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[1] The location of core MD92-1008 close to the southern edge of the Red Sea is ideal
to study the evolution of seawater exchanges with the Northern Indian Ocean through the
Bab-el-Mandeb narrow strait. The present study was aimed at documenting the
paleoceanographic evolution of this area over the past 60 ka using high-resolution magnetic,
sedimentological, and geochemical indicators. Two modes of variability dominate the
records: (i) long-term, glacial-interglacial variations and (ii) rapid, millennial scale
variability (Dansgaard-Oeschger type) during the last glacial period. Changes in magnetic
concentration were documented from natural and laboratory magnetizations after proper
normalization. They are inversely correlated to the total organic carbon (TOC) content,
pointing out the key role played by reductive dissolution of magnetite on the evolution of
magnetic concentration. Based on the temporal evolution of TOC, CaCO3, and planktonic
δ13C, we suggest that past changes in the organic matter content (i) were closely linked
to glacio-eustatic variations which modulated long-term seawater exchanges and nutrient
supplies to the Red Sea through the narrow Bab-el-Mandeb Strait and (ii) reflect
millennial-scale changes in productivity driven by monsoon wind intensity which
controlled the amount of nutrient-rich intermediate waters upwelled in the Gulf of Aden
during the summer season and advected into the Southern Red Sea. The sea level rise
following the onset of deglaciation generated a rapid flush of detrital material that was
accumulated on the continental margins and on the previously emerged zones of the
Bab-el-Mandeb area.

Citation: Bouilloux, A., J.-P. Valet, F. Bassinot, J.-L. Joron, F. Dewilde, M.-M. Blanc-Valleron, and E. Moreno (2013),
Influence of seawater exchanges across the Bab-el-Mandeb Strait on sedimentation in the Southern Red Sea during the last
60 ka, Paleoceanography, 28, 675–687, doi:10.1002/2013PA002544.

1. Introduction

[2] The Red Sea is a long (1930 km) and narrow (230 km)
marginal sea located in an arid environment. The terrigenous
material found in marine sediments is predominantly eolian,
originating from Northern Africa and/or from the Arabian
peninsula [Van Campo et al., 1982; Clemens and Prell,
1990; deMenocal, 2004; Kolla et al., 1976; Leuschner and

Sirocko, 2000; Sirocko and Lange, 1991; Sirocko et al.,
1993, 2000]. The limited precipitations, below 100mm/yr
[Grasshoff, 1975; Pedgley, 1974], and the intense evapora-
tion result in a net loss of ~2000mm/yr [Grasshoff, 1975;
Morcos, 1970; Siedler, 1969; Sofianos et al., 2002]. This loss
is compensated by water inflow in the Southern Red Sea
through the unique connection with the northern Indian
Ocean, at the shallow Bab-el-Mandeb Strait (sill depth 137m)
[Sheppard, 2000].
[3] The water inflow through the Bab-el-Mandeb Strait is

crucial to maintain the nutrient balance and pelagic primary
productivity. The Red Sea is nutrient-limited and primary
productivity is low compared to other oceans due to the
deserts that surround this marginal sea (lack of major riverine
inputs) and due to the water column stratification, which pre-
vents the efficient recycling of nutrients to the euphotic zone.
While nitrogen fixation seems to compensate partly for the
loss of nitrates associated to the burial of organic matter,
the deficit in phosphate appears to be only compensated by
the lateral advection of nutrient-rich waters from the Gulf of
Aden [Naqvi et al., 1986] which can be readily documented
from the higher nutrient concentrations in the Southern Red
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Sea [Naqvi et al., 1986; Poisson et al., 1984]. The combina-
tion of primary productivity boosted by this nutrient supply
[Weikert, 1987] and vertical stratification induce the develop-
ment of a strong oxygen minimum zone, with oxygen concen-
tration around 0.5ml/L at approximately 300–400m near the
Bab-el-Mandeb area [Neumann and McGill, 1962; Fenton
et al., 2000].
[4] Today, water exchanges across the Bab-el-Mandeb

Strait and nutrient supply are modulated on a seasonal time-
scale by monsoon wind reversal. The balance of deep water
outflow and surface water inflow characterizes the winter re-
gime, lasting globally from November to early June. From
June to October, southwest monsoon winds drive a strong
Ekman pumping along the western coasts of the northern
Arabian Sea and the Gulf of Aden, resulting in intense up-
wellings and an increase of primary productivity [Bassinot
et al., 2011; Lévy et al., 2007; Sharma, 1978; Shetye et al.,
1990]. The upwelled, nutrient-rich water raised at interme-
diate depths in the Gulf of Aden is gradually forced toward
the Red Sea, through the Bab-el-Mandeb Strait [Naqvi
et al., 1986; Siddall et al., 2004; Smeed, 1997; Sofianos
et al., 2002].
[5] At glacial-interglacial timescales, it has been suggested

that water exchanges varied in response to sea level changes,
being reduced during glacial periods when the sill depth at
the Bab-el-Mandeb Strait was reduced to ~17m [Rohling
et al., 2007; Siddall et al., 2003, 2004; Sirocko, 2003]. The
impact of glacio-eustatism on the Red Sea outflow was re-
cently documented byMalaizé et al. [2009] who showed that
in the Socotran area, episodes of sea level rise during the pen-
ultimate deglaciation were associated with plumes of warm
and salty water from the Red Sea. Little is known, however,

about impacts of water exchanges on the sedimentation in the
Southern Red Sea and, in particular, about the potential im-
pact of sea level changes, insolation forcing, or high-latitude
millennial-scale variability on the sedimentation, and pelagic
productivity. In order to unravel these potential effects, we
studied core MD92-1008 (14°25′86″N; 42°13′62″E) located
only ~230 km to the north of the Bab-el-Mandeb Strait, at
708m of water depth (Figure 1). This ~17m long piston
core has provided a continuous planktonic δ18O record
(Globigerinoides ruber), covering the last 60 ka (average
sedimentation rate of ~30 cm/ka).

2. Stable Isotopic Stratigraphy and 14C Dating

[6] The sediment retrieved in core MD92-1008 is a
hemipelagic, clay-rich ooze with abundant foraminifers.
The sedimentary series does not present apparent turbiditic
or reworked layers. We sampled the core using U channels
for continuous magnetic measurements and with plastic cubes
taken at ~5 to 10 cm interval for detailed geochemical, miner-
alogical, and magnetic analyses. We measured the oxygen
(and carbon) isotopic composition of the planktonic foraminif-
era Globigerinoides ruber (white, sensu stricto) on a Finnigan
DeltaPlus mass spectrometer at the Laboratoire des Sciences
du Climat et de l’Environnement (LSCE) on 336 samples
taken every 5 cm. The mean sample size is 5–10 shells of
G. ruber picked in the narrow 250–315μm size fraction.
Expressed in‰ is δ18O versus Vienna Peedee belemnite, with
respect to NBS19 calcite standard [Coplen, 1988]. The mean
external reproducibility (1σ) estimated from multiple analyses
of a LSCE carbonate standard is ± 0.05‰.

Figure 1. Bathymetric map modified from ODV4. 5. 1 (Schlitzer, R., Ocean Data View, http://odv.awi.de,
2011) showing the geographic position of core MD92-1008 in the Southern Red Sea.
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[7] Thirteen 14C ages were obtained by accelerator mass
spectrometry (AMS) at the laboratoire de mesure du
carbone 14 (Saclay, France) and at the Poznan Radiocarbon
Laboratory (Poland) on calcite shells of G. ruber and
Globigerinoides sacculifer planktonic foraminifera (Table 1).
These AMS14C ages were converted to calendar ages with
the CALIB6.O software [Stuiver and Reimer, 1993], using
the 2009 marine calibration curve [Reimer et al., 2009]
and assuming a global surface reservoir age of 400 years
with a regional correction of Δr = 163 yr ± 74 yr [Southon
et al., 2002]. The reservoir age correction (Δr between 100
and 180 years) is in agreement with those previously used
to construct timescales of Red Sea cores [Arz et al., 2003a,
2003b, 2006, 2007; Legge et al., 2006, 2008; Trommer
et al., 2010]. The age model of core MD92-1008 was

completed beyond ~40 ka B.P. by tuning graphically the oxy-
gen isotope record to the reference LR04 curve [Lisiecki
and Raymo, 2005] using the AnalySeries 2.0.4.2 software
[Paillard et al., 1996]. The age model was established by lin-
ear interpolation, assuming a constant deposition rate between
two adjacent tie points (supporting information Figure S1).
[8] Results indicate that core MD92-1008 covers the past

60 ka B.P. (Figure 2a) and that the ~5 cm sampling resolution
of the δ18O record corresponds to an average temporal reso-
lution of ~200 years. The marine isotopic stages (MIS) 1 to
4 [Emiliani, 1955; Prell et al., 1980] are clearly identified.
The mean deposition rate is ~30 cm/ka. The age model shows
a striking low centered at 25 ka B.P., between the 14C dated
samples at 657.50m (24.63 ka B.P.) and 928.5m (34.52 ka
B.P.), respectively. This low may either correspond to a

Table 1. AMS 14C Ages for Core MD92-1008 From the Southern Red Sea

Sample Code
Sampling Depth

(cm) Radiocarbon Laboratory Sample
AMS 14C Age
(14C yr B.P.)

Calibrated Age
(calendar yr B.P.)

MD92-1008/ I-25.5 cm 25.5 Poznan Radiocarbon Laboratory Poz-18569 1,335 ± 30 728 ± 160
MD92-1008/ I-33.5 cma 33.5 Laboratoire de Mesures Carbone 14 UMS 2572 SacA 22734 1,540 ± 40 965 ± 168
MD92-1008/ I-84 cm 84 Poznan Radiocarbon Laboratory Poz-21477 2,535 ± 30 2,003 ± 160
MD92-1008/ II-27 cm 165 Poznan Radiocarbon Laboratory Poz-21474 4,240 ± 40 4,119 ± 168
MD92-1008/ II-111.5 cm 249.5 Poznan Radiocarbon Laboratory Poz-21476 6,870 ± 40 7,236 ± 168
MD92-1008/ II-146.5 cm 284.5 Poznan Radiocarbon Laboratory Poz-21478 8,360 ± 50 8,718 ± 179
MD92-1008/ III-33.5 cma 321.5 Laboratoire de Mesures Carbone 14 UMS 2572 SacA 22735 9,415 ± 50 10,053 ± 179
MD92-1008/ IV-10 cm 448 Laboratoire de Mesures Carbone 14 UMS 2572 SacA 25095 12,280 ± 60 13,565 ± 191
MD92-1008/ IV-94 cm 532 Laboratoire de Mesures Carbone 14 UMS 2572 SacA 25096 13,570 ± 70 15,673 ± 204
MD92-1008/ V-44.5 cm 632.5 Laboratoire de Mesures Carbone 14 UMS 2572 SacA 25097 17,780 ± 90 20,442 ± 233
MD92-1008/ V-69.5 cma 657.5 Laboratoire de Mesures Carbone 14 UMS 2572 SacA 22736 21,190 ± 100 24,629 ± 249
MD92-1008/ VII-40.5 cm 928.5 Laboratoire de Mesures Carbone 14 UMS 2572 SacA 25098 30,780 ± 250 34,815 ± 521
MD92-1008/ VII-79.5 cm 967.5 Laboratoire de Mesures Carbone 14 UMS 2572 SacA 24010 33,210 ± 250 37,162 ± 521

aAMS14C on mixing G. ruber white and G. sacculifer, for other samples only on G. ruber white. Calibrated ages are indicated with 2σ error.

Figure 2. Geochemical parameters measured in core MD92-1008 for the past 62 ka. (a) Oxygen isotope
stratigraphy derived from the δ18O variations recorded by G. ruber foraminifera. Numbers refer to the iso-
tope stages of Emiliani [1955]. (b) Carbonate content and (c) δ13C. (d) Total organic carbon content.
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drastic reduction of sedimentation or suggest the presence of a
small hiatus within this interval, which would be improperly re-
solved by the dating resolution. Under visual inspection, how-
ever, the sediment does not show any evidence of an abrupt
change in sedimentation that could point out a hiatus.
[9] Carbon dating limitations result from analytical uncer-

tainties and from uncertainties associated with the conversion
to calendar ages. In addition, one should not forget that past
variations in water exchange through the Bab-el-Mandeb
Strait have likely affected the water residence time in the
Red Sea and, therefore, the age reservoir [Biton et al.,
2008; Rohling and Zachariasse, 1996; Rohling et al., 1998;
Siddall et al., 2003, 2004]. For the lower part of the record,
it is usually admitted that graphical correlation and astronom-
ical tuning can lead to uncertainties in the range of ± 5 ka
[Martinson et al., 1987].

3. Chemical Analyses

3.1. Carbonates

[10] The total carbonate content (in weight %) of 110
samples was determined from the pressure of CO2 released
through the reaction of 100mg of dry, grounded sediment
with 0.4 cm3 of HCl 8N (absolute error ~1%). We estimated
the wet and dry bulk densities of samples of known volume
by measuring their wet and dry (after 48 h at 50°C) weights.
The carbonate content ranges from 25% to 70%. A low
value (~35%) is found during MIS 4, whereas the onset of
MIS 3 is characterized by high values (60%) and by large
fluctuations (± 10%–15%, Figure 2b). The percent of
CaCO3 decreases during MIS 3 and MIS 2, reaching its

minimum of ~25% at about 15 ka B.P. This low is followed
by an abrupt increase in less than a couple of thousand years.
Values reach almost 55% at about 12 ka B.P. and in the early
Holocene. Then the amount of CaCO3 steadily decreases up-
ward, without secondary fluctuations superimposed on this
general trend.
[11] The density profile does not show any increasing trend

with depth as it would be expected from burial compaction
(Figure S2). The density and carbonate profiles are opposite
to each other. This inverse relationship may be explained
by the fact that CaCO3-rich intervals contain a higher propor-
tion of foraminifera shells and thus large intra-particle poros-
ity (inside chambers) that reduces the sample density. The
anticorrelation of these two parameters is also apparent in
the short scale-variability, particularly during MIS 3.

3.2. δ13C and Total Organic Carbon (TOC)

[12] The δ13C analyses were performed on a DeltaPlus
Mass spectrometer at LSCE (see above) with a mean external
reproducibility of ± 0.03‰ (1σ). The δ13C record of the sur-
face-dwelling planktonicG. ruber indicates rapid oscillations
superimposed on a long-term, glacial-interglacial change
(Figure 2c). Millennial-scale variations of high amplitude
(≥ 0.5‰) seem to characterize MIS 3, but the δ13C record
is difficult to interpret because of high scattering. In order to ex-
tract more statistically robust oscillations, we performed a five-
point window moving average. The smoothed signal enhances
the visibility of the millennial-scale variations, resulting, for in-
stance, in the three relatively distinct periods of δ13C minima at
~36, 50, and 60ka B.P. The δ13C values drop between MIS 2
and MIS 1 with low δ13C levels centered on ~13.4 ka B.P.

Figure 3. (a) Concentration of major and trace elements. Fe is plotted before and after correction
for CaCO3. (b) Th/Ta ratio. (c) Th, Hf, and Ta showing two periods of strong input, (d) close-up of the
13–16 ka B.P. time period characterized by a large excursion in Th, Hf, and Ta.
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[13] Total organic content (%) has been measured on 110
samples using a LECO IR 212 elemental combustion ana-
lyzer (precision ~0.02%) at the Institut des Sciences de la
Terre de Paris (ISTeP, Université Pierre et Marie Curie,
Paris). The CaCO3 content was independently obtained by
gas volumetric analysis on an aliquot of each sample (see
above) and the TOC was estimated by subtracting this min-
eral carbon from the LECO total carbon content.
[14] High TOC contents range between 0.2% and ~4.7%

(mean value of ~2%) (Figure 2d). A progressive decrease takes
place during MIS 3 to MIS 2, with mean values dropping from
~3% to 0.2%. On this progressive trend are superimposed
several large amplitude (up to ± 2%) oscillations. During the
transition from MIS 2 to MIS 1, the TOC reaches peak values
as high as 4.7%.

3.3. Elemental Composition of Sedimentary Material

[15] We scrutinized the relative contribution of major (e.g.,
Al and Fe) and trace (e.g., Th, Ta, and Hf ) elements on 202
bulk samples through neutron activation analyses at the
Pierre Sue Laboratory (CEA, Saclay). We applied the tech-
nique described in Joron et al. [1997]. Here, we focus on four
elements: iron (Fe), key component as far as magnetic prop-
erties are concerned; and Thorium (Th); Tantalum (Ta); and
Hafnium (Hf ), which were successfully used to differentiate
the sediment sources in sediments from the Northern Indian
Ocean [Bouilloux et al., 2013].
[16] High Fe values (~3%) are measured in MIS 4 (bottom

interval). Iron content drops down to ~1.2% at ~50 ka, and
then shows a progressive upward increase during MIS 3
and MIS 2, reaching maximal values (up to ~4%) at ~14 ka
B.P. (Figure 3a). This sharp and narrow Fe concentration
is also reproduced by the Th/Ta ratio (Figure 3b). After this
peak, the %Fe drops rather abruptly by more than 2% in less
than ~2 ka, reaching values of ~1.2% at about 12 ka B.P.
The Fe content remains low during the Holocene, but with
an increasing trend upward. Large amplitude changes are
superimposed on these long-term trends. Two of the three
peaks present in the TOC and δ13C records at ~36, 50 ka B.P.
are also characterized by low Fe contents.
[17] It is striking that Fe concentration changes (Figure 3a)

almost mimic those of %CaCO3 (Figure 2b), with opposite
long-term trends (R2 of ~0.87) as well as anticorrelated shorter
variations within MIS 3-MIS 2 and over the 14–12 ka B.P. in-
terval. After correction for carbonate dilution, iron fluctuations
are significantly smoothed out (Figure 3a), especially over the
16–30 ka B.P. interval and the Holocene. Yet, major structures
are still present and short-term, large amplitude fluctuations in
MIS 3 were not altered by the correction.
[18] Down-core variations of Th, Hf, and Ta are all charac-

terized by two periods of high values at ~15 and 54 ka B.P.,
with a major change at ~15 ka B.P. (Figure 3c). A global
increase of those three elements characterizes the whole
MIS 3-MIS 2. The enlarged view of the 13–16 ka B.P. inter-
val shows that this event is characterized by three excursions
in the Th, Hf, and Ta concentrations (Figure 3d).

4. Magnetic Study

4.1. Paleomagnetic Directions

[19] The natural remanent magnetization (NRM) of the
U channels was stepwise demagnetized every 10 milliTesla

(mT) up to 100 mT down to 16.5m. Measurements were
performed at 2 cm intervals with a 2-G pass-through magne-
tometer in the shielded room of the Institut de Physique
du Globe de Paris (IPGP) following the protocol of Nagy
and Valet [1993]. Complete demagnetization was usually
attained at 60 mT. Characteristic remanent magnetization
(ChRM) directions were isolated by fitting straight lines
through the data and the origin of the demagnetization dia-
grams using the Paleomac 6.2 software [Cogné, 2003]
(Figure S3a). A few samples strongly resistant to alternating
field (AF) demagnetization did not yield any suitable charac-
teristic component. ChRM declinations and inclinations are
plotted as a function of age in Figures S3b and S3c. In the ab-
sence of orientation within the horizontal plane, the mean
declination value for the entire core was set to zero. The incli-
nation depicts a succession of oscillations of about 20° in am-
plitude. The mean inclination of 31.5° is 4.5° higher than the
inclination of the geocentric axial dipole at the site latitude.

4.2. Magnetic Concentration

[20] Low-field susceptibility (K) was measured every 2 cm
at the surface of the sediment using a Bartington susceptibil-
ity meter coupled to a MS2E sensor at the Muséum National
d’Histoire Naturelle (MNHN) of Paris. The susceptibility in-
creases from 60 to 11 Ka B.P. (1400 to 470 cm) and then
abruptly drops to values as low as 4 × 10�5 SI for the past
10 ka B.P. (which correspond to the upper 4m of sediment)
(Figure 4a). The density profile (see section 3.2) was used
to convert the original K values into equivalent values of
mass susceptibility (χ). We investigated whether the signal
was heavily constrained by carbonate dilution, as somehow
suggested by low values of carbonate opposed to high K
during the deglaciation (Figures 2a and 4a). However, the
amplitude of CaCO3 fluctuations being much lower than for
K, the carbonate-free mass susceptibility exhibits the same
trend as the original signal (Figure 4b). The high K values
(~24 × 10�5 SI) between ~14 and ~16 ka B.P. (540 and
470 cm) are divided in three short episodes. They culminate
by a large and rapid decrease over a ~1.5 ka period. Low
and stable values characterize the Holocene period.
[21] The strong susceptibility values in the 15.5–13.7 ka in-

terval also coincide with strong NRM intensities (Figure S3d).
The evolution of NRM20mT (NRM demagnetized at 20 mT)
shows a gradual increase between 32 and 14 ka B.P., followed
by a large and sudden drop. Measurements of anhysteretic
remanent magnetization (ARM) were performed (every
2 cm) in a 30 μT steady field and a 100 mT alternating peak
field. The ARM20mT profile is similar to that of NRM20mT

(Figures S3d and S3e) but with much larger amplitudes.
[22] The absence of erosional features at the bottom of this

layer and the internal coherence of magnetic directions are
not consistent with a turbiditic event. The Th/Ta and Ta/Hf
ratios are compatible with a highly differentiated source of
material. Particles in provenance of nearby volcanic areas
are plausible candidates. Nevertheless, no shard glass was
detected from microscopic examinations, which also sug-
gests reworking of older volcanic material.
[23] The K and Fe down-core profiles display in-phase

variations (Figures 3a, 4a, and 4b), but in contrast to K, a
significant part of Fe is modulated by carbonate dilution.
We infer that a large part of the Fe signal is linked to detrital
components that do not have any significant effect on the
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susceptibility. This implies that magnetic concentration in-
dicators are not primarily driven by their respective amount
within the detrital fraction, and that the magnetic mineral-
ogy might play a significant role.

4.3. Magnetic Mineralogy

[24] An isothermal remanent magnetization (IRM) was
imparted on 169 discrete samples in a direct field of 1 T and
subsequently in a reverse field of 0.3 T to calculate the S ratio
[Bloemendal et al., 1992]. Surprisingly, we found out that (i)
the levels with strong susceptibility were associated with
higher coercivity minerals and that (ii) the levels between
60 and 30 ka B.P., which show S ratios close to one typical
of low coercivity minerals (usually magnetite), were associ-
ated with low susceptibilities (Figure 4c).
[25] Experiments of stepwise acquisition of IRM were

conducted on 17 cubes taken within and outside the K peak
(Figure 4d). Significant differences between the saturation

isothermal remanent magnetization (SIRM) acquisition
curves are obvious from the plot in Figure 4c and fully
consistent with the S ratio evolution. The evolution of the
(NRM20-NRM60)/NRM60 ratio (referred as the R ratio),
which gives the amount of magnetization lost after demagne-
tization at 60 mT, and is indicative of its resistance to AF de-
magnetization presents a decrease from 0.7 to 0.4 at the top of
the core (Figure 4c). This trend is opposite to the increase in
magnetic intensity over the same interval and therefore con-
firms that a larger proportion of high coercivity minerals are
accompanied by larger susceptibility values.
[26] In order to characterize the high coercivity compo-

nent, room temperature-saturation isothermal remanent mag-
netization (RT-SIRM) experiments were performed on five
samples with different susceptibility values. Measurements
were conducted with the Quantum Design XL5 EverCool
magnetic properties measurement system at IPGP after ap-
plying a 1 T field. Changes in magnetization during cooling

Figure 4. (a) Magnetic susceptibility and (b) mass susceptibility and CaCO3 profiles of core MD92-1008
as a function of time. (c) Variations of the S ratio for core MD92-1008 and evolution of the R ratio
(NRM20mT-NRM60mT)/NRM60mT). (d) IRM acquisition curves pointing out the existence of two distinct
mineralogical families. (e) RT-SIRM cycle for one sample indicated by a red star in Figure 4c. The location
of the other samples used for the same experiment is shown by gray stars. (f ) Evolution of the relative
amount of magnetic oxides (RAMO).
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and heating were monitored by 5K increments (300–10 and
10–300K). The five cooling curves are characterized by a
steep increase of the SIRM, which is typical of goethite
(Figure 4e) [Aubourg and Pozzi, 2010; Franke et al., 2007;
Maher et al., 2004]. The cooling and heating curves also
exhibit a nonreversible Verwey transition at ~120K.
[27] The presence of hematite should be indicated by the

T ratio [Meynadier et al., 1992, 1995] which is the remaining
percentage of IRM after heating to 600°C and is calculated as
(IRM-IRM600°C)/IRM600°C. We found no significant magne-
tization beyond 600°C and therefore no evidence of hema-
tite. It could be argued that hematite disappeared due to

mineralogical transformations of the sediment while heating
up to 600°C. However, heating was performed in air so that
most magnetic materials should have oxidized. We infer that
magnetite is present over the entire core but there is a pro-
gressive increase of high coercivity material, most likely
goethite, which culminates within the level of high K.
[28] Changes in the relative amount of magnetic oxides

(RAMO) can be estimated by simulating a situation in which
all magnetic grains would have the same magnetic mineral-
ogy. This approach rests upon the conversion of the magneti-
zation carried by high coercivity material (goethite/hematite)
into the equivalent magnetization which would be carried by

Figure 5. (a) δ18O variations recorded in the NGRIP ice core using the GICC05 scale [North Greenland
Ice Core Project members, 2004; Andersen et al., 2006] with the Dansgaard-Oeschger (DO) and Heinrich
events and the intervals of the Younger Dryas (blue) and Bølling-Allerød (yellow). (b) Evolution of the Κ/Fe
and TOC/CaCO3 ratios. (c) Sea level estimates derived from Waelbroeck et al. [2002]. The purple
band indicates the large excursion in Th at around 14.5 ka B.P. (Figure 3c). (d) Evolution of δ13C
(e) S ratio profile.
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the same amount of magnetite [Bouilloux et al., 2013]. This
was achieved by taking into account the relative amount of
high- versus low-coercivity material derived from the S ratio
and the fact that the magnetization of magnetite is 200 times
stronger than that of goethite [O’Reilly, 1984]. The correcting
factor derived from this calculation is C=100.5 � (99.5 × S ),
where S is the S ratio. It was applied to the values of magnetic
susceptibility to provide the RAMO. In order to minimize
uncertainties in these estimates, we averaged the values of
three successive data points and referred to their standard devi-
ation. The RAMO profile derived from 169 levels displays
a very different picture than the initial susceptibility record
(Figure 4f ). The previous gradual increase from 60 to
14 ka B.P. has almost disappeared and the unique notice-
able remaining feature is a large peak between 12–20 ka B.P.
with the same amplitude (roughly a factor 4) as in the initial
susceptibility but restrained to the end ofMIS 2. It is generated
by high coercivity material and thus reflects a large amount
of goethite.
[29] Due to the large change of the magnetic mineralogy,

any experiment aimed at describing the grain size variations
was unlikely to yield results, because these experiments rely
on the presence of a unique mineral.

5. Discussion

5.1. Eustatic and Climatic Imprints in the Southern
Red Sea Sedimentation

[30] A dominant feature emerging from our results is that
almost all parameters (i.e., TOC, Th, and K) display long-
term oscillations (Figures 2–4), which resemble the δ18O var-
iations and suggest a strong climatic imprint. Because the
%CaCO3 record shows high-amplitude fluctuations, dilu-
tion may explain a significant part of the variability shared
between several proxies. In order to compensate for this
potential dilution effect and extract their intrinsic signature,
we relied on ratios (i.e., K/Fe, Th/Ta, and TOC/CaCO3) to
scrutinize the evolution of magnetic concentration, trace
elements, and TOC. These indicators—together with the
S ratio and the δ13C records—are compared in Figure 5 to
sea level fluctuations and to the North Greenland Ice Core
Project (NGRIP) oxygen record. The boundaries of the ma-
rine isotopic stages have been indicated in each plot.
[31] A long-term influence of sea level fluctuations on the

Southern Red Sea sedimentation is suggested by the overall
resemblance between TOC and K records, on the one hand,
and the Waelbroeck et al. [2002] glacio-eustatic sea level
reconstruction, on the other hand (Figure 5c). The covariance
between these records is particularly striking across the
last glacial termination. At shorter (orbital) timescale, how-
ever, visual inspection or spectral analyses have failed to
extract a clear signature of Earth’s orbital precession in the
MD92-1008 proxy records. This appears somewhat surpris-
ing considering the importance of low-latitude insolation
changes in driving major intertropical climatic features such
as the monsoons. Precession oscillations are clearly recorded,
for instance, in the nearby Gulf of Oman [Burns et al., 1998],
from the Arabian Sea [Caley et al., 2011; Clemens and Prell,
1990; Clemens et al., 1996; Sirocko et al., 1993] and from the
Red Sea [Hemleben et al., 1996]. Two elements may explain
the absence of a clear precession imprint in core MD92-1008:
(1) the fact that over the last 60 ka covered by our short

sedimentary record, two of the three precession cycles
have a very low amplitude owing to the small eccentricity
of the Earth’s orbit and (2) the possibility that orbital-
related variability is masked somewhat by shorter-scale
changes (millennial).
[32] Millennial-scale changes are clearly observed on re-

cords from core MD92-1008. Several studies have already
documented the remote impact of high-latitude, glacial
rapid climatic variability on tropical areas and in particular
on monsoon dynamics [e.g., Arz et al., 2007; Leuschner
and Sirocko, 2000]. Within the limits of our age model, it is
striking that almost each major feature of the K/Fe record can
be correlated to the Dansgaard-Oeschger stadial-interstadial
oscillations, clearly suggesting the impact of Northern
Hemisphere millennial-scale variability on the sedimentation
of the Southern Red Sea during MIS 3.

5.2. Early Diagenesis and Redox Conditions Control the
Susceptibility Evolution

[33] The most striking feature is that the TOC/CaCO3

profile is negatively correlated with the magnetic suscepti-
bility normalized with respect to Fe (i.e., dilution-corrected,
Figure 5). This relationship suggests that preservation of
magnetite is inversely related to the TOC, an observation that
has been frequently reported [Abrajevitch and Kodama, 2011;
Froelich et al., 1979;Karlin and Levi, 1983; Kawamura et al.,
2007; Leslie et al., 1990; Liu et al., 2004; Richter et al., 1999;
Roberts and Turner, 1993; Robinson et al., 2000; Rowan
et al., 2009]. High TOC values associated with low K levels
reflect, therefore, diagenetic dissolution of magnetite while
low TOC and high susceptibilities indicate very low iron
reduction [Snowball, 1993]. In contrast to what has been
observed in the Gulf of Aden [Bouilloux et al., 2013], the
absence of correlation between K and the S ratio indicates
that the iron released after dissolution of fine magnetite
grains was not remobilized in the formation of high
coercivity material. In the present case, the dependence
between TOC and K is not only observed over long periods
but also over short timescales, specifically remarkable
during MIS 3 (Figure 5). This stresses the importance of
understanding what drives millennial-scale TOC fluctuations
in the Southern Red Sea.

5.3. Long-Term Control on TOC Variations in the
Southern Red Sea: Sea Level Fluctuations and Water
Exchanges Through the Bab-el-Mandeb Strait

[34] Despite being located at shallow water depth, close to
landmass, limited detrital supply was brought to the site ow-
ing to the aridity of the surrounding continental areas, with
weak riverine supplies and dominant airborne-transported
particles. The high abundance of foraminifer shells and cal-
careous nannofossils and the positive correlation between
the CaCO3% and the TOC/CaCO3 ratio clearly suggest that
organic carbon found in the Southern Red Sea is predomi-
nantly of marine origin and that past changes in primary
productivity likely explain much of the common variability
between carbonate and carbon contents. This covariance is
strong at millennial timescales but the CaCO3 record dis-
plays, nevertheless, a somewhat steeper decrease across the
glacial period and less variability across the last glacial termi-
nation than the TOC record (Figures 2b and 2d). Both these
differences can result from the fact that: (i) pelagic primary

BOUILLOUX ET AL.: LAST CLIMATIC EVENTS IN THE SOUTHERN RED SEA

682



productivity is not restricted to planktonic organisms produc-
ing carbonate shells and (ii) burial flux of TOC may also
depend upon preservation changes. We have no data in the
present study that would make it possible to estimate the
importance of deep ventilation on the TOC content. Further
work is in progress to address this issue through the use of
proxies such as benthic 13C and bulk 15N.
[35] As seen above, the Red Sea is nutrient-limited and pri-

mary productivity is low compared to other oceans. Nutrient
limitation is readily explained by the fact that deserts sur-
round the Red Sea and that its stratification further prevents
active recycling of nutrients to the surface from deeper
waters. Nutrient balance and primary productivity today are
ultimately linked, therefore, to the inflow of nutrient-rich
waters from the Gulf of Aden through the Bab-el-Mandeb
Strait [Naqvi et al., 1986; Poisson et al., 1984]. It has been

suggested that exchanges of water varied at glacial-interglacial
timescales, with smaller exchanges during glacial periods
when the sill depth at the Bab-el-Mandeb Strait was reduced
to ~17m [Rohling et al., 2007; Siddall et al., 2003, 2004;
Sirocko, 2003]. The strong resemblance between long-term
changes in core MD92-1008 TOC record and the glacio-
eustatic sea level reconstruction (Figure 5) suggests that, at
glacial-interglacial timescales, primary productivity in the
Southern Red Sea was strongly dependent upon the modula-
tion of water exchanges through the Bab-el-Mandeb Strait,
which controlled the amount of nutrients imported from the
nearby Gulf of Aden. One cannot reject the possibility that
changes in vertical nutrient recycling may have also played
a role in the observed TOC variations. However, in the
absence of indicators that could help us decipher between ver-
tical and lateral advection of nutrients in the past, we make the

Figure 6. Magnetic, mineralogical, and geochemical indicators as a function of time during the 5–20 ka
B.P. interval. (a) δ18O of G. ruber, (b) Total organic carbon and magnetic susceptibility, (c) R and S ratios,
and (d) RAMO and δ13C. (e) Th/Ta ratio.
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hypothesis that stratification always limits vertical mixing,
particularly at times of low sea level when exchanges with
the Gulf of Aden were more limited, resulting in the overall
higher salinity of the Red Sea and a presumably stronger strat-
ification at its southern end.

5.4. Millennial-Scale TOC Variations in the Southern
Red Sea: Monsoon Activity

[36] Although the relation is blurred to some extent by the
complex pattern of the carbon isotopic record and the differ-
ence in resolution, visual examination reveals that, in gen-
eral, TOC millennial-scale fluctuations during the glacial
period are inversely correlated with G. ruber δ13C changes
(Figure 5). In other words, changes in surface water isotopic
carbon composition do not primarily reflect variations in the
preferential uptake of light 12C carbon. Such a causal rela-
tionship would result in an increase (decrease) of G. ruber
δ13C associated with episodes of high (low) TOC, opposite
to what we observe. Our data suggest, therefore, that at
millennial-scale, G. ruber δ13C mainly reflect the nutrient
content of surface water masses advected above the site of
core MD92-1008; primary productivity being enhanced
(higher TOC) when surface waters have a low δ13C signa-
ture. Further studies are in progress in order to decipher
whether stratification and vertical redistribution of nutrients
may have changed significantly at site MD92-1008 along
our 60 ka record at this millennial scale. At this stage, as
indicated above, we assume that stratification has always
restrained vertical mixing in the Southern Red Sea. Thus,
we suggest that the positive correlation between CaCO3

and TOC and the inverse correlation between TOC and
planktonic carbon isotope at the millennial-scale mainly
reflect changes in primary productivity driven by the lateral
advection of nutrient-rich surface waters to the site of
core MD92-1008.
[37] Today, the flux and nutrient content of surface water

masses entering the Red Sea through the Bab-el-Mandeb
Strait are seasonally modulated by monsoon atmospheric cir-
culation, with the summer monsoon winds promoting lateral
advection into the Red Sea of nutrient-rich waters that are
upwelled in the Gulf of Aden [Jones and Browning, 1971;
Murray and Johns, 1997; Naqvi et al., 1986; Poisson et al.,
1984; Smeed, 1997]. This advection of nutrient-rich waters
boosts the primary productivity [Weikert, 1987]. By analogy,
we suggest that millennial-scale oscillations in the TOC and
δ13C reflect changes in the intensity of the summer monsoon
atmospheric circulation, which ultimately controlled the am-
plitude of Ekman pumping and, therefore, the nutrient con-
tent of waters that were laterally advected to the Red Sea
across the Bab-el-Mandeb Strait. Today, nutrient advection
mainly takes place at intermediate depths, during the summer
monsoon [Naqvi et al., 1986; Siddall et al., 2004; Smeed,
1997; Sofianos et al., 2002]. Because of the lowered sea level
and reduced sill depth at the Bab-el-Mandeb Strait during
glacial periods, the nutrients could not have penetrated at
intermediate depth waters and must have been advected in
the thin layer of surface waters that entered the Red Sea.
This lateral transfer may have been maximal during the
winter monsoon (when wind forcing enhances transport
of surface waters to the Red Sea), but we believe that the
key aspect remains the intensity of summer monsoon winds
which ultimately controlled the vertical nutrient recycling

to the surface waters in the Gulf of Aden and the western
Arabian Sea.
[38] Within the limits of our age model, the comparison of

the high-resolution susceptibility record with the NGRIP
δ18O data set (Figure 5) clearly suggests that high productiv-
ity (higher TOC values, lower K values) was characteristic of
interstadials, suggesting increased summer wind intensity
and enhanced Ekman pumping at these periods. It is impor-
tant to note that at the glacial-interglacial timescale, both
δ13C and TOC increased from the Last Glacial Maximum
(LGM) to the Holocene and the anticorrelation between
TOC and δ13C that we observed at the millennial scale no
longer holds. It is likely that regional effects are masked by
global changes in nutrient inventory. About ~0.3‰ of 13C
increase across the last termination is readily explained, for
instance, by the global transfer of carbon between the marine
and continental realms [e.g., Shackleton, 1977].

5.5. Sedimentation in the Southern Red Sea During
the Last Deglaciation

[39] After the LGM, during the deglaciation, all indicators
exhibit large variations. In order to provide a clearer picture
of these successive events, we have enlarged the 5–20 ka B.
P. interval in Figure 6 and added the δ18O curve (Figure 6)
of the present core. Below, we summarize and interpret
the successive major events that are derived from this set
of records.
[40] 1. The onset of MIS 2 is characterized by an increase

in K and RAMO, but low S ratios indicate that magnetic min-
eralogy was dominated by a large amount of high coercivity
material, likely goethite. Because of low TOC contents, mag-
netite was not affected by dissolution. During this period, the
sea level reached �120m and exchanges between the Red
Sea and the Gulf of Aden were channeled through a 6 km
wide passage with a water depth that did not exceed 17 m
[Siddall et al., 2003]. Our data show that productivity was
weak (low TOC and low CaCO3). We suggest that the large
amount of goethite (coherent with high RAMO values) likely
reflects an increased eolian transport (e.g., increased aridity).
Alternatively, this late glacial increase in goethite could re-
sult from an enhanced erosion of exposed continental mar-
gins associated to sea level lowering; but we think that this
second hypothesis is less likely owing to the arid environ-
ment around the Red Sea, which limits erosion. As we will
see below, our data actually suggest that eolian material
had been probably accumulating on the exposed margins
during the glacial period and were remobilized rapidly during
the rise of sea level.
[41] 2. The transition with the next episode is characterized

by three large peaks in Th/Ta, K, and RAMO (Figure 6). The
low S ratio indicates that goethite is the prominent magnetic
carrier while the abundance of Th is likely indicative of
volcanic material. The Th/Ta ratio differs from the rest of
the record and indicates that this short episode was associated
with a change of source. We do not disconnect these large
changes from those linked to the sea level rise. We speculate
that such strong peaks were caused by flushing of volcanic
windborne material from the emerged sea margins following
the onset of sea level rise. In this area, goethite and hematite
are considered as eolian transported particles [deMenocal,
2004; Jung et al., 2004; Kolla et al., 1976; Sirocko and
Lange, 1991; Sirocko et al., 2000; van Campo et al., 1982].
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During sea level rise, the fraction of windborne detrital mate-
rial deposited upon the previously exposed continental mar-
gins could be efficiently remobilized, particularly in the
Bab-el-Mandeb area due to the active circulation associated
to the channeled water fluxes (“flush effect”).
[42] 3. Within the uncertainties inherent to our depth-age

model (including potential changes in past reservoirs associ-
ated with the modulation of water exchanges and residence
time), the ages of the next significant episode coincide with
the Bølling-Allerød period (12.7–14.5 ka B.P.) [McManus
et al., 2004] that has been documented at high latitudes.
The magnetic parameters show a succession of oscillations
in phase with δ18O. The positive correlation between the S
ratio and K indicates that changes in magnetic concentration
were driven by an enhanced concentration of magnetite
(Figure 6). The δ13C and the TOC fluctuations are opposite
to each other, which may reflect the prominent role of
advected nutrient-rich water in driving the surface carbon
isotopic signature.
[43] 4. The next episode corresponds to the Younger Dryas

(YD), as suggested by the structure of our planktonic δ18O
record. However, it is important to notice that the lower and
upper limits of this episode in core MD92-1008 are a little
older (13.7 ka B.P. and 11.7 ka B.P., respectively) than in
the Atlantic records (i.e., extension from ~12.7 to 11 ka B.P.)
[McManus et al., 2004; Waelbroeck et al., 2001]. Abrupt in-
creases in TOC, S ratio and carbonate contents characterize
this YD interval. Both K and RAMO progressively decrease
and low levels of RAMO are associated with low K. The
amount of organic matter (TOC) increases (while K de-
creases) in parallel with sea level. During this interval, the
TOC still controls the evolution of magnetic mineralogy
and magnetite is the preeminent magnetic oxide.
[44] An abrupt and puzzling episode of low δ13C takes

place at the beginning of this interval with isotopic values
reaching the lowest level (�0.33‰) of the entire record and
being associated with very high levels of TOC (~5%). This
brief episode suggests the advection of waters particularly
enriched in nutrients. It is not clear whether it can be linked
to lateral advection through the Bab-el-Mandeb Strait, with a
particularly strong contribution of intermediate water upwelled
in the Gulf of Aden. Such low δ13C values could also point out
a rapid episode of vertical mixing, during which deeper waters
from the Red Sea were forced toward the surface as water ex-
changes through the Bab-el-Mandeb Strait intensified. Further
studies, including benthic foraminifera δ13C data from this
area, will hopefully clarify the mechanisms leading to this
episode. The end of the Younger Dryas corresponds to a stabi-
lization of all magnetic and geochemical parameters, which
persists within the next period.

6. Conclusion

[45] We performed a multiproxy study of core MD92-1008
in order to decipher the impact of climate variability and
water exchanges through the Bab-el-Mandeb Strait on sedi-
mentation in the southernmost part of the Red Sea during
the last 60 ka. A strong anticorrelation between TOC and
changes in magnetic concentration reveal that reductive dis-
solution of magnetite during diagenesis has played a key role
on the evolution of the magnetic concentration parameters.
Although further work is in progress to address the origin

of the TOC fluctuations and the importance of preservation,
the aridity of the surrounding area and the strong correlation
with changes in calcium carbonate suggest that the organic
carbon was mostly of marine origin. Today, the Red Sea
is a nutrient-depleted marginal sea and its productivity is
dependent upon the lateral advection of nutrient-rich waters
from the Gulf of Aden across the Bab-el-Mandeb Strait.
At glacial-interglacial timescales, the strong resemblance
between TOC and K records, in the one hand, and glacio-
eustatic sea level changes, on the other hand, suggests that
primary productivity may have been modulated by the
amount of water exchanged through the Bab-el-Mandeb
Strait. The deglaciation period reveals a complex history
with high-amplitude swings recorded by several parame-
ters. In particular, the rise in sea level was associated with
a rapid flush of detrital material that was accumulated on
the continental margins in the previously emerged zones
of the Bab-el-Mandeb area.
[46] At the millennial scale, during MIS 3, the TOC varia-

tions may indicate past changes in productivity. The fact that
high (low) TOC values are associated with low (high) plank-
tonic δ13C suggests that the carbon isotopic composition
reflects changes in the nutrient content of advected waters.
Today, nutrient-rich intermediate waters are upwelled in the
Gulf of Aden during the summer monsoon and are laterally
advected to the Red Sea through the Bab-el-Mandeb Strait.
By analogy, we speculate that the millennial-scale variations
of the TOC in the southernmost part of the Red Sea during
MIS 3 reflect past changes in the intensity of summer mon-
soon winds and advection of nutrient-rich waters to the Red
Sea, with increased (decreased) monsoon intensity during in-
terstadial (stadial) episodes. However, due to the reduced sill
depth at the Bab-el-Mandeb Strait, this lateral advection had
to take place at the surface, whereas today, it mostly takes
place at intermediate depths during the summer season.
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