the hydrothermal fluid to the anoxic lower brine
leads to efficient deposition of sulfidic sediments over
an arca that is large (=40 km?), but is contained.
Little of the dissolved metal load is dispersed beyond
the Atlantis II Deep (Bignell ef al. 1976). However,
because of the coprecipitation of iron silicates and
oxides, the economically important metal sulfides are
diluted and have lower metal grades than deposits
of buoyant-plume systems formed in open ocean set-
tings. Moreover, reactions resulting from fluid
advection or diffusive mixing across brine bound-
aries (Fig. 3) cause geochemical fractionation of ele-
ments such as iron and manganese, and produce dis-
tinct facies patterns in the metalliferous deposits
(Bischoff 1969, Hartmann 1973, Bicker & Richter
1973). Mixtures of facies can result either from
cosedimentation or resedimentation of minerals ini-
tially precipitated within different geochemical
environments of the stratified brine pool (Fig. 3).

Critical information that can be obtained at open-
ocean ridge systems by direct sampling of vent fluid
with submersibles is precluded by the high density
and inhospitable nature of the pools (Monin ef al.
1981, 1982). Therefore, we must rely on indirect evi-
dence about the nature of the hydrothermal fluid in
brine pools, such as the mineralogical record
preserved in the metalliferous sediments. In the
Atlantis II Deep, information about the hydrother-
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FIG. 2. Schematic diagram contrasting the depositional setting of ridge-crest
hydrothermal deposits which form buoyant plumes, such as those found at 21°N
EPR, with the deposition of metalliferous sediment beneath a brine pool, as exem-

plified by the Atlantis II Deep.
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FIG. 3. Schematic representation of precipitation reactions within the density-
stratified brine pool of the Atlantis 1l Deep. Diagram modified from Bischoff

(1969) and Hartmann (1973).

mal fluid can be derived from the mineralogy of
epigenctic features, including veins and replaced and
recrystallized metalliferous sediment, which formed
after deposition of metalliferous sediment in response
to influx of hot brine through the metalliferous sedi-
ment. The veins are typically less than 1 ¢cm wide and
are filled with anhydrite or talc with subsidiary smec-
tite and sulfide (Zierenberg & Shanks 1983, Pottorf
& Barnes 1983, Oudin ef al. 1984). The epigenetic
veins are mineralogically similar to chimney deposits,
but have formed within the unconsolidated sediments
of the Deep instead of directly on the seafloor.

Chemical and mineralogical data together with
phase equilibria show that higher temperature veins
are dominated by talc and magnesian smectite,
whereas lower temperature veins contain abundant
anhydrite and ferroan smectite (Zierenberg & Shanks
1983). Isotopic study of epigenetic features was
undertaken to evaluate the sources of metalliferous
sediments, the importance of fluid mixing in the
precipitation processes, and the range of tempera-
tures involved.

SAMPLING AND ANALYTICAL METHODS

Most of the samples studied are subsamples of
piston and kasten cores taken during the RV
WANDQO RIVER 1969 and VALDIVIA cruises of
1971 and 1973 (Fig. 1). Complete sample descriptions
and a sample location map have been presented in
Zierenberg & Shanks (1983). Samples 81 BC and 84
BC are boxcore samples of the uppermost metallifer-
ous sediments collected during the 1979 INDOMED
cruise of the RV MELVILLE. Samples from core
268K, taken in the Southwest Basin, are described
by Oudin et al. (1984).

The isotopic data are presented in Tables A and
B in the appendix. Samples are divided in two general

groups. The group termed epigenetic precipitates
(Table A) is predominantly vein material, but
includes metalliferous sediment that recrystallized or
was replaced at high temperature because of the flux
of hot brine through the sediment or intrusion of
basalt into unconsolidated mud (Zierenberg &
Shanks 1983, Oudin et al. 1984). The group termed
brine-pool precipitates (Table B) is characterized by
very fine-grained, thinly laminated metalliferous
sediments and is typical of the Atlantis II Deep sedi-
ment. Most of this material precipitated within the
quiescent, anoxic lower brine, but some precipitated
at interfaces between brines of differing salinities
(Fig. 3). This material also contains minor amounts
of pelagic sediment, material that recrystallized
diagenetically from reaction with stagnant pore water
{Weber-Diefenbach 1977), and resedimented metal-
liferous sediment derived from steep walls flanking
the brine pool (Zierenberg & Shanks 1983).

Samples were washed with dejonized water to
remove interstitial salt. Anhydrite analyzed for sul-
fur, oxygen, and strontium isotopes was separated
by hand-picking under a binocular microscope, with
the exception of samples from talc veins where fine
grain size prohibited physical separation of enough
anhydrite both for oxygen and sulfur isotope deter-
minations. Talc vein samples therefore were leached
with cold deionized water to remove anhydrite sul-
fate for sulfur isotope analysis. Anhydrite separates
were also dissolved in cold deionized water. The sul-
fate leachates were filtered to remove fine-grained
included sulfides, and were reprecipitated as BaSO,.
Although gypsum occurs in some samples, textural
evidence (Zierenberg & Shanks 1983) indicates it is
not a primary precipitate, but forms by hydration
of anhydrite during core storage. The hydration reac-
tion does not produce any significant change in 6*S
values.
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Sphalerite and pyrite, the predominant sulfides in
most samples, were separated chemically because
their fine grain size precluded physical separation.
Samples were reacted at 60°C in 6N HCI while purg-
ing with N, gas. H,S produced from sphalerite
(along with minor amounts of pyrrhotite) was
precipitated as Ag,S. Residues from the sphalerite
reaction, consisting predominantly of pyrite and sili-
cates plus minor chalcopyrite, were leached with boil-
ing aqua regia - bromine to oxidize pyrite and chal-
copyrite to sulfate, which was precipitated as barium
sulfate. Precipitated BaSO, was reduced with
graphite under nitrogen and the resulting sulfide was
precipitated as Ag,S. Ag,S was reacted with Cu,O
in vacuo to produce SO,. Isotopic composition was
standardized with McMaster Reference Standards
(Rees 1978).

Oxygen isotope ratios of sulfate were determined
on CO, obtained by reduction of BaSO, with
graphite as described by Nehring et al. (1977). Oxy-
gen isotope values of sulfate were normalized to a
value of 9.6 for seawater sulfate (Zierenberg &
Shanks 1986).

Hand-picked anhydrite was dissolved in HCI for
strontium isotopic analysis. Bulk samples of talc
veins and of a magnetite-hematite-pyroxene assem-
blage were completely digested in HCIO,-HF.
Strontium contents of anhydrite samples were meas-
ured by atomic absorption spectroscopy. Strontium
isotope ratios were measured on a multiple-collector
mass spectrometer. Duplicate mass spectrometer runs
had an average standard deviation (10) of 0.000056.

Oxygen was extracted from silicates and oxides by
fluorination with BrFs, and 60 data are reported
relative to the SMOW standard. Magnetite, hema-
tite and pyroxene were separated by isodynamic mag-
netic separation followed by hand-picking under a
binocular microscope. Smectites analyzed for 830
are splits of samples previously analyzed by X-ray
diffraction and electron microprobe (Zierenberg &
Shanks 1983). Samples were treated with sodium
citrate - dithionate to remove free iron oxide (Jack-
son 1979) and a <2um fraction was separated by
centrifugation. X-ray diffraction indicated that the
separates were monomineralic.

Manganoan siderite was reacted with anhydrous
phosphoric acid at 50°C to produce CO, for carbon
and oxygen isotope analysis. The acid fractionation
factor used to correct the data for siderite reaction
at 50°C was 1.01040 (Rosenbaum & Sheppard 1986).
The 80 data are reported relative to Standard
Mean Ocean Water (SMOW) assuming a CO, -
H,0 fractionation of 1.0412 (Friedman & O’Neil
1977). The 83C data are calibrated to the Peedee
Belemnite (PDB) standard.

RESULTS AND DISCUSSION
Sulfide 6*S analyses (Fig. 4a) range from 2.5 to
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23.4%,. However, the three high §%S values (14 -
23.4%,) are for very fine-grained pyrite inclusions in
anhydrite which probably formed by reduction of
a very small amount of anhydrite sulfate. This type
of sulfide is volumetrically insignificant and is not
typical of sulfides in the veins. If these anomalous
samples are eliminated, the range of 6**S values for
vein sulfides is from 4.5 to 10.5%,, with 2 mean of
5.6+ 1.4 (16). The average S value of vein sul-
fides coincides with values in both the presently
forming sediments and the two older sulfide zones
of the Atlantis II Deep, which have 6°*S values
averaging 5.4%, (range of ~ 1 to 15%,, Kaplan ef al.
1969, Shanks & Bischoff 1980). The narrow range of
58 values for sulfides in epigenetic veins is consis-
tent with precipitation from an incoming hydrother-
mal fluid in which all of the sulfur is present as H,S
and there is no isotopic exchange between oxidized
and reduced sulfur species (Ohmoto 1972).

The determination of 68 values for coexisting
sphalerite and pyrite in several samples allows cal-
culation of equilibrium isotope-fractionation temper-
atures (Ohmoto & Rye 1979). The calculated values
range from 50 to >800°C. Such anomalously high
temperatures reflect incomplete separation of the
phases during chemical dissolution or, more likely,
isotopic disequilibrium during sulfide precipitation,
as observed at 21°N EPR (Zierenberg et al. 1984).

Interaction of hydrothermal fluid with rift-zone
basalts is indicated by isotopic studies of helium
(Lupton et al. 1977), lead (Delevaux & Doe 1974),
and strontium (Faure & Jones 1969, Zierenberg &
Shanks 1986) in the Atlantis II brine, and from the
inferred high temperatures for the ascending
hydrothermal fluid (Shanks & Bischoff 1977, Pot-
torf & Barnes 1983). Leaching of basaltic sulfur by
hydrothermal fluid has been demonstrated
experimentally (Mottl er al. 1979). However, the
88 value of sulfide in the metalliferous sediment
is approximately 5%, higher than basaltic sulfide,
requiring an additional source of isotopically heavy
sulfur for the hydrothermal fluid.

The most likely source of the **S-enrichment is
sulfate from seawater or evaporites. Reduction to
sulfide presumably occurred in the hydrothermal
fluid. The most abundant reducing agent is ferrous
iron, present either in subsurface basalts or in ascend-
ing iron-rich fluid. Reduction of seawater sulfate has
also been postulated to account for the similar range
of 8%8 values (1.5 to 5.7%,) in sulfides from 21°N
EPR and from the Juan de Fuca Ridge (Shanks &
Seyfried 1987, Woodruff & Shanks 1988, Shanks e#
al. 1981, Styrt ef al. 1981, Zierenberg ef al. 1984),
as well as in sulfides from ancient volcanogenic mas-
sive sulfide deposits.

Variations in the 6*S value of sulfide minerals in
the metalliferous sediment may reflect processes
occurring within the brine pool or the sediment,
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FIG. 4. (a) Distribution of 84S values from sulfide minerals from brine-pool precipi-
tates and epigenetic precipitates. The arrow labeled ““sulfide zone average®” indi-
cates the average of 29 samples from the upper and lower sulfide zones reported
by Shanks & Bischoff (1980). (b) Distribution of §%S values of sulfates from
epigenetic and brine-pool precipitates. Values for seawater, Atlantis IX lower brine
and DSDP 227 evaporites from Zierenberg & Shanks (1986).

rather than fluctuation of 8*S in the incoming
fluid. Although no biogenic reactions are known to
occur at present in the Atlantis II Deep (Triiper
1969), very low 6*8S values in sulfide from some
units of metalliferous sediment (-25 to -45%,) indi-
cate bacterial reduction of sulfate during times when
a hot brine pool was not present (Shanks & Bischoff
1980, Shanks 1983). Alternatively, organic-rich sedi-
ments containing biogenic sulfide from the fringes
of the Deep could have been incorporated into the
metalliferous sediments by tectonically induced
resedimentation or by changes in the level of the
brine pool.

Brine mixing and anhydrite precipitation

Veins in metalliferous sediment contain anhydrite

coprecipitated with pyrrhotite, isocubanite, and iron-
rich sphalerite, and could not have precipitated in
chemical equilibrium (Pottorf & Barnes 1983). Sul-
fur in coexisting sulfide and sulfate is not in isotop-
ic equilibrium. Pottorf & Barnes (1983) proposed
fluid mixing of a hot, reduced hydrothermal fluid
with a cooler, sulfate-bearing fluid to explain the ob-
served mineral assemblages. Disequilibrium assem-
blages of anhydrite coprecipitated with pyrrhotite
and isocubanite are characteristic of sulfide-sulfate
chimneys formed at submarine hot springs (Gold-
farb et al. 1983, Haymon 1983, Oudin 1983). Mix-
ing of 350°C hydrothermal fluid, which is in
equilibrium with pyrrhotite, with cold, sulfate-
bearing seawater at the vent sites causes anhydrite
and pyrrhotite to coprecipitate even though they are
not in chemical or isotopic equilibrium (Janecky &
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Seyfried 1984, Zierenberg & Shanks 1983). The sul-
fur, oxygen, and strontium isotopic ratios for the sul-
fate minerals in Atlantis II Deep metalliferous
sediments also suggest that fluid mixing was an im-
portant process leading to the precipitation of metal-
liferous sediment.

Sulfate in the Atlantis II Deep hydrothermal sys-
tem can be derived from two sources, seawater sul-
fate and sulfate dissolved from Miocene evaporites
which flank the Deep (Zierenberg & Shanks 1986).
Dissolved sulfate in the Atlantis II lower brine has
a 6*S value between that of seawater sulfate and
sulfate in samples of Miocene evaporite recovered
in DSDP hole 227, drilled 3 km east of the Atlantis
II Deep (Fig. 4b). The 6*S values for sulfate miner-
als from epigenetic precipitates range from the value
of the lower brine (21.4%,) to about 2%, higher. The
5%S values for brine-pool sulfate precipitates are
higher and are similar to those of the evaporites, with
some samples even more enriched in 3*S than the
evaporites (Fig. 4b).
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FIG. 5. (a) Distribution of 8180 values of sulfates from
epigenetic and brine-pool precipitates. Values for sea-
water, Atlantis II lower brine, and DSDP 227 evaporites
from Zierenberg & Shanks (1986). (b) Distribution of
87Sr/86Sr ratios for anhydrite, talc-rich, and magnetite-
hematite-rich samples from epigenetic and brine-pool
precipitates. Values for seawater, Atlantis I1 lower brine
and DSDP 227 evaporites from Zierenberg & Shanks
(1986).
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The 5*S value of one epigenetic sulfate sample is
significantly less than the 6*S value of the lower
brine (Fig. 4b). This sample is from a talc vein with
very finely disseminated anhydrite that could not be
separated by hand-picking. Sulfate from this sam-
ple was obtained by leaching with cold deionized
water and probably includes sulfate derived from ox-
idation, during core storage, of isotopically lighter
sulfide minerals.

The 680 values for sulfate minerals range from
7.8 t0 12.2%, (Fig. 5a). The 6'%0 values of epigenet-
ic sulfates range from those of the lower brine sul-
fate to about 3%, higher; the range of 6'%0 in
brine-pool precipitates is significantly higher than in
epigenetic veins, but not as high as in the evaporites.

The 6**S and the 880 values in sulfate of the
metalliferous sediment could be interpreted as der-
ived from a two-component mixture of an isotopi-
cally lighter ‘“hydrothermal’’ component similar to
the lower brine sulfate, and an isotopically heavier
end member similar to the sulfate in Miocene
evaporites. Definition of the mixing process is com-
plicated by isotopic fractionation and exchange. The
epigenetic sulfates seem to contain a significant
““hydrothermal’’ component, whereas some of the
brine-pool precipitates are similar to the *‘evaporit-
ic”’ component. -

Unfortunately, such an interpretation cannot fully
explain the data. The 8*S values of evaporites reco-
vered from DSDP 227 are too low to account for
the 3S-enrichment found in some of the brine-pool
precipitates. This difference could be a sampling bias
because only the upper 130 m of the evaporites were
penetrated by Hole 227, whereas the evaporite se-
quence is 2-4 km thick (Stoffers & Kiihn 1974). A
more substantial argument against conservative mix-
ing of two sulfate sources is that it should result in
a linear correlation between 6**S and 6%0. Instead,
the isotope values show almost no correlation (#* =
0.18).

A second explanation of the overall variation in
sulfate 8'%0 data involves temperature-dependent
fractionation. Although there is no significant oxy-
gen isotope fractionation between dissolved sulfate
and anhydrite (Chiba et al. 1981), dissolved sulfate
can exchange oxygen isotopes with the H,O in the
hydrothermal fluid prior to precipitation. The low-
6'80 value of dissolved sulfate in the lower brine
may be a reflection of the high-temperature history
of the brine. A temperature of 225°C can be calcu-
lated by assuming equilibrium fractionation of 630
between H,O in the brine (1.21%,, Craig 1969,
Schoell & Faber 1978) and dissolved lower brine sul-
fate. Similar calculations for the epigenetic precipi-
tates indicate temperatures of 200 to 260°C, and for
the brine-pool precipitates, 180 to 235°C. Fluid in-
clusions in one sample of vein anhydrite gave an
average pressure-corrected filling temperature of
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238°C (Pottorf & Barnes 1983). Oudin er al. (1984)
reported fluid-inclusion filling temperatures of 250
to 420°C in epigenetic anhydrite. The highest tem-
peratures cannot represent trapping temperatures of
a homogeneous fluid because they are in excess of
the in situ boiling temperature of the lower brine.
An in situ boiling temperature of =390°C is calcu-
lated by assuming 4.4 molal NaCl equivalency for
the lower brine using the NaCl-H,O data of Phil-
lips et al. (1981). Although the oxygen isotope data
appear to reflect temperature-dependent fractiona-
tion, the calculated high temperatures and the poor
correlation with smectite oxygen isotope tempera-
tures (see below) suggest that sulfate does not main-
tain oxygen isotope equilibrium during precipitation
of anhydrite at lower temperatures. Instead it ap-
pears that sulfate oxygen isotope values are
“‘quenched”’, thereby preserving a record of the high-
temperature history of the hydrothermal fluid.
Preservation of sulfate oxygen isotope values ob-
tained at high temperature is consistent with the slug-
gish kinetics of sulfate isotopic exchange at
temperatures <200°C (Ohmoto & Lasaga 1983).

The #7Sr/%6Sr ratios of 10 hand-picked anhydrite
samples and three bulk digestions of talc-vein sam-
ples having complex mineralogy show a narrow range
of 8Sr/%8r values from 0.7070 to 0.7075 (Fig. Sb).
The $7Sr/36Sr ratios of the epigenetic and brine-pool
precipitates are close to those of the Atlantis II low-
er brine, but allow for a minor admixture of stron-
tium from seawater or evaporites. The strontium
isotope ratio of the lower brine indicates that some
of the dissolved strontium is derived from basalt dur-
ing water-rock interaction (Faure & Jones 1969,
Zierenberg & Shanks 1986). Contribution of stron-
tium to the epigenetic precipitates from a fluid which
has interacted only with the Miocene evaporites is
limjted to a small amount by isotope and mass
balance constraints, because strontium concentra-
tions in the Miocene evaporites (14-5000 ppm,
Stoffers & Kiihn 1974, Zierenberg & Shanks 1986)
exceed the concentration in the lower brine (46 ppm,
Zicrenberg & Shanks 1986).

In summary, mineral assemblages of the epigenetic
precipitates indicate mixing of a high-temperature,
reduced fluid with a sulfate-bearing fluid. Variations
in sulfur, oxygen and strontium isotopic ratios be-
tween epigenetic and brine-pool precipitates suggest
that the sulfate-bearing fluid has variable isotopic
composition due to contributions from multiple
sources. Major temporal variations in brine compo-
sition seem plausible when one considers the large
influx of brine necessary to precipitate the >15-m
thickness of metalliferous sediment. For example,
if all the dissolved Si, Fe, Zn, and Cu in the lower
brine were precipitated, the uncompacted metallifer-
ous sediment would form a layer less than 9 cm
thick. Therefore, many times the present volume of
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brine must have circulated through the system to ac-
count for the observed thickness of metalliferous
sediment. In fact, the laminated nature of the metal-
liferous sediment reflects variable chemical and (or)
physical conditions in the brine pool that probably
relate to variable influx and composition of
hydrothermal brine.

Sulfate in the present-day brine pool is isotopically
more similar to the epigenetic vein minerals than sul-
fates that have precipitated in the brine pool in the
recent past (< 10,000 years, Shanks & Bischoff 1980).
Epigenetic features are most common in the South-
west Basin of the Atlantis IT Deep (Zierenberg &
Shanks 1983), which is the site of active hydrother-
mal venting (Schoell 1976). It thus appears that the
epigenetic features are related to the most recent
phase of hydrothermal venting.

Origin of carbonate minerals

Fe-Mn carbonate in metalliferous sediment forms
by precipitation from hydrothermal brine and by
replacement of detrital biogenic carbonate. It is a
minor constituent in anhydrite and sulfide beds,
where it occurs as aggregates of cuhedral rhombo-
hedra, and locally forms individual beds (Bischoff
1969, Bicker 1976). Optical petrography and scan-
ning electron microscopy revealed that some
aggregates of rhombohedral crystals replaced and
overgrew planktonic microfossils. Energy-dispersion
X-ray spectroscopy on the scanning electron micro-
scope, and X-ray diffraction indicate that the car-
bonates range from siderite to rhodochrosite and
contain minor amounts of Ca and Mg. Carbonates
have not been observed within epigenetic veins; iso-
tope values in Table A in the appendix are for car-
bonates from metalliferous sediment of vein walls.

Seven analyzed Fe-Mg carbonate samples have
§'3C values ranging from -3.9 to 1.6%, (PDB scale)
and 880 values ranging from 21.4 to 32.3%,
(SMOW scale). Oxygen isotope temperatures were
calculated assuming equilibrium with water of the
same isotopic composition as the present lower brine
(680 = 1.21%g, Craig 1969, Schoell & Faber 1978),
and using the fractionation equation for siderite—
water (10°ln o = 2.89 10°7-2-2.76, calculated from
the data of Becker & Clayton 1976). A potential
problem is the application of the siderite-water equa-
tion to a Mn-Fe carbonate phase. The fractionation
curve for rhodochrosite-water has not been deter-
mined, but a single measurement at 240°C by O’Neil
et al. (1969) suggests slightly less fractionation
between rhodochrosite and water than between side-
rite and water. Therefore, application of the
siderite-water fractionation equation to rhodochro-
site results in calculated oxygen isotope temperatures
that are too high (approximately 8% difference at
240°C).
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Oxygen isotope temperatures calculated from the
siderite-water fractionation equation range between
47 and 61°C, except for the two extreme values of
19 and 82°C. The calculated temperatures are simi-
lar to temperatures measured in the lower brine since
1965 (54 to 62°C).

There are two sources for the carbonate minerals:
biogenic debris precipitated from Red Sea water car-
bonate (6'3C = -1.5%,, Schoell & Stall 1972) and
carbonate dissolved in the lower brine (°°C =
~7%, Schoell & Stall 1972). We have calculated 650
and 8C values of carbonate that should ideally
precipitate from normal Red Sea Deep water and
from the Atlantis II lower brine. Oxygen isotope
values were calculated from the siderite-water equa-
tion using the ambient 7 and 880 characteristics of
Red Sea water (22°C, 6%0 = 1.89%,, Schoell &
Faber 1978) and of the lower brine (5'%0 = 1.21%,,
Craig 1969, Schoell & Faber 1978; 110°C, which is
the highest temperature measured for smectite
precipitated from the brine pool). Carbon isotope
values were calculated from the calcite-HCO,™ frac-
tionation (10°ln & = 0.095 10872 -2.76; Deines et
al. 1974), assuming this applies to siderite-HCO;".
A plot of §3C versus 80 for the calculated car-
bonate end-members and the brine-pool precipitates
(Fig. 6) indicates that isotopic data are generally con-
sistent with the two sources of carbon indicated by
petrographic observations.
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FIG. 6. 813C versus 8180 for Fe-Mn carbonate from the
metalliferous sediment. The Fe-Mn carbonate is a mix-
ture of replaced biogenic carbonate and inorganic car-
bonate precipitated from hydrothermal fluids. Points
SW and LB are calculated compositions, respectively,
of siderite in equilibrium with Red Sea water (22°C,
8180 = 1.89, 8!3C = 1.5) and Atlantis II lower brine
(110°C, 8130 = 1.21, 613C = -7.0).
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The magnetite-hematite-pyroxene zone

The magnetite-hematite—pyroxene assemblage,
which occurs in a limited area in the northern part
of the Southwest Basin (Fig. 1), formed by the high-
temperature recrystallization of fine-grained goethitic
and hematitic sediment (Zierenberg & Shanks 1983).
Recrystallization apparently is related to a local tem-
perature anomaly caused either by venting of high-
temperature hydrothermal fluid, or by localized con-
vection of pore fluids driven by heat from the intru-
sion of basalt into the metalliferous mud. Mass-
balance calculations show that the transformation
of hematite to magnetite requires large amounts of
reducing agent, probably ferrous iron, and thus
precludes isochemical recrystallization in response to
a local temperature anomaly (Zierenberg & Shanks
1983). A high flux of reduced hydrothermal fluid
through the sediment is required for the transforma-
tion.

The ¥Sr/%Sr ratio of one bulk sample of the
magnetite-hematite-pyroxene assemblage (0.70718)
is similar to the value of the lower brine and falls
in the range for the epigenetic anhydrite and talc sam-
ples. Two of the magnetite-rich samples have slightly
lower values (0.70616, 0.70635), possibly reflecting
the presence of the minor amounts of basaltic debris
in these samples with an 87Sr/%Sr ratio of =~0,7027
(Cohen et al. 1980).

Oxygen isotope ratios were determined for five
separates of magnetite, one of hematite, and two of
pyroxene. Four magnetite samples from cores 17P
and 18P have a narrow range of 820, from -3.2 to
-3.5%0, whereas a magnetite sample from core 492K
has a 6'®0 value of ~5.1%,. Hematite coexisting
with magnetite from core 492 K is enriched in 630
by 0.4%,; because of the higher oxidation state of
hematite this result would be expected if the pair
formed in isotopic equilibrium (O’Neil 1977).

The two samples of pyroxenes from cores 18P and
492K have 6'%0 values of 0.9 and 1.2%,, respec-
tively. Application of the magnetite-pyroxene frac-
tionation equation (Matthews et ¢l. 1983) yields tem-
peratures of 718°C and 526°C, much too high to be
reasonable equilibrium temperatures. An upper tem-
perature limit is set by the in situ boiling point of
the lower brine (=390°C).

The oxygen isotope fractionation betwen pyrox—
ene and water can be estimated by linear extrapola-
tion to lower temperature of the data in Table 8 of
Matthews ef al. (1983). Fractionation is given by the
equation 1000 in o (Px-H,0) = 1072 —2.92. If it
is assumed that the pyroxene formed in equilibrium
with water of the same isotopic composition as the
present brine (1.21%,), then the calculated tempera-
ture of formation of the two samples is 346°C (core
18P) and 313°C (core 492K). These temperatures are
consistent with the observed mineral assemblage
(Zierenberg & Shanks 1983). The magnetite-
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hematite-pyroxene zone was probably formed by
localized brine convection caused by surplus heat,
such as might be provided by a basaltic sill. The
presence of basaltic debris at the base of cores 492K
and 17P is consistent with this hypothesis. Influx of
high-temperature hydrothermal fluid could also pro-
vide the heat and reductant necessary for the trans-
formation of hematite to magnetite. However, the

magnetite-hematite-pyroxene is a low-sulfur assem~

blage containing only minor chalcopyrite and lack-
ing pyrrhotite or pyrite, and is therefore not consis-
tent with the mineral assemblage that typically
precipitates from the incoming hydrothermal fluid.

Smectite geothermometry

Oxygen isotope ratios were determined for 16
smectite samples and one chlorite sample. Temper-
atures, calculated using the smectite-water fractio-
nation equation of Yeh & Savin (1977) and the meas-
ured 880 value of H,O in the lower brine, range
from 62 to 110°C for brine-pool precipitates, and
from 146 to 271°C for epigenetic precipitates. A tem-
perature of 250°C is obtained for the chlorite sam-
ple using the chlorite-H,O fractionation equation
(Wenner & Taylor 1971).

Cole (1983) computed oxygen isotope tempera-
tures for smectite from three cores from the South-
west Basin of the Atlantis II Deep. Cole classified
the clay minerals as ¢ither nontronite or montmoril-
lonite/beidellite based on X-ray diffraction patterns
(Cole 1983, Cole & Shaw 1983). The oxygen isotope
temperatures for nontronite range from 78 to 139°C,
and for montmorillonite/beidellite from 162 to
206°C. Chemical analyses of the clay with mont-
morillonite/beidellite XRD characteristics showed
that the mineral is an iron-rich smectite (Cole 1988).

Zierenberg & Shanks (1983) classified smectite
from the Atlantis II Deep as belonging to the
saponite - ferroan saponite - nontronite series on
the basis of both XRD characteristics and chemical
data. Nontronite was interpreted to have precipitated
in the brine pool. Epigenetically precipitated smec-
tite is predominantly trioctahedral and ranges in
composition from ferroan saponite to saponite.
Badaut er al. (1985) have shown that both diocta-
hedral nontronite and trioctahedral ferroan saponite
occur in Atlantis II Deep metalliferous sediment.
Nontronite was recovered from the North Basin, an
area distant from active hydrothermal vents. Ferrous
iron in saponite recovered from the area of active
venting in the Southwest Basin is rapidly oxidized
under normal laboratory conditions (Badaut et al.
1985).

On the basis of geochemical calculations using
thermodynamic data estimated for end-member clay
minerals, Zierenberg & Shanks (1983) suggested that
magnesium-rich smectite in the Atlantis II Deep
formed at higher temperature than iron-rich varie-
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ties. This hypothesis can be tested using the oxygen
isotope temperatures calculated for Atlantis IT Deep
smectite.

The exchange reaction between saponite and fer-
roan saponite can be written as:

Na 3;Mg;Al 33815 6;0,0(OH), + 3Fe?* =
saponite
Na j;Fe;Al 35Si; ,010(0H), + 3Mg?* 1)
ferroan saponite

The mass-action expression for equation (1) is:
K = “re-sap (aMg)3 )
(aFe)3

The equilibrium constant is proportional to the
activity ratio of the ions in solution (g, ay,) and
the activity ratio of the smectite end-members in the
solid solution (@pp.saps sap). Some simplifying
assumptions facilitate the qualitative interpretation
of the trend of the chemical and isotopic data for
the smectites. If solid solution in smectite is ideal,
or if the activity coefficients for the two end mem-
bers are nearly constant, then the equilibrium cons-
tant will be directly proportional to the respective
mole fractions in the smectite solid solution, for a
fixed iron-to-magnesium activity ratio in the fluid.
Changes in the equilibrium constant with tempera-
ture are given by:

Gsap

mK _ -AH®

- 3
w/n R

If H.?° is relatively constant over the temperature
interval of interest, In (Fe/Mg) (atomic) of the smec-
tite should show an approximately linear variation
with (1/7). Values of In (Fe/Mg) in the octahedral
layer of the smectite have been calculated from the
chemical data of Zierenberg & Shanks (1983). A plot
of these values against oxygen isotope temperatures
shows a strong linear correlation (2 = 0.91, Fig. 7).
Data presented in Cole (1988) show a similar rela-
tionship.

Some precautionary comments are in order regard-
ing this geothermometer, especially as applied to the
Atlantis II Deep. The fractionation equation for
smectite-water (Yeh & Savin 1977) is estimated from
data on natural montmorillonite and comparison to
the illite-water system, and therefore is not precisely
calibrated. Also, isotopic fractionation in smectite
might be a function of composition as well as of tem-
perature. However, octahedral substitution in other
Fe-Mg silicates does not significantly affect oxygen
isotope fractionation (Matthews et al. 1983).

The range of 6'%0 in the smectites could also
result from the mixing of isotopically distinct waters.
However, if the smectite formed at constant temper-
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Fig. 7. Plot of 103/T K calculated from the smectite-
water oxygen isotope fractionation equation of Yeh &
Savin (1977) versus In (Fe/Mg) (atomic) ratio for the
octahedral sites of smectite from brine-pool precipitates
(triangles) and epigenetic precipitates (circles). A sin-
gle chlorite sample (square) is shown for comparison,
but was not used to calculate the least-squares regres-
sion line (r2 = 0.91).

ature, end-member solutions must have differed in
5180 by at least 15%,, which is not considered
reasonable as there are no local water sources with
such differences in isotope composition. The exis-
tence of waters having large variations in 630 also
is not consistent with the isotopic ratios of sulfates
coexisting with smectite, and it does not account for
the correlation of oxygen isotope temperatures with
smectite compositions.

A more important constraint on the use of the
smectite geothermometer is evident from inspection
of equation (2). The equilibrium constant is also a
function of the activity ratios of ionic iron and mag-
nesium in solution. The assumption of a constant
activity ratio of these ions is probably not justifia-
ble. Mixing of solutions of different compositions
will change the iron-magnesium ratio in the smec-
tite, and this change will not be a strict function of
temperature. However, in order to account for the
correlation (Fig. 7) by mixing alone, the incoming
hydrothermal fluid would have to have been both
hotter and to have a higher activity ratio of mag-
nesium to iron than the brine-pool fluid with which
it mixed. This is unlikely given that basalt-seawater
experiments (Bischoff & Dickson 1975, Seyfried &
Bischoff 1977, Mottl ef al. 1979) and studies of the
hydrothermal system at 21°N, EPR (Von Damm et
al. 1985) indicate that reaction of a seawater-like
fluid with hot basalt leads to magnesium depletion
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and iron enrichment in the fluid. Therefore, if fluid
mixing was the only process controlling smectite
chemistry we might expect that the high-temperature
fluid would form Fe-rich smectite, contrary to the
observations.

Even if the concentrations of magnesium and iron
in solution remain constant, the activity ratio of the
ions will not be constant because of temperature
changes which will affect the activity coefficients.
It is not possible to separate the effects of the tem-
perature dependence of the equilibrium constant
from the effects of changes in the activities of the
ions in solution because we lack detailed knowledge
both of the chemical composition of the incoming
hydrothermal fluid and chemical speciation models
valid for saline solutions at high temperature.

Calculation of the equilibrium constant for reac-
tion (1) using estimated thermodynamic data for
smectite end-members (Zierenberg & Shanks 1983)
and the SUPCRT computer code (Helgeson et al.
1978) indicates that the equilibrium constant changes
by about two orders of magnitude over the temper-
ature interval calculated from the smectite oxygen-
isotope composition (Table 1). Mg-Fe exchange in
smectite is thus typical of most silicates in that the
smaller Mg2+ ion is favored at higher temperature.

TABLE 1. EQUILIBRIUM CONSTANT FOR THE REACTION OF
SAPONITE TO FERROAN SAPONITE AT 200 BARS.

‘Tempezatire 60°C  100°C  150°C  200°C  280°C  300°C

LogK 132 125 8 14 111 108

The temperature range indicated by the smectite
geothermometer is consistent with other estimates of
the thermal history of the hydrothermal fluid. Brine-
pool smectite was precipitated at temperatures of 62
to 110°C; the temperature of the lower brine is
62.3°C (Hartmann 1985, Monin & Plakhin 1982).
Epigenetic smectite formed at temperatures of 146
to 271°C. This is within the temperature range of
the incoming hydrothermal fluid, as estimated from
silica and Na-Ca-K geothermometry, §'%0 data on
sulfates, and the recent thermal evolution of the brine
(Shanks & Bischoff 1977). In particular, the smec-
tite geothermometry supports the interpretation of
Pottorf & Barnes (1983) that most of the sulfide
deposition occurs between 200 and 250°C, based on
sulfide assemblages from veins and metalliferous
sediment.

Authigenic smectite is a constituent of many active
hydrothermal systems, and potentially can be used
as a quantitative geothermometer. Variations in the
Fe/(Fe + Mg) ratio of chemically precipitated metal-
liferous sediment potentially can be used to guide the
explorationist to the higher temperature parts of
ancient hydrothermal systems, and possibly to
mineral concentrations that are not exposed at the
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surface. Mg-rich smectite is the preferred high-
temperature phase, especially in exhalative systems
where hydrothermal fluid can mix with Mg-rich sea-
water.

High-temperature (>200°C) hydrothermal fluids
associated with volcanogenic sulfide deposits may be
devoid of Mg (Bischoff & Dickson 1975, Seyfried
& Bischoff 1977, 1981, Von Damm et al. 1985).
Recent studies of ancient volcanogenic deposits
(Roberts & Reardon 1978, Richards & Cann 1988,
Zierenberg et al. 1987) have shown that Fe-rich chlo-
rite dominates the interiors of alteration zones, with
Mg-rich phases in peripheral zones. In some cases,
pervasive magnesium metasomatism occurs in altered
rocks underlying massive sulfide deposits such as
Mattagami Lake, Quebec (Costa ef al. 1983) and
Arctic (Schmidt 1988). This apparent contradiction
is a result of the Mg-depleted nature of the ascend-
ing ore fluids due to water-rock interaction deeper
in the system. The results of this study on the chem-
ical and isotopic composition of Atlantis II Deep
smectite indicate that Mg-rich phases are preferred
in the upper or peripheral portions of the hydrother-
mal system where Mg-rich ambient seawater mixes
with high-temperature ore-transporting fluid.
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APPENDIX. ISOTOPIC AND CHEMICAL DATA FOR ATLANTIS Il DEEP METALLIFEROUS SEDIMENT AND VEINS

TABLE A. EPIGENETIC VEIN PRECIPITATES

Sulfides Sulfates Carbonates, Silicates, and Oxides
Core
(depthcm)  Description §34s §34s 5130 Sr(ppm) 87S1/86Sr 3¢ 8180 ToC 8781868
35K Anhydrite fissure Sp 5.3 An 21.9+.1(3) An 9.0 312 0.70714 Sm 104 163
(456-459) Py 5.1+.1(2)
35K Anhydrite fissure Py 5.6+.5(3) An214+.2(3) An 84 300 0.70711 Sm 11.4+.2(2) 148
(456-470)
48K Anhydrite vein Py 5.84.1(2) An 209+.1(2) Sm 11.6+.2(2) 146
(346-350) -1.8 Ms 259 54
48K Anhydrite vein Py 4.7 An223 An 7.8+.2(2) Sm 7.9+.5(2) 208
(445-448)
48K Anhydrite vein An 21.8+.1(2) An 8.5+.1(2) 198 0.70701 -39 Ms 244 61
(567-574)
52K Anhydrite-silicate Py 5.9+.2(3) An 223+.2(3) An 84 Sm 6.8 233
(149-155)  sulfide coze
52K Anhydrite fissure Sp 4.5 An224 An9s8 315 0.70710 Sm 5.4+.1(2) 2n
(227-234) Py 5.0+1(2)
52K Anhydrite fissure Py 5.1 An223 An 89
(314-317)
2K Talc vein Sp 5.0+.1(2) An93 Sm 6.8 233 0.70732
(356-362) Py 5.3+.3(2)
52K Talc vein Sp 5.0+.1(2) L1938 An 108 Ch22 250 0.70735
(571-574) Py 6.5+.5(2)
64K Anhydrite vein An 208
(441-495)
64K Anhydrite vein Py 10.5+.4(2) An22.1 An 103 Sm 10.4+.8(2) 163
(445-452)
413K Talc vein An 103 Sm 8.8 190
(307-313)
413K Talc vein Py 4.9+.2(2) L21.0 An9.1 Sm 8.9 188 0.70749
(382-398) Sm* 7.5+.4(2) 216
268K Anhydrite fissres  Sp 4.9+,2(5) An223+.2(2) An8o 420 0.70719
(980-990)  and veins Py 229 Ba 22.7+.2(2) Ba 8.0+.3(2)
268 K Anbydrite fissures An 22.5+.1(2) An 105+.1(2) 449 0.70747
(1064-1068) and veins
268K  Anhydrite fissures An 224+.1(2) An 9.2 f.gr.
(1085-1087) and veins An 102+.2(2) 424 0.70744
268 K Anhydrite fissures An 22.74.1(2) An 8.5 473 0.70746
(1020-1110) and veins
492K Magoetite-hematite  Cp 9.5 An 2344.1(2) An87 Sm 10.0+.3(2) 169 0.70635
(885) pyroxene Hm -4.7; Mt-5.1
Px 1.2
17P Magnetite-hematite An 21.9+.3(2) An 89 Mt 3.5 0.70616
(825-850)  pyroxene
18P  Magnetite-hematite Mt -3.3
(825-855)  pyroxene
8P Magnetite-hematite Mt -3.5
(1100-1125) pyroxene
18P Magnetite-hematite An 214+.2(2) An 8.7 Mt -3.2 0.70718
(1125-1150) pyroxene Px 0.9
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Sulfides Sulfates Carbonates and Silicates
Core
(depthcm)  Description 834s 834s 5180 St(ppm) 87sr/86sr d13¢ 5180 ToC
81 BC Silicate ooze Sm 15.6 9
(0-50)
84 BC  Silicate ooze Sm 16.9 87
(0-50)
64K  Anhydrite bed Sp 2.6 An 24.0+.7(2) Angy9
(511-515) Py 43 Gy 229
71K Sulfide bed Sp 5.5+.1(3)
(355-361) Py 5.742(2)
71K Hematite-silicate An99
(366-390)  breccia
71K Hematite-silicate An 108
(1089-1095) breccia
84K  Anhydrite layer An 23.1:.2(3) An 120 Sm 14.6 110
(211-216) Ba21.6 38 Ms 214 82
84K  Anhydrite layer An 233+.3(2) An 107 Sm 20.1 62
(280-286) 24 Ms 323 19
84K  Anhydrite layer An238 An 120
(558-562)
432K Anhydrite layer An235 09 Ms 24.8 58
(302)  (vein?)
432K  Limonite-sulfide Anl1l4 16 Ms 26.7 47
(326-334)  breccia
436K Sulfide ooze Py 2.5+.6(4)
(653-657)
436K  Anhydrite nodule An229 An 114+,12)
(730-735)
436X Anhydrite nodule An 23.1+.1(2) An 122
(742-748)
459P  Anhydrite bed Py 14.0+6.6(2)  An229+2(2) An11.0 0.6 Ms 255 54
99-110) Ba 21.7+.1(2)
578P  Anhydrite bed An 245+.4(3) An 10.7 202 0.70722
(5357
578P  Auhydrite bed Sp 3.9+.2(2) An 23.6+.5(2) An115
(165-170) Py 4.5+.8(4)
578 P  Anhydrite bed Py 234 An 25.04.4(4) An 113 323 0.70706
(200-204)

Abbreviations: An = Anhydrite, Ba = barite, Ch = chlorite, Cp = Chalcopyrite, f.gr. = fine grained, Gy = gypsum, Hm = hematite, L = cold
water leach sulfate, Ms = Mn-Fe carbonate, Mt = magnetite, Px = pyroxene, Sm = smectite, Sp = sphalerite.

For samples with replicate analysis value given is the mean +.x, one standard deviation on (n) number of analyses,
*Smectite from vein selvage.



