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a b s t r a c t

Hydroclimate variability has exerted a fundamental control on the alternating deposition of organic-lean
marl and organic-rich sapropel sediments in the eastern Mediterranean Sea (EMS). However, the exact
mechanisms regarding the freshwater sources and related changes are still debated. Here, Sr and Nd
isotopes and high-resolution elemental data are used to constrain different riverine and eolian supplies
to the central Mediterranean over the past 9.8 ka. The detrital sediments in core CP10BC, taken at the
margin of the Libyan shelf in the southwestern Ionian Sea, can be described by a three-endmember
mixing system based on Sr and Nd isotopic compositions. The same systematics can also be deduced
from Ti and K compositional variability. The endmembers comprise: Saharan Dust, Aegean/Nile, and
Libyan Soil, representing the eolian supply from North Africa, the riverine inputs from the Aegean/Nile
areas, as well as the riverine and shelf-derived fluxes from the Libyan-Tunisian margin, respectively. For
the sapropel S1 period in particular, we find important detrital supplies from fossil river/wadi systems
along the Libyan-Tunisian margin, activated by intensified African monsoon precipitation. Combining the
temporal profiles with the consistent variability observed in the 87Sr/86Sre1000/Sr diagram, such Libyan
contribution has been most prominent during the uppermost period of sapropel S1 in core CP10BC. This
observation is in agreement with hydroclimate reconstructions of northwestern Libya. Comparison of the
Sr-Nd isotope data between core CP10BC and four cores taken along a westeeast transect throughout the
EMS shows that this detrital supply originated mainly from western Libya/Tunisia, and was transported
as far eastward as ~25�E while being diluted by an increasing Nile contribution.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The Mediterranean lies at the interface between the European
temperate and African tropical zones. In addition, its semi-enclosed
basin setting makes it particularly sensitive to changes in the hy-
drological cycle (Tzedakis, 2007; Magny et al., 2013; Rohling et al.,
2015). This sensitivity is best witnessed by the rhythmic occurrence
of sapropels, organic-rich sedimentary units deposited in the
eastern Mediterranean Sea (EMS) at an astronomically determined
cyclicity (Rossignol-Strick et al., 1982; Hilgen, 1991; Tuenter et al.,
2003). The knowledge of sapropel formation mechanisms mostly
relies on the last, Holocene, sapropel S1 (Rohling, 1994; Rohling
et al., 2015; and references therein), because it is more easily
accessible and also is the only sapropel within the range of precise
radiocarbon dating. Warm and humid conditions between ~10.8
and 6.1 ka cal. BP (hereafter referred to as “ka”) have caused a
pronounced density stratification of the water column and/or high
primary productivity in the surface waters, ultimately resulting in
deepwater stagnation and the basin-wide S1-formation in the EMS
(e.g. Emeis et al., 2000; Mercone et al., 2000; Slomp et al., 2004; De
Lange et al., 2008; Grimm et al., 2015; Tachikawa et al., 2015; Van
Helmond et al., 2015). Enhanced freshwater influx at sapropel
times has been demonstrated through d18O of planktonic forami-
nifera (e.g. Fontugne et al., 1994; Kallel et al., 1997; Emeis et al.,
2000, 2003; Rohling et al., 2002, 2004; Hennekam et al., 2014;
Toucanne et al., 2015) and of cave speleothems (e.g. Bar-
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Matthews et al., 2000, 2003; Bard et al., 2002; Zanchetta et al.,
2007; Sp€otl et al., 2010; Zhornyak et al., 2011). Although the gen-
eral principles are clear, the exact mechanisms with regard to
freshwater sources and associated hydroclimate changes in the
circum-Mediterranean remain highly debated.

Pioneering studies have proposed increased precipitation
around the Northern Borderlands of the Eastern Mediterranean
(NBEM) concurrent with sapropel depositions (Rossignol-Strick,
1987; Rohling and Hilgen, 1991). This increase is corroborated by
speleothem d18O data from the NBEM (e.g. Zanchetta et al., 2007;
Sp€otl et al., 2010; Zhornyak et al., 2011) and by their correspon-
dence with the records of Soreq Cave (Bar-Matthews et al., 2000,
2003). Marine records from the eastern and central Mediterra-
nean also confirm that increased rainfall was widespread over the
NBEM during sapropel formation (e.g. Kallel et al., 1997; Emeis
et al., 2000; Toucanne et al., 2015; Filippidi et al., 2016). Being
seasonally specified, palynological studies demonstrate that
enhanced winter precipitation was responsible for the NBEM wet
conditions at times of sapropel deposition (e.g. S1: Kotthoff et al.,
2008; Peyron et al., 2011; S5: Milner et al., 2012). Summer rainfall
was thought to have been increased too, but this is questioned by
Tzedakis (2007). Recent work has revealed northesouth contrasts
of precipitation seasonality in the Holocene central Mediterranean,
which can reconcile the discrepancies from various proxies (e.g.
Magny et al., 2011; Peyron et al., 2011, 2013; Giraudi et al., 2013;
Goudeau et al., 2014, 2015). The evidence suggests that, there
were also increases in 1) winter precipitation in the NBEM and 2)
summer and winter precipitation in the southern EMS borderlands
during S1 period, in addition to the enhanced Nile discharge (see
review by Magny et al., 2013). Possible impacts of the Black Sea
overflow and meltwater runoff of European ice-sheets during
sapropel deposition have been excluded (Sperling et al., 2003).

Sapropels occurred at times of Northern Hemisphere insolation
maxima related to the orbital cycle of precession, when the African
monsoon was intensified (Rossignol-Strick et al., 1982; Rossignol-
Strick, 1987; Hilgen, 1991; Tuenter et al., 2003). Even though the
African monsoon precipitation did not directly extend to the EMS,
the monsoon-fuelled Nile discharge is recognized as a key fresh-
water source for sapropel formation. This has been explicitly
illustrated by the temporal coincidence between the S1 deposition
and Nile discharge (e.g. Rossignol-Strick et al., 1982; Mercone et al.,
2000; De Lange et al., 2008; Revel et al., 2010; Box et al., 2011;
Hennekam et al., 2014). Apart from the Nile flooding, intensifica-
tion of African monsoon precipitation had a profound and more
widespread influence on the EMS during sapropel times.

Archaeological surveys suggest human occupation and dispersal
over the Libyan-Saharan desert along the interlinked river-lake-
wetland systems during the African Humid Period (AHP; ~11e5
ka) (e.g. Mandel and Simmons, 2001; Drake et al., 2011; L�ezine
et al., 2011; Manning and Timpson, 2014). Based on planktonic
foraminiferal d18O data, Rohling et al. (2002, 2004) suggested that
the summer monsoon penetrated northward beyond the central
Saharan drainage basin at ~21�N during sapropel S5 deposition. As
a consequence, activated fossil river/wadi systems along the wider
North-African margin that are now buried beneath sand dunes
could have debouched into the EMS. Major paleo-river systems
have been revealed via satellite imagery (Paillou et al., 2009, 2012)
and paleohydrological modeling (Coulthard et al., 2013). Influence
of runoff from the central Saharan mountains towards the Gulf of
Sirte during sapropel S5 period is also shown in Nd isotopes of
planktonic foraminifera (Osborne et al., 2008, 2010). This fresh-
water route into the EMS may have rivaled the Nile runoff in
magnitude (Scrivner et al., 2004), favored human migrations out of
Africa (Osborne et al., 2008; Coulthard et al., 2013), and possibly
operated for a majority of Quaternary sapropels (e.g. S1: Fontugne
et al., 1994; S6: Emeis et al., 2003). Although the origin of Nd
recorded in planktonic foraminifera is still controversial (see review
by Tachikawa et al., 2014), this scenario is supported by dust vari-
ations over the past 3 Ma in combination with other Saharan data
(Larrasoa~na et al., 2003, 2013). However, so far there is no marine
evidence whether the fossil river/wadi route was active during
sapropel S1 time. In this paper we focus on such riverine contri-
bution by analyzing the detrital component of EMS sediments.

It has been suggested that clay minerals of surface sediments
over most of the EMS can be described by a simple two-
endmember mixing model, with Saharan dust and Nile sediment
as the dominant sources (e.g. Venkatarathnam and Ryan, 1971;
Ehrmann et al., 2007a; Hamann et al., 2009). From a long-term
perspective, various records of clay minerals and major elements
reflect consistent sapropel-related alternations between riverine
and eolian endmembers (e.g. Wehausen and Brumsack,1999, 2000;
Foucault and M�eli�ere, 2000; Lourens et al., 2001; Zhao et al., 2012,
2016). However, only a few high-resolution studies on the detrital
composition of marine sediments exist, and most of these are
focused on the Nile-dominated region (e.g. Hamann et al., 2009;
Revel et al., 2010, 2015; Box et al., 2011; Hennekam et al., 2014,
2015). Very little is known about the supplies of numerous small
rivers from other sources through time. In particular, potential
riverine supplies from the wider North-African margin may have
been underestimated, or even neglected.

Paired Sr and Nd isotopes have shown to be a powerful tool for
provenance studies. Their isotopic ratios in lithogenic sediments
have characteristic fingerprints of source rocks, with little effect of
transport processes and diagenesis (e.g. Freydier et al., 2001;
Weldeab et al., 2002a, 2002b; Revel et al., 2010, 2015; Rodrigo-
G�amiz et al., 2015; Casta~neda et al., 2016). In addition to radio-
genic isotopic tracers, elemental geochemistry of marine sediments
can be used to track changes in detrital inputs (e.g. Wehausen and
Brumsack, 1999, 2000; Bout-Roumazeilles et al., 2013; Wu et al.,
2013; Klaver et al., 2015). Lower Ti/Al and Zr/Al values and higher K/
Al ratios during humid sapropel periods are generally interpreted
as a sign of reduced eolian and enhanced riverine fluxes, and vice
versa for more arid conditions (see review by Martinez-Ruiz et al.,
2015). Here, combining Sr and Nd isotopes withmajor elements, we
present a high-resolution record of the origin of detrital sediments
over the past 9.8 ka using a well-dated boxcore. Core CP10BC was
strategically retrieved from the southwestern Ionian Sea, at the
margin of the Libyan shelf (Fig.1). The sediment provenance for this
area is thought to be influenced by Saharan dust and riverine
sources from northern and southern EMS borderlands, with a
presumably limited Nile contribution. Therefore, this core repre-
sents an excellent location to understand the nature and impor-
tance of rivers flowing north out of the Sahara during sapropel S1
time. Furthermore, by comparing the Sr-Nd isotope data of core
CP10BC with four cores taken along a westeeast transect
throughout the EMS, a detailed evaluation can be made of the
potential distribution of detrital material.

2. Recent regional settings

2.1. Hydroclimate

The Mediterranean climate is characterized by marked season-
ality in rainfall (Magny et al., 2013; Rohling et al., 2015 and refer-
ences therein; Casta~neda et al., 2016). General features are
summarized as follows (Fig. 1a). During summer, the Mediterra-
nean is dominated by the subtropical high-pressure belt resulting
in dry and hot conditions, especially in the southeastern sector
(Lolis et al., 2002). In winter, the high-pressure belt migrates
southward and the Mediterranean comes under the control of the



Fig. 1. Map of the eastern Mediterranean Sea and adjacent areas, with location of core CP10BC (star) shown and four cores (red dots) with Sr and Nd isotope data used for
comparison. a) Long-term mean precipitation rate in January (winter) and July (summer) (www.esrl.noaa.gov/psd/data). b) Large-scale oceanography after Pinardi and Masetti
(2000), including the general surface-water circulation, i.e. Modified Atlantic Water (MAW), formation sites and pathways of Levantine Intermediate Water (LIW), as well as
Adriatic Deep Water (AdDW) and Aegean Deep Water (AeDW). Potential route of fossil river/wadi systems over the western Libyan-Tunisian areas after Coulthard et al. (2013), and
that in eastern Libya and Egypt after Rohling et al. (2002). Main low-level winds after Israelevich et al. (2003). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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westerlies, which drive an eastward transport of Atlantic de-
pressions, bringing enhanced precipitation over the northern bor-
derlands (i.e. NBEM) (Rohling and Hilgen, 1991; Lolis et al., 2002).

2.2. Water masses and circulation

The climate strongly influences the physical parameters of the
surface waters, which play a central role in controlling the ther-
mohaline circulation in the EMS (Pinardi andMasetti, 2000; Pinardi
et al., 2015; and references therein) (Fig. 1b). Inflowing surface
waters occupying the upper 200 m depth, called Modified Atlantic
Water (MAW), flow eastward along the North-African coast. The
MAW splits into two branches; one turns southward into a broad
anticyclonic pattern in the Gulf of Sirte, while the other continues
in an easterly direction with increasing salinity, following a large-
scale counter-clockwise pathway (Pinardi and Masetti, 2000;
B�eranger et al., 2005; Pinardi et al., 2015). The eastern-most
MAW cools in winter and forms the Levantine Intermediate Wa-
ter (LIW). The LIW flowswestward at 200e600m depth as the salty
outflow waters, and also contributes to the formation of Adriatic
Deep Water (AdDW) and Aegean Deep Water (AeDW) found below
800 m (Roether et al., 1996; Pinardi and Masetti, 2000; Pinardi
et al., 2015).

2.3. Detrital sediment provenance

The amount and composition of riverine supply depends on the
extent of catchment areas, exposed rocks, and weathering condi-
tions (Fig. 1b). The Nile is the longest river on Earth, comprising two
different systems: 1) theWhite Nile and 2) the Blue Nile and Atbara
(Williams et al., 2000). The latter drains the Ethiopian highlands
that predominantly consist of continental flood basalts of Tertiary
age, affected by the East African monsoon in summer, resulting in
the annual Nile flood (Hennekam et al., 2014; Casta~neda et al.,
2016). At present the Sudd swamps in Sudan filter out most of
the suspension load of the White Nile, the Blue Nile and Atbara
account for >50% of the water flow and >95% of the sediment load
(~230 Mt/yr) (Foucault and Stanley, 1989; Williams et al., 2000;
Padoan et al., 2011). The coarser fraction of Nile sediments is mostly
deposited on the delta, and the finer fraction is transported in a
counter-clockwise gyre within the Levantine Basin. Prior to the
completion of the Aswan Dan in 1965, only a small fraction of
modern Nile-derived particulates is thought to be transported to
areas west of Crete (Krom et al., 1999a; Weldeab et al., 2002a).

Numerous small rivers in the NBEM are major contributors to
detrital deposition in the Ionian Sea (Fig. 1b). The Turkish rivers
(~17 Mt/yr), southeastern European rivers (~30 Mt/yr), and the Po
(~17 Mt/yr) yield substantial sediment loads into the Aegean and
Adriatic Sea (after Bout-Roumazeilles et al., 2013). Part of this may
subsequently be transported to the Ionian Sea by oceanic currents
(Venkatarathnam and Ryan, 1971; Ehrmann et al., 2007a; Goudeau
et al., 2013). This river-borne material reflects the weathering and
erosion products of basalts and ultramafic rocks in relation to the
lithology of the catchments (Weldeab et al., 2002a; Klaver et al.,
2015).

Present-day riverine contribution to the Ionian Sea from the
North-African margin is limited because of small catchments and
sparse rainfall. Nevertheless, due to the regional topography and
seasonal precipitation, ephemeral rivers draining northward from
the central Saharan mountains may have been a considerable
supplier of detrital material, especially during the humid sapropel
times (Drake et al., 2011; L�ezine et al., 2011; Scheuvens et al., 2013)
(Fig. 1b). The river channels dissipate in the desert, but some
converge forming the main river/wadi systems. The Irharhar, for
instance, is associated with dry/salt lakes in Tunisia and Algeria, fed
by rainfall and groundwater, flowing towards the Libyan-Tunisian
coast (Paillou et al., 2009, 2012; Drake et al., 2011; Coulthard
et al., 2013). Moreover, the irregularly active river/wadi systems
can provoke turbid flows associated with high detrital fluxes into
the Ionian Sea (Weldeab et al., 2002a; Zielhofer et al., 2008).

Saharan dust is the dominant source of the EMS detrital sedi-
ment (~25e100 Mt/yr) (see compilations in Goudie and Middleton,
2001), notably for the Ionian Sea receiving low riverine input
(Guerzoni et al., 1997; Rutten et al., 2000). Dust from the northern
and eastern EMS borderlands is quantitatively negligible (Guerzoni
et al., 1997; Ehrmann et al., 2007a). The source areas consist mainly
of Precambrian granitoid rocks in the central Sahara, and of lime-
stone in the North (Moreno et al., 2006). Major dust production for
the EMS originates from hyperarid areas with little/no vegetation
(see Scheuvens et al., 2013), including the Bod�el�e Depression in
Chad, western Sahara, Tunisia/northern Algeria, and central Libya.
The northward delivery of Saharan dust is primarily via low-level
winds (Goudie and Middleton, 2001; Stuut et al., 2009;
Israelevich et al., 2012), which can be related to the coupling of
sea-surface temperature to atmospheric pressure over the Medi-
terranean Sea (Jilbert et al., 2010).

3. Material and methods

Core CP10BC (34�32.70N, 16�34.00E; 1501 m water-depth) was
collected during the RV Pelagia cruise CORTADO in 2011 (Fig. 1).
This 35.5 cm long boxcore consists of foraminifera and pteropod
marl ooze, with a distinct S1 unit. The olive-grey S1 is ~10 cm thick
at the bottom; a diffuse dark band occurs at ~16e24 cm depth, well
above the visual S1. Normal yellowish-brown sediments are inter-
calated between the two layers. Two subcores were sampled so as
to have enough material for all analyses. For subcore CP10BC#1
every 0.25 cm were sampled resulting in a total of 142 samples,
which were freeze-dried and finely ground for subsequent
geochemical analyses. Subcore CP10BC#3 was sampled at intervals
of 0.5 cm for foraminiferal radiocarbon dating.

3.1. Age model

The chronology of core CP10BC is based on 4 Accelerator Mass
Spectrometry (AMS) 14C dates on planktonic foraminifers, done at
the Poznan Radiocarbon Laboratory (Table 1). Approximately 15mg
of mixed planktonic foraminifers (Globigerinoides ruber and Globi-
gerinoides sacculifer) in the 150e600 mm fractions was picked. All
14C dates were converted into calendar ages using the Marine13
calibration curve (Reimer et al., 2013) implemented in the program
Calib 7.0 (Stuiver et al., 2005), with no regional reservoir correction
(i.e. DR¼ 0) that is valid for the modern Mediterranean (Siani et al.,
2000). Inventories and activities of 210Pb and 137Cs were deter-
mined for 9 samples of bulk sediment (see Barsanti et al., 2011),
showing that minor bioturbation affected the top 3 cm at most;
thus the age of core-top is assessed to be the present-day.

The age model was developed by linear interpolation between
these 5 tie-points, yielding a highly consistent depth-age curve,
with the basal age of 9.8 ka that refers to the start of S1 here (Fig. 2).
The average sedimentation rate is 3.6 cm/ka.

3.2. Total organic carbon

Total organic carbon (TOC) was measured on decarbonated
samples following the protocol described in Van Santvoort et al.
(1996). Powdered bulk sediments were decarbonated by shaking
in 1 M HCl for 4 h firstly, then for 12 h. Subsequently, samples were
rinsed twicewith deionizedwater, oven-dried at 80 �C, and ground.
Replicate analyses of in-house standards and selected samples



Table 1
Core CP10BC radiocarbon chronology.

Lab code Depth (cm) 14C age ± 2s (yr BP) Calibrated age ± 2s (yr cal. BP)a

Poz-55177 6e6.5 2280 ± 30 1893 ± 85
Poz-55178 18.5e19 5130 ± 40 5486 ± 99
Poz-55179 28e28.5 7330 ± 40 7795 ± 107
Poz-55180 34e34.5 8770 ± 50 9423 ± 101

a UsingMarine13 calibration curve (Reimer et al., 2013), implemented in program Calib 7.0 (Stuiver et al., 2005), with no regional offset (DR¼ 0) (Siani et al., 2000).

Fig. 2. Age model and inferred sedimentation rate for core CP10BC, with dark and light
shadings showing the residual and oxidized parts of sapropel S1, respectively. The 2s
errors are specified. Data sources refer to Table 1.
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show that the relative deviations are <3%.
3.3. Major and minor elements

Elemental composition was analyzed by Inductively Coupled
Plasma-Optical Emission Spectroscopy (ICP-OES) on a Spectro
Arcos after a three-step total digestion (Reitz et al., 2006). First,
~125 mg of powdered sediments was digested in a mixture of
2.5 ml concentrated HF and 2.5 ml pre-mixed acid (3:2 concen-
trated HClO4 and HNO3), and heated at 90 �C in a gastight Teflon
vessel for 12 h. Subsequently, the solutionwas evaporated at 160 �C
to near dryness, and then the residuewas dissolved in 25ml of 4.5%
HNO3 at 90 �C for 6 h. For the samples with very high Mn con-
centrations, the procedure was applied to ~30 mg sediment with
additional peroxide steps (see Reitz et al., 2006). Reported con-
centrations are on bulk sediment basis, expect for Sr content that
was determined on the decarbonated fraction so as to represent the
detrital phase alone (c.f. Section 3.2). Analytical uncertainties were
monitored by international standard (ISE 921; Van Dijk and Houba,
2000), replicates, and blanks, showing that the relative deviations
are <5% for all targeted elements.

3.4. Sr and Nd radiogenic isotopes

A selection of 27 samples was processed for Sr and Nd isotopic
compositions at the Institute for Chemistry and Biology of the
Marine Environment (ICBM) in Oldenburg. Decarbonation (c.f.
Section 3.2) and Fe-Mn oxyhydroxide leaching were done to ensure
that the analyses represent the detrital component alone. To
remove the authigenic Fe-Mn oxyhydroxides, decarbonated sam-
ples were leached for 2 h with a solution of 0.02 M hydroxylamine
hydrochloride in 25% acetic acid. This was repeated for 6 h twice,
followed by three times rinsing with deionized water. The
remaining siliciclastic fraction was dissolved using a routine three-
step total digestion (c.f. Section 3.3).

Briefly, Sr and rare earth elements (REE) were separated using
100 ml Teflon columns filledwith Eichrom TRU-Spec resin. Sr and Rb
were collected in 1MHNO3 and REE in 1MHCl. Subsequently, 30 ml
Teflon columns with Eichrom Sr-Spec resin were used to isolate Sr
from the Sr-Rb cuts, via washing out Rb in 3 M HNO3 and then
collecting Sr in Milli-Q water. Separation of Nd from other REE was
performed on 250 ml Teflon columns using Eichrom Ln-Spec resin
and 0.25 M HCl as eluent.

Isotope measurements were done by Multi-Collector Induc-
tively Coupled Plasma-Mass Spectrometry (MC-ICP-MS) using the
Thermo Scientific Neptune Plus at the ICBM. The measured
87Sr/86Sr and 143Nd/144Nd ratios were corrected for mass fraction-
ation by normalizing to 86Sr/88Sr ¼ 0.1194 and
146Nd/144Nd ¼ 0.7219 and the exponential law, and are reported
relative to the standards NBS-SRM 987 (87Sr/86Sr ¼ 0.710248;
Thirlwall, 1991) and JNdi (143Nd/144Nd ¼ 0.512115; Tanaka et al.,
2000), respectively. The 2s external reproducibility was checked
by repeated analysis of standards NBS-SRM 987 (40 ppm, n ¼ 12)
and JNdi (24 ppm, n ¼ 17) (Table 1). The Nd isotopic ratio is
expressed as: εNd(0) ¼ [(143Nd/144Nd) measured/(143Nd/144Nd) CHUR
-1] � 104, while CHUR (chondritic uniform reservoir) is 0.512638
(Jacobsen andWasserburg, 1980). Blank levels were negligible in all
cases. Krypton “gas blanks” as well as Rb and Ba levels in the
measured Sr solutions were also negligible.

The Sr and Nd isotope data of four additional cores have been
analyzed at CEREGE and are used for a westeeast comparison
throughout the EMS. The data of cores UM42, BC3, and BC19 have
been published (Freydier et al., 2001), while the data from boxcore
SL114 (35�17.20N, 21�24.50E; 3390 m depth) obtained during the RV
Logachev cruise SMILABLE in 1999, are new. The analytical pro-
cedures for these four cores are the same and were given in
Freydier et al. (2001).

4. Results

4.1. Sapropel geochemistry (TOC, Ba, Mn) in core CP10BC

Sedimentation rates are relatively high during the S1 period and
relatively low for themore recent, arid interval (Fig. 2). The low TOC
content in the uppermost 5 ka reflects the overall low productivity



J. Wu et al. / Quaternary Science Reviews 152 (2016) 31e4836
and oxic conditions in the EMS (Fig. 3a). In the lower part, the re-
sidual S1 is characterized by 1.2e1.7% TOC content, while the full
extent of S1 is recognized by the elevated Ba/Al zone (Fig. 3b). This
difference is due to post-depositional oxidation that removed most
of the TOC but not biogenic Ba from the upper-most S1 interval (De
Lange et al., 1989; Van Santvoort et al., 1996). Biogenic Ba (mainly
barite, refer to as “Ba”) was corrected by the equation: Ba ¼ Bablk e
[Alblk � (Ba/Al)det], where Bablk and Alblk are concentrations in bulk
sediments, and (Ba/Al)det represents the average Ba/Al ratio of EMS
detrital sediments (0.0033 g/g) (Rutten and de Lange, 2002). Due to
its conservative behavior, Al is adopted as a normalizing parameter
to assess the relative enrichment/depletion of specific elements
(Martinez-Ruiz et al., 2015; and references therein).

The two separated Mn-rich zones at ~7.3 and 5.8 ka correspond
to the upper boundary of the residual and the initial S1, respectively
(Fig. 3c). It has been demonstrated that the lower Mn-peak is
forming actively, whereas the upper one is related to reventilation
of the water column during S1 termination (Van Santvoort et al.,
1996; Reitz et al., 2006). Defined by the Ba/Al ratio reflecting
initial TOC accumulation rates, and the upper Mn/Al peak signaling
the conversion from anoxic to oxic conditions, the S1 formation
ended at ~5.8 ka in core CP10BC (Fig. 3). This is within the range of
previous studies (~6.1 ± 0.5 ka) (Mercone et al., 2000; De Lange
et al., 2008). Note that bulk Ba associated with MnOx may be
enhanced at the major Mn-peak, causing a seemingly younger S1-
ending age according to the Ba/Al profile (see Reitz et al., 2006).
Sapropel S1 is split into S1a and S1b at ~8.0 ka, based on the ends of
increasing trends of TOC and Ba/Al, as well as of decreasing
(increasing) trend of 87Sr/86Sr (εNd(0)) (Figs. 3 and 4). This timing is
close to the well-known 8.2 ka event (Rohling and P€alike, 2005).
Fig. 3. Sapropel S1 geochemistry of core CP10BC. a) TOC (total organic carbon). b) Ba/Al (bi
upper axis. Dark and light shadings show the residual and oxidized parts of sapropel S1, re
4.2. Detrital elements (Ti, Zr, K) in core CP10BC

There is a strong similarity between Ti/Al and Zr/Al profiles
obtained for the bulk sediments, showing lower values in the S1
section and higher values in the upper part of the core, with a
minimum at ~7.0e6.0 ka (Fig. 4b and c). By contrast, K/Al is highest
in the lower and upper parts, showing a rather broad minimum at
~5.0e4.0 ka (Fig. 4d). In the plot of Ti/Al vs. K/Al (Fig. 5a), the
sapropel samples have lower Ti/Al ratios relative to the non-
sapropel samples. The S1a samples report generally higher K/Al
ratios, while the S1b samples show lowest Ti/Al values and a major
decrease in K/Al.

4.3. Sr contents, and Sr-, Nd-isotopes of detrital sediments in cores
CP10BC and SL114

After removing the carbonate, the remaining detrital Sr content
in core CP10BC is relatively low (~110e187 ppm) (Table 2; Fig. 4e).
The 87Sr/86Sr ratio of the detrital fractions has a large variation
(0.7146e0.7199), whereas the εNd(0) values vary within a narrow
range (�12.0 to �10.8) (Table 2; Fig. 4f and g). A strong negative
correlation between detrital 87Sr/86Sr and εNd(0) values is displayed
(Figs. 4 and 6). The Sr content expressed as 1000/Sr also co-varies
with 87Sr/86Sr (R2 ¼ 0.30) (Figs. 4 and 7). The 87Sr/86Sr ratios in
core SL114 are similar to those in core CP10BC, whereas during S1
the εNd(0) values of SL114 are higher than for CP10BC (Table 3;
Fig. 8).

The interval of ~3.0e1.5 ka is deviating in geochemical compo-
sitions (e.g. Ti/Al, K/Al, Sr contents, and 87Sr/86Sr) (Fig. 4), which is
related to dispersed tephra occurrence as identified in several
samples. As tephra is not our focus here, we will disregard this
interval hereafter.
ogenic Ba/bulk Al) (c.f. Section 4.1). c) Mn/Al. Age tie-points are indicated by arrows at
spectively.



Fig. 4. Geochemical records for core CP10BC over the past 9.8 ka. a) Ba/Al (biogenic Ba/bulk Al). b) Ti/Al. c) Zr/Al. d) K/Al. e) Sr content. f) 87Sr/86Sr. g) εNd(0). Data for Sr, 87Sr/86Sr, and
εNd(0) are determined on detrital (decarbonated) sediments. Age tie-points are indicated by arrows at upper axis. Note descending axis of Sr content and εNd(0). Dashed lines indicate
the tephra-related interval mentioned in Section 4.3, to be disregarded in this contribution. Sapropel S1a, S1b, and termination of AHP (African Humid Period) are specified.
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Fig. 5. Data of Ti and K in core CP10BC are distinguished between three hydroclimate conditions of sediment deposition, indicating a ternary mixing system presented in elemental
compositions. a) Plot of Ti/Al vs. K/Al. Potential source areas are shown, with Libyan Soil deduced from the evolution of CP10BC data, suggesting a minor Nile influence. b) Plot of Ti
vs. K concentrations with arrows indisputably indicate the changes in sediment composition over the Holocene. The tephra-related data is excluded. Data of Saharan dust and Nile
sediment after Krom et al. (1999a; 1999b); surface sediment data of Aegean (Karageorgis et al., 1998) and Adriatic (Dolenec et al., 1998) seas reported as average values.
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5. Discussion

Characterization of detrital supplies and their attribution to
different sources are prerequisites for hydroclimate reconstruction.
Previous studies on modern EMS sediments have reported a clear
westeeast gradient in geochemical signatures, due to mixing be-
tween distinct endmembers: “young and mafic” Nile sediment is
diluted towards the west by “old and felsic” Saharan dust, while
riverine contributions derived from basalts and ultramafic rocks
over the NBEM have also been proposed (e.g. Venkatarathnam and
Ryan, 1971; Krom et al., 1999a; Weldeab et al., 2002a; Klaver et al.,
2015). It has been suggested that this recent provenance pattern
was also present in the Quaternary (Krom et al., 1999b; Freydier
et al., 2001; Weldeab et al., 2002b; Revel et al., 2010, 2015), Plio-
cene (Wehausen and Brumsack, 1999, 2000; Nijenhuis and de
Lange, 2000), and even pre-Pliocene (Klaver et al., 2015) sedi-
ments. The reported sources have well-defined Sr-Nd isotopic sig-
natures (Table 4; and references therein), but the underlying
datasets do not adequately cover the Ionian Sea, especially the key
margin areas (see Ayache et al., 2016).

Here, we combine detrital Sr and Nd isotopic compositions with
high-resolution elemental ratios (Ti/Al, Zr/Al, and K/Al) from bulk
sediments to unravel the provenance of sediments in the central
Mediterranean during the Holocene. We first propose a three-
endmember mixing hypothesis, which will be examined by a
westeeast comparison throughout the EMS, and finally reconstruct
the changes in different detrital contributions with implications for
hydroclimate over the circum-Mediterranean.
5.1. A three-endmember mixing system for detrital sediments in
core CP10BC

In terms of Sr-Nd isotopic and elemental compositions, a simple
mixing model between Nile sediment and Saharan dust has been
used to describe the variability of detrital supplies to the Levantine
Basin for the present-day (Krom et al., 1999a;Weldeab et al., 2002a)
and for the last 100 ka (Krom et al., 1999b; Freydier et al., 2001;
Revel et al., 2010, 2015). Using Sr-Nd isotope data, the late-
Quaternary detrital sediments deposited in the Aegean Sea have
also been reported to be a mixture of Aegean/Nile river-borne
materials and Saharan dust (Weldeab et al., 2002b; Ehrmann
et al., 2007b).

For the central Mediterranean, the system seems to be more
complex. Based on the surface distribution of Sr-Nd isotopes, not
only the Saharan dust and the NBEM riverine supplies have been
reported, but also a potential influence from the Libyan margin has
been inferred for the present-day Ionian Sea (Weldeab et al.,
2002a). Moreover, a local riverine source to the Ionian Sea has
been suggested for the S1 time, but with unspecified origin and
geochemical signature (Fontugne et al., 1994; Krom et al., 1999b;
Freydier et al., 2001; Scrivner et al., 2004).

For our data, it is clear that a third component is required to
explain the Holocene deposition in the Ionian Sea (Figs. 5e7). With
reference to the published isotopic and elemental data over the



Table 2
Sr and Nd isotopic compositions of detrital sediments in core CP10BC.

Depth (cm) Age (ka) Sr (ppm) 87Sr/86Sra 143Nd/144Ndb εNd(0) ± 2sc

0e0.25 0.1 130.6 0.719740 0.512027 �11.9 ± 0.31
3e3.25 1.0 124.1 0.719847 0.512022 �12.0 ± 0.22
6e6.25 1.9 186.8 0.714879 0.512029 �11.9 ± 0.29
9e9.25 2.8 166.2 0.715315 0.512029 �11.9 ± 0.22
12e12.25 3.6 140.1 0.718365 0.512016 �12.1 ± 0.23
15e15.25 4.5 120.2 0.719703 0.512039 �11.7 ± 0.23
17e17.25 5.1 120.1 0.717723 0.512047 �11.5 ± 0.28
17.5e17.75 5.2 113.9 0.718582 0.512046 �11.5 ± 0.22
18.25e18.5 5.4 118.0 0.718113 0.512043 �11.6 ± 0.22
19e19.25 5.6 110.3 0.717853 0.512054 �11.4 ± 0.22
19.75e20 5.8 111.1 0.717317 0.512066 �11.2 ± 0.24
21.25e21.5 6.2 118.1 0.716946 0.512061 �11.3 ± 0.17
22e22.25 6.4 131.6 0.716631 0.512071 �11.1 ± 0.38
22.75e23 6.5 133.8 0.716065 0.512071 �11.1 ± 0.21
24e24.25 6.8 138.0 0.715476 0.512076 �11.0 ± 0.26
24.5e24.75 7.0 142.0 0.715471 0.512079 �10.9 ± 0.22
26e26.25 7.3 141.9 0.714622 0.512092 �10.6 ± 0.22
27.5e27.75 7.7 135.0 0.714916 0.512001 �11.0 ± 0.26
28e28.25 7.8 126.9 0.714915 0.512069 �11.1 ± 0.22
28.5e28.75 7.9 127.5 0.715166 0.512084 �10.8 ± 0.27
29.25e29.5 8.1 138.5 0.714822 0.512074 �11.1 ± 0.21
30e30.25 8.3 123.1 0.716075 0.512067 �11.1 ± 0.35
30.75e31 8.6 120.8 0.716393 0.512066 �11.2 ± 0.22
32.25e32.5 9.0 122.8 0.716694 0.511989 �11.6 ± 0.22
33.5e33.75 9.3 119.0 0.716986 0.512044 �11.6 ± 0.31
34e34.25 9.4 114.4 0.717473 0.512049 �11.5 ± 0.22
34.5e34.75 9.6 117.9 0.718064 0.512044 �11.7 ± 0.17

a Errors (2s) are always <0.00004, normalized to the NBS-SRM 987 value of
87Sr/86Sr ¼ 0.705248 (Thirlwall, 1991).

b Normalized to the JNdi value of 143Nd/144Nd ¼ 0.512115 (Tanaka et al., 2000).
c Highest errors of internal and external errors are reported.
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circum-Mediterranean (Table 4), we will show that for the past 9.8
ka the Ionian sediment composition can be represented by a three-
endmember mixture of detrital supplies derived from Saharan
Dust, Aegean/Nile, and Libyan Soil.
5.1.1. Definition of the two traditional endmembers
Dust derived from North Africa is a significant component to the

EMS. Our radiogenic isotope results yield a “Saharan Dust” end-
member, with values that are typical for central Sahara-derived
dust/aerosols collected over the EMS (see reviews by Grousset
and Biscaye, 2005; Scheuvens et al., 2013) (Table 4; Figs. 6 and 7).
Consistent low Ti/Al and Zr/Al values during the humid climate,
sapropel S1 interval, and high values for the arid periods, are in
agreement with a dominant Saharan dust input (e.g. Wehausen and
Brumsack,1999, 2000; Nijenhuis and de Lange, 2000; Lourens et al.,
2001). Titanium and Zr mainly reside in heavy minerals and can be
transported with coarse quartz in wind-blown Saharan materials
(see Scheuvens et al., 2013).

At present, riverine supplies to the central Mediterranean are
low compared to eolian fluxes (Guerzoni et al., 1997; Rutten et al.,
2000). Using Sr and Nd isotopes, it has been shown that minor
amounts of Nile sedimentsdif anydmay be deposited in the areas
west of Crete (Krom et al., 1999a;Weldeab et al., 2002a) (c.f. Section
2). At sapropel times, the enhanced Nile sediment load has been
geographically limited. Comparisons across the Nile delta show
that higher sedimentation rates during sapropel S1 occurred only
for cores taken close to the delta (Hennekam et al., 2015), indicating
that the offshore spread of Nile particulate matter was not larger.
Moreover, increased precipitation is thought to have generated
denser vegetation causing reduced physical erosion in the Ethio-
pian highlands (Blue Nile source), which yields most of the Nile
particulates (Krom et al., 1999b; Weldeab et al., 2002b). This is
supported by the systematically lower Ti/Al ratios observed in the
Levantine Basin during sapropel times (e.g. Krom et al., 1999b;
Wehausen and Brumsack, 1999, 2000; Box et al., 2011; Hennekam
et al., 2014). The higher Ti/Al in sapropels for the western Nile-
delta (Revel et al., 2010; see also Hennekam et al., 2015) has been
interpreted by Box et al. (2011) as overbank flood deposits from
turbidity flows, which mainly reflect the magnitude of water flow.
Box et al. (2011) also suggested that during S1 time the Nile sedi-
ment reaching distal locations within the Levantine Basin, was
mainly from theWhite Nile, since the Sudd swamps no longer acted
as a giant sediment trap (Williams et al., 2000). However, a simple
dichotomy between riverine inputs from the Blue Nile and Atbara
and Saharan dust fluxes has been recently shown by the 87Sr/86Sr
and εNd(0) ratios of two cores from the Nile upper continental slope
(Revel et al., 2015). This confirms that the sediment contribution
from the White Nile has been minor for the last 25 ka (Revel et al.,
2015).

In any case, the White Nile should not have constituted a
considerable source for sapropel S1 sediment of core CP10BC in the
distant southwestern Ionian, as explicitly discounted by the dia-
gram of 87Sr/86Sr vs. 1000/Sr (Fig. 7). Particularly, the surface-water
pathway (Fig. 1) strongly argues against contributions from the
White Nile source. Considering the position of core CP10BC along
the MAW pathway, rivers from the NBEM should be more impor-
tant than the Nile as potential detrital source during humid sap-
ropel periods (Fig. 1).

Here, we refer to the endmember with lowest 87Sr/86Sr and
highest εNd(0) ratios as “Aegean/Nile” in core CP10BC (Table 4;
Figs. 6 and 7). Its Sr and Nd isotopic compositions and Sr contents
are taken from average values of Balkan and Aegean basalt and
main Nile, representing river-borne particulates from the NBEM-
and/or Nile (Table 4; Figs. 6 and 7). This is because riverine inputs
from Nile and Aegean regions cannot be differentiated due to the
similar Sr-Nd isotopic signatures (Weldeab et al., 2002a, 2002b). In
addition, this signature is quite similar for the Aegean and most
other NBEM areas (Klaver et al., 2015).

The elemental composition of sediments in core CP10BC can,
nevertheless, shed light on the relative contributions. The pattern
of lower (higher) Ti/Al values in sapropel S1 (non-sapropel) and the
similarity between Ti/Al and Zr/Al profiles in core CP10BC indicate
that most of the Ti/Al signal is derived from Saharan dust, rather
than from Nile sediment (Fig. 4). From the plot of Ti/Al vs. K/Al
(Fig. 5a) it is also clear that only the NBEM (i.e. Aegean and Adriatic)
riverine inputs can account for the increased K/Al ratio during
sapropel S1 time in the Ionian Sea; an increased Nile sediment
contribution can be ruled out as this is characterized by very low K/
Al. This means that during sapropel S1, the NBEM riverine input is a
major component of the Aegean/Nile endmember, whereas the Nile
contribution is minor.

The enhanced K/Al associated with NBEM riverine input for
sapropel layers has been report to correspond with a higher illite
content (see Martinez-Ruiz et al., 2015). The clay mineral assem-
blage is known to be related to provenance and hydrological
environmental conditions (e.g. Chamley, 1989; Wu et al., 2012;
Bout-Roumazeilles et al., 2013). A northesouth contrast in hydro-
climate conditions has been proposed for the Holocene central
Mediterranean (see review by Magny et al., 2013). The K/Al profile
of core CP10BC displays good correspondence with the precipita-
tion reconstructions north of 40�N (Figs. 1 and 9): speleothem d18O
data of Corchia Cave reflecting regional precipitation (Zanchetta
et al., 2007) and pollen-based estimates of winter precipitation in
Lake Accesa (Peyron et al., 2011). On the other hand, the areas south
of 40�N (e.g. Lake Pergusa in Sicily) are characterized by persis-
tently humid winters and summers until ~5.0 ka (see Magny et al.,
2013), coinciding with the K/Al minima in core CP10BC. Taken
together, the K/Al in core CP10BC is considered to be related to



Fig. 6. 87Sr/86Sr vs. εNd(0) isotopic compositions for core CP10BC detrital sediments and for potential source areas, with endmembers (star) and their ranges (dashed rectangle)
shown. A distinct trend in CP10BC data (blue ellipse-shading) is clearly different from the domain of the eastern Mediterranean basins (green ellipse-shading), indicating the
existence of Libyan Soil endmember. The signatures for Aegean and Nile rivers are similar and cannot be differentiated here (c.f. Section 5.1.1). For data sources refer to Tables 3 and 4
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winter precipitation and associated riverine inputs from the NBEM
during S1 deposition.
5.1.2. Evidence for the Libyan endmember
In the diagnostic plot of 87Sr/86Sr vs. εNd(0) for the central

Mediterranean sediments and in particular those of core CP10BC, a
third component with a Sr-Nd isotopic composition different from
the traditional provenance fields is expected (Fig. 6). A similar
observation can be made on the basis of the 87Sr/86Sre1000/Sr
diagram; that is, the data cannot be described by a simple two-
endmember mixing model (Fig. 7).

As shown in Fig. 6, the Sr and Nd isotopic values of detrital
sediments within core CP10BC display a distinctive trend. The non-
sapropel samples would still fit along the two-endmember mixing
trend between Saharan Dust and Aegean/Nile. However, the sam-
ples deposited during the humid S1-interval clearly indicate an
additional source with a simultaneous low 87Sr/86Sr and εNd(0). The
Sr-Nd isotopic array also reveals that enhanced contributions from
this source and that of Aegean/Nile occurred at the same time,
relative to a reduced supply of Saharan Dust, suggesting a riverine-
origin for the inferred source. Comparing the Sr-Nd isotopic ratios
for all potential source areas (Table 4; Figs. 1 and 6), this end-
member can best be attributed to “Libyan Soil” (Grousset and
Biscaye, 2005; Revel et al., 2010).

A ternary mixing system is also present for the elemental
compositions of sediments in core CP10BC. The data of Ti and K
suggest three different hydroclimate conditions of sediment
transport and deposition, and this compositional variability can be
best explained by mixing between at least three endmembers
(Fig. 5). As discussed above, Saharan dust and NBEM riverine sup-
plies are amongst the endmembers, with negligible Nile influence
(c.f. Section 5.1.1). As indicated by decreasing Ti/Al and K/Al ratios,
the evolution trend of CP10BC data from S1a to S1b suggests the
existence of a third endmember (Figs. 4 and 5). Despite the lack of
adequate elemental data for the Libyan hinterland, this observation
and the concurrent higher sedimentation rate (Fig. 2) is interpreted
here to indicate an enhanced contribution of Libyan Soil material
during the S1b interval. This contribution is characterized by rela-
tively low Ti/Al and K/Al ratios. Note that in general a spurious
correlation may be discerned when using a plot of normalized el-
ements (see Van der Weijden, 2002). In core CP10BC, however, the
evolution trend in the Ti vs. K plot (Fig. 5b) confirms and even
better visualizes the pattern observed in the plot of Ti/Al vs. K/Al
(Fig. 5a), which justifies the evaluation of potential source areas
made above.

Although the detrital Sr isotopic composition could be influ-
enced by grain-sized sorting and possible barite-Sr, plotting of
87Sr/86Sr ratios against 1000/Sr concentrations has been widely
used for provenance discrimination, especially in the circum-
Mediterranean area (e.g. Grousset et al., 1992, 1998; Krom et al.,
1999a, 1999b; Grousset and Biscaye, 2005; Box et al., 2011).
Indeed, the patterns of trend and timing presented in the
87Sr/86Sre1000/Sr diagram (Fig. 7) do corroborate this interpreta-
tion, showing the highest contribution of Libyan Soil between ~6.3
and 5.5 ka. It seems that during the onset (~9.8e8.3 ka) and ending
(~6.3e5.5 ka) of S1, the relative contribution from Libyan rivers was
more pronounced, whereas during mid-S1 it is rather the NBEM
contribution that dominated (Fig. 7). Further work is required to



Fig. 7. Evolution of different detrital contributions for core CP10BC on the basis of 87Sr/86Sr vs. 1000/Sr diagram. Endmembers (star) and their ranges (dashed rectangle), and
potential source areas are shown. The UM42 slump is in line with enhanced fluvial activity in Tunisia during ~7.3e6.3 ka (c.f. Section 5.3). The tephra-related interval is not shown.
For data sources see Tables 3 and 4.

Table 3
Sr and Nd isotopic compositions of detrital sediments in core SL114.a

Depth (cm) Sample b 87Sr/86Sr 143Nd/144Nd εNd(0)

0.25 non-S1 0.718895 0.512019 �12.1
15.55 non-S1 0.718905 0.512013 �12.2
24.05 S1 0.716694 0.512111 �10.3
28.05 S1 0.715441 0.512123 �10.1
32.05 S1 0.715743 0.512113 �10.2
34.05 S1 0.716405 0.512083 �10.8
39.05 non-S1 0.716243 0.512072 �11.0
49.2 non-S1 0.718041 0.512074 �11.0

a Uncertainty (2s) of 87Sr/86Sr and 143Nd/144Nd are 0.000015 and 0.000010,
respectively. See Freydier et al. (2001) for analytical details.

b Identification of S1 is based on Ba/Al profile.
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verify and quantify this observation, but a Libyan riverine supply
during S1b must have been considerable. This increased detrital
supply could be related to the simultaneously intensified dynamics
of river/wadi systems draining Tunisia and western Libya (Zielhofer
et al., 2008). An enhanced detrital input of Sr-rich aragonite from
the Libyan coastal areas during S1 has also been suggested (Reitz
and de Lange, 2006).

Our observations are consistent with previous reconstructions
of North-African monsoon precipitation. Stratigraphic surveys and
pollen analysis on palustrine and eolian sediments for the Jefara
Plain suggest a wet Holocene until ~5.0 ka, interrupted by two arid
spells dated ~8.2 and 5.4 ka, with the most humid conditions
occurring between ~6.8 and 5.5 ka (Giraudi et al., 2013) (Figs. 1 and
9h). Archaeological surveys also indicate the same pattern. Persis-
tently denser population in Libya between ~7.5 and 6.0 ka and
densest population around 6.0 ka have been shown (Manning and
Timpson, 2014), coherent with the Libyan hydroclimate evolution
and the changes in Libyan Soil observed in core CP10BC. The steady
humid phase (~6.7e5.4 ka) in northwestern Libya is also identified
through the presence of large ponds and marshes (Barich, 2014).

In conclusion, our results indicate important riverine supplies
from Libya to the Ionian Sea, accompanied by a simultaneous in-
crease in the NBEM contribution. This riverine detrital supply is



Fig. 8. Comparisons of 87Sr/86Sr vs. εNd(0) isotopic compositions between core CP10BC and four cores UM42, BC3, BC19 (Freydier et al., 2001), and SL114, taken along a westeeast
transect throughout the eastern Mediterranean Sea for the Holocene. The data are differentiated between S1-samples (solid symbols) and nonsapropel-samples (open symbols). The
trend-lines are specified for all-samples (solid lines) and for S1-samples alone (dashed lines). The trend-lines from a) are displayed in b), suggesting a westward increasing Libyan
Soil contribution. c) Dashed parallelograms profile the data range for each core.
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characterized by relatively low 87Sr/86Sr (~0.716) and εNd(0) (�13.5)
values, as well as low Ti/Al (<0.05) and K/Al (<0.25) ratios. The
riverine contribution from the Libyan margin is controlled by
North-African monsoon precipitation. It was most enhanced during
sapropel S1b in particular, with the highest contribution between
~6.3 and 5.5 ka.

5.2. A westeeast comparison throughout the eastern
Mediterranean Sea

At sapropel times, enhanced African monsoon precipitation
activated fossil river/wadi systems along the wider North-African
margin, which could deliver substantial amounts of freshwater
and detrital material to the EMS. This has been proposed previously
for the sapropel S5 (Rohling et al., 2002; c.f. Section 1). We
demonstrate that such scenario has occurred also for sapropel S1.
The fossil river/wadi channel network in eastern Libya towards the
Gulf of Sirte has been considered as an important detrital source
during deposition of sapropel S5 (Rohling et al., 2002, 2004;
Osborne et al., 2008, 2010) (Fig. 1). The satellite imagery of its
major paleo-river channels lends support to the idea of a humid
corridor (Paillou et al., 2009, 2012). Yet, this consideration on the
origin of the riverine supply may not be fully adequate due to the
limited spatial coverage of the studied sites. In other words, none of
the reported sites can distinguish between the supplies from
western and eastern Libya. In fact, with three major paleo-river
systems identified, Coulthard et al. (2013) have revealed that it is
the most-western paleo-river system flowing over western Libya
and Tunisia that represents the most likely route for human
migration across the Sahara (Fig. 1).

To evaluate the potential distribution of the Libyan detrital
supply and to locate potential riverine sources, we compare the Sr
and Nd isotope data of core CP10BC with those of four cores taken
along a westeeast transect throughout the EMS.

5.2.1. Distribution of the Libyan detrital supply
Cores UM42, SL114, BC3, and BC 19 were collected in the

western, eastern Ionian Sea, the south of Crete, and the Levantine
Basin, respectively (Freydier et al., 2001) (Fig. 1). The Sr and Nd
isotope data for these cores display distinct trends (Fig. 8). For the
recent sediments, the values of 87Sr/86Sr and εNd(0) in cores UM42,
SL114, and BC3 are similar to those of core CP10BC, indicating a



Table 4
Published Sr contents, 87Sr/86Sr ratios, and εNd(0) values of samples from the circum-Mediterranean.

Samplea Sample type Sample number Sr (ppm) 87Sr/86Sr εNd(0) Sourceb

Average Range Average Range Average Range

Saharan Dustc Loess, silt and sand deposits 9 115.1 92.5e128.6 0.722243 0.719251e0.725225 �13.0 �14.6e11.2 1
Aegean/Niled 528.5 206.0e1426.0 0.706394 0.703527e0.709529 �1.9 �5.8e3.1
Aegean basalt Tertiary basalt rocks 33 754.7 206.0e1426.0 0.707610 0.703527e0.709529 �3.1 �5.8e3.1 2
Main Nile Levee mud 10 302.2 269.0e331.0 0.705177 0.704690e0.705660 �0.7 �2.9e1.7 3
White Nilee Bank mud 3 72.5 0.710750 0.710450e0.710970 �9.4 �10.4e8.6 3, 4
Nile delta Delta sediments 3 126.7 116.6e140.3 0.707043 0.706470e0.707530 �3.3 after 5
UM42 slumpf Libyan-Tunisian shelf slump 1 133.7 0.716830 �12.9 6
Levantine Marine surface sediments 17 0.711363 0.707531e0.714959 �6.1 �10.3e1.0 5, 6, 7, 8
Aegean Marine surface sediments 8 0.713090 0.710380e0.713831 �7.9 �8.8e5.8 5, 8, 9
Crete Marine surface sediments 5 0.716329 0.715968e0.716950 �11.2 �11.5e10.9 5
Ionian Marine surface sediments 7 0.716998 0.715924e0.718895 �11.8 �12.5e11.0 5, 8
S. Adriatic Marine surface sediments 4 0.717427 0.716887e0.718342 �10.3 �11.8e9.6 5, 8
Sicily Marine surface sediments 3 0.717906 0.715700e0.720086 �11.4 �12.1e10.9 5
Libyan Soilg Loess, silt and sand deposits 10 99.3 73.8e124.1 0.716165 0.715000e0.718597 �13.5 �15.4e10.7 1, 7
Tunisia Loess, silt and sand deposits 1 286.0 0.714239 �9.5 10
Egypt Loess, silt and sand deposits 2 0.717072 0.715874e0.718270 �10.8 �11.0e10.5 1
Algeria Loess, silt and sand deposits 3 118.1 21.1e168.6 0.723500 0.721000e0.726000 �12.8 �12.1e13.5 after 11
Morocco Loess, silt and sand deposits 4 98.4 87.2e111.6 0.726441 0.716593e0.734041 �14.8 �17.1e11.8 12

a All samples are decarbonated, except Aegean basalt, main Nile and White Nile, of which carbonate content <2%; endmembers are in bold.
b 1 ¼ Grousset and Biscaye (2005), 2 ¼ Güleç (1991), 3 ¼ Padoan et al. (2011), 4 ¼ Box et al. (2011), 5 ¼ Weldeab et al. (2002a), 6 ¼ Freydier et al. (2001), 7 ¼ Revel et al.

(2010), 8 ¼ Tachikawa et al. (2004), 9 ¼ Ehrmann et al. (2007b), 10 ¼ Grousset et al. (1992), 11 ¼ Scheuvens et al. (2013), 12 ¼ Grousset et al. (1998).
c Sr is taken from modern Saharan aerosols collected in Corsica (~42�N, 9�E).
d Average of Aegean basalt and Main Nile.
e 87Sr/86Sr and εNd(0) from 3, while Sr after 4.
f Identified by the inversion of deptheAMS 14C ages.
g Sr from 6 alone, while 87Sr/86Sr and εNd(0) after 1 and 6. Only the plotted data in 6 are used.
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similar predominant Saharan dust source. It must be noted that a
slight westeeast decrease in dust 87Sr/86Sr ratio may occur (see
Krom et al., 1999a).

It has been suggested that increased riverine flux and decreased
eolian fluxmust have occurred together during sapropel deposition
(e.g. Krom et al., 1999b; Wehausen and Brumsack, 1999, 2000;
Freydier et al., 2001). Indeed, the Sr-Nd isotopic arrays all show
that during S1 time, contributions fromAegean/Nile and Libyan Soil
increased, relative to a concomitantly reduced Saharan Dust supply
(Fig. 8). Specifically, cores CP10BC and UM42 point to a Libyan Soil
dominated contribution, whereas SL114 shows a higher contribu-
tion from an Aegean/Nile source. This is in agreement with the
location of core SL114, being more distant from the Libyan margin
and more proximal to the NBEM area. Moreover, the overall higher
87Sr/86Sr-εNd(0) signatures for core SL114 compared to eastern sites
BC3 and BC19 indicates a NBEM source rather than the Nile for the
Aegean/Nile endmember (Fig. 8c). In the Levantine Basin, the
variability of Sr-Nd isotopic compositions has been attributed to a
binary mixing between Saharan dust and Nile sediment (e.g. Krom
et al., 1999b; Revel et al., 2010, 2015). This can be clearly seen in
core BC19, the easternmost site. This confirms the predominant
Aegean/Nile riverine inputs while the potential Libyan contribution
seems to have nearly disappeared.

The overall trend towards the humid-most sapropel phase, in-
dicates a decreasing Libyan Soil contribution from southern to
northern Ionian (i.e. from CP10BC towards UM42, SL114), and from
the Ionian eastward to Levantine (i.e. from CP10BC towards BC3 and
BC19) (Fig. 8). The decreasing contribution of Libyan Soil may be
due to a decreasing flux, and/or relatively increasing fluxes from
other provenances (i.e. NBEM and Nile).

The systematic westeeast increase in the slope of Sr-Nd isotopic
arrays within each of these five cores throughout the EMS is esti-
mated to reflect a higher contribution from Libya in the western
section and a more pronounced Nile contribution in the eastern
part (Fig. 8b). If this holds true, this feature points to the eastward
flowing of suspended Libyan riverine material (presumably with
MAW) and/or the westward transport of Nile-derived particulates
(presumably with LIW).
5.2.2. Origin of the Libyan detrital supply
The Libyan detrital supply could originate from 1) eastern Libya

as suggested for sapropel S5 (Rohling et al., 2002; Osborne et al.,
2008), redistributed by the anticyclonic surface-currents on the
Libyan shelf, or 2) from the west, transported by the MAW from the
broad Libyan-Tunisian shelf (Fig. 1). The lower contribution of
Libyan Soil for core BC3 relative to CP10BC suggests that the major
source is western Libya rather than eastern Libya; but this could
also be related to a more prominent Aegean/Nile influence for BC3,
and depends on the transport pathways (Figs. 1 and 8).

Comparison between cores CP10BC and UM42 can give more
precise constraints. The Sr-Nd isotope data of core UM42 are
generally closer to the Libyan Soil endmember (Fig. 8), suggesting
that the Libyan detrital supply has affected core UM42 more than
others. In contrast to the other four cores, the UM42 data, especially
for S1-samples, including an identified slump, are characterized by
a scattered distribution, implying a more dynamic depositional
condition (Table 4; Figs. 6 and 8). Moreover, core UM42 has a flatter
87Sr/86SreεNd(0) trend-line for all-samples than for S1-samples
alone; this is different from the pattern in the other cores, having
trend-lines that are flatter for S1-samples than for all-samples
(Fig. 8b). Taken together, it seems that such detrital supply may
not only be related to direct riverine sources but could as well be
derived from shelf deposits. With similar water-depths (1501 vs.
1375 m for CP10BC and UM42 respectively), and given the locations
of these two cores relative to the potential pathways (i.e. anticy-
clonic currents vs. MAW) (Fig.1), we suggest that the Libyan detrital
supply is mainly from the west, including riverine inputs and shelf-
derived fluxes from the Libyan-Tunisian margin.

This concept is consistent with the Sr-Nd isotopic signature of
Tunisia (Fig. 6), and supported by several lines of evidence. 1)
Paleohydrological and hydraulic modeling have emphasized the
paleo-river system (Irharhar) draining western Libya and Tunisia as



Fig. 9. Comparisons of proxy records over the circum-Mediterranean. a) 87Sr/86Sr in core CP10BC. b) K/Al in core CP10BC. c) Speleothem d18O data of Corchia Cave (Zanchetta et al.,
2007). d) Pollen-based estimations of seasonal precipitation for Lake Accesa (Peyron et al., 2011). e) Ti/Al in core CP10BC. f) K/Ti in core CP10BC. g) North-African (20e28�N)
hydroclimate reconstruction according to lake records (L�ezine et al., 2011). h) Hydroclimate evolution of Jefara Plain in northwestern Libya (Giraudi et al., 2013). The data of the
deviating interval (~3.0e1.5 ka) are removed for core CP10BC. Sapropel S1a, S1b, and termination of AHP (African Humid Period) are indicated.
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a key humid corridor (Coulthard et al., 2013). 2) Based on >3000
calibrated 14C dates from >1000 archaeological sites over North
Africa, Manning and Timpson (2014) revealed a denser population
and more frequent migration during the AHP in western than in
eastern Libya, concordant with enhanced river-lake systems. 3) A
hydroclimate reconstruction of northwestern Libya (Giraudi et al.,
2013) appears to be consistent with the changes in the Libyan
detrital supply revealed by the 87Sr/86Sre1000/Sr diagram (Figs. 7
and 9; c.f. Section 5.3). Nevertheless, in view of a potentially
different eastern-Mediterranean circulation system during sapro-
pel S1, an (additional) east-Libyan source area cannot be fully
excluded.

5.3. Temporal changes in different detrital contributions in core
CP10BC

Changes in different detrital contributions for core CP10BC
associated with hydroclimate conditions can be discerned if
detailed information is combined. Overall, the 87Sr/86Sr (εNd(0)) and
K/Ti profiles exhibit a close correspondence with lake records over
North Africa (10e28�N) (L�ezine et al., 2011), indicating that the
North-African hydroclimate must have dominated the detrital
supplies to the central Mediterranean (Fig. 9a,g). During S1a,
riverine inputs from the northern and southern borderlands both
increased, as reflected by the decreasing 87Sr/86Sr and high K/Ti,
corresponding with the North-African lake records and NBEM
precipitation proxies, respectively (Fig. 9c,d,f).

Between ~8.3 and 7.3 ka the most humid conditions occurred in
the central Mediterranean (Fig. 9), as indicated by various hydro-
climate proxy records (e.g. Bar-Matthews et al., 2000; Zanchetta
et al., 2007; Peyron et al., 2011; Magny et al., 2013). This can be
deduced from the lowest 87Sr/86Sr and persistent high K/Ti, and
from the 87Sr/86Sre1000/Sr diagram that indicates increased
riverine and decreased eolian contributions for this period (Fig. 7).

From ~7.3 to 5.5 ka, riverine inputs from the NBEM decreased
while these from the south increased, as indicated by a progressive
increase in 87Sr/86Sr associated with a decline in K/Al and lowest Ti/
Al (Fig. 9a,b,e). This is consistent with the wettest phase from ~6.5
to 5.5 ka in northwestern Libya (Fig. 9h).

The deduced decrease in Libyan Soil contribution between ~7.3
and 6.3 ka (Fig. 7) seems in conflict with the increasing Ti/Al and the
wetter conditions in northwestern Libya (Fig. 9e,h). This paradox is
thought to be related to additional inputs from Tunisia associated
with enhanced fluvial activity between ~6.7 and 6.0 ka (Zielhofer
et al., 2008), in line with the signature of the UM42 slump
(Fig. 7). The large shift observed from intervals ~7.3e6.3 ka to
~6.3e5.5 ka reflects the abrupt withdrawal of the Tunisian inputs
and a substantial increase in Libyan Soil contribution, coinciding
with the wettest phase in northwestern Libya (Giraudi et al., 2013)
(Figs. 7 and 9).

After ~5.5 ka, dust supply increased with decreasing riverine
inputs (Figs. 7 and 9), associated with the AHP termination;
reduced monsoon precipitation resulted in less vegetation cover
and the wide occurrence of dry/salt lakes (L�ezine et al., 2011; Bard,
2013). The ceasing riverine input from the Libyan-Tunisian margin
is shown to be after ~5.0 ka (Fig. 7). Accordingly, after ~1.5 ka the
data can be represented by a two-endmember mixing model,
analogous to that of the present-day.

6. Conclusions

Using Sr and Nd isotopes supported by major elements (Ti, Zr, K,
and Al) from core CP10BC, eolian and riverine contributions from
North Africa and NBEM to central Mediterranean sediments have
been unraveled. For the first time, robust and consistent evidence is
given for important riverine supplies from the Libyan-Tunisian
margin into the central Mediterranean during sapropel S1 time.
Considerable amounts of detrital materials and freshwater must
have been delivered into the EMS through the fossil river/wadi
systems, which were activated by intensified African monsoon
precipitation. The riverine supplies appear to originate mainly from
western Libya and Tunisia and were transported as far eastward as
~25�E. Variations in this riverine contribution show a tight corre-
spondence with hydroclimate evolution of northwestern Libya,
with the strongest contribution between ~6.3 and 5.5 ka, indicating
a control of the North-African monsoon precipitation on the
regional sediment provenance. In addition, it is shown that the Nile
influence to the central Mediterranean was negligible whereas a
prominent NBEM riverine contribution occurred during sapropel
S1 formation, particularly ~8.3e7.3 ka.
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