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Abstract

Sediment cores from the Western Mediterranean Sea (WMS) have been analyzed for their bulk element
composition, N18O values of planktic foraminiferal tests, and 87Sr/86Sr and 143Nd/144Nd ratios of their bulk lithogenic
components. The investigated time interval comprises the last 215 kyr. Si/Al and Ti/Al ratios as well as radiogenic
isotope compositions indicate changes in the provenance of the lithogenic components between glacial intervals and
interglacial phases. Comparison with modern data indicates that detrital input from the northwestern and
northeastern Sahara may have dominated during interglacial phases. In contrast, during glacial periods the
accumulation rate of terrigenous sediment is high and changes in the sediment source areas are evident that may be
related to changes in the prevailing atmospheric circulation over the basin and its source areas. A productivity
reconstruction based on bio-mediated barium accumulation rates reveals increased surface productivity during glacial
phases. Intervals time-equivalent to sapropel formation in the Eastern Mediterranean Sea (EMS) show no changes in
surface productivity compared to the intervening intervals. Comparison of the productivity patterns between the
WMS and EMS suggests a decoupling during Late Pleistocene sapropel formation and highlights the importance of
more localized factors such as the freshwater drainage basin.
; 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Mediterranean Sea is a semi-enclosed basin
surrounded by catchment areas characterized by
various climate regimes. Therefore, it is very sen-
sitive to tectonically and climatically induced en-
vironmental changes. This is witnessed by the
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Messinian evaporites (Ryan, 1973) and the cyclic
deposition of sapropels (Kullenberg, 1952; Olaus-
son, 1961), which are organic-rich layers sand-
wiched between hemipelagic, carbonate-rich, sedi-
ments deposited under oxic conditions. Sapropel
deposition can be traced back to at least 5.3 mil-
lion years ago (Lourens et al., 1996; Emeis et al.,
2000a) and has attracted the interest of paleocea-
nographers since its discovery in 1947 during the
Swedish Deep-Sea Expedition (Kullenberg, 1952).
An excellent review by Cramp and O’Sullivan
(1999) provides an overview of the results and
models for sapropel formation. Sapropels occur
during insolation maxima in the northern hemi-
sphere (Rossignol-Strick, 1983; Rossignol-Strick,
1985; Hilgen, 1991a, 1991b; Lourens et al., 1996).
These times are coupled with increased seasonal
contrasts and intensi¢ed runo¡ resulting in both
hydrographic and productivity changes in the
Mediterranean Sea (Rossignol-Strick et al., 1982;
Rohling, 1994). However, the exact sources of
freshwater causing a positive water balance, the
mode of nutrient delivery to the photic zone,
and the question of whether the productivity in-
crease precedes the cuto¡ of deep water ventila-
tion or not, are still under debate (Cramp and
O’Sullivan, 1999; Emeis et al., 2000a,b). Most
sapropel investigations have been concentrated
in the Eastern Mediterranean Sea (EMS). This is
because in the EMS the Late Pleistocene sapro-
pels/sapropelic layers occur throughout the whole
area (Kidd et al., 1978; Emeis and Sakamoto,
1998) in water depths up to 125 m (Cramp et
al., 1988; Perissoratis and Piper, 1992). In the
Western Mediterranean Sea (WMS), however,
Late Pleistocene sapropels, as de¢ned by Kidd
et al. (1978), were only detected in the Tyrrhenian
Sea (Emeis et al., 1991). Recently Murat (1999)
described Late Pleistocene organic-rich layers
(ORL) in the WMS and correlated these layers
with the eastern basin sapropels. Nevertheless,
the absence of unequivocal/pronounced Late
Pleistocene sapropels in the WMS (as they are
present in the EMS) probably points to di¡erent
climate evolutions in the Western and Eastern
Mediterranean regions during the Late Pleisto-
cene, leading to di¡erent hydrographic conditions
at times of Northern Hemisphere insolation max-

ima. Despite this contrast, there are hardly any
paleoceanographic investigations focusing on
comparisons of both the western and eastern ba-
sins. Furthermore, chemical and/or radiogenic
isotope investigations of the terrigenous source
of the core material in the WMS are not available
to date. Such results can provide valuable infor-
mation about the paleoclimatic conditions in the
catchment/source areas.
For this study, a sediment core from the WMS

spanning the marine isotope stages (MIS) 1 to
upper part of MIS 7.3 has been sub-sampled at
high resolution and analyzed for bulk-element
geochemistry, total organic carbon (TOC) con-
tent, and N

18O of planktic foraminiferal tests.
On a parallel core from the same site, which
was sub-sampled at lower resolution, analyses of
87Sr/86Sr and 143Nd/144Nd ratios have been con-
ducted on the bulk lithogenic components. While
the Nd isotope composition is little a¡ected by
grain-size di¡erences of the sediment fractions
and is also resistant to changes during weathering,
transport, and winnowing processes (Goldstein et
al., 1984; Walter et al., 2000), the Sr isotope com-
position can be in£uenced by grain-sized sorting
as well as sediment diagenesis (Dasch, 1969; Wal-
ter et al., 2000). Nevertheless, the Sr and Nd iso-
tope compositions provide unique information
about the paleoenvironment such as changes in
detrital sediment sources and prevailing atmo-
spheric circulation (via changing provenance)
(Grousset et al., 1998).
Accumulation of biogenic-mediated barium was

also used as proxy for changes in surface produc-
tivity through time, and comparison is made with
results from time-equivalent intervals in the EMS
in order to derive information about the linking
processes between the western and eastern basins.
Barium and/or barite (BaSO4) has been proven as
a robust proxy for paleoproductivity reconstruc-
tions (Dehairs et al., 1980; Bishop, 1988; Dy-
mond et al., 1992; Francois et al., 1995; Gingele
et al., 1999 and citations therein). Di⁄culty arises,
however, when anoxia prevails and sulfate reduc-
tion ^ and subsequently Ba remobilization ^ oc-
curs (Brumsack and Gieskes, 1983; Van Os et al.,
1994; Breymann et al., 1992; Gingele et al., 1999).
Preservation of Ba upon deposition is also a fur-
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ther constraint in the application of the Ba pa-
leoproductivity reconstruction (McManus et al.,
1998; Schenau et al., 2001). The exact mechanism
of the tight correlation between enhanced surface
water productivity and high barite contents in the
underlying water column and sea £oor is not yet
clearly deciphered. Bernstein et al. (1992) sug-
gested the dissolution of acantharian-derived ce-
lestite (SrSO4) as a major source of Ba and sul-
fate. Bertram and Cowen (1997) reported biotic
origin of barite crystals with speci¢c morphology.
A widely accepted hypothesis, however, is that
barite formation occurs within microenviron-
ments during decay of labile organic matter (De-
hairs et al., 1980; Bishop, 1988; Dymond et al.,
1992). In the EMS, the applicability of Ba for
surface water paleoproductivity reconstruction
during sapropel formation has been demonstrated
by Thomson et al. (1995) and Van Santvoort et
al. (1996).

2. Materials and methods

The investigated sediment cores (SL87 and
KL66) and multi-corer sediments were recovered
during RV Meteor expedition M40/4 in spring
1998 at the same site in the WMS (38‡59.34N,
04‡01.40E; water depth 1900 m) (Fig. 1). The
cored sediment consists of foraminiferal-bearing/
pteropod-bearing, pale brown/greenish gray mud
and pteropod-bearing, yellowish brown foraminif-
eral mud and is moderately to strongly biotur-
bated. Separate sub-samples were taken from
SL87 for inorganic geochemistry, TOC content,
calcium carbonate, and foraminiferal stable iso-
tope analysis by 10-ml syringes at a sample spac-
ing between 2 and 4 cm. Sub-sampling in KL66
was in lower resolution at sample spacing between
10 and 15 cm; these samples were used for radio-
genic isotope analysis. After determining volume
and wet weight, the samples for element analysis

Fig. 1. Bathymetric map of the Western Mediterranean Sea showing sample locations (asterisk indicates the cores; dots the sur-
face samples).
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were dried at 105‡C for 48 h. Dry bulk density
was calculated as ratio of dry weight and wet
volume.
Stable oxygen isotope ratios of calcareous fora-

miniferal tests from KL66 were analyzed to estab-
lish the stratigraphic framework. Between 10 and
17 tests of the planktic foraminifer Globigerina
bulloides were picked from the size fraction
s 250 Wm and were ultrasonically cleaned. The
samples were analyzed using an automated car-
bonate device linked to a Finnigan MAT 251
mass spectrometer at the Leibniz-Laboratory for
Radiometric Dating and Stable Isotope Research,
University of Kiel, Germany. External reproduc-
ibility for stable oxygen isotopes was 6 0.03x.
The isotope stratigraphy for SL87 used here was
measured on Globigerinoides ruber and is from
Weldeab et al. (in press). The age model for the
cores (SL87 and KL66) is based on a graphic
correlation of the N

18O curves with the SPEC-
MAP isotope curve of Martinson et al. (1987)
using the software package ‘AnalySeries’ (Paillard
et al., 1996). Between the ¢x points of SPECMAP
events, ages were calculated by linear interpola-
tion.
Total carbon (TC) analysis was carried out by

combustion at 1200‡C, followed by coulometric
determination of the evolved CO2 (C^S Ana-
lyzer). TOC determination was conducted by
combustion, followed by coulometric determina-
tion of the evolved CO2 of sub-samples (C^S An-
alyzer) that were soaked in 10% HCl overnight
and dried to constant weight. Carbonate contents
were obtained as di¡erence between TC and TOC
and multiplied by stoichiometric factor (8.33).
The precision determined on replicate sub-sam-
ples was R 2 wt% for carbonate contents and
0.1 wt% for TOC contents.
Major and trace elements were determined by

X-ray £uorescence spectrometry (Philips PW
2400) using the method described by Wehausen
and Brumsack (2000). 600 mg powdered and ho-
mogenized sediment was mixed with di-lithiumte-
traborate, pre-oxidized at 500‡C, and fused to
glass beads in Pt crucibles. The accuracy and pre-
cision were checked by co-analyses of internation-
al standards and replicate analyses of sediment

samples, respectively. The analytical accuracy
was within 1^8% of certi¢ed values. Precision
was better than 5% for all elements presented in
this work. In order to use the barium content as
an indicator for paleoproductivity, the biogenic
barium (Babio) and detrital barium fraction have
to be distinguished. Based on the Ba content of
surface sediments and present oligotrophic condi-
tions of the Mediterranean Sea we estimate the
terrigenous Ba contents to be around 140 ppm.
Assuming that Al in the sediments exclusively
originates from aluminosilicate, we consider a de-
trital ratio of Ba/Al = 0.002 reasonable. Accumu-
lation rates of biogenic Ba, TOC, calcium carbon-
ate, and terrigenous sediment are obtained as
product of sedimentation rate, bulk dry density,
and fraction of the components. The component
of the terrigenous sediments is de¢ned as the dif-
ference the bulk sediment and the sum of carbon-
ate and TOC contents [100-(CaCO3 wt%+TOC
wt%)].
Analyses of the 87Sr/86Sr and 143Nd/144Nd ra-

tios on the lithogenic/terrigenous fraction were
conducted on a Finnigan MAT 262 mass spec-
trometer using static collection mode at the Insti-
tute of Geosciences, University of Tu«bingen. De-
tails of the analytical procedure are described by
Weldeab et al. (2002). In order to remove the car-
bonate fractions, 500 mg of powdered and ho-
mogenized sediment was leached with 10 ml acetic
acid (5 M) at room temperature for 12 h. The
detrital residue was rinsed four times with deion-
ized water and centrifuged. A 50-mg portion of
the dried residue was spiked with a mixed
149Sm:150Nd spike prior to digestion in HF. The
digested samples were dried and dissolved in 6 N
HCl, dried and then redissolved in 2.5 N HCl.
Analyses of NBS-SRM 987 and Nd Ames-Metal
measurements while this study was being con-
ducted yielded 87Sr/86Sr = 0.710266R 09 and
143Nd/144Nd= 0.512124R 09, respectively. The
87Sr/86Sr ratios are normalized to 86Sr/
88Sr = 0.1194 and the 143Nd/144Nd ratios to
146Nd/144Nd= 0.7219. Measurement of the La Jol-
la Nd standard yielded 0.511835R 12. Results of
blank measurements are 100^150 pg for Nd and
100^120 pg for Sr. The 143Nd/144Nd ratios are
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expressed as ONd(0), where ONd(0) are isotopic val-
ues normalized to the ‘chondritic uniform reser-
voir’ value (0.512636) of Jacobson and Wasser-
burg (1980).
The carbonate-free fractions of the marine sedi-

ments are referred to here as terrigenous/lithogen-
ic components. Authigenic minerals such as clay
minerals, anhydrite, and Mn and Fe oxides are
di⁄cult to distinguish from detrital minerals. Giv-
en that the terrigenous £ux is relatively high, the
fraction of authigenic minerals is probably very
low. Organic carbon content does not exceed 0.4
wt%. The biogenic barite content, as recalculated
from ‘biogenic’ barium, accounts for 6 0.02 wt%.
Biogenic opal is of minor importance in the sedi-
ments due to the relatively oligotrophic conditions
and dissolution. Thus, consideration of biogenic
opal has been neglected.

3. Results

3.1. Isotope stratigraphy

The N
18O records of cores SL87 and KL66

show a range between 2.75 and 31.75x (Globi-
gerinoides ruber var. white) and 3.75 and 0.3x
(Globigerina bulloides), respectively (Fig. 2). The
variations re£ect the general pattern of the inter-
glacial^glacial changes. The amplitudes are, how-
ever, higher than those from the open ocean as
shown, for instance, by Martinson et al. (1987).
Correlation with the SPECMAP curve (Martin-
son et al., 1987) reveals that core SL87 extends
back to MIS 7.3. From the oxygen isotope stra-
tigraphy, it is evident that the upper part of core
KL66 (comprising the Holocene and part of MIS
2) is absent probably due to disturbance during

Fig. 2. Oxygen isotope stratigraphy and correlation of the investigated cores. Gray areas and numbers indicate the glacial sec-
tions and marine isotope stages (MIS), respectively. Stratigraphy for SL87 is from Weldeab et al. (in press).
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recovery. In order to consider Holocene sediment
for the radiogenic isotope analyses, sediment of
one of the multi-cores was included. The heaviest
N
18O values are measured on samples from MIS
2; MIS 5.5 and 7.1 show pronounced light values.
In SL87, the lightest N

18O value occurs at MIS
6.5, but this is a one point peak. The linear sed-
imentation rate (LSR) varies more than four-fold
between 1.6 and 7.8 cm/kyr in SL87, as shown by
Weldeab et al. (in press). Highest LSR values are
documented at MIS 2 (7.8 cm/kyr) and MIS 6.2
(5.7 cm/kyr).

3.2. Biogenic sediments: Babio-, TOC-, and
CaCO3-accumulation rates

In Fig. 3b the biogenic Ba accumulation rate
(Babio-AR) is shown. The Babio-AR displays dis-
tinct glacial^interglacial cyclicity. Interglacial in-
tervals (MIS 1 and 5) show Babio-AR values
that are generally less than 0.5 mg/cm2/kyr. MIS
3 is characterized by Babio-AR values between 0.8
and 1 mg/cm2/kyr. Glacial periods (mainly MIS 2
and 6.2) show the highest values varying between
1.3 and 2 mg/cm2/kyr. In MIS 4 and the lower
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part of MIS 6, the increase of Babio-AR is not
pronounced.
TOC-accumulation rates (TOC-AR) vary be-

tween 2 and 12 (mg/c2/kyr) during interglacial pe-
riods, and between 4 and 20 (mg/cm2/kyr) during
glacial intervals (Fig. 3c). The highest values of
TOC-AR occur during MIS 2 and 6.2. Great-
er accumulation rates of calcium carbonate
(CaCO3-AR) occur in glacial age sediments of
MIS 2 and 6.2 (Fig. 3d). The average increase
of CaCO3-AR in these stages is two- to fourfold

in comparison to interglacial average values (e.g.
MIS 5).

3.3. Accumulation rate of terrigenous sediment,
Si/Al and Ti/Al ratios

The variation of accumulation of rates of ter-
rigenous sediment (Terrig.-AR), Si/Al and Ti/Al
ratios vs. core depth (SL87) are displayed in
Fig. 4. A pronounced increase of Terrig.-AR is
observed during glacial phases (MIS 2, 4, and
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6.2) varying between 3 and 6 g/cm2/kyr. In con-
trast, interglacial periods (MIS 1 and 3) and the
lower part of MIS 6 are characterized by low
Terrig.-AR showing variation between 1 and 1.7
g/cm2/kyr. MIS 3 shows intermediate values
around 2.3 g/cm2/kyr.
The Si/Al and Ti/Al ratios show pronounced

interglacial^glacial changes together with high ra-
tios during glacial periods (Si/Al up to 3.3 and Ti/
Al up to 0.059) and low ratios during interglacial
periods (Si/Al up to 2.5 and Ti/Al up to 0.048).
The increase is most pronounced during MIS 2
and 6.2 (Fig. 4c,d).

3.4. Sr and Nd isotopic composition of bulk
lithogenic fraction

The down-core variation of 87Sr/86Sr and the
143Nd/144Nd ratio (expressed as ONd(0)) of the

lithogenic component, as well as the relation
of ONd(0) to the 87Sr/86Sr ratios, is shown in
Fig. 5a,b. The analysis was conducted on sedi-
ments of core KL66 (lacking the Holocene sec-
tion and the upper part of MIS 2) and the
multi-core sediments that span the Holocene
(Fig. 5a). The down-core variability of the
ONd(0) values is quite uniform ranging between
312.2 and 311.1. The 87Sr/86Sr ratios display a
somewhat more pronounced oscillation that may
be related to glacial^interglacial cycles. MIS 6,
4, and 2 (glacials) are characterized by higher
87Sr/86Sr ratios showing maximum values of
0.7195, 0.7197, and 0.7202, respectively (Fig.
5a,b). Generally, interglacial intervals show in-
termediate ratios between 0.7175 and 0.7184.
However, intervals MIS 7.1 and 5.5 have low
87Sr/86Sr ratios varying between 0.7155 and
0.7160.
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4. Discussion and interpretation

4.1. Productivity changes

The Babio-AR shows that the Balearic Sea was
marked by low surface water productivity during
interglacial stages MIS 7, 5, and 1 (Fig. 3b). Dur-
ing glacial phases and MIS 3, productivity was
higher than during interglacials. Highest produc-
tivity increase occurs during MIS 2 and 6.2. The
above described productivity variation is also re-
£ected in the TOC-AR (Fig. 3c). The increase of
TOC-AR, however, is less pronounced, especially
during MIS 6.2 in comparison to the changes in-
dicated by the Babio-AR (Fig. 3b,c). The lower
TOC-AR may be related to oxic hemipelagic con-
ditions in which organic matter arriving at the sea
£oor is degraded to its refractory fraction (Stein,
1990). CaCO3-AR is highest during glacial peri-
ods and lowest during interglacial phases. Dilu-
tion, dissolution, and/or a change in carbonate
production could be responsible for the rise and
decline of the carbonate fraction (Van Os et al.,
1994). Sediment redistribution may have also
played an important role in the enhanced
CaCO3-AR (Ruddiman, 1997). This is likely for
the glacial phases where shelf area is exposed to
erosion and redistribution due to sea-level lower-
ing. In this study, the variations in CaCO3-AR
seem to be primarily related to carbonate produc-
tivity and sediment redistribution during glacial
phases (e.g. MIS 2 and 6.2).
As stated above, interglacial periods, and espe-

cially the intervals comprising MIS 7.1, 6.5, 5.5,
and 5.3, appear to represent times of low surface
water productivity. In the EMS, these time inter-
vals correspond to sapropel S7, S6, S5, and S4,
respectively (e.g. Calvert and Fontugne, 2001;
Weldeab et al., in press). Compared to the
EMS, the surface productivity in the WMS is
very low. In core SL87 for instance, the Babio-
AR maxima are 0.8 mg/cm2/kyr in MIS 5.5, 0.4
mg/cm2/kyr in MIS 6.5, and 0.5 mg/cm2/kyr in
MIS 7.1. In contrast, in core SL71 from the
EMS (southwest of Crete), the time-equivalent in-
tervals show Babio-AR of 12.1 mg/cm2/kyr (MIS
5.5VS5), 3.5 mg/cm2/kyr (MIS 6.5VS6), and
8 mg/cm2/kyr (MIS 7.1VS7) (Weldeab et al., in

press). No indication of pronounced productivity
increase is observed in the Early Holocene in sedi-
ment corresponding to sapropel S1 in the EMS.
In the Alboran Sea, the presence of an ORL has
been reported. However, the deposition time of
this layer has been estimated between 10.7 and
14.5 kyr BP (Murat, 1999), which is diachronous
to the S1 in the EMS that starts at 9 kyr BP and
lasts at least to 6 kyr BP (Mercone et al., 2000).
Murat (1999) and Capotondi and Vigliotti (1999)
investigated an ODP core from the Balearic Sea
at Site 975. At this site Capotondi and Vigliotti
(1999) also identi¢ed ORLs, showing TOC con-
tents between 0.8 and 1.5 wt%, and they corre-
lated these ORLs with sapropels S5^S9 of the
EMS. The location of ODP Site 975 is situated
southwest of our core location and has a water
depth of 2416 m. The ¢ndings of Capotondi and
Vigliotti (1999) indicate that slightly enhanced
surface water productivity prevailed here at times
of sapropel formation in the EMS. A high sedi-
mentation rate and, thus, improved TOC preser-
vation rate at the ODP Site may account for the
di¡erences in TOC contents between the two ad-
jacent sites. This seems likely because the ODP
site is more exposed to deep water currents and
hence receives more suspended matter from the
northern WMS. However, the Babio-AR, which
is more reliable for paleoproductivity reconstruc-
tion (e.g. Dymond et al., 1992), does not corrob-
orate the conclusion that surface productivity was
higher during the above mentioned time intervals.

4.2. Terrigenous sedimentation

To characterize the temporal variability of ter-
rigenous sedimentation and to reconstruct prove-
nance changes, the terrigenous accumulation rate,
element ratios (Si/Al and Ti/Al), and the compo-
sition of Sr and Nd isotopes of the lithogenic
fraction will be discussed. In this context, it is
necessary ¢rst to introduce the main contempo-
rary catchment areas of the Balearic Sea and their
geochemical characteristics.

4.2.1. Catchment areas and their geochemical
characteristics
The main catchments of the Balearic Sea, espe-
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cially impacting our core location, are the drain-
age areas of the Rho“ne and Ebro rivers (Fig. 1),
smaller rivers in the northern borderland, and the
North African desert belt in the south. The drain-
age basins of the Rho“ne and Ebro rivers cover a
variety of geologic units, with rainfall ranging be-
tween 500 and 1000 mm/yr (Martin and Milliman,
1997). Sediment loads of the two rivers and the
resulting sedimentation rates in their estuaries and
on the continental shelf are very high (Martin et
al., 1989; Wegrzynek et al., 1997; Zuo et al.,
1997; Guerzoni et al., 1999). Towards deeper
parts of the basin, however, sedimentation rates
rapidly decrease (Zuo et al., 1997). Martin et al.
(1989) estimated a total riverine input of 9U106

t/yr into the northwestern Mediterranean Sea.
However, only 1U106 t/yr of the total riverine
input reaches the open ocean of the WMS (Mar-
tin et al., 1989). Geochemical investigations of the
riverine suspended matter of the Rho“ne and Ebro
rivers are not available. Wegrzynek et al. (1997)
provided individual particle analysis of Rho“ne
suspended matter, sediments from the Gulf of
Lions, and atmospheric inputs using electron
X-ray microanalysis. Although their results give
valuable information on the abundance of certain
grain sizes and associated oxide compositions of
some major elements, the results are, however,
less useful for distinction of bulk geochemical
composition between the riverine and atmospheric
sources. In our study, bulk geochemical analyses
of ¢ve surface sediments from the Gulf of Lions
are included (Fig. 1). These surface samples are
assumed to re£ect mainly the composition of
Rho“ne and Te“t suspended matter due to the
high accumulation rates of sediments from this
source (Zuo et al., 1997). The average element/
Al ratios of the bulk geochemistry of Si and Ti
are: Si/Al = 2.7 and Ti/Al = 0.047. Another, better,
possibility of characterizing sediments and their
provenance is the analysis of the radiogenic iso-
tope composition, such as ONd(0) and 87Sr/86Sr.
This approach has been successfully used in the
EMS (Krom et al., 1999a; Krom et al., 1999b;
Freydier et al., 2001; Weldeab et al., 2002a,b).
For the northwestern Mediterranean Sea, Nd iso-
tope analyses on riverine matter, atmospheric in-

puts, and trapped sediment samples have been
conducted (Frost et al., 1986; Grousset et al.,
1990; Henry et al., 1994). Henry et al. (1994)
provided the most comprehensive study and char-
acterized the di¡erent sediment sources of the
WMS based on their 143Nd/144Nd compositions.
They obtained for Saharan dust an average value
of ONd(0) =313.0 R 1.0, for riverine particles
(mainly from the Te“t and Rho“ne rivers) an aver-
age value of ONd(0) =310.1 R 0.5, and for atmo-
spheric inputs of European origin a value of
ONd(0) =311.2 R 1.0. In agreement with the study
of Frost et al. (1986), Henry et al. (1994) reported
a value of ONd(0) =39.6 R 0.2 from the sediment
water interface of the river Rho“ne.
An important source of terrigenous matter to

the WMS is the Sahara Desert. The Sahara is one
of the largest regional sources of atmospheric
dust, accounting for most of the terrigenous frac-
tion of marine sediment in the tropical/subtropical
Atlantic Ocean and the Mediterranean Sea (for
comprehensive reviews see Rea, 1994; Prospero,
1996; Guerzoni et al., 1999; Goudie and Middle-
ton, 2001). According to Loye-Pilot et al. (1986);
Martin et al. (1989); Guerzoni et al. (1999), the
Saharan dust inputs to the open western Mediter-
ranean Sea constitute more than 80% (V4U106

t/yr) of the total terrigenous (riverine+eolian) £ux.
Within the Sahara, the major source areas for
dust transported towards the western and central
Mediterranean have been identi¢ed. These areas
are geochemically discernible from each other and
are related to speci¢c meteorological conditions
(Bergametti et al., 1989; D’Almeide, 1989; Dulac
et al., 1992; Molinaroli, 1996). 87Sr/86Sr and
143Nd/144Nd (ONd(0)) investigations of Saharan
dust heading towards the WMS show character-
istic signatures varying between 0.712 and 0.724
and ONd(0) =310.9 to 314.6, respectively (Grous-
set et al., 1988; Grousset et al., 1990; Grousset et
al., 1992; Henry et al., 1994; Grousset et al., 1998).
Riverine contribution to the open WMS from
areas bordering the southern shores of the west-
ern Mediterranean is negligible due to the narrow
drainage basin and due to sparse rainfall, which is
less than 500 mm/yr and mainly restricted to
coastal areas (Martin and Milliman, 1997).
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4.2.2. Temporal variation of the detrital fraction
Bearing in mind the present dominant sources

for detrital matter and their geochemical and ra-
diogenic isotope characteristics, temporal varia-
tions of the bulk geochemistry as well as Sr and
Nd isotopic composition of the bulk lithogenic
fraction will be discussed with regard to climate-
coupled changes of atmospheric circulation and
vegetative cover over the source areas.
As mentioned in Section 3 and depicted in Fig.

4c,d, the Si/Al and Ti/Al ratios are highest during
glacial phases, especially during MIS 2 and 6
(average of Si/Al = 3.10 and Ti/Al = 0.055) and
lowest during interglacial phases (average of Si/
Al = 2.55 and Ti/Al = 0.05). A pronounced gla-
cial^interglacial pattern is also displayed by
Terr.-AR being high during glacials and low dur-
ing interglacials.
The radiogenic isotope distribution patterns re-

veal shifts in the importance of di¡erent prove-
nance. Glacials, such as MIS 2 and 6, are domi-
nated by detrital matter that is characterized by
more radiogenic 87Sr/86Sr ratios. ONd(0) values,
however, do not show any convincing variability.
The observed variation in element/Al ratio

could be caused either by an increase or decrease
of contribution of certain clay minerals (e.g. kao-
linite vs. smectite) or varying quartz and titanium-
bearing heavy minerals. While the variation of
kaolinite/smectite contents can be explained by
changes in provenance as shown in the EMS
(Foucault and Me'lie'res, 2000), contents of high
quartz and Ti bearing minerals could be also con-
trolled by wind speed. High wind speed may have
caused mobilization of coarser weather-resistant
minerals such as quartz, titanomagnetite, rutile,
and ilmenite from distant areas (Wehausen and
Brumsack, 2000; Moreno et al., 2001).
Combined geochemical investigations and tra-

jectory reconstructions of Saharan dust (deduced
from satellite images) heading toward the WMS
indicate three productive dust sources in North
Africa (Bergametti et al., 1989; Chiapello et al.,
1997; Moulin et al., 1997). According to Berga-
metti et al. (1989), dust from Morocco and west-
ern Algeria is characterized by a mean value of Si/
Al = 2.7 (n=15), dust from eastern Algeria, Tuni-
sia and western Libya by an average value of Si/

Al = 2.2 (n=17), and dust from areas of southern
Sahara and the Sahelian zone (‘South of 30‡N’)
are marked by mean values of Si/Al = 2.9 (n=12).
The predominance of one of the three dust sour-
ces is controlled by the position of the Inter-Trop-
ical Convergence Zone (ITCZ), which determines
the position of the subtropical anticyclones
(Azores and Libyan ones). The anticyclone center,
in turn, determines the southward extent of the
incursion of cold polar air masses (Bergametti et
al., 1987). Thus, for instance, the enhanced con-
tribution of dust from ‘South of 30‡N’ to the
WMS is associated with high/low pressure con¢g-
urations generated by the southernmost position
of the ITCZ during winter. This con¢guration
causes a more southerly position of the anticy-
clone center.
The Late Pleistocene variability of lithogenic

sediment delivery to the WMS can be recon-
structed from the present di¡erent dust sources
in the southern catchment area, their geochemical
characteristics, and related atmospheric circula-
tion (e.g. Bergametti et al., 1989). The isotope
signatures of lithogenic sediments during glacials
indicate a prevalence of detrital matter marked by
more radiogenic 87Sr/86Sr ratios and high Si/Al
ratios as shown in Fig. 6. In this context, the
question arises whether the observed changes in
the terrigenous composition during glacial phases
were related to changes in the quantitative input
from the northern catchment areas. The glacial
eustatic sea-level lowering was up to 130 m rela-
tive to the present day (i.e. Fleming et al., 1998).
As a consequence, shelf areas would have been
exposed to erosion and, thus, input of detrital
matter to the basins may have been increased.
Sediments of the northern riverine matter, how-
ever, are characterized by more radiogenic values
(between ONd(0) =39.6 and ONd(0) =310.1 R 0.5)
as reported by Frost et al. (1986) and Henry et
al. (1994), and lower Si/Al and Ti/Al ratios as
shown from surface sediments of the Gulf of
Lions in this study. Assuming that the presented
surface sediment data are representative for the
riverine sediments, it is not likely that the ob-
served temporal lithogenic variations are mainly
controlled by dominance of sediment input from
the northern catchment area. However, change of
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the catchment areas of the northern rivers and
change in the chemical compositions would result
in inadequate assessment of the riverine inputs. A
further constraint is also the lack of data from
suspended matter of the Ebro River.
Comparison of the element/Al ratios and the Sr

isotope signatures of the Saharan dust from re-
gions ‘South of 30‡N’ (southern Sahara and Sa-
helian region) and those of the glacial sediments
argues for predominance of the southern sources
of terrigenous matter at glacial intervals. Closer
inspection, however, reveals that sediment inputs
with Si/Al and Ti/Al ratio greater than that of
southern sources identi¢ed by Bergametti et al.
(1987) must also have been important at these
periods. Grain-size dependent geochemistry alone
is not likely to explain this observation. Since the
ONd(0) values, which are less grain-size dependent
(Goldstein et al., 1984; Walter et al., 2000), also
show signatures that are quite uniform and prob-

ably represent a mixture of less radiogenic sedi-
ments of southern source (Grousset et al., 1998)
and a sediment source with more radiogenic
ONd(0) values. Based on the data available, we
are not able to identify the latter. At present,
the relative amount of sediment input from the
southern Sahara and Sahelian region to the
WMS is low and occurs in winter when the
ITCZ reaches its southernmost position (Berga-
metti et al., 1987; Dulac et al., 1992). During
glacial phases, when the ITCZ occupied a more
southerly average position and higher aridity and/
or high wind speeds prevailed (e.g. Matthewson et
al., 1995), the frequency and intensity of dust ex-
port to the WMS from the southern Sahara and
Sahelian regions could have intensi¢ed. Similarly,
for the North Atlantic Ocean, evidence of inten-
si¢ed northeasterly and easterly wind and/or high
aridity has been reported (Pokras and Mix, 1985;
Hooghiemstra and Agwu, 1988; Balsam et al.,
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1995; Matthewson et al., 1995; Ruddiman, 1997;
Martinez et al., 1999; Yarinick et al., 2000).
Interglacial (MIS 1 and 5) compositions of ele-

ment/Al ratios vary between Si/Al = 2.6^2.47 and
Ti/Al = 0.05^0.047. According to Bergametti et al.
(1989), these Si/Al ratios argue for dusts originat-
ing from Morocco/western Algeria and Tunisia/
western Libya. At present the frequency and in-
tensity of dusts from these areas heading toward
the WMS predominate (Dulac et al., 1992, Berga-
metti et al., 1987). This dominance is re£ected in
modern and interglacial sediments such as MIS 5
as shown in this study (Fig. 4c,d). Subsequently
the moderate 87Sr/86Sr ratios and ONd(0) values
may be interpreted to characterize sediments
showing a dominance of dusts from Morocco/
western Algeria and Tunisia/western Libya. Dur-
ing interglacials there are intervals showing least
radiogenic 87Sr/86Sr ratios (Figs. 5 and 6).
Although the stratigraphy in KL66 is not very
precise because of the coarser sampling intervals,
one may speculate that the lower 87Sr/86Sr ratios
coincide with short-term humid phases in the
southern source areas (Le'zine and Casanova,
1991). This result may point to reduced input of
dust from southern source areas due to humid
climate and denser vegetation cover. In the
EMS, the reduction of Saharan dust due to humid
climate and, subsequently, reduced dust mobiliza-
tion has been clearly documented by means of Sr
and Nd isotope composition of the lithogenic
fraction during sapropel formation (Krom et al.,
1999b; Freydier et al., 2001; Weldeab et al.,
2002b). By analogy, and based on our observa-
tion, this could be also assumed for dust sources
of the WMS.
As shown in this study (Figs. 4^6), lithogenic

variations in the WMS mainly co-vary with gla-
cial^interglacial phases. However, lithogenic var-
iations in the EMS vary with the precession
cycles. Thereby, the Saharan dust input is reduced
at time of precession minima in the northern
hemisphere, i.e. intensi¢cation of African mon-
soon (Wehausen and Brumsack, 2000; Calvert
and Fontugne, 2001; Weldeab et al., 2002b).
This di¡erence is surprising since the Sahara is a
common (eolian) source area for both the WMS
and the EMS. Furthermore, it has been shown

that a monsoon-driven increase of humidity pre-
vailed and northward extension of vegetation cov-
er occurred simultaneously in the western, central,
eastern parts of North Africa during northern
hemisphere insolation maxima (Causse et al.,
1989; Pachur and Kro«pelin, 1989; Le'zine and
Casanova, 1991). This implies that all dust sour-
ces for the WMS, as well as for the EMS, were
in£uenced by denser vegetation cover as the result
of humid conditions. Thus, additional factors
should be considered for the discrepancy in Sa-
haran dust input between both the western and
eastern basins. It has been demonstrated that
the presence of di¡erent cyclones is responsible
for the Saharan dusts heading toward the WMS
and the EMS (Bergametti et al., 1989; Dulac et
al., 1992; Moulin et al., 1997). As a possible ex-
planation for the discrepancy in dust input, it
could be speculated that cyclones responsible for
Saharan dust transport toward the EMS were no-
tably weakened during the humid periods in
North Africa. To substantiate this hypothesis,
however, further studies are required. Neverthe-
less, this study in comparison with previous works
in the EMS (for instance Calvert and Fontugne,
2001, Weldeab et al., 2002b, in press) shows that
the WMS and the EMS respond di¡erently to the
insolation climatic induced changes in their source
areas.

5. Summary and conclusions

This investigation is based on material from
two adjacent cores (SL87 and KL66) from the
Balearic Sea in the WMS. Core SL87 was sub-
sampled in high resolution (mostly between 2
and 4 cm) and analyses have been conducted for
element composition of the bulk sediment as well
as TOC and carbonate contents. The stratigraphy
of SL87 was established in a previous study by
Weldeab et al. (in press). Sampling resolution is
coarser in KL66 varying between 10 and 15 cm.
Oxygen isotope stratigraphy of KL66 reveals that
the Holocene section and upper part of MIS 2 is
absent. In order to consider the Holocene, an
upper interval from multi-corer material was in-
cluded in the investigation. In both KL66 and the
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multi-corer core 87Sr/86Sr and 143Nd/144Nd of the
bulk lithogenic fraction has been measured.
Based on the Babio-AR, variations in surface

water productivity have been reconstructed. Pro-
ductivity in this part of the basin is generally low
throughout the Late Pleistocene. The Babio-AR
reveals, however, that during glacial phases such
as MIS 2 and 6.2 surface productivity was en-
hanced. Furthermore, sediment intervals that cor-
respond to times of sapropel formation in the
EMS show no increases in surface productivity.
This result may indicate environmental decou-
pling of the two basins during the formation of
the Late Pleistocene sapropels in the EMS.
Variability of terrigenous input is reconstructed

on the basis of Terrig.-AR, bulk element/Al ra-
tios, and Sr and Nd isotope composition of the
lithogenic fraction. During glacial periods Terrig.
AR is high and dust originating from the south-
ern Sahara/Sahelian region and sediment source
that could not clearly identi¢ed may have been
dominating (Fig. 6). Enhanced sediment input
from shelf areas due to sea-level lowering may
also have been important during the glacial
phases. The enhanced contribution from the
southern region can be attributed to a more
southerly average position of the ITCZ and di¡er-
ent subtropical high/low pressure con¢gurations.
The element/Al ratios and isotope signatures dur-
ing interglacial phases are similar to that of mod-
ern surface sediment implying comparable condi-
tions.
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