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Geochemical dynamics of the Atlantis II Deep (Red Sea):
II. Composition of metalliferous sediment pore waters
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Abstract—The Atlantis II Deep is an axial depression of the Red Sea filled with highly saline brines and
covered by layered metalliferous sediment. We report new data on the vertical distribution of major salts and
trace metals dissolved in the pore waters of the metalliferous sediments. We have studied the chemical
composition of interstitial waters of two sediment cores of the western (core 684) and southwestern (core 683)
basins. The major dissolved elements are Na and Cl. Their concentrations are close to those of the brine
overlying the sediment. The pore waters are undersaturated with respect to halite at the in situ conditions
(62°C, 220 bars), but are saturated at the shipboard conditions (10°C, 1 bar). The salt and water contents of
the bulk sediment show that core 683 contained halite in the solid fraction. A part of it precipitated after core
collection, but most of it was present in situ. Thermodynamic calculations with a water–rock interaction model
based on Pitzer’s ion interaction approach reveal that equilibrium between the pore waters and anhydrite is
achieved in sediment layers for which observations report the presence of this mineral. We used a transport
model, which shows that molecular diffusion can smooth the profile of dissolved salt and partly erase the pore
water record of past variations of salinity in the lower brine. For example, we calculated that the pore water
record of modern variation of brine salinity is rapidly smoothed by molecular diffusion. The dissolved
transition metals show large variations with depth in the interstitial waters. The profiles of core 683 reflect the
possible advection of hydrothermal fluid within the sediment of the southwestern basin. The distribution of
dissolved metals in core 684 is the result of diagenetic reactions, mainly the reduction of Mn-oxide with
dissolved Fe(II), the recrystallization of primary oxide minerals, and the precipitation of authigenic
Mn-carbonates.Copyright © 2000 Elsevier Science Ltd

1. INTRODUCTION

The Atlantis II Deep is the largest present-day ore-forming
environment. It consists of a 60-km2 topographic depression
located in the axial trough of the Red Sea at 2000-m depth,
which traps hot and dense brines that cover a 10–30-m-thick
sequence of metalliferous sediment. The solid fraction of the
sediment is of two different origins. The first is the normal Red
Sea pelagic sediment, which consists of biogenic calcareous
and/or siliceous components and silico-clastic detrital particles.
In the Atlantis II Deep, this fraction is diluted by metalliferous
sediment, which consists of metal oxides, sulphides, carbon-
ates, sulphates, and silicates that precipitated from the hydro-
thermal fluids. The sediment lies on a young basaltic substra-
tum. The bottom sediments were deposited between 28,000 and
23,000 yrs ago (Ku et al., 1969; Shanks III and Bischoff, 1980)
except those of the southwestern part of the deep, which are
about 6000 yrs old (Anschutz and Blanc, 1995a). Deposition of
metalliferous sediment began;15,000 yrs ago (Shanks and
Bischoff, 1980) and the metalliferous fraction is dominant in
the Holocene deposits, and minor below.

The metalliferous sediment mostly originates from hydro-
thermal fluids that have fed the brine pool (Zierenberg and
Shanks, 1988; Anschutz et al., 1995). The composition of the
sediment shows changes in vertical profiles that defined strati-

graphic units (Ba¨cker and Richter, 1973; Anschutz and Blanc,
1995a). The depth variations of the mineralogical composition
reflect temporal evolution of the physico-chemical conditions
of the brine pool that resulted from changes in the composition,
temperature, and flow rate of the hydrothermal fluid, and/or
mixing event of the brine with seawater. The study of strontium
isotope composition of the sediment showed, however, that a
brine pool has persisted in the deepest parts of the depression
since the beginning of the sedimentary history, and the Sr
signature varied little during the Holocene period (Anschutz et
al., 1995). New brines have supplied intermittently the deep
and have changed the thickness of the brine pool (Ba¨cker and
Richter, 1973).

The Atlantis II Deep is an active hydrothermal system, as
demonstrated by the rising temperature from 54°C to 67.2°C of
the bottom brine pool observed in the past 30 yrs (Monnin and
Ramboz, 1996; Hartmann et al., 1998). It was deduced that
during the 1966 to 1992 period, heat and salt were most likely
to have been supplied by a hydrothermal solution with an
average range of flow rate, temperature, and salinity of 670 to
1000 kg/s, 155°C to 310°C, and 270°C to 370‰, respectively
(Anschutz and Blanc, 1996).

Previous studies of Atlantis II Deep sediments, based on
more than 600 cores collected from the deep (Ba¨cker and
Richter, 1973), have defined five major environments and re-
lated processes of metalliferous particle precipitation, which
are (Blanc et al., 1998): 1) the brine–seawater interface; 2) the
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anoxic brine; 3) the place of the hydrothermal fluid discharge;
4) veins; and 5) the layered sediment itself. The brine–seawater
transition zone represents succession of a redox boundaries,
which separate the anaerobic, dissolved metal-rich brine and
the well oxygenated Red Sea bottom water (Danielsson et al.,
1980; Hartmann, 1985). In 1992, this zone was 100-m thick and
contained sharp interfaces between consecutively mixed brine
layers of differing redox state and an upper zone of gradational
changes (Blanc and Anschutz, 1995). Almost all the primary
Fe(III) and Mg(III,IV) oxides and oxyhydroxides present in the
sediment have precipitated in this transition zone due to oxi-
dation of dissolved Fe(II) and Mn(II). Iron oxides are present as
well crystallised minerals in the deepest layers and they consist
of amorphous compounds in the most recent units. Iron oxides
are abundant, which indicates that the brine pool generally did
not contain sufficient dissolved reducing agent for Fe(III), such
as hydrogen sulphide, to reduce all of the iron oxyhydroxide
minerals that precipitated above the lower brine and settled into
that layer (Anschutz and Blanc, 1995a). Manganese oxides are
generally absent in the sediment pile, because dissolved Fe(II)
is a reducing agent for these oxides. Mn-oxides are abundant in
some layers, which must have been deposited in less reducing
environments. Within the anoxic lower brine Fe(III) oxide
could precipitate due to oxidation by manganese oxide formed
in the overlying aerobic zone, that settles into the lower brine.
Sulphide minerals are found in some stratigraphic units. They
are sometimes co-deposited with iron oxides. Pottorf and
Barnes (1983) showed that sulphide precipitation probably
occurred both in the subsurface hydrothermal fluid as it as-
cended to the sea floor or upon or after discharge by cooling of
the inflowing hot hydrothermal fluid due to mixing with the
lower brine. Some coarse-grained sulphides have been trans-
ported into the deep by convective flow of the hydrothermal
fluid (Pottorf and Barnes, 1983). It is also likely that anhydrite,
which is abundant in some layers, precipitated by mixing of a
calcium-rich hydrothermal fluid and the dissolved sulphate-
bearing brine pool. The sediment of the southwestern basin
contains veins that are filled with high-temperature sulphides
and anhydrite (Zierenberg and Shanks, 1983; Pottorf and
Barnes, 1983; Oudin et al., 1984; Missack et al., 1989). These
veins are analogous to hydrothermal chimney precipitated on
mid-oceanic ridges. The metalliferous sediment also undergoes
diagenetic reactions, including recrystallization of amorphous
phases, pore water–particle interactions, and authigenesis.
Some studies focussed on metal oxide recrystallization
(Bischoff, 1972; Badaut et al., 1990; Blanc et al., 1998, Schwert-
mann et al., 1998), but very little is known about the pore water
composition and its relationship with the solid fraction, either
in term of equilibrium, or in term of brine history.

The uppermost sediments from the Atlantis II Deep are muds
containing up to 97% salty pore waters. Information about the
chemical composition of interstitial waters is limited (Brooks et
al., 1969; Hendricks et al., 1969; Manheim et al., 1974; Push-
kina et al., 1982). Previous studies showed that the interstitial
waters were as saline as the present-day lower brine and that
the major dissolved elements varied little through the sediment
column, whereas dissolved metals were generally enriched in
pore waters in comparison with the brine pool.

The purpose of this paper is to describe the chemical com-
position of interstitial waters in Atlantis II Deep sediment cores

that contain the whole sequence of metalliferous sediments.
The study of interstitial waters is interesting in environments
where the chemical conditions fluctuated markedly, because
they may retain some of the composition of the buried water
(e.g., Middelburg and DeLange, 1989). They allow distinctions
to be made between the principal modes of solute transport, i.e.,
between diffusion and advection, and they provide the most
sensitive indicators of the diagenetic reactions (Berner, 1980).

2. MATERIALS AND METHODS

Two cores of the southwestern basin (core 683; 16.2 m long) and
western basin (core 684; 13.8 m long) were collected in 1985 during the
“Hydrotherm” cruise of the RV Marion Dufresne (Blanc et al., 1986),
using a 18-m-long Ku¨hlenberg corer. Both cores reached the basaltic
substratum and recovered the entire sedimentary sequence present at
these sites. To our knowledge, these sediment cores have been the most
studied among all those that have been collected in the Atlantis II Deep.
They have been investigated for physical properties (Blanc et al. 1986;
Anschutz and Blanc, 1993a), clay mineralogy (Badaut, 1988; Badaut et
al., 1990; 1992), bulk mineralogy, and sediment chemistry (Blanc,
1987; Blanc et al., 1990; Anschutz, 1993; Anschutz and Blanc,
1995a,b; Blanc et al., 1998), organic matter content (Blanc et al., 1990),
micropaleontology (Anschutz and Blanc, 1993b), and isotope geo-
chemistry (Dupre´ et al., 1988; Anschutz et al., 1995; Blanc et al., 1995).
The study of the solid fraction has allowed us to establish the sequence
of deposit units. Core 684 consists in metal-enriched biodetritic sedi-
ments at the bottom (unit 1). This unit was deposited on a basaltic
substratum from about223000 B.P. to211000 B.P. The overlying
metalliferous sediment consists of two sulphide facies (units 2 and 4)
separated by a Mn- and Fe-oxide-rich facies (unit 3). The substratum of
the SW basin core is a basaltic rock;6000 yrs old. Core 683 is divided
into two units. At the bottom, unit L mainly contains Fe-oxides and
anhydrite. From 1180 cm to the top, unit U contains sulphide minerals,
poorly crystallized Fe-oxides and Fe-silicates. The stratigraphic corre-
lation between the W and the SW basin deposits, and the sedimentation
rates were estimated by the distribution of fossil foraminifera and
pteropods (Anschutz and Blanc 1993b, 1995a).

The lithologic composition of core 684 can be compared readily to
the lithostratigraphy proposed by Ba¨cker and Richter (1973) based on
the study of hundreds of cores. The average thickness of the different
facies calculated from several hundred of cores collected in the W, E,
and N basins by the Preusag and the BRGM (Urvois, 1988) are close
to the thickness of the corresponding units of core 684. The complete
sedimentary series has rarely been recovered in the SW basin (Urvois,
1988). Therefore, the representativeness of core 683 cannot be esti-
mated. Core 683 did not contain anhydrite and sulphide-filled veins as
observed in several cores from the SW basin (Ba¨cker and Richter,
1973; Pottorf and Barnes, 1983; Zierenberg and Shanks, 1988). The
presence of minerals such as magnetite or Mg-silicates at the bottom of
the core has been interpreted as the result of the circulation of high-
temperature fluids after the deposition of unit L sediment (Hackett and
Bischoff, 1973; Zierenberg and Shanks, 1983).

The porosity of cores 683 and 684 remains above 90% in the upper
10 m of the sediment columns. The upper metre of sediment is very
liquid, and the mud is soft but consolidated below. At the bottom of
both cores, porosity decreases to about 60%. The decrease in porosity
at the core bottom has been related to compaction and to the mineral-
ogy of the solid particles (Anschutz, 1993). Interstitial water samples
were collected by squeezing 10-cm-thick sediment slabs under nitrogen
pressure (Reeburgh, 1967) within 24 h after the recovery of the cores.
Despite the short time elapsed between coring and sediment sampling,
the in situ temperature and pressure conditions could not be maintained
during sediment processing. The mean pressure of the Altantis II Deep
bottom is 220 bars and the temperature of the brine was about 62°C in
1985. The pore waters were extracted in the cold laboratory of the ship,
at 1 bar and 10°C. The overlying brine was sampled at the coring site
with 12-L Niskin bottles. The pore waters and Niskin bottle samples
were filtered through 0.45-mm filters, acidified and stored in the dark at
4°C in pre-washed polypropylene bottles before analysis.

Concentration of dissolved metals (Ca, Mg, Sr, Rb, Fe, Mn, Zn, Cu,
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and Cd) were measured within a few weeks after the cruise by atomic
absorption using a Hitachi 7000 spectrometre (Tokyo, Japan) with
Zeeman background correction. The concentrations were generally
high enough to be determined from the linear portion of a calibration
curve on sample diluted with Milli-Q water. NH4NO3 was used as a
matrix modifier. Na and K were measured by atomic emission spec-
trometry. Sulphate was determined by ion chromatography, and Cl was
determined by potentiometric titration with an Ag/Ag2S electrode.
Boron was measured by inductively coupled plasma-emission spec-
trometry. The precision was better than 1% for Cl, 2% for other major
elements, and 10% for trace metals. The sum of charges showed a mean
shift of 3.3% relative to electroneutrality. Correction was made on Na1

concentration to obtain electroneurality.
The total dissolved salt (TDS) of pore water samples was compared

to independent measurements of the proportion of water, salt, and
salt-free particles in sediments collected approximately every 50 cm.
About 5 mL of sample were collected just after core recovery and were
stored at 4°C in sealed glass bottles. Phase proportions were obtained
by successive weighing of bulk mud, dried sediment, and washed and
dried sediment kept in the same container at each stage.

3. RESULTS

The concentration of dissolved species in the free brine was
obtained from samples collected above the two sites of coring.
The results (Table 1) are identical for the two samples within
1% for major elements (10% for Mg) and 10% for minor
solutes. This indicates that the brine is well mixed. Only Cd
showed an important difference, with concentrations of 508
nmol/L at station 683 and 202 nmol/L at station 684. The pH
and alkalinity of the brine were corrected for the in situ tem-
perature from shipboard measurements (Blanc et al., 1986).
The values are 5.8 and 0.839 meq/L, respectively. The TDS is
close to previously reported values (Brewer and Spencer, 1969;
Pushkina et al., 1982; Danielsson et al., 1980; Hartmann,
1985). It is slightly higher, in agreement with the regular
increase of salinity of the brine observed from 1966 to 1992
(Anschutz and Blanc, 1996). Minor solutes, and particularly
dissolved trace metals, showed large differences with the data
collected in 1976 (Danielsson et al., 1980), which were also
different from samples collected in 1966 (Brooks et al., 1969).
This shows that during period of hydrothermal activity in the
Atlantis II Deep the metal concentrations can change in the
short time scale (less than 10 yrs), whereas major dissolved
components fluctuate slowly. We cannot exclude that the trend
we observed for some trace metals could be artefacts, due to the
use of different analytical techniques.

The pore water concentrations of the major dissolved ele-
ments, such as the alkali, the alkaline earth, and chloride
showed little variation within the cores. They were close to
those of the free brine that covers the sediment. The average
TDS of pore waters was 3156 8 g/L, which was the same
value as the overlying brine pool. Na and Cl represented 97%
of the TDS. Samples 683-14 and 683-15 had the lowest values
(297 g/L) due to lower concentrations of all the major solutes.
The volume of pore waters extracted from these samples was
low (a few mL) due to the low porosity and the rapid obstruc-
tion of the squeezer by the small plate-shaped anhydrite. There-
fore, an eventual small contamination of the squeezer with a
few drops of rinsing water, or more probably dilution of the
sample with the ultrapure nitric acid used for sample preserva-
tion could have affected the measurements. Due to this uncer-
tainty, the composition of these samples will not be discussed
further. A sample from the top of core 684 was suspected to

have been contaminated with seawater during core recovery
and was also discarded.

The total dissolved solid content measured on the interstitial
waters (TDS/H2O(IW)) was compared to the same ratio mea-
sured directly from sediment (TDS/H2O(S)) by weighing bulk,
dried, and desalted samples. TDS/H2O(IW) was calculated from
the measured total dissolved load in volume unit (TDSV in
g/L), using the densityr of the solutions according to:

TDS/H2O(IW) 5 TDSV/(r 2 TDSV)

The density of the interstitial brines at laboratory conditions
(25°C, 1 bar) has been calculated with the computer code
VOPO (Monnin, 1989). The mean value is 1203 kg/m3. Since
the pore water salinity does not change markedly along the
cores, the value of TDS/H2O(IW) is relatively constant, with
values between 0.345 and 0.362 (Fig. 1). The values of TDS/
H2O(S) in the upper 11 m of core 684 are also close to the
values of TDS/H2O(IW), indicating that all the salt measured by
weighing comes from the pore water. Below 11 m, TDS/H2O(S)

reaches values as high as 0.52, whereas TDS/H2O(IW) remains
at 0.355 (Fig. 1). This indicates that the sediment contains more
salt than that dissolved in pore waters, and it suggests that halite
was present in this sediment layer. The values of TDS/H2O(S)

of core 683 were higher than the ratio for pore waters. They
increase regularly from the top to the bottom with values
between 0.371 and 0.477. This suggests that almost the whole
core 683 contained halite in the solid fraction.

The average Cl and Na concentrations in pore waters are
5.39 and 5.01 mol/L, respectively (Fig. 2). This is 8 to 9 times
higher than the Red Sea bottom seawater (0.634 and 0.547
mol/L). Similarly, K, Ca, Sr, and B show only small variations
along the vertical pore water profiles, but the differences are
significant. For example, Ca values range between 120 and 140
mmol/L, with the lowest values in the samples of Mn-oxide-
rich units of core 684. They are higher than seawater concen-
tration. However, the enrichment factor is specific for each
element. The Mg concentrations are between 29.7 and 35.4
mmol/L, whereas Red Sea water content is 60.1 mmol/L.
Sulphate concentrations range from 6.6 to 10.6 mmol/L. This
range is relatively larger than that for other major species. The
highest value of dissolved sulphate occurred in sediment sam-
ples containing anhydrite (CaSO4) in the solid fraction. Con-
centrations are close to the lower brine value (8.89 mmol/L),
but as for Mg, they are lower than seawater (33.5 mmol/L). The
depletion of Mg and SO4 in oceanic hydrothermal waters is
characteristic of waters that have reacted with hot basaltic
substratum (Von Damm, 1990). The interaction of the solutions
that generated the Atlantis II Deep brine with the oceanic crust
has been confirmed by the study of the Sr isotopes (Zierenberg
and Shanks, 1986; Anschutz et al., 1995; Blanc et al., 1995).

The dissolved transition metals show much greater variations
along the pore water profiles (Fig. 2). The concentrations are
compared to the whole-rock metal content (Anschutz and
Blanc, 1995a). Dissolved iron and manganese are in the milli-
molar range in the interstitial waters and in the overlying brine
pool. Iron concentration is the highest (up to 2 mmol/L) in unit
U of core 683. The concentrations decrease steadily below a
depth of 6 m to aconcentration of about 0.33 mmol/L in unit
L. The shape of the manganese profile is approximately the
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same, but with a smaller concentration range (max5 1.31
mmol/L; min5 1.08 mmol/L). Fe concentrations are the lowest
in unit 3 of core 684, especially in the subunits enriched in
Mn-oxide (,0.053 mmol/L). Dissolved Mn concentrations of
core 684 are close to the brine pool value in units 4 and 1, but
they are higher (.2 mmol/L) in the units 2 and 3.

The upper part of core 683 contains more dissolved Zn, Cu,
and Cd than core 684, and values are up to one order of
magnitude higher than the overlying brine. In core 683 the
concentrations decrease downward to values lower than those
for the brine. The profiles are scattered in core 684, but all these
metals show higher values in the subunits that contain Mn-
oxides. Dissolved reduced sulphur has not been analysed, but
neither the brine samples nor the sediment smelled of H2S
during the core and the Niskin bottle recovery, indicating very
low concentrations of free H2S.

The concentration of elements dissolved in pore waters is not
obviously related to the concentrations in the solid fraction. The
content of dissolved metals decreases in unit U of core 683,
whereas particulate metals remain at high concentrations within
this unit. The low concentration of dissolved Zn, Cu, and Cd in
unit L agrees with the low particulate content. However, these
metals are abundant in epigenetic features, which have been
described for sediments of the same facies of the SW basin
(Pottorf and Barnes, 1983). The concentrations of dissolved Mn
are close to the concentration of the lower brine in core 683 and
the upper 4 m of core 684. In these sediments, dissolved Mn is

in contact with variable amount of particulate Mn, which is
present only as Mn(II) particles (Anschutz and Blanc, 1995a).
The concentration is higher in pore water when dissolved Mn is
in contact with Mn(III,IV) oxides of unit 3. The concentrations
of dissolved Fe in core 684 are the lowest in unit 3, where
Mn-oxides dominate the particulate fraction.

4. DISCUSSION

4.1. Dissolved major salts

The measured pore water salinity shows little variation with
depth, and the concentrations are close to the values obtained
for the overlying brine. This could suggest that the salinity of
the pore waters results from past periods of sedimentation
during which the mean salinity of the brine pool was the same
as the present-day, or that the past variations were significant,
but they have been smoothed by diffusion. This must be
checked with a diffusion model. However, we showed that all
of core 683 and a part of core 684 contained more salt than that
dissolved in pore waters, suggesting that halite was present.
Therefore, the uniform pore water salinity may simply reflect
equilibrium with halite. By extension, solutes other than Na and
Cl may also be controlled by mineral solubility. We have tested
these hypotheses, first by calculating the saturation state of the
Atlantis II Deep pore waters with respect to different salts and,
secondly, by comparison to a molecular diffusion model.

4.1.1. Saturation index calculation

In order to test an eventual control of the pore water com-
position by equilibrium with solid phases, we have compared
the ionic activity product (Q) of the solutes to the solubility
product (K) of Na, Cl, Ca, Mg, SO4, and K-bearing minerals.
The saturation index (SI) is defined as the ratio of the ionic
product to the solubility product (Q/K). Equilibrium is assumed
when the SI of a given mineral is between 0.9 and 1.1 (see
Monnin and Ramboz, 1996 or Monnin, 1999 for discussion).
Details of the model are given in Monnin (1999).

The saturation indexes of halite and calcium sulphates (an-
hydrite and gypsum) have been calculated for both the in situ
conditions and those that reach the sediment at the laboratory
condition a few hours after core recovery, at the time of
sampling the interstitial water. In 1985, when the cores were
collected, the temperature of the lower brine pool was 62°C.
We assume that the temperature in the sediment column was
constant, even though temperature differences of about 6°C
have been reported from direct measurements in 1966 (Erick-
son and Simmons, 1969). The SI profiles vs. depth are pre-
sented in Figure 3.

Ionic strength of interstitial waters is 6.286 0.18 and it does
not vary a lot along the studied profiles. This value is also
equivalent to the ionic strength of the lower brine (6.28). The
values of TDS/H2O(S) suggest that at shipboard laboratory
conditions the pore waters should be at equilibrium with halite
in the major part of core 683 and at the bottom of core 684.
However, the pore waters are undersaturated with halite at the
in situ conditions (Fig. 3). This implies that the pore waters of
the halite-bearing samples contained about 0.3 mol/kg H2O
more Na and Cl than what we have measured. This corresponds
to the difference between the solubility of NaCl at 10°C and 1

Fig. 1. Vertical profiles of the ratio between salt and H2O in the bulk
sediment (lines) and the extracted pore waters (symbols) for core 683
and 684. The symbols located above the 0 depth are for the overlying
free brine. The vertical lines at NaCl/H2O 5 0.357 and 0.376 corre-
spond to the ratio for the solubility of halite in water at the shipboard
conditions (10°C, 1 bar) and in situ conditions (62°C, 220 bars),
respectively.
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Fig. 2. Vertical profiles of major elements and some minor metals dissolved in pore waters from the two studied cores
of the Atlantis II Deep. The profiles are compared to the distribution of minerals vs. depth, expressed as weight percent of
dry, salt-free sediments. Sulf: Sulphide minerals; Fe-Ox: Fe-oxide and oxyhydroxide; Mn-Ox: Mn-oxide and oxyhydroxide;
Anh: Anhydrite; Carb: Carbonates; Detr: Detrital silicates; CL1am: Clay minerals and amorphous Fe- and Si-compounds;
Mg-CL: Magnesian phyllosilicates. The concentration of particulate transition metals (small square) is reported from
Anschutz and Blanc (1995). The grey areas of the particulate Mn profile of core 684 correspond to the layers where Mn
occurs mostly as Mn(III,IV) oxides. Else, it is present as Mn(II)-carbonates.
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bar and that at 62°C and 220 bars. This amount of halite (0.3
mol/kg) probably precipitated shortly after core collection be-
cause the pore waters became oversaturated at the surface
conditions.

Anhydrite is slightly undersaturated at the in situ conditions
(Fig. 4). The saturation index is highest in samples where

anhydrite is found. This suggests that Ca and sulphate concen-
trations are not controlled by equilibrium with anhydrite for
most of core 684 and for unit U of core 683. However, when
calculations are made using the corrected Na and Cl concen-
trations for halite-bearing sample, i.e., when 0.3 mol/kg H2O of
Na and Cl are added to the measured concentrations, the Q/K

Fig. 2. Continued
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of anhydrite increases by about 0.06. This brings most of the
pore waters collected from anhydrite-bearing intervals closer to
equilibrium with this mineral. Core intervals that did not con-
tain anhydrite, but contain halite, such as the bottom unit of
core 684, remain undersaturated after the correction (Fig. 4).

4.1.2. Salt transport model for Atlantis II deep

We used a diffusion model to illustrate the possible magni-
tude of the effects on pore water composition of recent changes

in lower brine salinity. This model is based on the mathematical
formulation described in detail by Lerman and Jones (1973). At
time t 5 0 we chose different compositions for the brine (CB)
and for the interstitial waters (CIW):

at t 5 0: (CB) 5 (C0B) and (CIW) 5 (C0IW)

The concentration of a given element at the sediment–water
interface (z5 0) is the same as its the concentration in the brine
pool:

Fig. 3. Saturation state of pore waters with respect to halite at in situ conditions (squares) and at the condition of pore
water sampling in the wet laboratory of the ship (circles), calculated with the code QSURK. The domain for thermodynamic
equilibrium is between Q/K5 0.9 and Q/K5 1.1. The concentration of particulate halite present in the sediment (% of bulk
sediment) is reported and has been calculated from the proportion of salt and water in sediments.

Fig. 4. Saturation state of pore waters with respect to anhydrite at in situ conditions (squares), calculated with the code
QSURK. Black circles represents the corrected saturation state of anhydrite, when the Na and Cl content of halite-bearing
sample corresponds to the saturation of pore waters with respect to halite. The concentration of particulate anhydrite present
in the sediment (% solid fraction) is reported and has been determined by X-ray diffraction and chemical analysis of the
sediment (Anschutz and Blanc, 1995a).
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at t 5 0: atz 5 0, CIW 5 CB.

The sediment–water interface is taken as the origin (z 5 0),
andz is the depth in the sediment with positive values down-
ward. The sedimentation rateU (in height per unit time) cor-
responds to a rate of pore water flow up (U , 0). The concen-
tration of the brine pool is the algebraic sum of the flux of salt
across the sediment–water interface, the accumulation of sed-
iment, and a salt input from a hydrothermal fluid with a flux Q:

At t . 0 and atz 5 0

H(dCB/dt) 5 Q 1 D(CIW/z)z 5 0 2 UCB z 5 0

whereH is the mean thickness of the brine pool (in metres) and
D is the diffusion coefficient in interstitial brine. The differen-
tial equation based on Fick’s second law of diffusion describing
the concentration of interstitial brine as a function of time (t)
and position (z) is:

CIW/t 5 D(2CIW/z2) 2 U(CIW/z)

The solution of this equation is given by Lerman and Jones
(1973) for the initial and boundary conditions given above. The
diffusivity of an aqueous speciesD is calculated from the tracer
diffusion coefficient given by Li and Gregory (1974), corrected
for the temperature, viscosity, and mutual ion effect as de-
scribed in detail in Anschutz et al. (1999). As the concentration
increases,D can also vary according to a thermodynamic term
(Felmy and Weare, 1991), which takes into account the activity
coefficient of the solute. However, for a NaCl solution, such as
the Atlantis II Deep brines, the overall effect of this term is less
than 8% (Lasaga, 1979). Finally,D is corrected for porosity
according to Boudreau (1996). The sedimentation rate was
estimated at 1 mm/yrs for core 684 and 3 mm/yrs for core 683
(Anschutz and Blanc, 1995a). We have tested how fast molec-
ular diffusion can smooth the profile of dissolved salt and partly
erase the pore water record of past variations of salinity in the
lower brine. The examples we have used to estimate the impact
of diffusion are based on the recent evolution of brine salinity.

The salt budget for the period 1966 to 1992 was recently
calculated for the Atlantis II deep (Anschutz and Blanc, 1996).
It was deduced that the deep was fed by a hydrothermal
solution, which supplied salt at a rate of 250 kg/s to 350 kg/s.
Extrapolating back in time, this study showed that current
hydrothermal activity began in the 30s. The part of salt flux that
entered directly into the lower brine was 41 kg/s (Anschutz et
al., 1998). This corresponds to a flux of 1.43 1022 mmol/m2/s.
Considering a mean thickness of this brine layer of 60 m for
this period, we deduced that the concentration of chloride was
5000 mmol/L in 1935. The results depicted in Figure 5 are
obtained for an initial chloride concentration in the pore waters
of 5380 mmol/L and a Cl content of the free brine increasing
from 5000 mmol/L in 1935 to the value measured in 1985
(5370 mmol/L). It is shown that the minimum value recorded in
the pore water profile is located at 1.30 m and is 5300 mmol/L,
far from the initial value of 5000 mmol/L. We have also
simulated a longer period of low salinity, using the same initial
conditions, but a lower flux (1.53 1023 mmol/m2/s) and a
longer time (500 yrs). Here again the minimum is at 5300
mmol/L, and is located at 4.2-m depth. Both examples show
that important fluctuations of concentration in the brine are

greatly smoothed by molecular diffusion in the buried water.
We can then conclude that the relative constancy of pore water
Cl concentration does not indicate that the salinity of the
overlying brine has not or little changed. The concentrations
may have fluctuated around a mean value, which is close to the
present-day value, but the oscillations have not been recorded.

4.2. Dissolved Metals

The distribution of dissolved transition metals is much more
variable along the pore water profiles than the distribution of
major species. The shape of the profiles can be interpreted in
term of solute transport, or in term of diagenetic reaction or
equilibrium with the solid fraction. Unfortunately, the satura-
tion index for metalliferous minerals cannot be precisely cal-
culated because the thermodynamic properties of such solutes
in concentrated multi-component solutions at highT andP is
beyond the capacities of current models. Also, most of the
minerals that occur in the Atlantis II Deep are poorly crystal-
lized phases for which thermodynamic data are not accurately
known. Therefore, a quantitative approach of pore water–min-
eral interactions is not possible for dissolved transition metals.
Nevertheless, some abrupt changes in the pore water profile of
core 684 can be qualitatively interpreted as the result of diage-
netic reactions as discussed in the next section.

Pore water distribution of Fe, Zn, Cu, and Cd in core 683
show smooth-shaped profiles, from high values at the top
grading to low values in unit L at the bottom of the core. The
concentrations at the top of the core are above those of the
overlying brine pool. Considering that the pore water metal
content has retained some of the composition of the buried
brine, the high values we measured at the top indicate that the
metal concentrations in the brine could have been higher in the
past than in 1985. However, the western basin where core 684
is located, is well connected to the southwestern basin (core

Fig. 5. Simulation for the chloride profile when the initial concen-
tration in pore waters is 5380 mmol/L, and the overlying brine con-
centration increases from 5000 mmol/L to 5370 mmol/L during 50
years (Q5 0.014 mmol/m2/s; full line), or during 500 yrs (Q5 0.0015
mmol/m2/s; dotted line). The simulated sedimentation rate is 1 mm/yrs.
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683). Historical observations and theoretical considerations
indicate that the lower brine was a homogeneous, convectively
mixed layer (Turner, 1969; Voohris and Dorson, 1975; An-
schutz et al., 1998). Therefore, what we observe at the top of
core 683 should be seen at the top core 684, which is not the
case. A separation of the brines that overlaid the two stations in
the recent past is not realistic.

There are more obvious reasons for the observed differences
between core 683 and 684. It is well established that the
hydrothermal fluid that feed directly the lower brine is dis-
charging into the SW basin where core 683 was collected
(Bäcker and Richter, 1973; Hartmann, 1973; Zierenberg and
Shanks, 1988). The difference in stratigraphy between the
sediment of the SW basin and the cores collected in other
basins is a direct consequence of this. Core 683 shows clearly
the metasomatic effects of inflow of high-temperature hydro-
thermal fluid at depth including recrystallization of metallifer-
ous sediment and precipitation of magnetite and Mg-rich sili-
cates. These minerals are absent in the other basins on the
Atlantis II Deep (Bäcker and Richter, 1973). Anhydrite present
in sediment of the SW basin preserves a fluid-inclusion record
of the passage of high-temperature brine (Oudin et al., 1984;
Ramboz et al., 1988). Because of high temperature, incoming
hydrothermal fluid can have a higher H2S/dissolved metal ratio
than the lower brine pool. Vertical advection of a more sul-
phide-rich fluid through the sediments would be expected to
produce the profiles observed for core 683, with unit L, which
was most affected by inflowing hydrothermal fluid, showing
the lowest metal values. Metals precipitate as sulphide minerals
in veins (Pottorf and Barnes, 1983; Zierenberg and Shanks,
1988; Missack et al., 1989). One would also expect that the
least soluble sulphides (Cu, Cd) would show greater depletion
than the more soluble sulphide (Fe, Zn) (Barnes, 1979), as
observed.

Core 684 presents another major difference compared with
core 683. It contains Mn-oxides, which are strong oxidizing
agent for Fe21 (Stumm and Morgan, 1996). The redox reaction
produces dissolved Mn21, and Fe21 is oxidized and precipi-
tates as a Fe(III) phase. Mn-oxides have been detected in unit
3, between 10 m and 8.75 m, and between 6 m and 4.15 m. The
diagenetic redox reactions linked to the presence of Mn-oxides
can produce the profiles observed for core 684. The concentra-
tion of dissolved Fe drops to low values in these layers and the
concentration of Mn is the highest in unit 3. Therefore, some
iron oxides probably precipitate nowadays at the expense of the
Mn-oxides precipitated a few thousand years ago. This reaction
can support a downward diffusive flux of dissolved Fe from the
upper brine to the unit 3, and may represent a sink for dissolved
Fe(II).

The concentration of dissolved Mn decreases abruptly above
the layer that contains Mn-oxides. This suggests that Mn21 is
trapped again in the solid fraction. The top of unit 3, which is
depleted in Mn-oxides, contains effectively up to 13 wt.%
Mn(II) mineral present as rhodocrosite (MnCO3) and Mn, Fe,
and Ca-carbonate solid solution. This suggests that Mn-carbon-
ates are of diagenetic origin and that they control the dissolved
Mn21 concentration. Core 683 contains no Mn-oxides. This
may explain the relatively constant concentration of dissolved
manganese in this core.

The interstitial waters collected in the Mn and Fe-oxide-rich

sediment from unit 3 in core 684 show small peaks of Zn, Cu,
and Cd-concentrations. We suggest that these maxima result
from the recrystallization during diagenesis of oxide minerals
that originally settled. The Mn(III,IV) and Fe(III) minerals
which have been identified by X-ray diffraction in the unit 3
mostly consist of goethite, haematite, manganite, or todorokite.
The primary precipitates are amorphous hydroxides that form
at the redox boundaries above the lower brine (Bischoff, 1969;
Danielsson et al., 1980; Hartmann, 1985; Anschutz, 1993),
which undergo diagenetic recristallization to more stable forms
after settling. The primary precipitate of Fe(III) phase is ferri-
hydrite, which is present at the top of the cores (Badaut, 1988).
Several studies have shown that ferrihydrite can form goethite
and haematite, depending on environmental conditions (e.g.,
Chruckrov et al., 1979; Murray, 1979; Fischer and Schwert-
mann, 1975; Schwertmann and Murad, 1983; Cornell, 1988).
The transfomation of primary Mn-oxides to more stable min-
erals, such as manganite or todorokite has been observed in
experiments (Giovanoli et al., 1976; Hem and Lind, 1983). The
adsorption capacity of the oxide minerals in the sediment must
be lower than that of the amorphous particles that precipitated
above because of decreased surface-to-volume ratio. Therefore,
the specific surface available for adsorption is lower in the
sediment compared to the initial particles, and the trace ele-
ments can be released in pore waters.

5. CONCLUSIONS

Generally Cl is conservative in marine sediment pore waters.
We showed that the dissolved major elements of the Atlantis II
Deep, such as Na and Cl, did not have a conservative behav-
iour, because they were controlled in some layers by equilib-
rium with a solid salt. Major element concentrations in pore
waters of Atlantis II Deep sediments show small variations
between the two studied cores and along the sedimentary
columns. We have calculated that the pore waters are under-
saturated with respect to halite for the in situ conditions, but
this is an artifact due to the re-equilibration of the pore waters
for the shipboard conditions. Such an artifact must have oc-
curred for all the previous studies of pore water salinity of the
Atlantis II Deep cores. Therefore, even if the measured TDS of
the interstitial brines is uniform in core 684, in fact, there is
probably a salinity gradient in situ, between the bottom of the
core, which contains halite, and the upper units, which have
chloride and sodium concentrations below saturation with re-
spect to halite. The presence of halite in both cores suggests
that the dissolved salt content of the deep was higher in the past
than that corresponding to the saturation at 220 bars and 62°C,
i.e., the Atlantis II deep was filled with warmer brines. The
transient model of salt transport shows that the pore water
cannot record the chemistry of buried waters. For example, we
calculated that the pore water record of modern variation of
brine salinity is rapidly smoothed by molecular diffusion.

The shape of the dissolved metal profiles in core 683 can be
explained by advection of hydrothermal fluids through the
sediment, which agrees with the metasomatic effects observed
in the sediment of the SW basin. The dissolved metal profiles
of core 684 mostly reflect diagenetic reactions. The manganese
oxide layers of unit 3 represent a sink for dissolved Fe21,
which can diffuse into this unit from the overlying brine. Fe21
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is oxidised and precipitated in the presence of Mn-oxides. The
Mn21 that is produced during this reaction may not diffuse to
the brine pool if there is sufficient carbonate available for it to
precipitate as Mn-carbonate. The recrystallization of iron and
manganese oxides causes the partial desorption of trace metals,
which become enriched in pore waters of unit 3.
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