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Abstract

The restricted exchange of water with the Indian Ocean makes the Red Sea extremely sensitive to global oceanographic
changes, such as sea-level variations linked with Quaternary climate change. The 120 m global sea level lowering during the last
glacial maximum caused great reduction in water exchange with the open ocean. At that time, salinities reached 50%o, and were
beyond the tolerance of planktonic foraminifera. Some topographic depressions located on the Red Sea axial zone are the centre of
hydrothermal activity. They are filled with hot brines and contain metalliferous sediments. We studied three sediment cores in the
axial part of the Red Sea, one from the metal-rich Suakin Deep depression, and two cores sampled outside any deep, at two
different depths. The sediment of the core located in the anoxic brine-filled Suakin Deep contained no benthic foraminifera,
indicating the deep was filled by a brine pool during the recovered period of marine isotopic stages 1, 2, and 3. The distribution of
benthic foraminifera in the two other cores indicates that Red Sea waters were saltier during stage 2 and 3 than today, and that at
2000 m depth, Red Sea waters were anoxic during stage 2 and dysoxic during stage 3. Profiles of Fe, Mn, and Zn indicate that the
sedimentary flux of metals was higher during stage 1 than during stage 2 in hydrothermal brine-filled deeps. In contrast, the
sedimentary flux of metal in cores outside the anoxic depressions was higher during stage 2. The shape of the metal profiles can be
attributed to hydrological changes that induced variations of redox conditions in water column during isotopic stage 1, 2, and 3.
During interglacial periods, metals dissolved in anoxic brines precipitated at the redox boundary that corresponded to the brine—
seawater interface, so that metals precipitated only in the deeps. During glacial period, the deep water was anoxic, and the redox
boundary was located above the brine—seawater interface. Therefore, the hydrothermal metals could diffuse into the anoxic deep
Red Sea water and be precipitated over a large area. This interpretation suggests that the observed variations of metal
concentrations are not only related to fluctuations of the hydrothermal fluid discharge, but also to the varying redox conditions
in the deep Red Sea water.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Water exchange between the Red Sea and the open
ocean takes place across the shallow sill of Bab El
Mandeb (105 km wide, maximum depth 137 m; Werner
and Lange, 1975), and through a narrow channel close
to Perim Island (20 km wide, 300 m depth; Morcos,
1970). Negligible land drainage and precipitation with
respect to a very high evaporation rates of 208 cm yr~ '
(Ahmad and Sultan, 1987) over the entire Red Sea,
results in a convective anti-estuarine basin circulation,
with surface water inflow compensated by a subsurface
outflow across the sill. The restricted nature of the Red
Sea basin makes it extremely sensitive to global ocean-
ographic changes, such as Quaternary climate and as-
sociated sea-level variations (Siddall et al., 2003).

It is known that during Quaternary, climate under-
went strong fluctuations from glacial to interglacial
periods. The 120 m global sea level lowering during
the last glacial maximum (Fairbanks, 1989) caused
great changes within the Red Sea basin through a
great reduction in water exchange with the open
ocean across the shallow and narrow sill. Reduction
of exchange with the Indian Ocean caused a salinity
crisis in the Red Sea during the last glaciation (Locke
and Thunell, 1987; Thunell et al., 1988). Salinities
reached 50%o, and were beyond the tolerance of plank-
tonic foraminifera, so that an aplanktonic zone devel-
oped (Deuser et al., 1976; Ivanova, 1985; Locke and
Thunell, 1987; Thunell et al., 1988; Almogi-Labin et
al., 1991; Hemleben et al., 1996; Fenton et al., 2000).

One of the main characteristics of the Red Sea is the
numerous topographic depressions located in the axial
zone (Miller et al., 1966). These depressions are the
centre of hydrothermal activity. They are filled with
brines and/or contained metalliferous sediments (Béck-
er et al., 1975; Zierenberg and Shanks, 1988; Blanc and
Anschutz, 1995, Scholten et al., 2000). Atlantis IT Deep
is the largest brine-filled basin of the Red Sea (60 km?).
It is also the most studied among all the Red Sea deeps.
Different sedimentary units have been defined for the
basin (Bicker et al., 1975; Anschutz and Blanc, 1995).
The bottom of the sequence consists of biogenic and
detrital sediments enriched in metalliferous particles,
deposited on a basaltic substratum during the marine
isotopic stage (MIS) 2 (Ku et al., 1969; Shanks III and
Bischoff, 1980; Anschutz and Blanc, 1995). The over-
lying metalliferous sediment consists of sulphide and
Fe- and Mn-oxide bearing facies. From these lithostra-
tigraphic descriptions it appears that metalliferous frac-
tion is dominant in the Holocene deposits (MIS 1), and
minor below (MIS 2). This repartition has been attrib-

uted to the intensification of hydrothermal activity dur-
ing isotopic stage 1 (Anschutz and Blanc, 1995).

Little stratigraphic data exist from other metal-
enriched deeps of the Red Sea, to allow any correlation
between climatic fluctuations, sea-level changes, and
hydrothermal activity. The specific objective of this
study was to determine the main factors responsible
for the timing of hydrothermal activity, and its sedi-
mentary record in the Red Sea. This study was based on
the geochemical and stratigraphic description of three
sediment cores collected at different sites, one in a
metal-rich depression, and two cores sampled outside
any deep, at two different depths. We use the distribu-
tion of solid Fe, Mn, and Zn as proxies of hydrothermal
particles in the sediment. The stratigraphy of the cores
was determined using radiocarbon dating, foraminifera
distribution, stable isotopic stratigraphy, and the posi-
tion of reference facies of Red Sea sediments.

2. Sampling and methods
2.1. Sampling
The cores were collected with the RV Marion

Dufresne, during Leg 73, in September 1992 (Fig. 1).
Core MD92-1034 (21°20.55'N, 37°57.09E; 7.95 m
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Fig. 1. Map of the central Red Sea showing the isobath 1000 and
2000 m, and the position of the cores 1013, 1015, and 1034, collected
during the cruise MD73.
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long) was sampled outside the axial zone, core MD92-
1013 (19°36.49'N, 38°43.64'E; 5.8 m long) in the
Suakin Deep, and core MD92-1015 was sampled near-
by, but outside the deep, in the Suakin Plain
(19°37.55'N, 38°37.71'E; 15.8 m long).

The core 1034 was taken at a water depth of 990 m
(Fig. 1). Sediments consist of a beige-to-grey homoge-
nous pelagic carbonate ooze. The core also contains a
coarse zone with abundant carbonate crusts near the top
(Fig. 2). Carbonate crusts are well known in Red Sea
sediments. They have been studied in detail by Milliman
et al. (1969), and correspond to the glacial isotope stage
2 (12-24 ky BP). They are overlaid by an olive grey
layer enriched in organic carbon. The core 1013 was
collected in Suakin Deep at 2800 m depth. The Suakin
depression is filled by a brine pool from 2770 m to the
bottom (Baumann et al., 1973; Anschutz et al., 1999).
The core 1013 was collected in the western basin. The
sediment consists of layered muds dominated by detrital
silicates and biogenic carbonates, and contains metallif-
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erous particles (Pierret et al., 2000). The core also con-
tains two dark horizons enriched in organic matter, and a
thick carbonate crust layer at the bottom (Fig. 2). The
core 1015 was taken at a water depth of 1969 m in the
Suakin plain. The Suakin plain is located in the Red Sea
axial zone, close to the Suakin Deep. The core 1015 was
collected 10 km away from the Suakin Deep brine, and
700 m above the top of the present-day brine pool, i.e.,
far from the direct influence of the brine pool. The core
includes four dark-grey horizons enriched in organic
matter, and several turbidite layers (Fig. 2). No signif-
icant change in mineralogy have been noticed along the
core (Hofmann et al., 1998).

A total of 366 samples of 1 cm thick were taken
from these three cores, with a 5 cm sampling step.
When the sediment colour and texture were homoge-
nous (example core 1034), a 10 cm sampling step was
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to define foraminiferal and chemical variability along
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Fig. 2. Petrographic log and the profiles vs. depth of median grain size of the cores 1013, 1015, and 1034.
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2.2. Methods

The grain size distribution was determined by using
a laser diffractometer Malvern Mastersizer. The sam-
ples for micropaleontological analyses were thorough-
ly washed on 150 and 63 pm mesh sieves. The sieved
residues were dried at 70 °C during 24 h and weighted
(to obtain the dry weight per sieve fraction). Qualita-
tive and quantitative analyses of microfossils were
performed on the 150 um fraction. The samples show-
ing abundant microfauna were divided into aliquots
containing approximately 300 planktonic foraminifera
using a statistically correct micro-splitter. Various taxa
were then counted and considered as a percentage of
total fauna (relative abundance). The same fraction
was also used for the qualitative study of benthic
fauna.

Stable oxygen isotope analyses were made on Glo-
bigerinoides ruber picked up within the 250-350 pm
grain size fraction. The preparation of each aliquot (10
specimens), representing a mean weight of 80 g, was
done using a Micromass Multiprep autosampler. The
use of single species records avoided the vital effect
fractionations. Stable isotope data were referred to the
PDB standard notation and calibrated via NBS 19.
Analytical precision of the carbonate standard was
+0.09%0 and + 0.05%o for 6'*0 and 6'°C, respectively.

Six AMS 'C dates were performed on the three
cores; two on the core 1034, three on 1013, and one on
1015. Three other radiocarbon data for the core 1015
were taken from Hofmann et al. (1998). Preparation for
AMS ' C dating involved picking of 150-250 mg of
planktonic foraminiferal specimens in the samples.
They were cleaned in a ultrasonic bath to avoid con-
tamination by the fine sediment fraction. All the data
are reported in radiocarbon years.

The samples for chemical analysis were freeze-dried
for 24 h and grounded in an agate pestle and mortar.
Chemical analysis of dried and powdered marine sedi-
ments is complicated by the presence of salt that pre-
cipitated during drying of the interstitial seawater or
brine. Therefore, we measured the salt mass of each
sediment sample of the core 1013 to correct for the
mass used in the chemical analysis. For the determina-
tion of salt content, we added 1 ml of distilled water to
200 mg of powdered dried sediment. The mixture was
vigorously shaken to dissolve the salt. After centrifug-
ing at 3000 rpm for 1 min, the salt content was mea-
sured on 200 pl of the supernatant using a
refractometer.

For the analysis of Fe, Mn and Zn, a 50 mg sample
of the powdered, dried sediment was digested during 48

h at 80 °C with 2 ml of 65% HNO; in a prewashed
polypropylene vial. Leaching of sediment with HNO;
does not yield a complete digestion of particles. How-
ever, the goal of the geochemical analyses was not to
determine the whole-rock metal content, but it was to
determine the evolution with time of hydrothermal
metal input to the sediment. HNO; extracts metals
from sulphide, oxides, and carbonate minerals, which
are the major metal-bearing phases in the Red Sea
hydrothermal sediments (Pottorf and Barnes, 1983;
Anschutz and Blanc, 1995). 100 pl of the residual
solution was evaporated on a hotplate and the dry
residue was dissolved in 9.9 ml of 0.2 N HCIL Fe,
Mn and Zn were analyzed by flame atomic absorption
spectrometry (Perkin Elmer AA 300). The precision of
the analyses, as determined from replicates, was better
than 2%.

Particulate sulphur and carbon were quantified by
infrared absorption photometry using a LECO CS-125.
The carbonate content was measured in the whole
samples with an automated calcimeter, which measured
the volume of CO, released by the dissolution of
carbonates with HCl. The organic carbon fraction of
the samples was determined by subtracting the amount
of calcium carbonate from the total carbon content
measured with the LECO CS-125. We obtained accu-
rate concentrations of organic-C for the samples located
in the sapropel horizons, were the CaCO;5 content was
lower (about 30%), and organic-C was high. Total S has
been corrected for the pore water sulphate-S contribu-
tion; the latter has been determined from the salt con-
tent of dry samples, and the SO4/Cl ratio of pore
waters.

3. Results
3.1. Stratigraphy

Time-stratigraphic frameworks have been obtained
for the cores studied through comparison between the
oxygen isotope stratigraphy and the orbitally tuned ice
volume model (SPECMAP, Imbrie et al., 1984). The
core 1034 shows two sediment layers with a '%0 of G.
ruber above +2%o, which can be attributed to the cold
MIS 2 and 4 (Fig. 3). Two AMS '*C dating of the
samples located above and below the upper layer with
positive 6'*0 values confirm the stratigraphy. The sed-
iment attributed to MIS 2 also contains carbonate
crusts, which is typical of this period in the Red Sea.
A dark grey layer enriched in organic carbon is present
at 40 cm depth. This layer can be qualified as sapropelic
horizon. A sapropelic horizon attributed to the boun-
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Fig. 3. Profiles vs. depth of stable oxygen isotope measured on G. ruber, in %o normalized vs. PDB standard. Numbers 1 to 5 at the right of core
1034 profile correspond to the marine isotopic stages. Ages indicated with (*) are '“C AMS ages. The three ages in MIS 2 of the core 1015 are from

Hofmann et al. (1998).

dary between MIS 1 and MIS 2 has been described in
several sedimentary cores of the Red Sea (Ivanova,
1985). The isotopic and petrographic data indicate,
therefore, that MIS 2 is recorded between 40 and 130
cm, and MIS 4 between 379 and 418 cm depth. The
lithologic properties that define the limit between MIS
1 and MIS 2 (sapropel and carbonate crusts) are present
at the bottom of the core 1013, below 4 m depth. An
AMS 'C dating at 3.84 m depth gives an age of 9980
years. The oxygen isotopic composition of G. ruber
remains negative in the upper core, which confirms that
the top 4 m corresponds to MIS 1 (Fig. 3). The limit
between the MIS 1 and MIS 2 occurs just below the
first sapropelic horizon at 410 cm, and above the top of
the carbonate crust located at 530 cm. The AMS '*C
dating obtained in the core 1015 is in agreement with
the dating obtained by Hofmann et al. (1998) on car-
bonate crusts of the same core. The sediment is
enriched in sapropelic horizons between 518 and 550
cm depth, which suggests that the boundary between
MIS 1 and MIS 2 occurs within this interval. The
carbonate crusts of MIS 2 begin at 550 cm depth.
The bottom of MIS 2 occurs at 1115 cm depth. The
sediment of MIS 1 and 2 are interrupted by turbiditic
deposits. The limits of the turbiditic layers have been

determined from the macroscopic description of the
core, and from the distribution of grain size. The ver-
tical profile of the median grain size of the core 1015
(Fig. 2) indicates that the turbiditic layers begin at the
bottom with a median grain size above 70 um, and stop
with a fine-grained layer, with a median grain-size
lower than 5 pum. A 380 cm thick turbidite takes
place in the MIS 2 sediments, between 680 and 1060
cm depth. Turbidites are present in MIS 1, between 500
and 450 cm, 430 and 415 cm, 375 and 355 cm, and a
large one between 280 and 135 cm.

The sedimentation rate is estimated from the AMS
'4C dating, and the position of the main isotopic stages
in the cores. Before interpolating, we have subtracted
all the thicknesses of the turbidite layers from the core
1015 length, thus assuming that these layers were de-
posited instantaneously.

The sedimentation rate in the core 1034 varies bet-
ween 3 and 9 cm ky ™', which is in concordance with
the values of 3-10 cm ky ', calculated in other cores of
the Red Sea by Ivanova (1985). In the Suakin Deep
(core 1013), the sedimentation rate is higher in the
Holocene, with 47 cm ky ™ '. High sedimentation rates
probably result from a focussing of particles along the
slopes of the Red Sea axis toward the Suakin depres-
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sion. Very high sedimentation rates were also noticed in
other depressions of the Red Sea, as for instance in the
Atlantis I Deep, where values higher than 1 m ky '
were calculated for the Holocene (Anschutz and Blanc,
1995). In the Suakin plain (core 1015), different sedi-
mentation rates have been calculated. Omitting the
turbiditic layers, little variation of sedimentation rate
occurs along the core. It is 16 cm ky ™' in the carbonate
crust of MIS 2, and 20 cm ky ™' in the sediment of MIS
1. Baumann et al. (1973) reported sedimentation rates
of 35-40 cm ky ! in the Suakin plain, which is close to
the mean sedimentation rate of core 1015, when the
turbiditic layers are included in the sediment column.

3.2. Fauna results

The studied cores contain mainly tropical-subtropi-
cal spinose species. Globigerinoides ruber is the most
common species found in the sediment. It is accompa-
nied by high abundances of G. sacculifer, Hastigerina
pelagica, G. rubescens, O. universa, and G. siphoni-
fera assembled into one entity, named the SPRUDTS
group (Rohling et al., 1998). The vertical profile of total
planktonic foraminifera per gram of sediment shows
obvious dominance of full glacial influences on these
records, marked by an aplanktonic zones with no or
very few planktonic foraminifera in the autochthonous
sediments (Fig. 4). This aplanktonic zone correlates
with the glacial isotope stage 2 in all cores (Fenton et
al., 2000).

The quantitative distribution of planktonic forami-
nifera (G. ruber and G. sacculifer) from MIS 4 to MIS
1 shows a succession of microfaunal assemblages char-
acterising surface water changes. The core 1013 (Sua-
kin Deep), shows the presence of three zones close to
what is known from Berggren and Boersma (1969).
Ecozone la above 175 cm depth, and ecozone lc
below 300 cm depth are characterised by the domi-
nance of G. sacculifer (% G. sacculifer>% G. ruber).
In ecozone 1b, between 175 and 300 cm depth, the
percentage of the two species is equivalent (% G.
sacculifer~% G. ruber). Ecozone 2 defined in MIS 2
is similar to that of Ivanova (1985), and is characterized
by the absence of planktonic foraminifera. MIS 3 and 4
in core 1034 show the dominance of G. ruber.

The sediment of the core 1013 located in the anoxic
brine-filled Suakin Deep contains no benthic foraminif-
era. A pilot study was carried out on the benthic fora-
miniferal content of the other cores, revealing only a
few number of specimens over the different stage
recorded. A meticulous study on the core 1015 (Suakin
plain), revealed that the aplanktonic zone of MIS 2 was

characterized by absence of benthic foraminiferal spe-
cies. Bolivina spp. are abundant in the sediment depos-
ited during MIS 3, with B. subreticulata being the
dominant species. The MIS 1 sediment above the
aplanktonic zone is dominated by Uvigerina spp.,
mainly Uvigerina hollicki. Cibicides ungerianus is
also present in abundance. These species characterize
the interglacial periods in the Red Sea (Fenton et al.,
2000). The dominant benthic foraminifera assemblage,
which has been determined in MIS 1 and 3 of the core
1015, was also recognized in the core 1034, and also in
the core MD92-1017, located at 570 m depth, and
studied in details by Fenton et al. (2000). The sediment
of stage 2 in the core 1034 (and 1017) shows a loss of
diversity in the benthic foraminiferal faunas with an
increased importance of the miliolid taxa (Table 1).

Monospecific assemblages of pteropod tests of the
salinity tolerant epipelagic species Creseis acicula are
noticed throughout the aplanktonic zones in the sedi-
ment cores, in agreement with the results of Almogi-
Labin et al. (1986, 1991, 1998).

3.3. Geochemistry

The profiles of metals extracted with HNOj3, parti-
culate sulphur, and inorganic carbon are plotted in Fig.
5. In the core 1034, CaCOj; deduced from the inorganic
carbon represents between 60% and 80% of the whole
rock. Fe, Mn, and Zn occur at low concentrations, in
comparison with the other cores, with average concen-
trations of 6.5, 0.6, and 0.04 g kg~ ', respectively (Table
2). They follow similar trend throughout the different
isotopic stages recorded, with low variations. Maxi-
mum concentrations of Fe, Zn, and S, which are
about three times the average values, are found in the
sapropelic layer located just above the carbonate crust.
This layer contains the lowest content of the core in
calcium carbonate (39%), and the organic carbon con-
centration reaches 1.92 wt.%.

The sediment of Suakin Deep (core 1013) contains
less carbonates than the sediment of the core 1034.
Most of the sample concentrations are between 30%
and 60%. Lower concentrations are found between 400
and 500 cm depth, at the top of MIS 2. This level also
contains the highest sulphur concentrations (up to
12%). The carbonate content is lower than in the core
1034, probably because the carbonate particles are
mixed with metalliferous particles. The core 1013
reveals variable, but high concentrations of Fe (17 to
343 g/kg), Mn (0.8 to 150 g/kg), and Zn (0.09 to 2.16 g/
kg). Iron and manganese-bearing minerals are hematite,
ferrihydrite, manganite, and Mn-siderite (Pierret et al.,
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Table 1

Summary of the distribution of dominant benthic foraminifera in cores 1034, 1015, and 1013

Core number Water depth (m) MIS 1 MIS 2 MIS 3

1034 1000 Uvigerina hollicki, Cibicides ungerianus Miliolid taxa Bolivina subreticulata
1015 2000 Uvigerina hollicki, Cibicides ungerianus /

1013 2800 (Suakin Deep) / / /

2000). A clear-cut decrease of the Mn concentrations
marks the boundary between MIS 1 and 2, with the
lowest values in MIS 2. This trend occurs for the Zn
concentrations, but it is less pronounced (Table 2).

The sediment taken from Suakin plain (core 1015)
reveals intermediate concentrations. Most of the CaCO;
concentrations are between 40% and 65%. Lower
values are found between 500 and 550 cm depth, at
the top of MIS 2, as in the other cores. This layer is also
enriched in particulate sulphur. The mean metal con-
centrations in MIS 1 are about three times the concen-
trations in the core 1034. The particulate metal
concentration of the MIS 2 sediments clearly shows
the presence of the turbiditic layer between 680 and
1060 cm. The concentrations of Fe, Mn, and Zn de-
crease linearly from the fine-grained sediment of the top
of the turbidite to the coarse-grained sediment of the
bottom. This distribution is most likely due to the fact
that metal-bearing particles belong to the fine-grained
fraction. It is probably not a diagenetic effect, as de-
scribed in deep sea turbidites (Buckley and Cranston,
1988), because the content of organic matter, that trig-
gers diagenetic reactions and metal remobilization, is
very low in the turbiditic layer of the core 1015. Above
the turbiditic layer, the autochthonous sediment of MIS
2 presents a high variability of metal concentration.
Some layers show metal concentrations which are
high in comparison with the concentration measured
in the sediment of MIS 1. The difference between MIS
1 and MIS 2 is the highest for the Mn concentrations
(Table 2). The sediment of MIS 3 also reveals layers
with high concentrations of metalliferous particles rel-
ative to those of MIS 1.

4. Discussion
4.1. Paleo-environment

Large variations are observed in the distribution of
planktonic foraminifers, which are related to changes in
sea surface salinities (Locke and Thunell, 1987; Thu-
nell et al., 1988). Elevated salinities during the last
glacial maximum (LGM) is held responsible for the
aplanktonic zone, and the mono-specific assemblage
of pteropods, found in sediments throughout the Red

Sea (Fenton et al., 2000). Surface water conditions
approached or exceeded the tolerance limits of plank-
tonic foraminifera (Ivanova, 1985; Locke and Thunell,
1987; Thunell et al., 1988; Almogi-Labin et al., 1991;
Hemleben et al., 1996). The 120 m global glacio-eu-
static sea level lowering during the LGM (Fairbanks,
1989) limited considerably water exchanges between
the Red Sea and the Indian ocean, and caused a great
increase of salinity in the Red Sea. The aplanktonic
conditions corresponded to surface salinity >49, and
reached the studied zone (south-central Red Sea) from
22 ky BP (Fenton et al., 2000).

The absence of benthic foraminifera in the core
1013 suggests that anoxic brines were present in the
Suakin Deep, at 2800 m depth, during MIS 2, and
during the whole Holocene period, as proposed by
Anschutz et al. (1999) from a brine residence time
calculation. The absence of benthic foraminifera in the
core 1015 during MIS 2 suggests that the bottom
waters of the Red Sea were also anoxic during this
period at 2000 m depth. At the same period, the
bottom waters located at 1000 m depth (core 1034)
or above (e.g. core 1017, Fenton et al., 2000, or the
cores studied by Hemleben et al., 1996) were probably
not anoxic, because the sediment contains benthic
foraminifera, dominated by miliolid taxa, which are
known from hypersaline marine environments around
the Red Sea (Halicz and Reiss, 1981). Therefore, an
oxycline, which was probably associated with a halo-
cline, occurred during MIS 2 in the Red Sea deep
waters, between 1000 and 2000 m depth. To our
knowledge, no core has been studied for micropaleon-
tological purpose within this depth interval in that part
of the Red Sea. New cores should be collected on a
depth transect below 1000 m to precise the extent of
the anoxia during the LGM.

Cibicides spp. and Bolivina spp. are abundant in the
sediments of the cores 1015 and 1034 deposited during
the interstadial MIS 3, with B. subreticulata being the
dominant species. This species is associated to highly
saline, and low oxygen waters (Gupta, 1994). There-
fore, the ventilation of the Red Sea bottom waters was
probably low during MIS 3, but higher than during MIS
2, particularly for the deepest waters. The benthic fo-
raminifera assemblage of MIS 1 sediments corresponds
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Fig. 5. Vertical profiles of particulate inorganic carbon,
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sulphur, metals (Fe, Mn, Zn) extracted with nitric acid, and salt content of dry samples.
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Table 2
Mean metal concentrations for individual MIS in cores 1034, 1013,
and 1015

1034 1013 1015
1000 m depth Suakin Deep Suakin plain
(g/kg) (g/kg) (g/kg)

Fe Mn Zn Fe Mn Zn Fe Mn Zn

MIS1 64 0.72 0.05 99.6 194 0.63 219 29 0.17
MIS2 7.5 0.73 0.07 1173 57 0.53 282 52 0.24
MIS3 6.0 0.62 0.04 223 45 029
MIS 4 6.7 0.56 0.04
MIS5 6.1 0.58 0.03

Turbiditic layers of core 1015 have been extracted.

to present-day conditions, with well-oxygenated deep
bottom waters (outside the hydrothermal brine pools).

4.2. Effect of paleo-environment on the distribution of
metals in the Red Sea sediments

Mn, Zn, and Fe concentrations vary according to
sites and isotopic stage (Table 2). The core 1034 is
relatively poor in particulate metal in comparison with
the other studied cores. The sedimentation rate was
smaller in the core 1034 than in the cores 1013 and
1015. Both depleted metal concentration and low sed-
imentation rate indicate that the flux of metals was
much lower in the core 1034 than in sediments depos-
ited deeper in the Red Sea axial zone. For example, we
have calculated a mean flux of Mn of 3.5 mg cm™ >
ky ', using the mean values for concentration, sedi-
mentation rate, and a porosity of 65%. The core 1034 is
located outside the axial zone and it records probably
the background metal flux of Red Sea sediment depos-
ited at 1000 m depth, with a negligible influence of
metal supplies from hydrothermal activity.

The variability of metal concentration was higher
during the anoxic or dysoxic MIS 2 and 3 than during
the stage 1 in the core 1015. The core was collected in
the axial zone of the Red Sea at about 2000 m depth,
but several kilometers apart from the hydrothermal
Suakin basin. The sedimentation rate of the core 1015
did not vary significantly during MIS 1 and 2, when we
extracted the turbiditic layers from the sediment col-
umn. Therefore, the fluctuations of metal concentra-
tions represent the evolution of particulate metal
fluxes to the sediment. Average concentrations reported
in Table 2 indicate that the metal flux was lower in the
core 1015 during MIS 1. For example, considering a
porosity of 65% for the whole core, the mean flux of
Mn was 42 mg cm™ > ky ' during MIS 1, and 96 mg
em ™% ky ' during MIS 2. More metalliferous particles
were supplied to the Red Sea sediments at 2000 m

depth during the periods of low oxygenation, than
during the Holocene.

The core 1013 collected within the Suakin brine
pool shows the greatest metal concentrations. We cal-
culated also the greatest metal fluxes. For example, the
calculated mean flux of Mn is 834 mg cm 2 ky '
during MIS 1, where the sedimentation rate is available.
The sediment of MIS 2 contains less Mn and Zn than
the sediment of MIS 1. The jump of concentration is the
most obvious for Mn, since the average concentration is
19.4 gkg™ ' for MIS 1, and 5.7 gkg ™' for MIS 2 (Table
2). Such an increase of metal content from MIS 2 to 1,
has already been observed in the metalliferous sedi-
ments of the Atlantis I Deep, where the increase of
metal concentration corresponded to an increase of
metal fluxes to the sediment (Anschutz and Blanc,
1995). Unfortunately, the core 1013 did not permit to
calculate a sedimentation rate for the MIS 2 deposits.
Therefore, it was not possible to evaluate the evolution
of the metal fluxes between MIS 2 and MIS 1. Except
for the sapropelic horizon, Pierret et al. (2000) ob-
served, however, no significative changes in the lithol-
ogy of the core 1013, which suggests that the difference
in metal concentration is not a dilution effect with a
major sediment component. Consequently, the great
difference of metal concentrations suggests that, in
contrast to the core 1015, the flux of metal to the
sediment was lower during the LGM than during the
Holocene in the Suakin Deep.

The flux of metals differs greatly from an environ-
ment to another. The flux of Mn in the core 1013 is
more than one order of magnitude higher than the flux
in the core 1015, which is one order of magnitude
higher than in the core 1034. The very high metal
fluxes in the core 1013 are related to the hydrothermal
metal input in the Suakin Deep. The great difference in
metal fluxes between the core 1015 and the core 1034
could be explained by diagenetic processes, such as
metal remobilization in the core 1015 initiated by the
turbidite deposition (Buckley and Cranston, 1988).
However, such a process changes the vertical distribu-
tion of metals, but it should not affect significantly the
average metal flux. The high metal fluxes in the core
1015 suggests that the Suakin plain was to some extent
influenced by hydrothermal input. The evolution with
time of particle metal fluxes could be linked to an
evolution of the hydrothermal activity along the axial
zone of the Red Sea. In that case, an increase or a
decrease of metal input recorded in the axial zone
sediment should be also recorded within the sediment
of the brine-filled depressions. However, the decrease
of hydrothermal metal input during MIS 1 in the core
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1015 corresponds to a contemporaneous increase of
metal flux in the adjacent Suakin Deep, but also in
the Atlantis II Deep, which is the location of the most
intensive hydrothermal activity in the Red Sea.

The spatio-temporal distribution of metals can be
linked to the evolution of the oxygenation state of the
Red Sea bottom waters, since Fe, Mn, and Zn have a
mobility which changes with the redox state of the
aqueous solution. Fe and Mn belong to a first group
of transition metals, whose valency can vary as a
function of prevailing redox potential (Calvert and
Pedersen, 1993). They form highly insoluble oxide or
hydroxide in oxic conditions. A second group, concern
those elements which form highly insoluble sulphides
in the presence of hydrogen sulphide (H,S) in anoxic
conditions. Zn is included in this group. The solubility
of reduced Fe also decreases sharply in the presence of
sulphide. Fe and Zn precipitate as ZnS or FeS. Accu-
mulation of Mn in sediments under oxic bottom waters
is generally higher than under anoxic conditions, where
Mn is soluble. The core 1015 presents an opposite
situation, with a higher flux of Mn during MIS 2 than
during MIS 1, which suggests that the variations of
metal concentrations in the Red Sea axial zone were not
linked to the redox state of waters alone, regardless of
an additional source of metals, that is the hydrothermal
activity.

In the Red Sea, metal enriched hydrothermal fluids
originate from the leaching of the young oceanic ba-
saltic crust and the Neogene sediments that formed
during the opening of the Red Sea basin (Zierenberg
and Shanks, 1988; Anschutz et al., 1995). The principal
sediment formation consists of Miocene evaporites,
which can reach several kilometers in thickness (Bey-
doun, 1989; Purser and Bosence, 1998). Therefore, the
hydrothermal fluids are brines, which are trapped into
topographic depressions, because their density are
higher than the Red Sea bottom waters (Anschutz et
al., 1998). Most of Fe and Zn precipitate quickly as
sulphide minerals when reduced sulphide are supplied
with the hydrothermal brine. Hydrothermal sulphide
formation has been recognized in some sediment layers
of the Atlantis II Deep. However, because the hydro-
thermal reduced sulphur concentrations are lower than
the dissolved metal concentration in the hydrothermal
fluids (Anschutz and Blanc, 1995), most of the metals
cannot be trapped as sulphide, and precipitate at the
brine—seawater interface, which consists of a redox
barrier. The brine—seawater interface is a boundary
between the well oxygenated seawater and the anoxic
dissolved metal-rich brine. Profiles of particulate and
dissolved metals in the brine of the Atlantis I deep

show that the Fe is quantitatively trapped as iron hy-
droxide at the interface, and that most of the Mn pre-
cipitates as oxihydroxide (Hartmann, 1985). Other
metals, such as Zn, are adsorbed on the Mn and Fe
precipitates. The profiles show that a small part of the
dissolved Mn is able to escape the deep, because of the
lower kinetics of Mn oxidation in the presence of
oxygen than the oxidation of Fe (Stumm and Morgan,
1996). Therefore, in the present-day situation, and dur-
ing all the Holocene, when the brine—seawater interface
corresponded both to a pycnocline and to an oxicline,
most of the metals settled close to their source, at the
bottom of the deeps.

The micropaleontological data of the core 1015
suggests that the oxicline was located far above the
present-day pycnocline of the Suakin Deep (2700 m)
during MIS 2. The increase of volume of anoxic waters
was not due to an extension of the brine pools follow-
ing a tremendous increase of hydrothermal activity.
Else, we should observe an increase of the salt content
in the sediment of the bottom of the core 1015, which is
not the case (Fig. 5). The formation of oxygen-free
deep waters was due to climate and sea-level changes,
which induced a lowering of the Red Sea deep water
ventilation, as suggested by Fenton et al. (2000). There-
fore, the brine—seawater interface was no more a redox
barrier for the dissolved hydrothermal metals, which
were able to diffuse over the large area covered by the
anoxic waters. The oxidation—precipitation of the
metals took place at the oxicline, probably located
between the depth of the core 1015 (2000 m) and the
core 1034 (1000 m). Then, for a constant flux of
hydrothermal metals, the sediment surface above
which the metal oxide minerals precipitated was
much wider during MIS 2 than during MIS 1. This
scenario agrees with the metal distribution we observed,
and is summarized in the Fig. 6. Since both the Atlantis
IT Deep and the Suakin Deep recorded lower fluxes of
metals during MIS 2, we can suspect that the body of
anoxic deep water was in connection with both hydro-
thermal systems. The connection is possible when the
oxic—anoxic boundary is located at 1600 m depth, or
above. A boundary at 1600 m depth covers a surface
area of 5500 km”. For comparison, the surface area of
the present-day anoxic brine of the Atlantis II Deep is
60 km’.

When the ventilation of a deep oceanic basin
ceases, such as in the present-day Black Sea or Car-
iaco Basin, the environment becomes anoxic because
of the oxygen consumption by respiration. Anaerobic
degradation of organic matter occurs then, and bacte-
rial sulphate reduction, and subsequent production of
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dissolved sulphide, can take place. Dissolved sulphide
was probably produced in the anoxic deep waters of
the Red Sea during MIS 2. Then, the diffusion of the
hydrothermal insoluble metals in the presence of
sulphide, such as Fe and Zn, but not Mn, was most
likely limited, and these metals precipitated as sul-
phide minerals at the brine—sulphidic waters interface.
Such a situation could explain why the Mn showed
higher concentration variations between MIS 1 and 2
in the cores 1015 and 1013, namely, higher mobility
during the anoxic events. The proposed scenario also
gives an explanation for the isotopic signature of the
sulphide minerals in the Atlantis II Deep. The sul-
phide minerals of MIS 2 have an isotopic signature of
sulphur typical of the bacterial seawater sulphate
reduction, and not a basaltic hydrothermal signature
such as the sulphides of MIS 1(Shanks and Bischoff,
1980).

5. Conclusion

This study combines stratigraphic and geochemical
data of three sedimentary cores collected in the axial
zone of the Red Sea. The evolution of metal concentra-
tions in the Red Sea sediments collected in the brine-
filled deeps and in the axial zone outside the deeps, can
be attributed to hydrothermal fluid discharge, but also
to hydrological modification in the Red Sea. We have
observed evidences of low oxygenation of Red Sea
bottom waters during the last glacial period and the
interstadial MIS 3. The oxygenation state of bottom
waters influenced directly the geographical dissemina-
tion of the hydrothermal metals. The anoxia of the deep
waters during MIS 2 as a consequence of Red Sea water
stratification conducted to the formation of a redox
boundary between 1000 and 2000 m depth, where the
metals precipitated. This explains the observed increase

North Present-day oxygen concentrations of Red Sea waters (MIS 1) South
Oxygenated Red Sea water 0,
1034 Brine-seawater interface b
2 _ red (o3 (s FeOOH MuOOH, ‘

FeOOH MnOOH

10
1013

Fe, Mn, Zn,..
Hydrolhsrmal discharge

Anoxic hydmlherma] brine pool  Hydrothermal discharge

/ Fe, Mn, Zn,...

Periods of low oxygenation of Red Sea bottom waters (MIS 2)

0, Oxygenated Red Sea water 0,

1034 ‘ FeOOH MnOOH

1013

Fe, Mn, Zn,...
Hydrothermal discharge

Anoxic hydrothermal brine pool  Hydrothermal discharge

FeOOH MnOOH *

Fe, Mn, Zn,...

Fig. 6. Schematic cross-section along the axial zone of the Red Sea showing the position of the pycnocline (brine—seawater interface), and the
position of the redox front, where metals are oxidized and precipitate. Top: Nowadays, and during the Holocene, the brine—seawater interface
corresponds to the redox front where most of the metals supplied by hydrothermal fluids precipitate. The metalliferous sediments are confined into
the hydrothermal deeps. Bottom: During MIS 2, bottom waters were anoxic and dissolved metals were able to diffuse outside the brine-filled deeps.
They precipitated at the interface between oxic and anoxic seawater located between 1000 and 2000 m depth. When dissolved sulphide accumulated
in the anoxic Red Sea bottom waters because of bacterial sulphate reduction, only Mn was able to diffuse. During the interstadial MIS 3, the

situation was probably intermediate between the two situations.
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of the particulate metal content during MIS 2 outside
the brine pools. During interglacial periods, with well
oxygenated bottom waters, the redox boundary was
coincident with the brine-seawater interface, so that
the metals precipitated only in the hydrothermal
deeps. This study brings new elements to better under-
stand the formation of metalliferous sediment in the
Red Sea, and shows that the variations of particulate
metal concentrations in the deeps during the last 30,000
years were not only related to fluctuations of the hy-
drothermal fluid discharge, but they were also related to
the redox state of the Red Sea waters.
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