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a b s t r a c t

A well developed sapropel (S5) was deposited in the eastern Mediterranean during the Last Interglacial
(Eemian), 124e119 ka. Freshwater contributions to the basin at this time can be traced using the isotopic
composition of Nd in planktonic foraminifera. This enables differentiation between radiogenic sources to
the south, under the influence of the African monsoon, and unradiogenic sources to the north, relating to
the mid-latitude westerlies. Here we compare new Nd data, from a core in the southeast Aegean Sea,
with published data from the Ionian and Levantine Seas. Shifts towards more radiogenic Nd in the lower
and middle parts of sapropel S5 are most pronounced in the Ionian Sea record, with 3Nd and d18OG. ruber

co-varying more closely here than in the Levantine and Aegean Seas. This is consistent with a freshwater
source proximal to the Ionian Sea site, likely indicating a substantial reactivation of rivers flowing
northward from the central Saharan watershed. The lack, during S5 deposition, of a noticeable shift
towards more unradiogenic Nd in the Aegean record would exclude a large influx of water from the
northern borders of the eastern Mediterranean during sapropel deposition. These findings support
a scenario whereby the Last Interglacial eastern Mediterranean was influenced strongly by the remote
effects of an intensified African monsoon, with more local precipitation in the northern borders
contributing relatively little to the sea surface composition.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The flux of material from the continents to the oceans via fluvial
and aeolian transport is driven to some extent by climate (e.g.
Falkowski et al., 1998; Riebe et al., 2004; Vance et al., 2009). The
isotopic composition of trace elements in ocean sediments can be
used to monitor these climate-driven changes in continental
weathering (Frank, 2002; Reynolds et al., 2004). Elements like Sr,
with long residence times in the oceans, are used as long-term
indicators of global weathering rates (Frank, 2002). Others, such as
Nd, Hf and Pb have oceanic residence times which are comparable
to, or shorter than, both the duration of ocean mixing and the
timescale on which Quaternary climate change operates. They in
contrast to Sr can, therefore, be used to monitor regional weath-
ering inputs as well as ocean circulation (Frank, 2002; Reynolds
et al., 2004; Piotrowski et al., 2005; Foster and Vance, 2006).

The Mediterranean Sea, at the boundary between the sub-
tropical and mid-latitudes zones (Lionello et al., 2006), is ideally
x: þ44 117 925 3385.
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situated to record in its sediments changes in climatic and other
environmental factors on continents dominated by these twomajor
climate regimes. High-resolution paleoceanographic records are
available through the high sediment accumulation rates in the
Mediterranean (e.g. Sprovieri et al., 2003, 2006; Martrat et al.,
2004; Marino et al., 2007). Finally, the basin features a circulation
regime that is highly sensitive to changes imposed by the boundary
conditions on the surrounding continents, notably the supply of
freshwater (Rohling et al., 2006; Marino et al., 2007; Skliris et al.,
2007). Although changes in the freshwater balance through time
can be reconstructed from hydrological tracers like oxygen isotopes
(e.g. Rohling, 1999; Rohling and De Rijk, 1999), such approaches
carry little provenance information. Such information is essential in
the Mediterranean, where changes in freshwater supply can be
driven by very different climatic processes, namely changes in the
activity of the westerly regime over the European continent versus
variations in sub-tropical and tropical climate over the African
landmass (Tzedakis, 2007).

The distribution of crustal residence ages in the bordering
landmasses is such that inputs from different regions are distin-
guishable on the basis of their Nd isotopic composition (Fig. 1;
Scrivner et al., 2004; Tachikawa et al., 2004; Jeandel et al., 2007).
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Fig. 1. Map of the Mediterranean Sea and surrounding continents, showing locations
of major features and the three core sites (black dots) discussed in the text. Also shown
is a reconstruction of the fossil river channel network in the central eastern Sahara
(Rohling et al., 2002 adapted from Pachur and Altmann, 2006), and the main Nile
channel. The grey arrows show the major patterns of surface water circulation in the
Mediterranean Sea (redrawn from Pinardi and Masetti, 2000). Values in the dark grey
boxes indicate 3Nd of inputs to the Mediterranean. The westernmost solid arrow
represents Atlantic surface waters entering the Mediterranean via the Strait of
Gibraltar, (a) Spivack and Wasserburg (1988). The open arrows denote aeolian dust
deposited across the surface of the Mediterranean, (b) Grousset et al. (1992), Henry
et al. (1994). Fluvial inputs to the eastern Mediterranean, past and present, are indi-
cated by solid arrows, Po and Turkish rivers (c) Frost et al. (1986); ancient Libyan rivers
(d) Osborne et al. (2008); Nile (e) Scrivner et al. (2004); Northern borderland rivers via
the Aegean (f) Freydier et al. (2001), Weldeab et al. (2002a). The star indicates the
nearest available surface water 3Nd for the LC21 site (Tachikawa et al., 2004).
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Moreover, the semi-enclosed nature of the Mediterranean Sea
allows for a close monitoring of the Nd budget (Frost et al., 1986),
although there is some uncertainty surrounding the importance of
contributions from partially dissolved riverine particulates
(Tachikawa et al., 2004).

In this paper we present a new record of neodymium isotopes in
planktonic foraminifera from the Last Interglacial (Eemian) sapro-
pel S5 sediments in a core in the southeastern Aegean Sea. We
compare these results with published data for dissolved Nd in the
present-dayMediterranean (Tachikawa et al., 2004), andwith other
Last Interglacial Nd isotope records from sediment cores in the
eastern Levantine and the western Ionian Seas (Scrivner et al.,
2004; Osborne et al., 2008). The geographical distribution of the
cores allows for monitoring of freshwater inputs from monsoonal
(tropical) versus mid-latitude sources.
2. Regional setting

Fig. 1 illustrates the position of the three cores discussed in this
study and shows the basin scale cyclonic pattern of surface water
circulation in the Mediterranean, which responds to the large-scale
atmospheric processes. Briefly, surface water derived from the
Atlantic Ocean circulates eastward along the southern sector of the
Mediterranean in the form of jet-like currents (Pinardi and Masetti,
2000), encountering first the region of ODP 971A, before turning
northwards across 967C and then returning westwards across LC21,
under the influence of gyres in the eastern Mediterranean
(Roussenov et al., 1995; Pinardi and Masetti, 2000).

Previous studies have emphasized the sensitivity to climate
forcing of deep water formation in the Mediterranean Sea, and
notably in the Aegean Sea (e.g. Marino et al., 2007; CIESM, 2009).
This is best exemplified by the severe perturbation that occurred in
the late 1980s to early 1990s, the Eastern Mediterranean Transient
(EMT) (Roether et al., 2007). During the EMT, following a salt build
up in the Ionian and Levantine Seas (Malanotte-Rizzoli et al., 1999;
Skliris et al., 2007), large volumes of unusually dense and saline
waters spilt out of the Aegean Sea. The latter, for approximately
a decade, became the main source of eastern Mediterranean
deepwaters, replacing the previously dominant Adriatic Sea bottom
waters (Roether et al., 1996, 2007). Changes in the opposite sense,
through the development of a relatively fresh upper layer, have led
to a reduction in deep water formation across the entire eastern
Mediterranean and, via the resultant starvation of oxygen in the
bottomwater, to the deposition of discrete layers that are enriched
in organic matter (‘sapropels’) (e.g. Marino et al., 2007).

A number of possible scenarios for the increased freshwater
supply to the eastern Mediterranean have been put forward to
explain bottom water stagnation during sapropel formation (see
Cramp and O’Sullivan, 1999 for a review). The possible impacts of
the Black Sea overflow (Olausson, 1961) and continental ice-caps
melting to the north of the Mediterranean (Ryan, 1972) have been
discounted due to inconsistencies between the proposed driver and
the geographic and temporal distribution of sapropels (Rossignol-
Strick et al., 1982; Hilgen et al., 1997; Sperling et al., 2003). The
hypotheses that remain in contention broadly divide into two:
those controlled by high- to mid-latitude climatic drivers and that
involve enhanced freshwater supply from the northern borderlands
or directly over the Mediterranean itself (e.g. Kotthoff et al., 2008),
versus those that involve tropical drivers and increased freshwater
supply from either the Nile or from broader regions along the North
African margin (e.g. Rohling et al., 2002). With regard to our
purposes here, these two drivers should in principle have different
and identifiable impacts on the Mediterranean Nd isotopic budget
and they will be discussed in more detail below.

Increases in precipitation in the Northern Borderlands of the
Eastern Mediterranean (NBEM) concurrent with sapropel deposi-
tion have been proposed on the basis of a number of approaches (e.
g. Cramp et al., 1988; Zanchetta et al., 2007; Kotthoff et al., 2008).
Based on available palaeoclimatological data, Rohling and Hilgen
(1991) interpreted potential precipitation increases in the NBEM
as a result of secondary depression tracks in the region in the wake
of a northward movement of the main Atlantic depression track
(Kutzbach and Guetter, 1986). Summer precipitation could have
been further strengthened by additional evaporation from warm
waters as a result of an insolation-induced increase in temperature
contrast across the Gulf Stream and North Atlantic Drift (Rohling,
1994).

In contrast, the strong temporal correlation between sapropel
occurrence and precession minima-related insolation maxima in
the Northern Hemisphere (Rossignol-Strick et al., 1982; Rossignol-
Strick, 1983, 1985) has led to the suggestion that the freshwater
balance of the (eastern) Mediterranean, and thus sapropel forma-
tion, is fundamentally controlled by changes in supply of monsoon-
fuelled freshwater from the North African continent. This hypoth-
esis has found two expressions e changes in freshwater supply
from the Nile point source (Rossignol-Strick et al., 1982; Rossignol-
Strick, 1983; Freydier et al., 2001; Scrivner et al., 2004) versus
increased supply from the wider North African margin through, for
example, radar-imaged fossil river channels extending across the
Libyan Sahara (Rohling et al., 2002, 2004; Larrasoaña et al., 2003;
Osborne et al., 2008).

A concentration of the biggest surface ocean d18O shifts in the
region south of Crete and the presence of large palaeo-river chan-
nels crossing Libya point to a substantial influx of freshwater from
the wider North African margin during sapropel deposition
(Rohling et al., 2002). A source of freshwater and river sediment
local to the eastern Ionian Sea has also been suggested by Fontugne



Table 1
Nd and Sm isotopic data for LC21 foraminifera.

LC21 depth (cm) Speciesa 3Nd
b 2s [Nd] ppm 147Sm/144Nd

835e850.5 Mixed �5.05 0.33 0.62 0.1384
837e839 Mixed �4.91 0.21 1.26 0.1423
855.5e869.5 Mixed �6.05 0.30 1.50 0.1405
865.5e880.5 Mixed �4.25 0.32 1.31 0.1453
876e880 Mixed �3.49 0.38 0.68 0.1663
890e940 Mixed �5.82 0.27 0.15 0.1406
895 Mixed �2.53 0.91 0.1667
945e960 Mixed �4.88 0.31 0.24 0.1224
960 Mixed �3.70 0.73 0.75 0.1453
965e985 Mixed �5.65 0.49 0.21 0.1457
1000e1044 Mixed �4.08 0.79 0.35 0.1430
1008.25e1044 Mixed �4.75 0.25 0.47 0.1418

a “Mixed” species refers to samples containing both G. ruber (white) and O. universa.
b 143Nd/144Nd is reported in 3 units (3Nd) relative to the chondritic uniform

reservoir (CHUR). 3Nd¼ [(143Nd/144Ndmeasured)/(143Nd/144Nd CHUR)� 1]� 10,000.
The reported 2s uncertainty is the internal error. With reproducibility of standards
is at the <0.2 3 unit level, the internal error for these small samples dominates the
uncertainty.
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et al. (1994), Krom et al. (1999b), Freydier et al. (2001) and Scrivner
et al. (2004).

These ideas find support in the apparent reduction in the
contribution of Saharan dust to the Mediterranean during sapropel
deposition (Krom et al., 1999a,b; Weldeab et al., 2002b), since such
changes are presumably driven by wet-dry cycles in the Sahara and
the corresponding changes in vegetative cover. Since the majority
of dust arriving in the Mediterranean is delivered from the area
north of 21�N (Larrasoaña et al., 2003), a decrease in production
indicates that wetter conditions had extended northwards of the
present-day limit of the Sahel at 18�N, crossing the central Saharan
watershed at around 21�N. Orbitally forced models of mid-Holo-
cene climate simulate an increase in the amount and northerly
extent of African monsoon rains (e.g. Kutzbach and Liu, 1997).
However, even models which include ocean and vegetation feed-
backs are not able to fully reproduce conditions that agree with
pollen data, i.e., they do not support an extension of the Sahel to
23�N (Jolly et al., 1998; Claussen et al., 1999). Other evidence for
greater precipitation in the region comes from lake level records
(Yu and Harrison, 1996), the fossilised remains of crocodiles and
fish (Pachur and Altmann, 2006) and the groundwater ages
(Sonntag et al., 1978; Sultan et al., 1997).

3. Neodymium in the Mediterranean

While the regional pattern of foraminiferal d18O is a strong
indicator of freshwater input, this alone is insufficient to pinpoint
the source of that freshwater, as foraminiferal d18O is not a conser-
vative property in the surface ocean and is affected by changes in
the balance of evaporation, precipitation and runoff, and the d18O of
each of these terms (Rohling and Bigg, 1998). The isotopic
composition of neodymium can be used as an alternative tool that
links source area and ocean basin and has, moreover, the advantage
over other proxies of being able to distinguish between catchments
of differing rock type (Goldstein and Hemming, 2003). The distri-
bution of crustal ages around the eastern Mediterranean makes it
possible to use their Nd isotopic composition to distinguish
between regional inputs (Fig. 1; Scrivner et al., 2004; Tachikawa
et al., 2004; Jeandel et al., 2007). A greater contribution of radio-
genic inputs from the southwould imply an increase in the strength
and northward extent of the African monsoon, whereas an
enhanced supply of unradiogenic inputs from the northern borders
would imply an increase in precipitation from mid-latitude
weather systems. Increased precipitation directly over the Medi-
terranean basin should have little effect on the Nd composition of
surface waters.

4. Neodymium in planktonic foraminifera

Reductiveeoxidatively (RO) cleaned planktonic foraminifera
from core tops have been shown to record the 3Nd (parts per 10,000
deviation of the measured 143Nd/144Nd ratio from the chondritic
uniform reservoir) of surface waters (Vance and Burton, 1999;
Burton and Vance, 2000; Vance et al., 2004). High concentrations
of rare earth elements (REEs) are associated with FeeMn oxide
phases (Bau et al., 1996) which form on the surface of foraminifera
during diagenesis (e.g. Palmer, 1985; Haley and Klinkhammer,
2002; Vance et al., 2004; Haley et al., 2005) and have presented
significant problems for the analysis of some other trace elements
in foraminifera, such as Cd (Boyle, 1983). However, several obser-
vations negate the importance of these coatings for the Nd inven-
tory of sedimentary foraminifera. First, post-depositional addition
of Nd from bottom and/or pore waters is inconsistent with core top
planktonic foraminifera recording surface water 3Nd values (Vance
and Burton, 1999; Burton and Vance, 2000; Vance et al., 2004).
Most importantly, however, the Nd/Mn ratios obtained for
uncleaned sedimentary foramininfera, are up to two orders of
magnitude greater than for other FeeMn oxides (Vance et al.,
2004), ruling out the possibility of any significant contamination
from such coatings and negating the impact of preferential re-
adsorption of REEs during cleaning.

Instead, Vance et al. (2004) and Haley et al. (2005) speculated
that the high REE concentration in foraminifera was a result of the
affinity of REEs to organic matter, which includes the proteins used
by foraminifera to acquire calcium ions to build their shells (Evans,
2003) and which is preserved as intra-test lamellae (e.g. Lipps,
1973). Spatially-resolved analyses of foraminiferal shells have
confirmed that there are differences in the concentrations of trace
elements in different layers of foraminiferal calcite (e.g. Erez, 2003
and references therein). Recent work by Martínez-Botí et al. (2009)
on multiple species of plankton tow and core-top planktonic fora-
minifera supports the presence of an isotopically homogeneous Nd
‘pool’ associated with intra-test organic material, acquired in
surfacewaters during foraminferal growth and then protected from
aggressive cleaning processes and diagenetic effects by the
surrounding calcite structure, in a similar way to that which has
been recently proposed for nitrogen (Ren et al., 2009). Hence, 3Nd in
planktonic foraminifera can be used in down-core studies to
investigate palaeo-surface waters, and indeed 3Nd changes in
planktonic foraminifera have been shown to be coherent with other
indicators for palaeoclimatic change (Vance and Burton, 1999;
Burton and Vance, 2000; Scrivner et al., 2004).
5. Materials and methods

Here we compare Nd in planktonic foraminifera from Last
Interglacial sapropel S5 in the eastern Levantine Sea (ODP 967C,
Scrivner et al., 2004) and in the western Ionian Sea (ODP 971A,
Osborne et al., 2008) with new data from S5 in core LC21 from the
southeastern Aegean (35� 400N, 26� 350E, 1522 m water depth).
Whereas the position of ODP cores 967C and 971A makes them
suitable for investigating runoff from African catchments, the
location of LC21 in the southeastern Aegean is such that it should be
able to capture more of a signal from the NBEM.

Mixed samples of Globigerinoides ruber (white) and Orbulina
universawere hand-picked from the 125e355 mmsize fraction from
key intervals in sediments before, during and after the interglacial
sapropel S5, selected using a previously published d18OG. ruber

record (Marino et al., 2007). G. ruber dwells in the upper 50 m of the



Fig. 2. New and previously published geochemical proxies across sapropel S5 in core LC21. a), b): Mn/Ca and Nd/Ca for mixed samples of Globigerinoides ruber and Orbulina universa.
Uncertainty on these measurements is between 2% and 5% and therefore comparable with symbol size. c): 3Nd record for mixed samples of G. ruber and O. universa, vertical error
bars are 2s error, horizontal error bars indicate the depths across which samples were combined in order to obtain sufficient Nd for analysis. d) d18O record for G. ruber (Marino
et al., 2007). e) Total organic carbon content (Corg) (Marino et al., 2007). f) Isorenieratene abundances (Marino et al., 2007). The grey shaded area indicates the visual extent of S5 in
LC21. The age scale is based on ages for the onset and end of S5, as inferred from the comparison of the d18O record with that of UeTh-dated Soreq Cave speleothems (Bar-Matthews
et al., 2000). VPDB-Vienna Peedee belemnite.
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water column and has a peak abundance in the Mediterranean in
late summer (Pujol and Vergnaud-Grazzini, 1995). O. universa is
similarly a summer species, with highest occurrence between 50
and 100 m water depth in the eastern Mediterranean (Pujol and
Vergnaud-Grazzini, 1995). Rohling et al. (2004) established that
these broad habitat characteristics applied also at the time of the
deposition of S5. Use of a mixed sample of the two species was
based on the findings of Scrivner et al. (2004), who showed that
there was no difference in the 3Nd between the two species in
samples taken from ODP core 967C.



Table 2
Mn/Ca and Nd/Ca data for foraminifera in core LC21.

LC21 depth (cm) Speciesa Mn/Cab (mmol/mol) Nd/Cab (mmol/mol)

835.5 Mixed 64.60 0.22
837 Mixed 77.51 0.34
840.5 Mixed 70.87 0.26
845.5 Mixed 50.01 0.25
850.5 Mixed 66.80 0.40
855.5 Mixed 86.53 0.73
860.5 Mixed 83.34 0.44
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All picked foraminiferal samples underwent reductive-oxidative
cleaning (Boyle and Keigwin, 1985; Vance et al., 2004). Trace
element concentrations were measured on a ThermoFinnigan
Element2 Inductively Coupled Plasma Mass Spectrometer (ICPMS)
and the Nd and Sm isotope compositions were measured on
a ThermoFinnigan Neptune Multi Collector ICPMS, both at the
University of Bristol. For the majority of depth intervals in LC21,
scarcity of foraminifera and/or low concentration of Nd in the
foraminiferal calcite made it necessary to combine (several) adja-
cent samples in order to successfully analyse 3Nd. Procedural blanks
were between 10e20 pg Nd and all measurements were corrected
assuming a blank of average crustal 3Nd¼�10. The smallest sample
contained 500 pg Nd which resulted in a blank correction of þ0.3 3

units. Multiples of eight samples were bracketed with a La Jolla
standard of known 143Nd/144Nd ratio (0.511856) and additional
standard measurements were taken at the beginning and end of
each analytical session. External reproducibility of repeated
measurements of a 50 ppb La Jolla Nd standard (0.3 ml used per
analysis, equivalent to 17 ng total Nd measured) within one session
was between 8 and 16 ppm (2s). For the much smaller samples
analysed here, the internal uncertainty becomes the greater source
of error and reproducibility less important. However, for two
sessions, 10 ppb standards were analysed (n¼ 10 for both, again
0.3 ml of solution analysed, equivalent to 3 ng Nd) and gave
0.511856� 23 and 0.511868� 27. The reproducibility of these small
standards is close to the internal uncertainties reported here for
samples that are comparable in size. Primary corrections for ICPMS
mass bias used 146Nd/144Nd¼ 0.7219 and secondary corrections
used 142Nd/144Nd¼ 1.141876 (Vance and Thirlwall, 2002). The
precision of Nd and Sm concentrations was approximately 5%.
147Sm/144Nd measurements were precise to 0.5% (Vance et al.,
2004) (Table 1).
Fig. 3. Total organic carbon (Corg) in bulk sediment plotted against reciprocal Nd/Ca
ratio in foraminiferal calcite of mixed G. ruber and O. universa samples from the same
horizons. Open triangles are from sapropel S5 in core LC21, Aegean Sea (Corg from
Marino et al., 2007, Nd/Ca from this study). Filled diamonds are from sapropel layer S1
in ODP core 967D, Levantine Basin (Vance et al., 2004), with the omission of one
horizon containing very low Nd/Ca.
6. Results and discussion

6.1. Variability in Nd/Ca in LC21 foraminifera

The Nd contents of the foraminifera measured from LC21 vary
by a factor of nearly 20, from 0.05e0.93, but there is some pattern
to this variation. Specifically, Nd/Ca ratios tend to be higher outside
the sapropel and are at their lowest within (Fig. 2). Vance et al.
(2004) presented Nd/Ca ratios for foraminiferal calcite extracted
from S1 in ODP 967D. These latter samples had an almost identical
range in Nd/Ca (0.06e1.21) to that observed here for S5 in LC21.
Furthermore, the data for S1 in 967D showexactly the same pattern
as seen here, with high values outside the sapropel and lowest
values within. Indeed, Vance et al. (2004) noted a tight inverse
correlation between the total organic carbon (Corg) content of bulk
sediments in 967D S1 and the Nd/Ca ratio of foraminiferal calcite.
Corg contents of S5 bulk sediments in LC21 extend up to nearly 15%,
whereas those for S1 at 967C are never higher than 4%. Fig. 3
demonstrates, however, that the data for foraminiferal Nd/Ca in
S5 from LC21 exhibit the same covariance with Corg for those
samples with less than 4% Corg. This relationship breaks down for
862.5 Mixed 109.85 0.81
865.5 Mixed 101.35 0.93
870.5 Mixed 44.18 0.70
875.5 Mixed 54.94 0.27
876 Mixed 55.22 0.37
880 Mixed 54.63 0.21
880.5 Mixed 60.71 0.20
885 Mixed 61.13
895 Mixed 52.30 0.16
900 Mixed 31.28
905 Mixed 64.75
905 Mixed 70.53 0.08
925 Mixed 64.00 0.09
930 Mixed 34.45
945 Mixed 67.44
950 Mixed 54.20
950 Mixed 71.11 0.17
955 Mixed 70.76
960 Mixed 60.94
960 Mixed 71.17 0.15
965 Mixed 49.76
965 Mixed 60.38 0.13
980 Mixed 77.07
985 Mixed 77.89 0.19
990 Mixed 83.72
1000 Mixed 38.12
1003 Mixed 63.27 0.14
1008.25 Mixed 76.47 0.05
1011.25 Mixed 247.08 0.11
1015.00 Mixed 91.25 0.20
1020.25 Mixed 182.94 0.18
1026.5 Mixed 107.36 0.22
1033.00 Mixed 101.32 0.21
1049.00 Mixed 161.02 0.38

a “Mixed” species refers to samples containing both G. ruber (white) and O. universa.
b Mn/Ca and Nd/Ca measured by ICP-MS. An initial analysis determined rough Ca

concentrations while subsequent dilution and re-analysis matched Ca concentra-
tions in samples and standards. Consistency standards were measured in each
analytical session and yield a long-term reproducibility of 2e5% for Mn/Ca
(depending on measured Mn/Ca) and 3e5% for Nd/Ca.
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samples with a greater proportion of Corg, where Nd/Ca are rela-
tively constant around 0.1e0.2 (Table 2).

All the samples analysed here and in Vance et al. (2004) have
been cleaned with an oxidative approach, so that any organic
matter that the foraminifera contain, and any Nd associated with it,
is removed before dissolution of foraminiferal calcite and analysis
of Nd/Ca ratios. Vance et al. (2004) speculated that Nd is associated
with organic matter in sapropel foraminifera and, because of the
reducing conditions in deepwater and in the sediments in which
the foraminifera are contained, remains in this form so that it is
removed by this cleaning, leading to low Nd/Ca ratios. In this view,
Nd associated with organic matter in foraminifera that are buried
beneath an oxic water column is removed during oxidation of the
organic matter, and transfer of this Nd to a phase in the forami-
niferal test might lead to high Nd/Ca in all foraminiferal samples in
oxic sediments.

Of course, all the above remains speculation, but the data for
LC21 are broadly consistent with the above hypothesis, and it is an
idea that can be tested by future work. It is also broadly consistent
with the suggestion of Haley et al. (2005) and Martínez-Botí et al.
(2009) that Nd in foraminiferal calcite may originally be acquired
in the surface ocean through binding to organic matter.
6.2. The Aegean Nd isotope record

New Nd isotope data for sapropel S5 from core LC21 in the
southeast Aegean complement previously published Nd isotope
data from ODP cores 971A and 967C in the Ionian and Levantine
Seas, respectively (Scrivner et al., 2004; Osborne et al., 2008).
Although the resolution of data from LC21 is limited by the low
concentration of Nd in the foraminiferal calcite, these records can
be used in conjunction with the very high-resolution d18OG. ruber

data from this core (Marino et al., 2007) in order to investigate the
impact of local (NBEM) versus distal (North African margin)
freshwater sources. From the results obtained we note that during
S5 in LC21 (Fig. 2) there is no noticeable shift towards more unra-
diogenic Nd in the sapropel layer. Below the sapropel, 3Nd is
�4.5� 0.8, which is at least 1 3 unit less negative than the closest
available measurements of modern surface water 3Nd (�6.2� 0.4 to
�7.9� 0.2; Tachikawa et al., 2004) w130 km northwest of LC21.
This may be because surface water 3Nd had already begun to change
from the ‘ambient’ (i.e. non-sapropel) composition. Alternatively,
the surface water in this location, which is thought to have been
supplied by northward flowing Levantine surface water during S5
(Marino et al., 2007) as it is today (Theocharis et al., 2002), may
have had an 3Nd closer to �5 as measured in the eastern Mediter-
ranean (Scrivner et al., 2004). 3Nd values are between �3.7� 0.7
and �5.8� 0.3 throughout the lower and middle parts of the LC21
S5. Ten centimeters below the top of S5, the foraminiferal 3Nd value
shows an excursion that peaks at �2.5� 0.9. This is the least
negative 3Nd value yet observed in any of the Last Interglacial
records for LC21, 971A or 967C (Scrivner et al., 2004; Osborne et al.,
2008). 3Nd values drop sharply in the overlying sediments, to
a profile minimum of �6.1�0.3 approximately 30 cm above the
sapropel. There is a small rebound above this in the uppermost
Fig. 4. d18O and 3Nd data for foraminifera across sapropel S5 from three eastern Mediterrane
Marino et al. (2007). The horizontal dashed grey lines represent 3Nd of Nile and putative No
indicate the closest available present-day sea surface 3Nd for each site (Tachikawa et al., 20
location could be closer to �5. The vertical dashed black lines represent the base and top of t
et al., 2002; Marino et al., 2007) and the timescale is based on a sapropel age of 124e119
(2008)), d18OG. ruber (faint line, Cane et al., 2002; Rohling et al., 2002). b) 967C 3Nd (bold lin
LC21 3Nd (bold line and open circles, this study) and d18OG. ruber (faint line, Rohling et al., 20
samples for each data point. For LC21 and 967C, a further 1 cm x-axis uncertainty is added
measurements, which, at �5.1�0.3, are comparable to the values
immediately below the sapropel.

Due to the basin wide counterclockwise circulation, the region
around LC21 receives Levantine Surface and Intermediate water,
both of which form in the nearby Rhodes Gyre (Theocharis et al.,
2002). The closest measurement of ambient sea surface 3Nd
composition isw130 km to the northwest of LC21 (Tachikawa et al.,
2004) and may come under the influence of eastward spreading
Modified Atlantic Water during the summer, as observed during
September 1994 by the PELAGOS III cruise (Theocharis et al., 1999).
An examination of salinity and temperature data from the closest
available World Ocean Database sites (Boyer et al., 2006) was not
sufficient to distinguish whether or not LC21 and the nearest sea
surface 3Nd measurement (Tachikawa et al., 2004) were affected by
the same surface water mass. Assuming a background 3Nd of �6 to
�8, this region experienced a movement towards more radiogenic
3Nd values prior to the sapropel and twice within the sapropel,
returning to background levels twice. Even if the ambient surface
waters were actually closer to the eastern Mediterranean 3Nd value
of �5 (Scrivner et al., 2004), then there is still very little in the LC21
record to suggest any significant shift towards more unradiogenic
Nd that might be caused by an increased input from the NBEM.

6.3. Comparison between Mediterranean 3Nd records

Direct comparison of palaeoproxy records for sapropel S5 from
971A, LC21 and 967C is possible as the latter two cores have
previously been correlated with the “master stratigraphy” of 971A
(Cane et al., 2002; Rohling et al., 2002; Marino et al., 2007) (Fig. 4).
The 3Nd records for 971A and 967C were recently used to make
observations about the relative influence of freshwater inputs from
the Nile and from the wider North African margin during S5
(Osborne et al., 2008). There was a much greater change in 3Nd for
971A than for 967C. In absolute terms, there is a shift of 4e5 3 units
in 971A during S5, much greater than the change of 1.7 3 units in
967C (Osborne et al., 2008). This work supported the Rohling et al.
(2002) hypothesis that an orbitally forced increase in the northerly
extent of the African monsoon during the Last Interglacial
maximum brought the rain belt across the Central Saharan water-
shed and fed radar-imaged fossil river channels which extended all
the way to the Gulf of Sirte on the Mediterranean coast (McCauley
et al., 1982, 1995) (Fig. 1).

Scrivner et al. (2004) commented that the seemingly slow
response of 3Nd in 967C compared to the rapid change in d18OG. ruber

at the start of S5 deposition indicated that there may have been
a non-radiogenic source of freshwater to the basin at this time. The
White Nile contributes approximately 30% of the annual Nile River
discharge and 3.5% of the total sediment, and discharge is fairly
consistent throughout the year (Adamson et al., 1980). The Nd
composition of the White Nile dissolved load is very unradiogenic,
at 3Nd around �16 (Scrivner, 2005). In contrast, the Blue Nile
contribution is highly seasonal and very radiogenic (3Nd w0 to þ2,
Scrivner, 2005), supplying nearly 70% of the water discharged
during the season of strongest Africanmonsoon rainfalls (summer),
and 72% of the total annual sediment (Adamson et al., 1980). The
Atbara is similarly radiogenic (3Ndwþ1.6, Scrivner, 2005)
an cores, using the common depth scale of Cane et al. (2002), Rohling et al. (2002) and
rth African rivers (Scrivner et al., 2004; Osborne et al., 2008). The horizontal grey bars
04), although, dependent on which water mass is above LC21, sea surface 3Nd at this
he visible extent of dark sapropel sediments in LC21, 971A and 967C as labeled (Rohling
ka (Bar-Matthews et al., 2000). a) 971A 3Nd (bold line and filled circles, Osborne et al.
e and filled diamonds) and d18OG. ruber (faint line), both from Scrivner et al. (2004). c)
02). Vertical error bars on 3Nd data are 2s. Horizontal bars show range of depths of the
to account for errors associated with correlation to 971A (Marino et al., 2007).



Fig. 5. 3Nd versus d18O residuals for planktonic foraminifera in a) 971A, b) 967C and c)
LC21. The data for 967C is from Scrivner et al. (2004). For a) and c), d18Oresidual was
calculated by normalising the published records (Cane et al., 2002; Rohling et al., 2002
; Marino et al., 2007) to present-day temperature and d18O for 65e70 m water depth
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contributes up to 22% of the Nile River summer discharge and 24.5%
of the annual sediment (Adamson et al., 1980). Although it would
appear that the White Nile is a contender for a non-radiogenic
source of freshwater, it is difficult to imagine a situation where this
tributary is affected by an increase in monsoon extent, without
a corresponding increase in the contribution from the Blue Nile and
Atbara, which are currently strongly affected by the African
summer monsoon system. 971A does not have such a lag, sug-
gesting that the 3Nd and d18O signal in this core were from the same
source. This instantaneous response of 3Nd could indicate that
dissolvable Nd was readily available when Libyan rivers were
reactivated.

The lack of a sharp positive excursion in the LC21 3Nd record at
the onset of the sapropel, and the subdued d18OG. ruber anomaly
when compared with 971A (Cane et al., 2002; Rohling et al., 2002;
Marino et al., 2007) (Fig. 4), are consistent with a radiogenic
freshwater source distal to the Aegean. LC21 is in the path of
northward flowing surface waters from the Levantine Basin at
present (Theocharis et al., 2002) and that was likely the case also
during S5 (Marino et al., 2007). This places the site further
“downstream” from inputs to the southern Mediterranean than
both 971A and 967C.

Because ambient surface water 3Nd in the southeast Aegean is
not well constrained, and could be anywhere between �5 and �8
(see Section 6.2), it is difficult to assess the exact magnitude of the
observed change in 3Nd across S5 relative to the changes reported
for 971A and 967C. If ‘ambient’ 3Nd was �8, then surface waters in
the southeastern Aegean had already shifted to a more radiogenic
Nd composition before the onset of sapropel conditions, and
remained radiogenic throughout S5 deposition. This would also
suggest that 3Nd and d18OG. ruber were not directly linked, as they
appear to be in the Ionian (971A), and to a lesser extent in the
Levantine (967C), Seas. If ‘ambient’ 3Nd was closer to �5, as for
eastern Levantine surfacewater, then the early change in d18OG. ruber

was accompanied by little change in 3Nd. A greater amount of direct
precipitation over the Aegean is another possible source of fresh-
water, as this would not contribute any Nd (Kallel et al., 1997; Bar-
Matthews et al., 2003). In all cases, there is no strong evidence for
any shift towards less radiogenic Nd, as would be required by an
increased input from European and Turkish rivers draining from
the NBEM (Nd of �10 and �6 3Nd respectively, Frost et al., 1986).
This supports conclusions already drawn on the basis of a compar-
ison of the d18OG. ruber and sea surface temperature data in 971A and
LC21 (Marino et al., 2007). Before, and at the onset of, the sapropel
event d18OG. ruber at both sites show very similar patterns. However,
despite the fact that alkenone-derived sea surface temperatures are
similar in both locations, within S5 d18OG. ruber is 1& heavier in the
Aegean than in the Ionian (Marino et al., 2007). The most reason-
able explanation for such isotopic offset is the advection of
monsoon-fuelled freshwater from the North African margin to the
southeastern Aegean following the basin counterclockwise surface
circulation (Marino et al., 2007). Along this path surface waters
would be exposed to the highly evaporative conditions of the
southeastern Mediterranean (Rohling, 1999) and mixing, thereby
for the closest available data point in the World Ocean Database (Boyer et al., 2006)
and the Global d18O Database (Gat et al., 1996; Pierre, 1999; Schmidt et al., 1999). At the
level of S5, alkenone temperatures (Rohling et al., 2002; Marino et al., 2007) were used
to remove the temperature effect from the measured d18Oforam signal, and sea-level
change from Rohling et al. (2008) was used to remove ice-volume changes. Also shown
on the figures are grey boxes indicating the estimated ‘ambient’, or ‘non-sapropel’
Mediterranean conditions (Gat et al., 1996; Pierre, 1999; Tachikawa et al., 2004) and
broad grey arrows showing the generalized position of mixing curves between these
end-members and an assumed North African freshwater input with Nd concentration
of 200e300 pmol/kg and 3Nd between �1 and �2 (Scrivner et al., 2004; Osborne et al.,
2008) and d18O around �8 to �10 (Rohling et al., 2004).
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explaining the heavier d18OG. ruber found in LC21 (Marino et al.,
2007). Nd isotopes are, of course, unaffected by evaporation. The
fact that 3Nd is, if anything, more radiogenic during the entirety of
the S5 oxygen isotope anomaly at LC21 than at the present-day, is
generally consistent with the advection of radiogenic Nd from the
African margin, accompanied by some dilution of the signal during
mixing with other water masses.

The 3Nd excursion towards the top of LC21 S5 sediments is the
most radiogenic measurement of all three records. The total range
of 3Nd in LC21, at 2.8� 0.9 3 units, is larger than that seen for 967C
(1.7 3 units) (Scrivner et al., 2004), but smaller than the 4e5 3 units
change in 971A (Osborne et al., 2008). This excursion in LC21 is
difficult to explain in terms of a radiogenic freshwater input which
is closer to the southeastern Aegean than the eastern Levantine,
and which is only apparent in the upper parts of the sapropel.
Turkish and European rivers have 3Nd of �6 and �10 respectively
(Frost et al., 1986), so would not be able to cause a positive 3Nd
excursion. One possibility is that there was a change in Mediter-
ranean surface circulation, bringing radiogenic waters from the
Gulf of Sirte northwestwards into the Aegean rather than first
travelling anticlockwise around the perimeter of the Ionian and
Levantine Seas. Investigating the response of Mediterranean
surface circulation to freshwater inputs is an important target for
future study.

6.4. Mixing relationships: d18O versus 3Nd

Fig. 5 presents a plot of 3Nd versus the d18Oresidual (i.e. with the
temperature and ice-volume signals removed to leave only the
freshwater signal e see caption to Fig. 5 for details) for foraminif-
eral measurements in the depth interval of S5 in cores 971A, 967C
and LC21. In each case the best estimate of the ambient non-sap-
ropel conditions is shown with a grey square (see caption to Fig. 5
for details). Mixing between this ambient condition and an end-
member with 3Nd around�1 to�2 (as typifies both the Nile outflow
and a putative ancient Libyan River: Scrivner et al., 2004; Osborne
et al., 2008) and a d18O around �8 to �10 (a value used by Rohling
et al., 2004 for modeling the effects of monsoon flooding) is indi-
cated by the broad grey arrow. The exact trajectories of these
arrows imply a concentration of Nd in the riverine end-member of
around 200 pmol/kg.

The model implicit in Fig. 5 is that the foraminiferal data can be
explained solely by mixing between an “ambient” extra-sapropel
Mediterranean end-member and a second end-member originating
in an enhanced freshwater source to the Mediterranean, with
a distinct 3Nd. The approach is complicated by the difficulty in
estimating the ambient conditions outside the sapropel, particu-
larly for d18O for which two additional signals over and above that
due to freshwater variations must be removed. Thus, the Mediter-
ranean end-members defined by the data arrays are variably shif-
ted from the estimated ambient Mediterranean conditions,
a feature that could be of interpretive significance or could be due
to the inherent uncertainty in estimating these ambient conditions.
Nonetheless, several features of these diagrams are noteworthy.

Firstly, and as noted earlier, the LC21 data do not require
a noticeable unradiogenic source of Nd to the Mediterranean, as
might be derived from the NBEM, during S5. Recently, pollen-based
reconstructions have suggested that precipitation and, in turn, river
runoff increased considerably over the northern Aegean border-
lands at the onset of the deposition of the weakly developed sap-
ropel S1 (Kotthoff et al., 2008). Accordingly, these authors conclude
that runoff over the northern Aegean borderlands might have
played a role in the positive shift of the eastern Mediterranean
freshwater balance that led to sapropel S1 deposition (Casford et al.,
2002; De Lange et al., 2008). Our study, however, suggests that
during a much more extreme sapropel event, the Last Interglacial
sapropel S5, the freshwater inputs from the NBEM may have been
negligible, at least when compared to the massive volumes of
freshwater discharged along the wider North African margin
(Rohling et al., 2002, 2004; Osborne et al., 2008). Summer aridity in
the eastern Mediterranean, caused by adiabatic descent over the
eastern Mediterranean (Rodwell and Hoskins, 1996) may have
intensified during insolation minimia, leading to reduced precipi-
tation in the NBEM (Tzedakis et al., 2009). Our results suggest that
the return to mid-latitude westerly influence during winter did not
bring sufficient precipitation to the NBEM to significantly alter the
Nd composition of surface waters in the southeast Aegean.

Secondly, the three sites, on this diagram, show somewhat
contrasting behaviour. In the Ionian Sea (971A) d18O and 3Nd show
rather coherent relationships for almost all the data. In contrast,
and as noted by Scrivner et al. (2004), the initial stages of S5 in 967C
(eastern Levantine Sea) exhibit a substantial shift in d18O with little
change in 3Nd. Finally, the LC21 record is again different from the
other two in that it exhibits the least overall variability in d18O
while showing substantial variation in 3Nd. All three of these
observations refer to the relationships among the actual data, and
hold true regardless of the exact position of the ambient Mediter-
ranean end-member relative to these data arrays. It seems likely
that our two tracers, 3Nd and d18O, would display the most coherent
behaviour proximal to any source of freshwater. Given the rather
complex oceanographic processes that lead to non-conservativity
in both tracers in surface waters of the open ocean (evaporation for
d18O, scavenging and other particulate interactions for 3Nd, Rohling
and Bigg, 1998; Tachikawa et al., 2004; Jeandel et al., 2007), it also
seems likely that such coherence might disappear more distally. As
such, the general breakdown in the coherence of the two signals
the further round the eastern Mediterranean circulation one
proceeds is perhaps what is to be expected. Though this observa-
tion is consistent with the idea of a single Saharan source of
freshwater to the Mediterranean upstream from 971A during S5,
confirmation depends on a modeling approach that can fully
simulate the non-conservative processes that govern Nd and
oxygen in the surface of the eastern Mediterranean.

7. Conclusions

The Ionian Sea foraminiferal record (971A) shows a distinct
change towards more radiogenic 3Nd at the base of sapropel S5,
accompanying a significant move towards lighter d18OG. ruber. This is
in contrast to the record from the eastern Levantine Sea (967C),
which shows a much smaller change towards lighter d18OG. ruber at
the base of the sapropel, and little change in 3Nd. The lack of a shift
towards an unradiogenic Nd signal in the Aegean Sea core LC21 is
inconsistent with the idea that there was a significant increase in
freshwater supply to the eastern Mediterranean during S5 from the
northern borderlands of the Eastern Mediterranean. There is
a strong shift towards more radiogenic Nd at the top of the sapropel
in the southeastern Aegean, which is difficult to explain in terms of
any local source.

The relative change in 3Nd during the sapropel is greater in the
Ionian Sea record than the eastern Levantine Sea record, suggesting
a source of radiogenic freshwater more proximal to the western
core, for which monsoon runoff from the wider North African
margin is a strong contender, based on the characterisation of Nd in
these ancient water courses (Osborne et al., 2008). Coherency
between the d18OG. ruber and 3Nd data, as revealed by model mixing
diagrams, is at its greatest in the Ionian Sea core. This coherency
decreases in the eastern Levantine Sea and especially into the
Aegean. This geographic pattern is also conceptually consistent
with the proximity to the Ionian Sea of a high 3Nd freshwater source.
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Though a quantitative test must await a model that can incorporate
both the physical circulation of the eastern Mediterranean and the
marine geochemical processes impacting Nd, the disappearance of
the coherency between the two proxies may be due to processes
operating during transport of both signals around the surface
anticlockwise gyre.
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