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Abstract
We present grain-size distributions of the terrigenous fraction of two sediment cores from the southeast Levantine Sea (SL112) and
the northern Aegean Sea (SL148), spanning the time interval from the late glacial to the present. End-member modelling of the grainsize distribution allows discriminating between aeolian and fluvial transport of the sediments and helps to infer palaeoenvironmental
conditions in the source areas. Sedimentary and depositional processes during the late glacial and Holocene were controlled by
climatic variations of both the northern high latitudes and the African climate system. The sedimentation at site SL112 off Israel is
dominated by the suspension load of the River Nile and aeolian dust from the Sahara. Variations in grain size reflect the early to midHolocene climate transition from the African Humid Period to recent arid conditions. This climate change was gradual, in contrast to
the abrupt humidity change documented in Western Saharan records. This implies a successive decrease in Nile river sediment supply
due to a step-wise aridification of the headwaters. The grain-size data of SL112 show a humidity maximum at 5 kyr BP coincident with
a regionally-restricted wet phase in the Levantine Sea. The sediments at the North Aegean site SL148 consist of riverine particles and
low amounts of aeolian dust, probably derived from South European sources and with probably minor Saharan influence. The
sedimentation processes are controlled by climate conditions being characterized by enhanced deposition of dust during the cold and
dry glacial period and by decreased aeolian influx during the temperate and humid Holocene.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction
The Eastern Mediterranean Sea with the Aegean and
the Levantine Seas is an intercontinental ocean, semi-
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enclosed by land (Fig. 1). It is influenced by different
climate regimes. The temperate and humid climate of
southeast Europe and Turkey characterizes the northern
borderland. In contrast, arid conditions control North
Africa and the Near East (Bolle, 2003). The severely
different climates find their expression in different types
of vegetation, weathering and sediment transport processes. This special setting makes the Eastern Mediterranean Sea a key area for recording past climatic variations
of the surrounding land masses.
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Fig. 1. Map of the Eastern Mediterranean Sea and adjacent areas with locations of sediment cores GeoTü SL112 and GeoTü SL148 marked by black
stars. Major rivers and lakes are shown. Black-framed grey arrows indicate major wind systems. Simplified present-day sea-surface circulation is
represented by grey elongated arrows (Aksu et al., 1995; Pinardi and Masetti, 2000; Lykousis et al., 2002). 100 m depth contour is given.

Several sedimentological studies have shown that the
composition of surface sediments in the Eastern Mediterranean Sea is mainly controlled by the characteristics of
the source areas, the climatic conditions on the adjacent
continents and the sediment distribution by wind and

ocean currents. Venkatarathnam and Ryan (1971) were
among the first who discriminated between different clay
mineral assemblages in the Eastern Mediterranean Sea
and attributed the abundances of smectite, illite, kaolinite
and chlorite to individual source areas. Ehrmann et al.
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(2007a) expanded such provenance studies to the Aegean
Sea.
Late Quaternary marine sediment records allowed
deducing environmental changes and various oceanographic processes, which are tightly linked to climatic
variations (e.g. Foucault and Melières, 2000; Gasse, 2000;
Mayewski et al., 2004; Robinson et al., 2006, and
references therein). A large number of sedimentological,
geochemical and faunal studies in the Aegean Sea
succeeded to reconstruct the climatic conditions and to
document the general trend from cold, glacial climate
conditions of the late Pleistocene to the warm, interglacial
conditions of the Holocene (e.g. Cramp et al., 1988;
Geraga et al., 2000, 2005; Ehrmann et al., 2007b; Kuhnt
et al., 2007). In the Levantine Sea, Schilman et al. (2001a,
2001b) used the stable isotope composition of foraminifera in addition to geochemical data on the bulk sediment
to reconstruct environmental changes in the hydrological
balance of the African continent during the late Holocene.
Other palaeoclimatic studies in the Eastern Mediterranean
Sea and adjacent areas concentrated on the impact of
short-term climate events during the late Quaternary, e.g.
Heinrich events, the Younger Dryas, the ‘8.2 kyr event’
and the ‘4.2 kyr event’, which had significant impacts on
the depositional regime. These short events have been
related to large-scale changes in the world ocean's
thermohaline circulation triggered for example by the
rapid input of freshwater into the North Atlantic (e.g.
Bond et al., 1993; Rohling and Pälike, 2005; Robinson
et al., 2006, and references therein) as well regional
climatic variations (Cullen et al., 2000; deMenocal, 2001;
Migowski et al., 2006). Furthermore, a large number of
studies addressed the phenomenon of sapropel formation
(e.g. Rohling, 1994, and references therein; Aksu et al.,
1995; Rossignol-Strick, 1995; Cramp and O'Sullivan,
1999; Emeis et al., 2000, 2003; Casford et al., 2002, 2003;
Meyers, 2006).
The findings from continental records in the Near
East are in general agreement with the marine
reconstructions and also reflect the long-term trend
with intercalated short events (e.g. Bar-Matthews et al.,
1999; Felis et al., 2004; Frumkin and Stein, 2004). Lake
level reconstructions in the Dead Sea system provided
important additional information about the prevailing
local humidity and precipitation patterns. Thus, major
lake level lowerings reflect an increasing aridity, for
example during Heinrich events. Lake level high stands
characterize more humid intervals, e.g. during the last
glacial (e.g. Neev and Emery, 1995; Bartov et al., 2003).
Despite all these studies, the complex interplay
between terrestrial and oceanic processes during late
Quaternary climatic changes that left their imprint in the
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sediment composition of the Eastern Mediterranean Sea
is still poorly understood, because this area is influenced
by both northern hemisphere/polar and monsoonal/
tropical climate signals. In particular, high-resolution
sedimentological studies are rare.
In this paper, we use grain-size distributions to reconstruct sedimentary processes and climatic changes in the
region of the Eastern Mediterranean Sea for the last 27 kyr.
Especially, we use the method of end-member modelling
on the silt fraction. Comparable grain-size records so
far are only available in the Western Mediterranean Sea
(Moreno et al., 2002). We analyzed two sediment cores
from the southeastern Levantine Sea and the northern
Aegean Sea (Fig. 1). The cores cover the late glacial and
Holocene time intervals in high temporal resolution. The
main aims of our study are the understanding of the impact
of climate changes on the sedimentation processes and
the separation of the prevailing sediment transport mechanisms. Especially we highlight aeolian versus fluvial
sediment fluxes and demonstrate differences between the
northern and southern realms.
2. Environmental setting
2.1. Climatic conditions, oceanography and wind
systems
The Eastern Mediterranean Sea is situated between
two major climatic regimes. The northern and northwestern part is governed by the temperate and humid
climate of southeast Europe. In contrast, the southern
and southeastern part is influenced by the arid conditions of northern Africa, the Arabian Peninsula and the
Near East. While the North Atlantic Oscillation (e.g.
Hurrell et al., 2003) controls the northern part, the
fluctuations of the Intertropical Convergence Zone and
the Monsoon/ENSO/Indian Ocean Dipole system influence the southern part (e.g. Schott and McCreary, 2001;
Slingo et al., 2002; Saji and Yamagata, 2003).
The surface water of the Eastern Mediterranean Sea
generally circulates in an anticlockwise gyre (Fig. 1). It
flows parallel to the North African coast towards the
east, then turns towards the north and flows along the
coast of Israel, Lebanon, Syria to the southern coast of
Turkey (e.g. Pinardi and Masetti, 2000). A fraction of
this surface water enters the Aegean Sea through several
straits of the Hellenic Arc. In the eastern Aegean Sea, it
moves to the north and mixes with the cool and lowdensity Black Sea Water (BSW) entering through the
Dardanelles. This water then flows towards the south
(Lykousis, 2001), passes the island chain of Greece and
enters the Ionian Sea (Fig. 1).
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The mean temperature of the Mediterranean Surface
(MSW) in the Eastern Mediterranean Sea is 15–
27 °C (Wüst, 1960). Its salinity increases steadily during
its eastward flow from 38‰ to values N 39‰ (Wüst,
1960). Levantine Intermediate Water (LIW) forms south
of Turkey during winter by high evaporation and intense
convection (Wüst, 1961; Pickard and Emery, 1982).
This warm, saline and well-oxygenated water mass
flows from 200 to 600 m depth. Eastern Mediterranean
Deep Water (EMDW) is formed during winter in the
southern Adriatic Sea and the southern Aegean Sea and
fills the Ionian and Levantine basins below 800 m
(Wüst, 1961; Malanotte-Rizzoli and Hecht, 1988; Klein
et al., 1999).
Several dust-bearing winds are relevant for the
Eastern Mediterranean region. The Aegean Sea is
influenced by the northerly wind system named Etesian
in Greece and Meltemi in Turkey (Karalis, 1976;
Raicich et al., 2003). The Khamsin influences Egypt
and the Near East, blowing from south and southwest. It
is associated with particularly intensive dust storms
(Stanley and Wingerath, 1996). Furthermore, Scirocco
winds from south and southwest carry large volumes of
dust and give the air a yellowish color, which is
prominent in satellite images (Goudie and Middleton,
2001). Simoon is an important dust-bearing wind in
Central and North Africa, which also affects the
Mediterranean Sea from the south (Camuffo, 1993).
Additionally, Saaroni et al. (1998) described strong
easterly winds in Israel, called Sharqiya, which develop
over the Near East and bring dust storms to the eastern
Levantine Sea.
Water

2.2. Sediment supply to the Eastern Mediterranean Sea
The main sediment influx to the Eastern Mediterranean
Sea is through rivers. The supply by rivers draining
southeast Europe and western Turkey into the Aegean Sea
is about 50 × 106 t/yr; the suspension load entering the
Aegean Sea through the Dardanelles Strait, in contrast, is
only ca. 0.9 × 106 t/yr (compilation by Ehrmann et al.,
2007a). The Seyhan River complex is important for
sediment supply from southern Turkey, but is characterized by strong seasonal variations in water discharge

(Shaw, 1978). The small seasonal rivers of the coastal
areas of Turkey and Cyprus supply only negligible
amounts of sediment. Only a few perennial and some
ephemeral rivers in Syria, Lebanon and Israel flow into
the Eastern Mediterranean Sea. Their discharge is
relatively low. The Yarqon is the most important of
these rivers, although with minor importance regarding
sediment supply (Fig. 1; Stanley et al., 1997; Sandler and
Herut, 2000). Furthermore, Wadi El-Arish draining the
Sinai mainly during winter floods provides some
sediment (Sandler and Herut, 2000). In the south, the
Eastern Mediterranean Sea receives large quantities of
sediment by the River Nile. The annual suspension load
prior to the construction of the Aswan dam in 1964 was
some 120–160 × 106 t/yr (Holeman, 1968; Milliman and
Syvitski, 1992; Stanley and Wingerath, 1996), or even
230 × 106 t/yr (Garzanti et al., 2006).
The aeolian sediment supply to the Eastern Mediterranean Sea may be as important as the riverine influx in
some regions, or may even be the dominant sediment
source (Guerzoni et al., 1999). The present aeolian dust
influx from Africa was estimated at 25–100 × 106 t/yr to
the Eastern Mediterranean and 80–120 × 106 t/yr to
Europe (Goudie and Middleton, 2001, and references
therein). Annual dust rates of approximately 30–60 g/m2
have been reported for the southeastern Levantine Sea
(Ganor and Foner, 1996; Herut and Krom, 1996). The
annual rates for the Aegean Sea are somewhat lower
(10–40 g/m2; Nihlen and Olsson, 1995).
3. Material and age model
The investigated gravity cores were recovered from
the southeastern Levantine Sea off Israel (GeoTü
SL112) and the northern Aegean Sea south of Sithonia
(GeoTü SL148) during RV Meteor cruise M51/3 in
2001 (Hemleben, 2002; Fig. 1; Table 1). Samples were
taken at intervals of 2.5 cm from the upper 3.3 m of core
SL148. Core SL112 was sampled in 4 cm intervals to the
total length of 5.31 m.
The dominant lithology of the sediment cores is greyish brown to greenish black mud and partly foraminiferbearing mud with small amounts of sand. The sediments
are moderately to strongly bioturbated and have high

Table 1
Positions of sediment cores recovered during expedition M51/3 and investigated for this study
Core

Latitude

Longitude

Water Depth

Location

GeoTü SL 112
GeoTü SL 148

32° 44.52′ N
39° 45.23′ N

34° 39.02′ E
24° 05.78′ E

892 m
1094 m

Israelian Continental Slope
N Aegean Sea, S of Sithonia

The sites are also indicated in Fig. 1.
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water contents. Bulk mineralogical analyses show clay
minerals, quartz, feldspars, calcite, and minor amounts of
amphibole and plagioclase as the key components. The
carbonate content is N50% in some intervals of SL112,
whereas in SL148 it is generally b 25%. The clay fraction
consists mainly of illite, kaolinite, smectite, and chlorite
in variable concentrations; palygorskite was identified
in SL112 throughout the core. Faunal and floral constituents are mainly foraminifera, pteropod fragments, minor
amounts of echinoderm fragments, sponge spicules,
bivalves, and rare scaphopods, coccoliths, radiolarians,
ostracods, and fish remains.
Both sediment cores contain sapropel layer S1, dark
olive grey in color. In core SL112, S1 is moderately to
faintly laminated. In core SL148, this layer can be
subdivided into units S1a and S1b. S1a appears slightly
bioturbated, with the bioturbation intensity decreasing
downwards. S1b is strongly bioturbated. In core SL148,
the Y2-Tephra (Wulf et al., 2002) occurs at a depth of
348 cm, below the analyzed core section. In core SL112,
a yet unknown whitish ‘S1 tephra’ of ca. 1 mm thickness
was found within S1 at a depth of 260 cm.
The age model for core SL148 has been taken from
Ehrmann et al. (2007b). The age model for core SL112
has been obtained from 14C-accelerator mass spectrometry (AMS) dating on well-preserved shells of planktonic foraminifera (G. ruber white, G. ruber pink,
G. sacculifer, G. bulloides, G. siphonifera, O. universa,
T. quinqueloba, N. incompta). The data were corrected
for a reservoir age of 400 years (Siani et al., 2001) and
converted to calendar years with the radiocarbon calibration software of Fairbanks et al. (2005). The age
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Fig. 2. Depth–age plot for cores GeoTü SL112 and GeoTü SL148. The
given age points are listed in Table 2.

models (Table 2; Fig. 2) were calculated by using the
AnalySeries software (Paillard et al., 1996).
4. Methods
All samples were freeze-dried and treated with 10%
hydrogen peroxide and 10% acetic acid in order to
remove organic matter and carbonate, respectively.
Then they were sieved through a 63-μm mesh to isolate
the sand fraction. The silt and clay fractions were
separated by the Atterberg method in settling tubes.

Table 2
Data used for reconstruction the age model for the investigated cores GeoTü SL148 and GeoTü SL112

GeoTü SL112

GeoTü SL148a

a

Core depth

14

C age

Calendar age

(cm)

(kyr BP)

(cal. kyr BP)

0.00
100.00
201.00
260.00
365.00
498.00
0.00
71.25
117.50
156.25
285.00
348.00

3.035 ± 0.030
5.505 ± 0.030
8.365 ± 0.065
12.985 ± 0.060
20.930 + 0.130 /− 0.120
4.750 ± 0.040
10.195 ± 0.050
16.070 ± 0.090

Data and the age model for GeoTü SL148 have been taken from Ehrmann et al. (2007b).
Rohling and Pälike (2005).
c
Wulf et al. (2002).
b

0.000
2.754 ± 0.011
5.873 ± 0.052
8.833 ± 0.139
14.804 ± 0.115
24.477 ± 0.185
0.000
4.899 ± 0.057
8.200
11.217 ± 0.027
18.878 ± 0.097
21.950

Datum

Sediment surface
C AMS dating
14
C AMS dating
14
C AMS dating
14
C AMS dating
14
C AMS dating
sediment surface
14
C AMS dating
S1-interruptionb
14
C AMS dating
14
C AMS dating
Y2-Tephrac
14
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Fig. 3. End-member modelling results of grain-size data of cores GeoTü SL112 (A), and GeoTü SL148 (B). I. Summary statistics of input data (grainsize distributions); maximum, mean and minimum frequency recorded in each size class. II. Coefficients of determination (r2) for each size class of
models with 2–10 end-members. III. Mean coefficient of determination (r2 mean) of all size classes for each end-member model. IV. Grain-size
distributions for the three end-member solution.
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Grain-size distributions of the carbonate-free silt
fraction were measured in 31 size classes in the size
range 0–63 μm using a Laser Particle Sizer ‘Analysette
22′ (Fritsch GmbH). We measured each sample four
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times and calculated the mean of the measurements for
each sample. The standard deviations between the four
measurements ranged in core SL112 from 0.051 μm
to 0.313 μm, with a mean of 0.143 μm, and in core

Fig. 4. Sedimentological parameters of GeoTü SL112 (SE Levantine Sea). A) Clay content in %, B) Silt content in %, C) Sand content in %,
D) Quartz/smectite ratio, E) Proportions of EM1 on the carbonate-free sediment in %, F) Relative abundance of the three end-members. Dark grey bar
indicates sapropel layer S1; light grey bars indicate Heinrich Events H1 and H2. African Humid Period marked after Renssen et al. (2006). Arrows at
the top indicate 14C dates used for constructing the age model of GeoTü SL112 (Table 2, Fig. 2), YD: Younger Dryas, B–A: Bølling–Allerød, LGM:
Last Glacial Maximum.
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SL148 from 0.046 μm to 0.266 μm, with a mean of
0.134 μm.
We fed our grain-size data into an end-member (EM)
model that was generated by Weltje (1997) and can be

used to separate a polymodal dataset into its subpopulations. The coefficients of determination are visualized
against grain size for models with 2–10 end-members
(Fig. 3A.II, B.II). These coefficients of determination

Fig. 5. Sedimentological parameters of GeoTü SL148 (N Aegean Sea). A) Clay content in %, B) Silt content in %, C) Sand content in %, D) Quartz/
illite ratio, E) Proportions of EM1 on the carbonate-free sediment in %, F) Relative abundance of the three end-members. Dark grey bars indicate
sapropel layers S1a and S1b; light grey bar indicates Heinrich Event H1. Arrows at the top indicate 14C dates and S1 interruption used for constructing
the age model of GeoTü SL148 (Table 2, Fig. 2), YD: Younger Dryas, B–A: Bølling–Allerød, LGM: Last Glacial Maximum.
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are calculated to estimate the minimum number of endmembers for a satisfactory approximation of the data,
calculated from a goodness-of-fit statistics. The coefficients of determination describe the proportion of the
variance of each single grain-size class that is
reproducible by the approximated values. This proportion is equal to the squared correlation coefficient (r2) of
the entered variables and their approximated values
(Weltje, 1997). The mean of r2 of the grain-size classes
increases with the number of end-members (Fig. 3 A.III,
B.III). The proportion of EM1 on the carbonate-free
sediment has been calculated (Figs. 4E and 5E).
For core SL112, we calculated the quartz/smectite
ratio. Smectite has been shown to reflect mainly the
influx of the Nile (Venkatarathnam and Ryan, 1971;
Stanley and Wingerath, 1996), although it may be also
present to some degree in Saharan dust (Ganor and
Foner, 1996; Goudie and Middleton, 2001). Quartz is an
omnipresent sediment component, but is especially
enriched in Saharan dust (e.g. Guieu and Thomas, 1996;
Goudie and Middleton, 2001; Moreno et al., 2002).
Thus, changes in the quartz/smectite ratio may give
some indication on aeolian versus fluvial sediment
influx. For core SL148, we calculated the quartz/illite
ratio with illite indicating terrigenous supply, transported by rivers discharging into the Aegean Sea
(Ehrmann et al., 2007a, and references therein).
Illite concentrations have been taken from Ehrmann
et al. (2007b) for core SL148, smectite concentrations
have been quantified by the same standard method for
SL112. Quartz was determined as quartz/Al2O3 ratio by
X-ray analyses of random powder mounts of 1 g ground
bulk sediment mixed with 200 mg Al2O3 as an internal
standard.
5. Results
All raw data of our sedimentological investigations
can be retrieved from the Pangaea data base of the
Alfred Wegener Institute at Bremerhaven, Germany
(www.pangaea.de).
The investigated grain-size parameters show distinct
temporal variations but also differences between the
cores (Figs. 4A–C and 5A–C). Both cores have low
terrigenous sand contents and show strong variations in
the clay and silt concentrations. The Levantine core
SL112 is characterized by sand contents of b 6%. The
glacial core section is generally coarser than the postglacial section and has ca. 40% silt and ca. 60% clay.
The most pronounced maximum in grain size, with 6%
sand, 50% silt and 44% clay, occurs at ca. 16 kyr BP.
Above this interval, the grain size decreases step-wise
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until ca. 6 kyr BP to b 12% silt andN85% clay. Subsequently, the grain size increases again to ca. 30% silt and
70% clay at the sediment surface. The Aegean core
SL148 is characterized by sand contents of b 3%. The
silt contents range from 25% to 45%. They are higher in
the 22–12 kyr old glacial sediments (in average 37%)
than in the younger part of the core (ca. 30%). The clay
concentration increases from ca. 60% in the older part to
ca. 70% in the younger part of the core.
In core SL112, the quartz/smectite ratio is higher in
the deeper part of the core with variations around 0.08
whereas the upper part shows lower values between
0.02 and 0.03 (Fig. 4D). In core SL148, the quartz/illite
ratio range between 0.08 and 0.12 in the deeper part and
between 0.06 and 0.08 in the upper part of the core
(Fig. 5D).
The average grain-size distribution of the silt
fractions in cores SL112 (n= 133) and SL148 (n = 137)
has a modal grain size near 10 μm (Fig. 3 A.I, B.I).
Fig. 3 A.II, B.II show the coefficients of determination
plotted against grain size for models with two to ten endmembers. In both cores the three-end-member model
shows high r2 for all size classes of the silt fraction
(r2mean = 0.92 in SL112; r2mean = 0.79 in SL148). The
goodness-of-fit statistics show that the three-endmember model for both cores is the best compromise
of the number of end-members compared to the
coefficients of determination. The grain-size distributions of the end-members of cores are shown in Figs. 3
A.IV, B.IV.
The share of EM1 on the carbonate-free sediment in
core SL112 varies from 0 to 40% (Fig. 4E), whereas in
core SL148 the amounts are distinctly lower, in general
between 0 and 20% (Fig. 5E). The proportional downcore distributions of the end-members of the studied
cores are given in Figs. 4F and 5F. The deeper part of
core SL112 is dominated by EM3 with values between
0.25 and 0.8. During the upper part, EM3 becomes less
important, whereas EM2 rises to 0.4–0.8. EM3 shows
highest values between 10.5 and 5.5 kyr BP. In core
SL148, EM1 is most abundant in the deeper part of the
core, similar to SL112, with a mean value of 0.4. EM1
decreases in the upper part to a mean value of 0.3. EM2
and EM3 show a much more complicated distribution
pattern and vary strongly throughout the core.
6. Interpretation of the end-member model
The end-member model of Weltje (1997) can be used
to identify transport and sedimentation processes from
the grain-size distribution of the terrigenous silt fraction.
Thus, this algorithm provides a tool to separate the
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particle-size distribution into a limited number of
subpopulations (Prins et al., 1999) that have been
interpreted in terms of variations in bottom current
speed and iceberg discharge (Prins et al., 2002), increase
of aridity and enhanced wind strength (Stuut et al.,
2002), aeolian versus fluvial transported material (Holz
et al., 2004). For the particular case of the Western
Mediterranean Sea, this technique has been applied by
Moreno et al. (2002) sediments of the last glacial period
(50–28 kyr BP) in order to discriminate between aeolian
input, fine-grained fluvial discharge and a coarser size
fraction supplied after torrential rains.
When interpreting the environmental significance of
the individual end-members in the cores from the
southeastern Levantine Sea and the northern Aegean
Sea, we regard the two investigated cores separately,
because the end-members are generally influenced by
regional atmospheric, oceanographic and sedimentological factors such as, amongst others, nature and distance
of sediment source, transport regimes, bottom current
strength.
6.1. GeoTü SL112 (southeastern Levantine Sea)
EM1 of the silt fraction in core SL112 has a modal
grain size of 40 μm (Fig. 3 A.IV). Comparison with
grain sizes of modern aeolian sediments derived from
the Sahara provides a strong argument that EM1 can be
used as a proxy for aeolian sediment input. Possible dust
sources for SL112 are the eastern Libyan Desert, central
Algeria, Egypt and Sudan (Fig. 1). Dust sources in the
Middle East are of very minor importance. The Saharan
dust is transported by the Scirocco and Khamsin
(Assallay et al., 1998; Goudie and Middleton, 2001;
Engelstaedter et al., 2006). Coudé-Gaussen (1991) and
Holz et al. (2004) reported median particle sizes of 5–
40 μm and 43 μm, respectively, for North African dust.
Saharan dust samples collected in Israel during storms
blowing from northern Libya and Egypt consist of 70%
silt and 30% clay with a mean in the 20–50 μm size
range (Ganor and Mamane, 1982), and a mean silt size
of 40 μm, respectively (Ganor and Foner, 1996), i.e. just
the size of our EM1. EM1 shows the best sorting of all
end-members in core SL112 (Fig. 3 A.IV) that further
supports its aeolian origin. In addition, the good
correlation in the long-term record of EM1 and the
quartz/smectite ratio supports our aeolian interpretation
of EM1 based on the fundamentally different input
parameters.
Nevertheless, the aeolian interpretation of EM1 has
to be considered critically. Processes such as the glacial
sea level low stand may affect the grain-size data. In the

Levantine Sea, no major rivers discharged into the basin
from the east. Thus, the position of the core site close to
the coast could not result in an increased input of fluvial
sediment. Also the outflow of the river Nile, at present
time the most important sediment source in the
southeastern Mediterranean Sea, was reduced (Gasse,
2000). Thus, an aeolian origin of EM1 is more likely.
EM2 of core SL112 has a modal grain size of 10 μm.
It has a somewhat poorer sorting than EM1 (Fig. 3 A.IV).
Although modal grain sizes of ca. 14 μm were reported
from local Israeli loess deposits (Erell and Tsoar, 1999),
we do not consider this potential additional dust source
to contribute much to EM2. This is because of the
dominant proportion of EM2 during the middle and late
Holocene, which would suggest an aeolian supply of
more than 80% on the carbonate-free sediment. In
addition, measurements showed that easterly winds are
important, but to a lesser extent than the dominant
westerly winds over Israel (Saaroni et al., 1998). Because
EM2 comprises most of the present-day and late
Holocene silt fraction, we assume that it mainly reflects
fluviatile sediments derived by the Nile River. Already
Venkatarathnam and Ryan (1971) argued, based on clay
mineral assemblages in surface sediments, that the
smectite-rich Nile suspension load is distributed over a
large area of the Eastern Mediterranean Sea and that the
sediment off the Israeli coast is dominantly derived from
the Nile. In fact, smectite is by far the dominant clay
mineral in Holocene sediments of SL112 (Fig. 4D).
EM3 of core SL112 has a modal size of 4 μm (Fig. 3
A.IV), relatively close to EM2. Most likely it also
represents fluvial sediment influx, because this grain
size correlates well with modern fluvial suspension
loads (Walling and Moorehead, 1989). EM3 has the
poorest sorting of the three end-members of the core,
which supports the interpretation of a fluvial source. It is
striking that EM3 has maximum values during the
African Humid Period when freshwater input to the
Eastern Mediterranean was enhanced (e.g. RossignolStrick, 1995; Wehausen and Brumsack, 1999; deMenocal, 2004).
Most of the sediments deposited along the Israeli
coast are derived from the Nile and its delta, as could be
established by measuring current and wave directions
(Emery and Neev, 1960; Golik, 1997) and by various
sediment characteristics (e.g. Stanley and Warne, 1998;
Sandler and Herut, 2000). Based on 87Sr/86Sr studies,
Krom et al. (1999) showed that in the region of site
SL112, N80% of the surface sediment is derived from
the Nile. Also the geochemical analyses of sediments
from close to SL112 by Schilman et al. (2001a) confirm
that about 70% of the latest Holocene sediment is
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composed of Nile particular matter. Our end-member
model also suggests that during this time interval the
overwhelming part of the terrigenous sediment components are derived by the Nile and that only a minor
fraction is Saharan dust.
6.2. GeoTü SL148 (northern Aegean Sea)
EM1 of the sediment core SL148 has a median grain
size of 24 μm (Fig. 3 B.IV). It is interpreted as windderived. The Aegean region is dominated by Etesian
winds (Poulos et al., 1997, 2000; Fig. 1). This northerly
wind system is active during summer and fall. Etesian
winds reach often gale force and probably transport loess
southwards. In general, loess has a grain size of 20–
50 μm (see compilation of Pye, 1995). Especially, grainsize distributions of southeast European loess formations
are characterized by mean sizes of 16–40 μm (Kenig,
2006), and EM1 lies central within this range. An African
dust source cannot be excluded, because dust from the
Sahara influences the Mediterranean region up to
southern and central Europe in minor amounts (e.g.
Pye, 1995; Koukouli et al., 2006). Compared to northern
sources, dust sources in the south probably provide
aeolian sediment to a lesser extent. The correlation of the
quartz/illite ratio with EM1 throughout the core supports
our aeolian interpretation of EM1.
Also other processes than aeolian origin and
transport might have accounted for EM1. The late
Quaternary grain-size distribution may have been
influenced by changing sea level. During the glacial
period, large shelf areas around the North Aegean Sea
were exposed because of the lower sea level, and rivers
therefore may have delivered coarser material to site
SL148. However, the gradual decrease in the concentration of EM1 was already completed at the time of
the drastic and step-wise sea level rise to − 70 m, which
was centred at 14.0 kyr (Bard et al., 1990). The next
step-wise rise at ca. 11.5 kyr finds no expression in the
silt data. We therefore assume that sea level had no
major influence on the silt grain size at site SL148,
but may have affected the clay fraction (Ehrmann et al.,
2007b).
There is also a possibility that high EM1 proportions
resulted from strong bottom-water circulation. Foraminiferal faunas in the Aegean Sea site SL148 show high
diversities during the glacial, which has been attributed
to high organic matter fluxes and intense deep-water
circulation (Kuhnt et al., 2007). This may have
enhanced sorting and winnowing of particles. However,
the coevally high proportion of the finest grained EM3
during the glacial period argues against this option.
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EM2 and EM3 are considerably finer than EM1 and
have modal sizes of 11 μm and 7 μm, respectively
(Fig. 3 B.IV). Both end-members are probably related to
river suspension load. The mode of EM3 is not well
defined (Fig. 3 B.IV) and points to a poorly sorted grainsize fraction delivered by rivers. The sediment supply to
site SL148 in the North Aegean Sea is dominated by the
rivers Strimon, Nestos and Evros, draining the northeastern European hinterland (Fig. 1).
Within the Aegean Sea, anticlockwise surface currents transport the suspension load to the core position.
In addition, based on clay mineralogy Ehrmann et al.
(2007a) suggest a possible influence of the Anatolian
rivers of West Turkey and minor sediment supply from
the Marmara Sea. Core SL148 is influenced in a higher
degree by the north Aegean rivers than by the outflow of
Marmara Sea and the West Anatolian rivers due to the
vicinity of the core position and their much higher
sediment discharge of ca. 17 × 106 t/year (see compilation Ehrmann et al., 2007a). Therefore, EM2 and EM3
likely represent fluvial material transported depending
on the precipitation in the hinterland and related river
run-off.
7. Discussion
The sedimentation at the investigated sites was dominated by the accumulation of fluvial suspension load. In
addition, the sediments contain significant amounts of
aeolian dust as indicated by the results of our end-member
modelling. The following discussion will concentrate on
changes in aeolian versus fluvial sediment supply at the
sites in the southeastern Levantine Sea and the northern
Aegean Sea during the late Quaternary.
7.1. Last Glacial (ca. 27–15 kyr BP)
In core SL112 from the Levantine Sea (Fig. 1), the
silt fraction of the glacial sediments between ca. 27 and
15 kyr BP is dominated by EM1, which explains 15–
40% of the glacial carbonate-free sediment (Fig. 4E),
much more than at any later time. EM2 and EM3 are
only of minor importance. Also the other grain-size data
show a clear difference between the glacial and the
younger sediments. The glacial sediments in average
contain 4% sand, 40% silt and 56% clay and they are
thus much coarser than modern sediments (Fig. 4A–C).
This indicates a strong influence of aeolian sediment
influx during the glacial time (Fig. 4F) and accumulation under environmental conditions that were distinctly
different from the later ones. The sediment composition
probably documents much drier climatic conditions with
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enhanced aeolian influx, mainly of silt. Also the enhanced quartz/smectite ratio points to a stronger aeolian
influence than today (Fig. 4D). Kohfeld and Harrison
(2001) showed that the global glacial dust accumulation
from the Sahara/Sahel region was two to five times
higher than during the late Holocene.
The glacial sediments of the Aegean Sea core SL148
show a grain-size signature that is very similar to that in
the Levantine Sea. The glacial sediments are relatively
coarse-grained and contain on average 1–2% sand, 38%
silt and 60% clay (Fig. 5A–C). Also here, the silt fraction
is dominated by EM1, whereas EM2 and EM3 are much
less important. EM1 explains only ca. 15% of the carbonate-free sediment, but this is more than anytime later
(Fig. 5E, F). The distribution pattern of EM1 resembles
that of the quartz/illite ratio (Fig. 5D, E), which supports
our view of a strong impact of wind-transported dust
during this time interval. In particular, the glacial termination can be identified by a sharp decrease in EM1
values.
7.2. Last Glacial Maximum (ca. 23–19 kyr BP)
Within the glacial interval of SL112, EM1 shows a
maximum between 23 and 19 kyr BP, i.e. during the Last
Glacial Maximum, and accounts for ca. 30% of the
carbonate-free sediment (Fig. 4E, F). In general, the
sediments show a coarsening with the presence of up to
5% sand and 48% silt (Fig. 4B, C). The maximum in
EM1, the corresponding minima in EM2 and EM3 and
the increased deposition of coarse material can be attributed to enhanced aeolian input during the hyper-arid
conditions of the Last Glacial Maximum. In addition,
because sea level was 120 m lower than today (Bard
et al., 1990), the source area for dust expanded. It is
assumed that the global atmospheric dust load was up
to 10 times higher during the Last Glacial Maximum
than during the Holocene (compilation by Goudie and
Middleton, 2001). Also in the region of the Eastern
Mediterranean Sea, several marine and terrestrial records
document an increase in dust supply (e.g. Abed and
Yaghan, 2000; Ehrmann et al., 2007b).
In contrast to core SL112, the North Aegean core
SL148 shows only indistinctly higher concentration of
EM1 during the Last Glacial Maximum (Fig. 5), probably
as a result of the complex topography of the region.
7.3. Heinrich-equivalent events
The most pronounced excursion in the grain-size data
of core SL112 takes place between 17 and 14.5 kyr BP
(Fig. 4). The proportion of EM1 almost doubles in this

interval and indicates that some 40% of the carbonatefree sediment is derived by wind (Fig. 4E). EM2 and
EM3 are characterized by low values. The sediments
become much coarser than before and in average consist
of 6% sand, 50% silt and 45% clay (Fig. 4A–C). The
change in grain size correlates in time with the Heinrich
Event 1. Our data imply particularly dry conditions at
the time of Heinrich Event 1 in the source area of the
sediments and an even more effective wind transport
than during the Last Glacial Maximum. The sediment
supply by rivers was low. An equivalent to Heinrich
Event 2 is much less evident in core SL112. It is
recorded only by slight maxima in the contents of sand
(up to 5%) and silt (42%), which are centred at ca.
25 kyr BP (Fig. 4B, C). At about the same time the
proportion of EM1 on the carbonate-free sediment somewhat increased from 15% to ca. 20% (Fig. 4E).
During Heinrich Events, freshwater influx to the
North Atlantic resulted in temporary restricted oceanic
heat transport to the northern high latitudes (Bond et al.,
1993; Vidal et al., 1997). Obviously the northern hemisphere climatic events also caused a major environmental change in the Mediterranean Sea region. Based on
end-member modelling, Moreno et al. (2002) found
evidence for an increase of northward Saharan dust
transport into the Western Mediterranean Sea during
Heinrich Events. Cacho et al. (2000) showed a correlation of enhanced deep-water ventilation during
Heinrich-equivalent events with the increase in northwesterlies over the northwestern Mediterranean Sea.
This likely favoured an increase in aeolian influx to the
Eastern Mediterranean Sea by stronger Saharan winds.
An increased aridity in the Eastern Mediterranean
during times of Heinrich Events is further documented
by speleothem data and by lake level drops of Lake
Lisan/Dead Sea (e.g. Neev and Emery, 1995; BarMatthews et al., 1999; Bartov et al., 2003). Both Lake
Victoria, source of the White Nile, and Lake Tana,
source of the Blue Nile, desiccated (Talbot and Laerdal,
2000; Lamb et al., 2007). The discharge system of the
Nile, therefore, must have been strongly reduced, as also
indicated by our grain-size data (Fig. 4).
In the North Aegean Sea core SL148 (Fig. 5) a
Heinrich-equivalent event 1 is not visible, and Heinrichequivalent event 2 is outside the investigated core interval. However, Geraga et al. (2000, 2005) documented
the impact of the Heinrich Event 1 in the southern and
southwestern Aegean Sea. Cold-water planktonic foraminiferal species and pollen data reflect lower seasurface temperatures and an increase in aridity. Also the
palynological studies in the terrestrial record of Tenaghi
Phillippon in northeast Greece showed an increased
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aridity in southern Europe during times of Heinrich
Events (Tzedakis et al., 2003). In contrast, palynological
studies of Lake Ioannina in the western part of Greece
showed a diminished impact of Heinrich-equivalent
events when compared to Western Mediterranean Sea
records. This has been attributed to a gradual eastward
attenuation of North Atlantic climate signals or, more
likely, to local influences of variations in moisture
availability (Tzedakis et al., 2002). We therefore assume
that the intense cooling during the time of Heinrich
Event 1 and the associated intensification of the westerlies or the northeast monsoons did not affect the
northernmost Aegean Sea as much as the south Aegean
and Levantine Seas and/or that the local climatic conditions masked the signal.
7.4. Bølling–Allerød (ca. 14 kyr BP)
At ca. 14 kyr BP, the proportion of EM1 in core
SL112 drop back to a level of ca. 0.5, similar to the level
during the last glacial (Fig. 4F). The remaining part
of the end-member distribution is represented by the
fluvial end-members EM2 and EM3. However, because
the silt concentration decreased at the same time to ca.
28%, EM1 contributes only 15% to the carbonate-free
sediment (Fig. 4E). In contrast, EM3 increased rapidly.
The quartz/smectite ratio decreased abruptly (Fig. 4D).
Also in core SL148 EM1 decreased at this time and
comprised only 5% of the carbonate-free sediment. In
contrast, EM2 became more important (Fig. 5E, F). The
change in the end-member distribution was accompanied by a fining of the sediment, clearly visible in the
decrease of the silt content to 35% and the increase in
clay concentrations to 65%. The quartz/illite ratio
decreased slightly.
We associate this change in sedimentation both in the
Levantine Sea and the Aegean Sea with a decreased
aeolian influx and an increased riverine influx of claysize sediments, related to more humid climate conditions
during the Bølling–Allerød period (Neev and Emery,
1995; Severinghaus and Brook, 1999; Bar-Matthews
et al., 2003).
7.5. Younger Dryas (ca. 12 kyr BP)
The Younger Dryas at ca. 12 kyr BP is expressed in
core SL112 by somewhat coarser sediments with up to
2.5% sand and 33% silt (Fig. 4B, C) and a proportion of
the aeolian EM1 that is lower than before, but higher
than during the Holocene. In the North Aegean core
SL148 we observe also a slight increase of the aeolian
EM1 and of the quartz/illite ratio.
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The Younger Dryas commonly is interpreted as a
return towards glacial conditions, with enhanced aridity
and an increase in global dust rates (e.g. Bottema, 1995;
Gasse, 2000; Kohfeld and Harrison, 2001). However,
our end-member data of the Levantine Sea core SL112
seem to contradict this assumption. EM1 accounts for
only 10–15% of the carbonate-free sediment and
therefore points to a reduction of aeolian dust transport
from northern Africa if compared with the glacial time
and the time of Heinrich Event 1. No unequivocal
records of a dry Younger Dryas were found in North
Africa. However, further south, equatorial lake level
falls document a drier Younger Dryas (Gasse, 2000).
This suggests an African dust source further south,
probably activated by the movement of the Subtropical
Desert Belt. This source, however, obviously did not
affect the Levantine Sea. Also in the Near East a vast
spread of deserts with drought and deposition of windderived sediments was reported (Rossignol-Strick,
1999; Gvirtzman and Wieder, 2001) and speleothem
records of Soreq Cave point to extreme aridity in the
Eastern Mediterranean region (Bar-Matthews et al.,
2003). However, also this possible aeolian source is not
visible in our data. In contrast, in the North Aegean Sea
the minor increase in EM1 and the coarsening of
sediment suggest slightly more dust supply and a
decrease in river supplies of fine-grained sediments and
thus a short-term return to cold and dry conditions
during the Younger Dryas.
7.6. Holocene (ca. 11 kyr BP to present)
The share of EM1 on the silt fraction decreased in
core SL112 between ca. 11 and 5.5 kyr BP from 0.75 to
0.50, and its contribution to the carbonate-free sediment
decreased from 12% to b5% (Fig. 4E, F). Enhanced
EM2 values and maximum EM3 values reflect the
general increase of fine-grained sediment particles in the
SE Levantine Sea. This fining is also indicated by a
gradual decrease in the proportions of sand and silt and
an increase of clay (Fig. 4A–C). This grain-size composition can be attributed to enhanced influx through the
Nile River. The change in sedimentation patterns documents a gradual climatic change to more humid conditions in North Africa during the African Humid Period
(deMenocal et al., 2000; Fig. 4). From 11.5 to 5.5 kyr BP
(Renssen et al., 2006), North Africa was dominated by
persistently humid conditions (Adamson et al., 1980),
visible in a rapid decrease of dust accumulation rates.
Thus, deMenocal et al. (2000) estimated a 50% lower
dust activity than at present, which can be attributed to
the loss of potential dust sources by extensive vegetation
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cover (Adamson et al., 1980; Rossignol-Strick, 1999).
The enhanced river run-off is well-documented by
EM3, but not by EM2. We hypothesize that the maximum in EM3 is related to the deposition of fine-grained
sediment due to reduced winnowing as a result of a
generally lower bottom-water circulation (Cramp and
O'Sullivan, 1999).
It is striking that at the end of the African Humid
Period EM3 decreased strongly, whereas EM2 increased
at approximately the same extent and EM1 increased
only to a much lesser extent (Fig. 4F). The sand content
remained low at 0–2%, the silt content increased from
ca. 10% at 5.5 kyr BP to ca. 30% at present, and the clay
content decreased from 85% to 70% (Fig. 4A–C). The
well-known return to arid conditions in northern Africa
after the pluvial period (e.g. deMenocal et al., 2000) is
not documented by a more pronounced signal of the
aeolian versus fluvial end-member signal. Instead, our
data indicate that the northern African signal was
decoupled from the Nile signal. Obviously the Nile
sediment discharge remained high throughout the midand late Holocene. This is consistent with relatively high
sedimentation rates in the Nile delta after the African
Humid Period (Krom et al., 2002). Thus, the enhanced
sediment yield of the Nile outflow is probably related to
reduced vegetation cover and higher erosional activity,
despite a relatively low water discharge.
The gradual change from more humid to more arid
conditions of the late Holocene was also reported from
the northern Red Sea (Arz et al., 2003). The West African
records, in contrast, document abrupt changes (Claussen
et al., 1999; deMenocal et al., 2000; Kuhlmann et al.,
2004). These regional differences point to a decoupling
of the NWAfrican and the NE African climate evolution.
Models of the Holocene northern African climate
(Renssen et al., 2006) showed differences in the development of precipitation pattern in the Western and the
Eastern Sahara, which is associated with different states
of vegetation cover. The West Sahara model simulated
a green state (up to ca. 7.5 kyr BP), a zone of instability
(7.5 to 5.5 kyr BP) and a desert state (5.5 kyr BP to the
present). In contrast, the vegetation model of the East
Sahara resulted in a more gradual termination, as also
seen in our grain-size data of core SL112. In addition,
the model showed regions in Egypt and adjacent areas
with a vegetation cover of less than 25%. Therefore,
possible dust sources were present also during the
African Humid Period, which would give a reason for the
sedimentation of dust at the beginning of the humid
period.
In the North Aegean Sea sediments of core SL148,
the concentrations of EM1 throughout the Holocene

reached 5% on average, similar to the rates during the
Younger Dryas and the Bølling–Allerød. EM2 and EM3
exhibit a strong variability (Fig. 5F). In general, the
sediments are fine-grained with average clay concentrations of ca. 70% in contrast to the glacial interval with
mean concentrations of 60% clay. We attribute the lower
values of EM1 and the finer grain size to more humid
conditions of the Holocene with enhanced supply of
suspension load derived by rivers and decreased deposition of dust (Rossignol-Strick, 1999).
Between ca. 9.5 and 5.5 kyr BP, EM1 was characterized by lowest concentrations and accounted for only
2% of the carbonate-free sediment. EM3 had enhanced
concentrations. In the same interval the silt content
decreased to 26% and the clay content increased to 73%
(Fig. 5A–C). The very low quartz/illite ratios correlate
with the low EM1 values (Fig. 5D). The data indicate
the lowest deposition rate of aeolian sediments throughout the core. A similar situation was documented for the
Bølling–Allerød period. This interval reflects more
humid and warm conditions during the early to midHolocene, coinciding with the African Humid Period in
the south and with the formation of sapropel S1 in the
Eastern Mediterranean Sea. This climate change is
documented in archives from the European continent
and adjacent areas (e.g. Rohling, 1994; Rossignol-Strick,
1995, 1999; Emeis et al., 2000). The enhanced concentrations of EM3 are, similar to core SL112, attributed to
reduced bottom-water circulation, which favoured the
deposition of this small grain size.
At around 1 kyr BP, a short-term decrease of the
wind-interpreted EM1 suggests a lowering of aeolian
transport. Pollen records in the Near East indicate more
humid conditions at 1 kyr BP (Yasuda et al., 2000).
After this period, EM1 rose again to levels similar to
those of the mid-Holocene dry conditions, coinciding
with general strengthened westerlies for the Northern
Hemisphere (Mayewski et al., 2004). For the last
600 years, Wick et al. (2003) reported a decrease of
woodland in Turkey and attributed this to human
activity. This environmental change probably caused
an increase in erosion and aeolian transport. For the
same time interval, deforestation in southern Europe
was also documented in pollen records in the Aegean
Sea (Aksu et al., 1995).
8. Conclusions
The sedimentological records of sediment cores from
the Levantine Sea off Israel and from the Northern
Aegean Sea show significantly different patterns between
the sites and large temporal variations since the last
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glacial. Obviously, the two regions reacted in different
ways to the climatic and environmental changes of the late
Quaternary.
Although the individual end-members of the silt
fraction cannot be interpreted unequivocally, we have
strong arguments that the coarse-grained EM1 can be
attributed to aeolian transport, whereas the two finegrained end-members represent fluvial discharge. This
interpretation leads to a consistent reconstruction of
the climatic evolution in the Eastern Mediterranean
borderlands.
Generally, the records in the southeastern Levantine
Sea reflect changes in the influx of Saharan dust depending on aridity and wind strength of the North African
continent. Fluvial sediments are provided predominantly
by the river Nile, depending on the prevailing climatic
conditions. In contrast, the Aegean records are influenced by the sediment influx of rivers draining southeast
Europe and Turkey. Aeolian sediments are probably
reworked from southeast European loess formations,
transported by Etesian winds. A Saharan influence is
probably negligible.
During the late glacial, both sites show increased
influx of aeolian sediments due to drier conditions in the
source area and more effective wind transport compared
to the Holocene. The proportion of wind-derived sediments is higher in the south eastern Levantine Sea than
in the northern Aegean Sea.
Heinrich-equivalent signals are less pronounced in the
Eastern Mediterranean when compared to the Western
Mediterranean. However, core SL112 provides an unambiguous signal of increased wind intensity during Heinrich
Events, especially Heinrich Event 1. In the Aegean Sea
core, Heinrich events are not reflected in the sediment
record.
After the glacial at ca. 14 kyr BP, both cores provide
evidence for changes towards more humid conditions,
which we attribute to the Bølling–Allerød period. These
changes are reflected by increased depositions of finegrained sediments, which were deposited by rivers, and
by lower values in EM1.
A short-term relapse into cold and dry conditions
during the Younger Dryas can only weakly be seen in the
southeastern Levantine Sea and the Northern Aegean
Sea. It is expressed by a reduced wind-interpreted endmember and coarser grained sediments compared to the
Bølling–Allerød before.
The African Humid Period finds expression in the
sediments of core SL112 off Israel by increased river
supply (EM2, EM3) and decreased dust supply (EM1).
This change is clearly reflected by a distinct fining of
grain size. The grain-size data and end-member dis-
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tribution document a gradual aridification of the North
African continent at the end of the African Humid
Period in contrast to an abrupt change to arid conditions,
reported by several records from northeastern Africa.
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