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a b s t r a c t

The history of dust transport to the Levant during the last glacial period is reconstructed using the
isotope ratios of Pb, Sr, Nd, and Hf in sediments of Lake Lisan, the last glacial Dead Sea. Exposed marginal
sections of the Lisan Formation were sampled near Masada, the Perazim Valley and from a core drilled at
the deep floor of the modern lake. Bulk samples and size fractions display unique isotopic fingerprints:
the finest detritus fraction (<5 mm) displays higher 87Sr/86Sr and lower εNd values (0.710e0.713 and �7.0
to �9.8, respectively) relative to the coarser fractions (5e20 mm and <20 mm; 0.708e0.710 and �3.4
to �8.3) and the bulk detritus samples (0.709e0.711 and �6 to �7.5). Similarly, the 206Pb/204Pb,
207Pb/204Pb and 208Pb/204Pb ratios (18.26-19.02, 15.634-15.68, and 38.25-38.82, respectively) are sys-
tematically higher in the finest detritus fraction relative to corresponding coarser fractions and bulk
samples.

The 87Sr/86Sr and εNd values of the finest fraction correspond with those of atmospheric dust origi-
nating from the Sahara Desert, while those of the coarse fractions are similar to loess deposits exposed in
the Sinai and Negev Deserts. Pronounced excursions in the Sr-Nd-Pb isotope ratios toward more Sahara-
like values coincide with the Heinrich (H) stadials 6, 5 and 1, reflecting significant increases in Saharan
dust fluxes during regionally arid intervals, reflected by sharp lake level drops. Moreover, during H6 the
dust came from different Saharan sources than during H1 and H5. While the relatively wet glacial climate
in the Levant suppressed the transport of dust to the lake watershed, short-term hyper-arid spells during
H-stadial intervals were accompanied by enhanced supply of fine Sahara dust to this region.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Overview

The Sahara-Arabian desert belt is the largest and most active
dust source in the world, and is the primary dust contributor to the
Mediterranean andMiddle East (e.g., Jickells et al., 2005; Mahowald
et al., 2009; Prospero et al., 2002; and references therein), with
nearly half a billion tons exported annually (Schutz et al., 1981).
Sahara dust fluxes can be influenced by changes in precipitation at
the source areas, especially droughts, which lead to reduced
vegetation, allowing for increased wind deflation of soils, and
ephemeral stream and lake deposits (Prospero and Nees, 1977).
mann Institute of Earth Sci-
, 91904, Israel.
n).
Accordingly, the size and location of the desert belt changed on
glacial-interglacial timescales (e.g., Gasse, 2000) which was re-
flected by changes in the production, transport, and deposition of
the fine-grain particles that comprise the desert dust. Climate
conditions in the potential sink areas could also affect the airborne
particle loads. Thus, characterizing the mineralogical, chemical and
isotope properties of dust in various geological archives (e.g., lake
sediments, deep sea cores, speleothems, ice cores) along with
careful consideration of dust mobilization patterns and deposition
mechanisms, and their effect on the interpretation of past dust
fluxes, can provide important insights into past wind patterns and
its relation to regional and global climate patterns.

Overwhelmingly, studies of past dust patterns have focused on
bulk or carbonate-leached samples. Although increased attention
has been given in recent years to distinguishing between the
compositions of different grain size populations (e.g., Grousset
et al., 1992; Gaiero, 2007; Meyer et al., 2011; Aarons et al., 2013,
2016; Blakowski et al., 2016; Gili et al., 2016, 2017), such studies
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Fig. 1. Schematic model of dust transport mechanisms. Strong low elevation winds are responsible for the transport of silt-sized settling dust originating from the Nile River area,
that dominates loess deposits across the Sinai and Negev Deserts, as well as the coarse detritus fraction (>5 mm) of the Dead Sea Basin (DSB) lacustrine deposits. Atmospheric
(suspended) dust is raised to high elevations in the source areas and transported toward the DSB where it is exposed to both dry and wet deposition processes. Figure modified after
Pye and Zhou (1989). Examples of dust storms associated with (b) settling dust and (c) atmospheric (suspended) dust in the DSB region.
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are still limited. This inhibits the ability to distinguish between the
geological provenance of two types of dust sources (Fig. 1): (1) far
travelled atmospheric dust (“suspended dust”) - high-level dust
clouds traveling over significant distances of thousands of kilo-
meters, where the deposition of fine particles (<20 mm) is the result
of descending air (dry deposition) or rainfall (wet deposition), and
(2) dust deposited relatively close to its source (“settled dust”) - low
level (up to ca. 3 km elevation) dust clouds associated with shorter
transport distances, coarser grain sizes, and deposited as dry fallout
(Pye and Zhou, 1989). Because each transport mode is controlled by
different processes, and their sources are likely different, it is
important to distinguish between their histories.

The Dead Sea, a hypersaline terminal lake located in the mor-
photectonic depression of the Dead Sea basin (DSB), has a large
watershed (~40,000 km2) that extends between the Sahara-Arabian
deserts and the sub-tropical Mediterranean climate zone (Fig. 2).
During the Quaternary, changing water volumes of the DSB lakes
were closely coupled with global and regional climate conditions
(e.g., Bartov et al., 2003; Haase-Schramm et al., 2004; Prasad et al.,
2004; Stein, 2001; Torfstein et al., 2013b). In particular, the waters
of the last glacial Lake Lisan filled the basin and its northward
extension (the Jordan Valley), reaching an elevation of up to 160m
below sea level (mbsl), approximately 250m higher than typical
water levels during the Holocene (~400 mbsl). These lake level
variations have been interpreted to reflect wetter and drier, glacial
and Holocene conditions, respectively, in the lake's watershed.
The Dead Sea lacustrine system is a sink for airborne material

from the Sahara-Arabia desert belt, and therefore, the fine-detritus
fraction of the lacustrine deposits is a potential archive of past dust
fluxes, its changing composition as well as the sources and routes of
transport to the Levant over time (Haliva-Cohen et al., 2012). This
information allows reconstruction of the atmospheric conditions
that prevailed in this region during the late Quaternary. The
exposed bedrocks in the Dead Sea watershed are primarily car-
bonate rocks (limestones and dolomites), with some additional
outcrops of Pliocene-Pleistocene basalts in the Galilee and Golan
Heights, and sandstones of different ages in the southeast part of
the basin. Granitoid outcrops of the late Proterozoic Arabian-
Nubian shield (ANS) are exposed along the southeastern margins
of the watershed. Previous studies have shown that the fine silici-
clastic detritus (termed hereafter “fine detritus”) comprises pri-
marily remobilized dust derived from sources outside the basin,
mainly from the Sahara and Arabian deserts (Frumkin and Stein,
2004; Haliva-Cohen et al., 2012). In turn, this fine detritus has
been used to trace dust sources and transport routes to the Dead
Sea watershed and its vicinity (e.g., Frumkin and Stein, 2004; Stein
et al., 2007; Palchan et al., 2013, 2018; Ben Israel et al., 2015).

The chemical and isotopic compositions of sediments on earth's
surface provide valuable constraints on their provenance, including
the source rock composition and age, potential source locations,



Fig. 2. Location map and Lisan Formation columnar section. (a) Location map. 1- Masada M1 section, 2- Perazim Valley PZ1 section, 3- Ein Gedi, 4- DSDDP coring site. (b) Lake level
curve (Modified after: Bartov et al., 2003; Kushnir and Stein, 2010; Migowski et al., 2006; Torfstein et al., 2013b). The dashed curve marks intervals where the lake level is con-
strained by relatively few observations, and arrows mark the minimal amplitude of an identified fluctuation (see Torfstein et al., 2013b for more details). (c) Greenland Ice Core d18O
record (Wolff et al., 2010). Grey bars mark the isotopic shifts toward lighter values associated with Heinrich stadials 1e6. (d) Lisan Formation columnar section at the Masada M1
site. Note that the bright-white field appearance of this section stems from the thick sequences of annually deposited alternating aragonite-detritus (“aad”; see inset) that are
bracketed by the gypsum layers. Gypsum layer names are from Torfstein et al. (2008) and age markers are from Torfstein et al. (2013a). A sedimentary hiatus between 39 and 31 ka
is attributed to transgressive erosion processes during the lake level rise towards its MIS2 peak (Torfstein et al., 2013b).

A. Torfstein et al. / Quaternary Science Reviews 186 (2018) 142e155144
transport history, and exposure to chemical weathering. In partic-
ular, the Sr-Nd-Pb-Hf isotopic systems are powerful tracers of the
geological history of sediments, and have thus been extensively
used to study riverine systems, dust, glacial and marine records
(e.g., Goldstein et al., 1984; Goldstein and Jacobsen, 1988; Grousset
et al., 1992; All�egre et al., 1996; Hemming, 2004; Grousset and
Biscaye, 2005; Gaiero et al., 2007; Gaiero, 2007; Bayon et al.,
2009; Hyeong et al., 2011; Aarons et al., 2013; Skonieczny et al.,
2013; Kumar et al., 2014; Pichat et al., 2014; Pourmand et al.,
2014; Gili et al., 2016, 2017; and numerous others).

Here we report the isotopic compositions of Sr, Nd and Pb, as
well as a few Hf isotope ratios, in bulk detritus and three grain-size
splits (>20 mm, 20-5 mm and <5 mm) of fine detritus from the last
glacial Lisan Formation at the Masada M1 section, spanning the
interval between ~70 and 14 ka (Haase-Schramm et al., 2004;
Torfstein et al., 2013a). Compositions of bulk detritus samples are
reported from additional sites within the DSB (Fig. 2): the PZ1
section at Perazim Valley (Haliva-Cohen et al., 2012) and a core
drilled by the International Continental Scientific Drilling Program
(ICDP) during 2010e11 in the deep floor of the modern Dead Sea at
~300mwater depth (Neugebauer et al., 2014; Torfstein et al., 2015).
The ICDP Dead Sea Deep Drilling Project (DSDDP) retrieved a 456m
thick core spanning the last ~220 ka. The chronologies of the Lisan
Formation in each of the above sites has been determined using
combined radiocarbon and U-Th dating (Schramm et al., 2000;
Haase-Schramm et al., 2004; Torfstein et al., 2013a, 2015), and
varve counting (Prasad et al., 2004), and the individual site chro-
nologies were combined to a basin-wide unified chronology with
typical age uncertainties between 0.5 and 1 ka (Torfstein et al.,
2013a).

Our study broadens the scope of the investigation of dust
provenance in the DSB by providing new isotopic and chemical
constraints on the potential sources of fine detritus particles over
time. We explore the implications of the physical sorting of
sediments (e.g., grain sizes), distinguish between the histories and
provenance of atmospheric and settled dust found in the DSB, and
examine intra-basinal variations in the geochemical properties of
the particles (e.g., marginal compared with the center of the lake),
in the context of regional hydroclimate conditions.

1.2. Lake Lisan and the Dead Sea

The paleo-hydrology history of the Levant region has been
studied in the lacustrine sedimentary sequences that filled the DSB
(Stein, 2001; Bartov et al., 2003; Enzel et al., 2003; Bookman (Ken-
Tor) et al., 2004; Migowski et al., 2006; Enzel et al., 2008;
Waldmann et al., 2010; Kushnir and Stein, 2010; Torfstein et al.,
2013b, 2015) and in proximal cave deposits (Bar-Matthews et al.,
2003; Vaks et al., 2003, 2006; Lisker et al., 2009). Water levels of
Lake Lisan were significantly higher than those of the Holocene
Dead Sea (Fig. 2b), reflecting an overall wetter climate in the Dead
Seawatershed during the last glacial (Enzel et al., 2008; Stein, 2014;
Torfstein et al., 2013b and references therein). Relatively wet con-
ditions prevailed in the watershed during MIS4 (~70e58 ka), fol-
lowed by abrupt oscillations between wet and dry conditions
during MIS3 (~58e30 ka), and wetter conditions during MIS2
(~30e14 ka) (Bartov et al., 2003; Torfstein et al., 2013b). After a peak
lake level was reached ~27e25 ka ago (~160 mbsl), the lake level
declined to its lowHolocene levels (~400mbsl), while experiencing
abrupt vertical oscillations. For example, an abrupt drop occurred
during Heinrich (H) stadial 1 and a lake level rise occurred during
the Younger Dryas (YD) (Stein et al., 2010).

Due to the large fluctuations, the terminal nature of the lake and
the basin morphology, the lake levels are sensitive monitors of
hydrological conditions in the Dead Sea basin. Combined with the
occurrence of primary (evaporitic) minerals in the sediments (e.g.,
primary aragonite) that provide the possibility to constrain the
duration of such changes by radiometric dating (e.g., radiocarbon,
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U-series disequilibrium), the DSB sediments are robust paleo-
hydrological archives. Dead Sea sediments mainly comprise alter-
nating aragonite and detrital laminae (aad facies; Machlus et al.,
2000), gypsum, salt and detritus material. The aad facies in-
dicates a wet hydrological regime, while increased aridity that
triggered lake level drops is reflected by gypsum and halite. Thick
detritus beds are also associated with low lake level stands, though
these could also reflect short-term freshwater floods. Thus, the
primary precipitated minerals provide information on the origin
and evolution of the water systems (e.g., sources of runoff,
freshwater-brine interaction; Katz et al., 1977; Stein et al., 1997),
while the mineralogical, chemical and isotopic compositions of the
fine detritus reflect its provenance (e.g., Haliva-Cohen et al., 2012).

The Lisan Formation at the Masada M1 section is divided into
three stratigraphic units (Fig. 2): The Lower and Upper Members
are composed mainly of the aad facies, while the Middle Member is
characterized by many clastic (sand and silt) layers, and laminated
gypsum, as well as aad sequences. The Lower and Upper Members
are capped by the Lower and Upper Gypsum Units (LGU and UGU),
respectively (Torfstein et al., 2005, 2008). The aad sequences that
characterize the Lower and Upper Members were deposited during
high lake-level conditions, corresponding to the colder Marine
Isotope Stages (MIS) 4 and 2, respectively. The increased abundance
of clastic material such as sands, pebbles and thick sequences of
silty detritus in the Middle Member reflects frequent low lake-
stand conditions that prevailed during the warmer MIS 3 (Bartov
et al., 2003; Haase-Schramm et al., 2004).

The elevation of the base of the Lisan Formation at M1 is at 374
mbsl, some 70m lower (deeper in the paleolake) than the base of
PZ1 at 306 mbsl (Torfstein et al., 2013a), and more than 400m
higher than the top of the DSDDP core, whose capping unit was
extracted from a water depth of 297m, at an absolute elevation of
725 mbsl (Torfstein et al., 2015).

1.3. Modern and paleo-dust archives in the levant

Modern dust is transported to the Near East mainly from the
Sahara and Arabia deserts (Ganor and Mamane, 1982; Dayan, 1986;
Ganor and Foner, 2001; Israelevich et al., 2003). Suspended dust
collected during dust storms in Israel is characterized by grain di-
ameters smaller than ~3e4 mm (Kalderon-Asael et al., 2009) and Sr
isotope ratios of the silicate fraction in the range of ~0.710e0.720
(Rabi, 2004; Box et al., 2011).

Investigations of paleo-dust transport to the Levant have uti-
lized several potential “dust archives” such as deep sea cores in the
east Mediterranean and the Red Sea (Stein et al., 2007; Revel et al.,
2010; Box et al., 2011; Palchan et al., 2013), lake sediments (Haliva-
Cohen et al., 2012), loess deposits (Haliva-Cohen et al., 2012; Ben
Israel et al., 2015) and speleothems (Frumkin and Stein, 2004).
The latter study reported results from the Jerusalem (Har-Nof) cave
where 87Sr/86Sr ranges between ~0.7082e0.7085 during glacials,
and below 0.7080 during interglacials, corresponding to the Sr
isotope compositions of terra rossa soil above the cave (0.7087) and
the Cenomanian dolomitic caprock of the cave (0.7076), respec-
tively. Frumkin and Stein (2004) suggested these results reflect
both the hydrology in the source regions, where the glacial desic-
cation of lakes andmarshlands in the Sahara Desert, in combination
with strong gusty winds, promoted stronger deflation and trans-
port of dust from the Sahara to the Near East, where this dust
settled and formed (via pedogenesis and leaching of carbonate)
loess or terra rossa soil. By contrast, during interglacials, lesser
amounts of dust were blown to the region and the general aridity
did not support pedogenesis and formation of terra rossa soil. Thus,
Frumkin and Stein (2004) suggested that the primary source of
trace elements in the speleothems was from the leaching of the
exposed dolomite caprock.
A study of the petrography, mineralogy, grain size, chemical

composition and Nd and Sr isotope ratios of several fine-grained
detritus samples from the Ze'elim (Holocene Dead Sea) and Lisan
Formations (Haliva-Cohen et al., 2012) found that the detritus
consists mostly of silt-size quartz and calcite grains, with a minor
presence of clays. The fine detritus in the glacial Lisan Formation
shows high 87Sr/86Sr and low εNd values that can be linked with
Sahara (granitoid) sources while the (fewer) interglacial samples
show lower 87Sr/86Sr and higher εNd values, similar to composi-
tions of loess deposits from the northern Negev desert. Haliva-
Cohen et al. (2012) further proposed that the loess represents a
mixture of Nile sediment material (which in turn comprises a
mixture of basaltic and granitic sources) that accumulated along
the Nile valley, delta and the Mediterranean continental shelves.
The Nile deposits were remobilized eastward during glacials, when
sea-level was low and the shelves and Nile delta were exposed, and
remobilized again during following interglacials by seasonal floods
that washed the loess material to the Dead Sea.

2. Methods

2.1. Sample processing

Sample preparation, chemical processing, and chemical and
isotopic analyses were performed at the Lamont-Doherty Earth
Observatory. For each sample, approximately 500e1000mg of
homogenized powder of bulk sediment was leached with buffered
acetic acid until all carbonate was removed. Subsequently, the
samples were rinsed twice in MQ water, freeze dried, and weighed
again. The insoluble (silicate) fraction of the last glacial Lisan For-
mation samples comprises ~10e60% of the initial sample weight,
compared with 3e13% (n¼ 3) for the Ze'elim Formation, reflecting
the variability of the mineral distribution in the sediments (mainly
calcite, quartz and clays) (Table 1). The (silicate) residue was ho-
mogenized and about 150mg were wet sieved through a 20 mm
sieve. The fine fraction was suspended in DI water with a dilute
anti-flocculent (0.05% sodium hexametaphosphate) at 22 �C, and
separated into 20-5 mm and <5 mm grain-size fractions by standard
Stokes Law settling procedures. Overall, the Lisan Formation sam-
ples are dominated by fine silt and clay size particles, whereby the
<5 mm, 5e20 mm, and >20 mm weight content is on average
36± 14% (1s), 58 ± 13%, and 6± 4%, respectively (Table 1). Previous
grain size analyses performed using a Mastersizer on bulk Lisan
Formation detritus (Haliva-Cohen et al., 2012) found a dominant
grain size mode of ~8 mm. For some samples from the Masada
section the bulk acid leached residuewas digested in addition to the
grain size splits. In the rest of the study sites, the acid leached bulk
residue was digested.

For digestion, a mixture of HF-HNO3-HClO4 was added to the
samples in Teflon Savillex vials, and left on a hotplate at ~150 �C for
several days. Then the sample was dried and a fresh acid mixture
added and the vials were returned to the hotplate. Usually, full
digestion was achieved within 2e3 such cycles, after which the
sample was fully converted into nitric form. Some samples were
also exposed to microwave pressure digestion, using the same
mixture of acids.

2.2. Chemistry and mass spectrometry

2.2.1. Chemistry
The dried digested samples were diluted in 0.7N HBr and the

solutionwas taken through a series of purification steps to separate
the Pb, Sr, Nd and Hf fractions. First, Pbwas separated using a 100 mL
Teflon columns with AG1 X-8100e200 mesh anion resin; the



Table 1
Sample details. Ages after Torfstein et al., 2013a.

Sample name Color Field Description Location Height
(cm)

Age
(ka)

Bulk
detritus

>20 um 20-5 um <5 um

% ins.
residue

% of
residue

% of
residue

% of
residue

Dsen A10u
13.7

v. dark
brown

detritus Ze'elim Fm. 3500 7.4 13.4 3.1 82.3 14.6

Dsen A10
13.12

brown detritus Ze'elim Fm. 3500 7.4 2.8

Dsen A 13u
13.5

light brown detritus Ze'elim Fm. 3500 7.4 3.8 9.0 79.3 11.7

MS 200 D-6.3 brown detritus 6.3 cm from block base. Very soft lamina Lisan Fm.
(M1)

2936 14.4 33.5 2.9 44.6 52.6

MS 282 D-3 light brown thick detritus 3 cm from block base Lisan Fm.
(M1)

2905 14.8 43.9 1.5 52.0 46.5

MS 280 D-
14.5

brown thick detritus 14.5 cm from block base Lisan Fm.
(M1)

2880 15.1 48.3 1.6 45.8 52.6

MS 205-1 v. light
brown

very small block Lisan Fm.
(M1)

2860 15.4 42.2 4.7 56.5 38.8

MS-180 D-
0.3

v. light
brown

thick detritus 0.3 cm from block base Lisan Fm.
(M1)

2807 15.9 22.1 2.2 60.6 37.2

MS 170 D-11 v. light
brown

thick detritus 0.3 cm from block base Lisan Fm.
(M1)

2787 16.1 24.9 6.4 69.7 23.9

MS 160 D-0 light brown detritus with gypsum vains Lisan Fm.
(M1)

2752 16.3 16.0 13.9 46.7 39.4

MS 150-8 v. light
brown

detritus lamina Lisan Fm.
(M1)

2700 16.8 35.6 3.5 49.3 47.3

MS 150-5 v. light
brown

detritus lamina Lisan Fm.
(M1)

2700 16.8 12.4 7.1 57.5 35.4

MS 140 D-6.5 light brown thick detritus lamina 6.5 cm from base block Lisan Fm.
(M1)

2663 16.9 28.2 4.2 56.7 39.1

MS 130 D-4.5 v. light
brown

very thin detritus layer at 4.5 cm from base block. A lot of
aragonite in sample

Lisan Fm.
(M1)

2654 17.1 40.4

MS 125 9.3 light brown detritus lamina Lisan Fm.
(M1)

2615 17.6 50.2 3.9 52.7 43.4

Ms-125-9.7 Lisan Fm.
(M1)

2615 17.6 36.9 8.9 77.0 14.2

Ms-125-9.7 Lisan Fm.
(M1)

2615 17.6 41.3 7.5 63.7 28.8

MS 120 14.5 v. light
brown

detritus lamina Lisan Fm.
(M1)

2505 19.2 37.3 6.2 53.8 40.0

MS-120 D-
18.1

v. light
brown

detritus at 18.1 Lisan Fm.
(M1)

2505 19.2 40.7 2.3 57.0 40.7

MS 120 D-2.5 v. light
brown

thick detritus lamina Lisan Fm.
(M1)

2505 19.2 52.1 0.8 74.4 24.8

MS 120 17.0 v. light
brown

thick detritus? Lisan Fm.
(M1)

2505 19.2 42.6

MS 120 13.5b dark brown continuation of ms-120-13.5a but brown colored Lisan Fm.
(M1)

2505 19.2 46.3

MS 120-D v. dark
brown

detritus lamina Lisan Fm.
(M1)

2505 19.2 12.5

MS-110-D
4.1

v. light
brown

detritus lamina Lisan Fm.
(M1)

2375 21.1 49.4 6.2 44.7 49.2

MS 110 D.17 v. light
brown

thick detritus layer Lisan Fm.
(M1)

2375 21.1 53.9 6.7 42.3 51.0

MS 100.2 D
8.2

v. light
brown

thick detritus lamina relatively brown colored Lisan Fm.
(M1)

2050 25.9 57.8 4.7 63.5 31.7

MS 90 8.5 light brown thick detritus layer Lisan Fm.
(M1)

1813 29.4 46.5

MS 800 D-0.1 brown thick detritus lamina (~3mm) at block base Lisan Fm.
(M1)

1690 39.0 46.9 11.8 63.2 25.1

MS 700 D-
10.5

light brown thick detritus layer at 10.5 cm from block base. Looks like silt Lisan Fm.
(M1)

1475 42.7 27.6 14.3 59.9 25.8

MS 75 D-16.1 brown thick detritus 16.1 cm from block base Lisan Fm.
(M1)

1185 48.9 32.7

MS 75-D brown detritus lamina Lisan Fm.
(M1)

1185 48.9 46.3 8.4 62.2 29.4

MS 300-D light brown detritus lamina Lisan Fm.
(M1)

675 55.3 35.2

MS 30 D-7.8 v. light
brown

thin detritus lamina 7.8 cm from block base Lisan Fm.
(M1)

554 58.2 8.7

MS-37 brown detritus lamina Lisan Fm.
(M1)

546 58.3 60.1

Ms-37 Lisan Fm.
(M1)

546 58.3 36.0 9.2 73.1 17.7
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Table 1 (continued )

Sample name Color Field Description Location Height
(cm)

Age
(ka)

Bulk
detritus

>20 um 20-5 um <5 um

% ins.
residue

% of
residue

% of
residue

% of
residue

Ms-37 Lisan Fm.
(M1)

546 58.3 41.3 11.2 66.8 22.0

MS 26-D dark brown detritus lamina Lisan Fm.
(M1)

490 59.0 39.0

MS 10 D-13.2 brown detritus lamina with gypsum veins above it 13.2 cm from block
top

Lisan Fm.
(M1)

420 60.0 18.8

MS 8 D-8.5 dark brown detritus 8.5 cm from block base Lisan Fm.
(M1)

415 60.1 25.7

MS 5-D-2 ligh brown detritus lamina Lisan Fm.
(M1)

275 63.3 17.8

MS-6 light brown detritus lamina Lisan Fm.
(M1)

269 63.4 20.1 2.7 52.2 45.0

Ms-6 Lisan Fm.
(M1)

269 63.4 17.7

Ms-6 Lisan Fm.
(M1)

269 63.4 20.2

MS 5-01 dark brown detritus lamina Lisan Fm.
(M1)

266 63.5 41.0 0.0 25.4 74.6
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matrix was eluted with 0.7N HBr, while Pb was eluted with 6N HCl.
The eluted matrix solution was then taken through 100 mL Teflon
columns with Eichrom TRU-spec resin, and the rare earth elements
(REE) were separated from other cations, using 1N HCl and 1N
HNO3, respectively. Then, Sr was purified from the residual cation
cut on 30 mL Teflon columns with Eichrom Sr-spec resin, by condi-
tioning with 3N HNO3 and eluting with water. The REE fractionwas
carefully dried and brought up in 100 mL of 0.22N double distilled
HNO3. This cut was then passed through 800 mL Savillex columns
filled with Eichrom LN-spec resin, and Nd was isolated using 0.22N
HNO3. The residual cuts from all steps were mixed together, dried,
and brought up in 5ml 3N HCl. The solution was subsequently
passed through a Teflon column filled with 1ml of LN-spec resin
and Hf collected using a mixed 6N HCl-0.2N HF solution. All resins
were pre-cleaned prior to use, and acids used during the purifica-
tion steps were cleaned by double distillation.

2.2.2. Mass spectrometry
Pb isotope ratios were measured on a VG Axiom multi-collector

ICPMS. Mass discrimination was monitored and corrected for using
a Tl spike. Replicate measurements of NIST SRM 981 between every
one or two samples yielded a typical 2s standard error of 180 ppm,
220 ppm and 250 ppm for 206Pb/204Pb, 207Pb/204Pb, and
208Pb/204Pb, respectively. All results were normalized to SRM 981
values of 206Pb/204Pb¼ 16.9405, 207Pb/204Pb¼ 15.4963,
208Pb/204Pb¼ 36.7219 (Abouchami et al., 1999). Five separate di-
gestions of an international rock standard BCR2 were processed
concurrently with the samples. The results, including duplicate
analyses of the same digestion during different measuring sessions,
yielded an average value of 18.763± 3, 15.624± 2 and 38.740 ± 5,
for 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb, respectively (2s,
n¼ 5). These values are consistent, within uncertainty, with pre-
viously published values for bulk samples (Baker et al., 2004;
Elburg et al., 2005), but differ from those of Jweda et al. (2016),
whose Pb isotope analyses were performed on acid leached BCR2
powder.

Sr isotope ratios were measured on a VG Sector 54 multi-
collector thermal ionization mass spectrometer, using dynamic
multi-collection and an exponential fractionation correction.
87Sr/86Sr ratios were normalized to 86Sr/88Sr¼ 0.1194. Replicate
measurements of NIST SRM 987 yielded an average
87Sr/86Sr¼ 0.710268± 24 (2s, n¼ 66), and all results were cor-
rected to a value of 0.710244. Seven separate digestions of BCR2
were analyzed, including duplicate analyses of the same digestion
during different measuring sessions, and yielded an average value
of 0.705001± 25 (2s, n¼ 13), consistent with the Jweda et al.
(2016) value of 0.705000± 11.

Nd and Hf isotope ratios were measured on a ThermoScientific
Neptune Plus multi-collector ICPMS. 143Nd/144Nd ratios were
normalized to 146Nd/144Nd¼ 0.7219. The JNdi standard was
measured between every one or two samples, and normalized to a
value of 0.512115 (Tanaka et al., 2000). Analyses of the La Jolla
standard yielded a value of 0.511865± 22 (2s, n¼ 6), in agreement
with Jweda et al. (2016) (0.511858± 10). Seven separate digestions
of BCR2 were analyzed, including two replicate analyses of the
same solutions during different measuring sessions, and yielded an
average value of 0.512636± 34 (2s, n¼ 7), identical to the value
reported by Jweda et al. (2016). The 143Nd/144Nd isotope ratio is
expressed as εNd¼ [(143Nd/144Nd)sample/(143Nd/144Nd)CHUR-1]x104,
where (143Nd/144Nd)CHUR¼ 0.512638 (Wasserburg et al., 1981). A Hf
Spex standard solution, which has been calibratedwith the JMC 475
Hf standard and found to have the same isotope ratio, yielded an
average 176Hf/177Hf value of 0.282149± 4 (2s, n¼ 21), which was
corrected to 0.282160. Instrumental mass fractionation of
176Hf/177Hf was corrected using the exponential fractionation law
and assuming 179Hf/177Hf¼ 0.7325. A BCR2 digestion yielded a
value of 0.282863± 2 (2s internal error), consistent with the Jweda
et al. (2016) value of 0.282866 ± 11. Hf isotopic values are expressed
using the εHf, whereby 176Hf/177HfCHUR¼ 0.282785 (Bouvier et al.,
2008).

3. Results

Sr, Nd, Pb and Hf isotope ratios of the different grain size frac-
tions at the M1 section (Table 2) show significant differences in the
isotope ratios over different time intervals and between the grain
size fractions. The range of values for each isotopic system are
larger in the grain size fractions compared to the bulk detritus.
Moreover, the distinct differences between the isotopic composi-
tions in the different size fractions document different sources and
transport histories. At the Masada M1 section (Table 2), the fine
fraction (<5 mm) yields the highest Sr isotope ratios
(0.7102e0.7131), while the intermediate fraction (5e20 mm) yields
intermediate values (0.7093e0.7097) and the coarse fraction
(>20 mm) yields the lowest values (<0.709). As expected from these
relationships, the values of the bulk detritus samples (n¼ 11) are



Table 3
Sr-Nd-Pb isotope ratios of bulk detritus at M1 section and Ze'elim Fm.

Sample name Height (cm) Age (ka) 87Sr/86Sr 143Nd/144Nd 3Nd 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb

MS 200 D-6.3 2936 14.4 0.710399 0.512283 �6.9 18.8378 15.6694 38.7240
MS 125 9.3 2615 17.6 0.710336 0.512266 �7.3 18.8279 15.6625 38.7171
Ms 75-D 1188 48.9 0.709700 0.512259 �7.4 18.9668 15.6685 38.7601
Ms 37 546 58.3 0.709333 0.512270 �7.2 18.7836 15.6593 38.6763
Ms 26 (264) 488 59.0 0.709380 0.512336 �5.9 18.9334 15.6694 38.7717
Ms 8-c 415 60.1 0.710523 0.512250 �7.6 18.7725 15.6693 38.7381
Ms 110 D17 A 2361 21.2 0.709925 0.512270 �7.2 18.8117 15.6685 38.7255
duplicate 18.8127 15.6692 38.7283
Ms 110 D17B 2361 21.2 0.710030
Ms 110 D17 C 2361 21.2 0.710037 0.512266 �7.3 18.8157 15.6703 38.7533
Ms 100.2 D8.2 A 2050 25.9 0.709900 0.512280 �7.0 18.8236 15.6694 38.7820
Ms 100.2 D8.2 B 2050 25.9 0.709883 0.512257 �7.4
Ms 120 D18.1 2506 19.2 0.710120 0.512281 �7.0 18.8335 15.6699 38.7466
DSEn A10 13.70 Ze'elim Fm. 7.4 0.710455 0.512185 �8.8 18.8415 15.6607 38.7437

Table 2
Sr-Nd-Pb-Hf isotope ratios of detritus size fractions at M1 section. Individual internal errors (2s) are typically smaller than the external standard reproducibility.

Sample name Grain size (um) Height (cm) Age (ka) 87Sr/86Sr 143Nd/144Nd 3Nd 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 176Hf/177Hf 3Hf

MS 200 D-6.3 <5 2936 14.4 0.712429 0.512234 �7.9 18.8379 15.6765 38.7341
MS 280 D-14.5 <5 2880 15.1 0.712795 0.512188 �8.8 18.9336 15.6822 38.7943
MS 205-1 <5 2860 15.4 0.712040 0.512262 �7.3 18.9185 15.6774 38.7590
MS-180 D-0.3 <5 2807 15.9 0.712471 0.512236 �7.9 18.8924 15.6754 38.7707
MS 170 D-11 <5 2787 16.1 0.711726 0.512236 �7.8 18.9026 15.6761 38.7785
MS 160 D-0 <5 2752 16.4 0.711806 0.512200 �8.5 18.8576 15.6786 38.7560
MS 150-8 <5 2700 16.8 0.711223 0.512162 �9.3 18.8444 15.6755 38.7464
MS 140 D-6.5 <5 2663 16.9 0.712506 0.512167 �9.2 18.9010 15.6772 38.7651
MS 130 D-4.5 <5 2654 17.1 0.711655 0.512207 �8.4 18.7927 15.6686 38.6589
MS 125 9.3 <5 2615 17.6 0.711751 0.512277 �7.0 18.8756 15.6781 38.7954 0.282813 1.0
MS 700 D-10.5 <5 1475 42.7 0.711228 0.512211 �8.3 18.9887 15.6787 38.7879
MS 75-D <5 1185 48.9 0.713140 0.512277 �7.1 19.0229 15.6788 38.7364
MS 300-D <5 675 55.3 0.710248 0.512152 �9.4 18.6938 15.6639 38.6149
MS-37 <5 546 58.3 0.711628 0.512195 �8.6 18.5630 15.6497 38.4739
MS 26-D <5 490 59.0 0.711991 0.512134 �9.8 18.6666 15.6584 38.5832
MS 10 D-13.2 <5 420 60.0 0.712243 0.512242 �7.7 18.8032 15.6706 38.7153
MS 8 D-8.5 <5 415 60.1 0.711405 0.512214 �8.3 18.8404 15.6715 38.7270
MS 5-D-2 <5 275 63.3 0.710618 0.512222 �8.1 18.7446 15.6711 38.6827
MS-6 <5 269 63.4 0.711462 0.512183 �8.9 18.2639 15.6385 38.2532
MS 5-01 <5 266 63.5 0.711927 0.512183 �8.9 18.7509 15.6692 38.6992
MS 110 D.17 <5 2375 21.2 0.711196 0.512253 �7.5 18.8390 15.6766 38.7548 0.282822 1.3
MS-110-D 4.1 <5 2375 21.2 0.711186 0.512210 �8.3 18.8403 15.6729 38.7499
MS-120 D-18.1 <5 2505 19.2 0.711824 0.512229 �8.0 18.8326 15.6805 38.7633
MS 100.2 D 8.2 <5 2050 25.9 0.711208 0.512255 �7.5 18.7923 15.6733 38.6968 0.282823 1.4
MS 800 D-0.1 <5 1690 39.0 0.710616 0.512261 �7.4 18.7564 15.6642 38.6607

MS 125 9.3 20e5 2615 17.6 0.709293 0.512463 �3.4 18.7316 15.6549 38.6830 0.282503 �10.0
MS 110 D.17 20e5 2375 21.2 0.709593 0.512310 �6.4 18.5020 15.6293 38.3965 0.282499 �10.1
MS 100.2 D 8.2 20e5 2050 25.9 0.709668 0.512215 �8.3 18.7832 15.6652 38.8147 0.282588 �7.0

MS 125 9.3 >20 2615 17.6 0.707870 0.512323 �6.2 0.282487 �10.6
MS 100.2 D 8.2 >20 2050 25.9 0.708541 0.512293 �6.7 18.6889 15.6484 38.3689 0.282428 �12.6
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intermediate (0.7093e0.7105; Table 3). εNd values show comple-
mentary relationships, although less distinctly, that is, the fine
fraction shows the lowest values, intermediate fraction and bulk
samples show intermediate values, the coarse fraction shows the
highest values. The full range is between �9.8 and �6.1 (with one
outlier at �3.4) (Fig. 3).

The total range of 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb ra-
tios of the three grain sizes at Masada (Table 2) are ~18.26e19.02,
15.68e15.63 and 38.25e38.81, respectively (Fig. 4). A comparison
of the grain size splits of the same sample shows that the coarser
fractions are consistently lower than the fine fraction splits (Fig. 5).
Moreover, the Pb isotope ratios of the bulk silicate fraction are
generally closer to the high range of the <5 mm fraction, reflecting
the fact that most of the Pb is located in the fine particles, most
likely clay minerals.

The Sr isotope ratios of bulk silicate samples from the Perazim
Valley PZ1 section (Table 4) are higher than the Masada bulk
samples (87Sr/86Sr in the PZ1 samples are mainly in the range of
0.710e0.712; Fig. 3), while εNd is overall in the same range,
between �8.3 and �5.2. Three samples of thick detritus laminae
(the laminated detritus ld facies described by Haliva-Cohen et al.,
2012) from the interval of ~30e40 ka (Middle Member of the
Lisan Formation at PZ1) yield lower Sr isotope values (<0.710)
(Fig. 3). Samples from the Lisan Formation interval of the DSDDP
core show 87Sr/86Sr ratios and εNd values of 0.7085e0.7099
and �5.2 to �6.8, respectively (Table 5; Fig. 3). The 87Sr/86Sr ratios
and εNd values of the DSDDP samples lie on the lower and higher
sides, respectively, of the Masada and Perazim Valley (M1 and PZ1)
samples. Despite the limited number of Hf isotope data (8 samples),
there are clear differences between the different grain size fractions
(Table 2), with a large εHf range between þ1.35 (fine fraction)
and �12.6 (coarse fraction).



Fig. 3. εNd and 87Sr/86Sr over the last 70 ka. (a,b) Bulk detritus and grain size fractions from M1 and Ze'elim, and (c,d) Bulk detritus from M1, PZ1 and the DSDDP core. The
horizontal dashed curves mark the timing of the Marine Isotope Stages (MISs) 4,3,2,1 transitions, the grey rectangles mark the timing of Heinrich (H) stadials 6, 5 and 1, and a cross
pattern between 38 and 31 ka marks the timing of a sedimentary hiatus in the M1 section. Note that the range of both isotope systems is between two end member compositions
marked by yellow arrows: suspended (atmospheric) dust associated with a Sahara Desert end member, and settling dust associated regional loess, and referred to here as End
Member 1 (EMR1; see text for details). Blue diamonds with white crosses in (a) and (b) pertain to the samples that are identified to form the “Sahara dust array”, as detailed in Fig. 7
and discussed in the text. The red, purple, black and blue dashed arrows mark the secular evolution curves of each isotope system in the 20e5, >20, bulk and <5 mm fractions,
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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4. Discussion

4.1. The Sahara dust array

Considering the combined Sr-Nd isotope ratios (Fig. 6), the Dead
Sea lacustrine detritus samples lie along amixing array defined by a
source composition (“endmember” on themixing array) associated
with dust particles originating from the Sahara Desert
(87Sr/86Sr> 0.715 and εNd<�10) and one characterized by
a87Sr/86Sr range between ~ 0.708 and 0.707, and εNd between ~�5
and �2. Previous discussions in the literature have associated this
latter end member with reworked Nile River sediments and their
downwind products, the Negev loess deposits (e.g., Ben Israel et al.,
2015; Crouvi et al., 2008; Enzel et al., 2008; Haliva-Cohen et al.,
2012). Palchan et al. (2018) suggested that this end member
composition is controlled by pedogensis processes affecting settled
dust, subsequently forming various types of loess. For the purpose
of the forthcoming discussion however, we define this simply as
End Member 1 (EMR1), with the understanding that it is broadly
associated with the Negev loess deposits. It is also notable that the
Sr-Nd isotopic composition of the <5 mm detritus fraction at M1
(blue diamonds in Fig. 6) is more similar to Sahara dusts, while the
coarser fractions (5e20 mm and >20 mm, red and purple diamonds,
respectively) have lower 87Sr/86Sr and higher εNd values, and are
closer to the EMR1 composition (Figs. 3 and 6).

The coupled 87Sr/86Sr - 206Pb/204Pbfield yields twomixing arrays
(Fig. 7). One shows limited 87Sr/86Sr variability (between 0.7115 and
0.7131) compared to a large range in 206Pb/204Pb values
(18.26e19.02), and is composed of the fine (<5 mm) fraction. This
array is highlighted in Fig. 7b by a grey shadow extending between
two end members, which we arbitrarily define as EMR2 and EMR3.
The samples forming this array are highlighted with a white cross
superimposed over a blue diamond, and similar symbols are used to
mark these samples in Figs. 4e6. In Sr-Nd isotope space (Fig. 6) these



Table 4
Sr and Nd isotope ratios of bulk detritus at PZ1. Results in bold font are from Haliva-
Cohen et al. (2012). Ages after Torfstein et al., 2013a.

Sample name Height (cm) Age (ka) 87Sr/86Sr 143Nd/144Nd 3Nd

PZ1 3558 3558 18.5 0.711353 0.512250 �7.6
PZ1 3443 3443 20.2 0.711078 0.512259 �7.4
PZ1 3253 3253 22.8 0.711542 0.512282 �6.9
PZ1 3059 3059 25.5 0.711454 0.512267 �7.2
PZ1 2894 2894 27.8 0.710988 0.512272 �7.1
PZ1 2768 2768 29.6 0.710704 0.512243 �7.7
PZ1 2670 2670 30.9 0.709620
PZ1 2666 2666 31.0 0.711134
PZ1 2489 2489 33.5 0.710875 0.512250 �7.6
PZ1 2290 2290 36.2 0.709895
PZ1 2274 2274 36.5 0.708350
PZ1 2230 2230 37.1 0.711046 0.512345 �5.7
PZ1 2172 2172 37.9 0.710579 0.512282 �6.9
PZ1 2025 2025 39.9 0.710664 0.512323 �6.1
PZ1 1838 1838 42.5 0.711470 0.512280 �7.0
PZ1 1715 1715 49.3 0.711945 0.512270 �7.2
PZ1 1680 1680 49.5 0.711251 0.512274 �7.1
PZ1 1535 1535 50.4 0.711580 0.512296 �6.7
PZ1 1464 1464 50.8 0.710238 0.512220 �8.2
PZ1 1327 1327 51.6 0.711638 0.512285 �6.9
PZ1 1320 1320 51.6 0.711059 0.512299 �6.6
PZ1 827 827 56.0 0.711282
PZ1 497 497 58.3 0.710631 0.512325 �6.1
PZ1 455 455 58.7 0.710820 0.512311 �6.4
PZ1 414 414 59.5 0.710756 0.512372 �5.2
PZ1 218 218 64.1 0.512234 �7.9
PZ1 210 210 64.3 0.710429
PZ1 110 110 66.8 0.710735 0.512252 �7.5
PZ1 40 40 68.5 0.711270 0.512250 �7.6
PZ1 20 20 69.0 0.711334 0.512211 �8.3
PZ1 0 0 69.5 0.711479 0.512263 �7.3

Fig. 4. Pb isotopic compositions of Dead Sea lacustrine deposits. All data points pertain
to the carbonate-free (acid-leached) fraction of the sediments.
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samples display the strongest influence of a Saharan dust compo-
nent, and thus we term them the “Sahara dust array” (Fig. 7b).

The samples that are not part of the Sahara dust array in Fig. 7
show a range of both 87Sr/86Sr and 206Pb/204Pb values and the
Fig. 5. The secular evolution of 206Pb/204Pb over the last 70 ka at M1 and Ze'elim. Blue
diamonds with white crosses pertain to samples that are identified to form the "Sahara
dust array", as detailed in Fig. 7
trend, extending between EMR1 and the Sahara dust array, is
controlled by the different grain size groups. This mixing array
displays considerable scatter relative to the Sahara dust array,
probably due to the composition of EMR1 - the regional “loess”
component - which appears to be variable and poorly constrained
in terms of its Pb isotopic composition.
Table 5
Sr and Nd isotope ratios of bulk detritus at the DSDDP core. Ages from Torfstein et al.
(2015).

Sample name Depth (mblf) Age (ka) 87Sr/86Sr 143Nd/144Nd 3Nd

AT 105J 2.74 0.4 0.512346 �5.7
AT-47a 16.94 2.7 0.709907 0.512290 �6.8
AT-11 44.13 7 0.708540 0.512371 �5.2
AT-13 58.2 9.1 0.708627 0.512363 �5.4
AT-36 113.72 25.9 0.709739 0.512303 �6.5
AT-37 113.78 26 0.708935 0.512298 �6.6
AT-41 138.62 42.5 0.709165 0.512292 �6.7
AT-58c 174.32 68.1 0.709420 0.512302 �6.6
AT102a 180.25 72.3 0.512332 �6.0
AT-64 201.55 87.1 0.708733 0.512341 �5.8
AT-70a 220.03 99.9 0.708756 0.512369 �5.3
AT-74a 222.91 101.9 0.709190 0.512331 �6.0
AT-72a 226.52 104.4 0.708781 0.512341 �5.8
AT-76d 241.07 117.4 0.708993 0.512305 �6.5
AT-79f 283.1 122.6 0.709384 0.512307 �6.5
AT-80 283.25 122.6 0.709846 0.512306 �6.5
AT-116a 307.42 129.1 0.709613 0.512308 �6.4
AT-89b 324.95 134.1 0.709189 0.512303 �6.5
AT-97d 394.55 190.9 0.709151 0.512347 �5.7
AT-97a 395 191 0.708592 0.512352 �5.6
AT-100b 445.8 215.2 0.709481 0.512333 �6.0



Fig. 6. 87Sr/86Sr vs εNd. Sources: 1 Revel et al. (2010), 2 Freydier et al. (2001), 3 Weldeab et al. (2002), 4 Abouchami et al. (2013), 5 Palchan et al. (2013) (core KL23), 6 <20 mm loess
fraction, Ben Israel et al. (2015), 7 this work and partial PZ1 data from Haliva-Cohen et al. (2012), 8 Haliva-Cohen et al. (2012). All the samples in this diagram fall along a mixing array
ranging between the composition of fine sediments and dust from the Sahara Desert and an end member associated with an intermediate composition between Nile River
sediments and the composition of local loess deposits. This end member is referred to as end member 1 (EMR1; see text for details). Note that blue diamonds (<5 mm fraction at
Masada) with white crosses represent the “Sahara dust array” as defined in Fig. 7. All the latter are skewed toward the lower right range of the Dead Sea sediments, indicating the
dominance of the Sahara Dust end member in these samples. In itself, the “Sahara dust array” can be resolved as a mixing array (though not as prominent as in Fig. 7) between two
end members e EMR2 and EMR3 e who form a positive perpendicular trend relative to the rest of the samples presented here. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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4.2. Temporal trends in dust mobilization to the Dead Sea

Abrupt lake level drops associated with massive gypsum
deposition in Lake Lisan ca. 60e58, 49e47.5 and 17.1e15.5 ka
(Fig. 2b) reflect the regional response to the global climate per-
turbations associated with Heinrich (H) Stadials 6, 5 and 1,
respectively (Hemming, 2004), which triggered short-term
(millennial scale) arid-spells in the Levant, during the otherwise
relatively wet last glacial cycle (Bartov et al., 2003; Torfstein et al.,
2013b). In the M1 section the <5 mm fractions from those in-
tervals are associated with the Sahara dust array (section 4.1,
Fig. 7b). All of these intervals are characterized by shifts towards
higher Sr and lower Nd isotope ratios in the <5 mm fraction (Figs. 3
and 6). In contrast, the Pb isotope ratios show a large range and
include both the highest and lowest values. These tracers also show
temporal variability, most clearly observed for Pb isotopes during
H6, when the Pb isotope ratios are low compared to H1 and H5
(Fig. 7). For 87Sr/86Sr ratios, the H1 and H5 intervals show slightly
higher values than H6 (Figs. 3b and 7). A temporal trend toward
higher Sr isotope ratios is also seen in the bulk samples at M1 over
the last glacial e Holocene cycle (dashed black arrow in Fig. 3b).
Thus, the combined Sr-Nd isotope data indicate a stronger

contribution of the Saharan dust to the DSB during Heinrich events.
The Pb isotope ratios show that during H6 the source was different
from H5 and H1, whereby the H6 source was characterized by low
206Pb/204Pb ratios and the H5 and H1 sources had higher
206Pb/204Pb ratios (Fig. 5). These relationships in Saharan Pb isotope
ratios have been observed in the central and western Sahara versus
the Bod�el�e depression, respectively (Abouchami et al., 2013; Kumar
et al., 2014), although neither region has compositions corre-
spondingwith the Saharan dust array in Fig. 7 and therefore neither
can be considered direct sources of the dust in the Levant.

Outside of the Heinrich intervals, during MIS3 and early MIS2,
the Sr-Nd-Pb isotope compositions in the <5 mm fraction show
values closer to the loess end member composition (EMR1). This
indicates a diminished contribution of Sahara dusts and increased
mobilization of fine detritus from the local surface cover (e.g., loess
type soils).



Fig. 7. 87Sr/86Sr vs 206Pb/204Pb. Three compositional end members can be identified for the Dead Sea basin lacustrine deposits: the first, EMR1, is associated with relatively low and
intermediate, 87Sr/86Sr and 206Pb/204Pb values, respectively. EMR1 appears to be associated with regional loess values and the coarser grain sizes within the Lisan Formation. Two
other end members, EMR2 and EMR3, are characterized by minor differences in their 87Sr/86Sr composition (0.7115 and 0.7131, respectively), but a relatively larger difference in
their 206Pb/204Pb composition (18.26 and 19.02, respectively). These are defined by a mixing array displayed by the fine fraction (<5 mm) and marked in panel (b) by a grey shadow.
Because these samples fall close to the Sahara end member in the Sr-Nd isotope space (Fig. 6), we define the array between EMR2 and EMR3 as the “Sahara dust array”. Moreover, all
samples within this array are associated with Heinrich stadials, whereby EMR2 appears to be more dominant during H5 and H1 relative to H6, which is more strongly controlled by
EMR3. Legend follows Fig. 6 except for samples associated with potential source regions in the Sahara, namely, Central-West Sahara dust and soils, and the Bod�el�e Depression (data
compiled from: Abouchami et al., 2013; Kumar et al., 2014). The loess Sr and Pb values (samples LN-1 and LN-2) are from Haliva-Cohen et al. (2012) and Torfstein (2008),
respectively.
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4.3. Grain size effects

The temporal trends of the Sr and Nd isotope ratios of the 20-
5 mm and >20 mm fractions mirror those of the fine fraction (<5 mm,
Fig. 3), displaying lower 87Sr/86Sr and higher εNd values with time
(although only observed for a few samples). These patterns can be
considered in the context of the bulk detritus composition in the
three main study sites (Fig. 2), i.e., the PZ1 and M1 subaerial sec-
tions, and the ICDP-DSDDP deep basin core. While the εNd roughly
overlap in all sites (Fig. 3c), the 87Sr/86Sr ratios display distinct
differences (Fig. 3d), with higher values at the shallower sites
(Fig. 8). At PZ1, this comparison excludes three samples of massive
marl beds associated with an MIS3 low stand (Haliva-Cohen et al.,
2012), which display significantly lower 87Sr/86Sr values (marked as
circles in Fig. 8). This “tail” in PZ1 is consistent with the charac-
teristic 87Sr/86Sr fingerprints in the different grain sizes at M1
(Fig. 3), where coarse (>5 mm) particles have lower values than fine
particles (<5 mm). The observation that the different grain size
populations have distinct isotopic compositions means that the
main factor controlling the bulk composition is the grain size dis-
tribution. This suggests, based on the Sr isotopic composition
(Fig. 8), that the average grain size mode in the DSB lacustrine
system increases with depth of the deposition site. The current lack
of systematic grain size analyses however, precludes further dis-
cussion of this observation.
Fig. 8. The range of bulk detritus 87Sr/86Sr ratios in sites from different elevations
along the DSB. Note that the shallower the site, the more radiogenic the composition of
its sediments. Three samples from PZ1, marked by circles, are associated with massive
marl beds (the laminar-detritus facies, rather than fine detritus from the alternating
aragoniteedetritus facies; Haliva-Cohen et al., 2012) display significantly lower values
and are excluded from this comparison.
4.4. Sahara dust during heinrich stadials and implications for global
climate

The results of this study indicate that distally delivered atmo-
spheric (suspended) dust in the Lisan Formation (associated with
the <5 mm fraction) became dominant during H stadials, when lake
levels were low compared to the glacial norm (Bartov et al., 2003;
Torfstein et al., 2013b). In general, dust loads are understood to be
globally high during glacial cycles (e.g., Kohfeld and Harrison,
2001), with more limited evidence supporting high dust loads
associated with the Sahara Desert during the Last Glacial Maximum
(LGM) and the last deglaciation (Cole et al., 2009; Roberts et al.,
2011; McGee et al., 2013).

Considering that the LGM was extremely wet in the Levant, it is
reasonable that dust fluxes from the Sahara were suppressed by
wet deposition, while hyper-arid spells during H-stadial intervals
(as reflected, for example, by sharp lake level drops) were accom-
panied by enhanced supply of fine Sahara dusts to the vicinity of the
Dead Sea. This was probably further intensified due to increased
wind speed and gustiness of west winds that had been suggested to
prevail in the Saharae East Mediterranean region during H-stadials
(Palchan et al., 2018; Rohling, 2013). Thus, the influence of Levant
hydroclimate imposed a regional history of dust delivery that is
somewhat different from general global trends, thus suggesting
that local climate conditions often have primary impacts on re-
constructions of dust provenance in continental settings.
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5. Conclusions

The Sr-Nd-Pb isotope compositions of grain size fractions (>20,
20e5, <5 mm) and bulk detritus (siliciclastic) samples of lacustrine
deposits from the Dead Sea Basin, were studied at Masada (M1
section), Perazim Valley (PZ1 section), and the ICDP-DSDDP core
extracted from the deep center of the modern lake. The finest grain
size fraction (<5 mm) is associated with atmospheric dust that
predominantly originated from the Sahara Desert, with a strong
control of two end member compositions (EMR2, EMR3), which
form a range of Sr-Pb isotope ratios defined here as the “Sahara dust
array”. Although the geographic source of these two end members
remains unknown, it is likely independent of the compositions of
modern dust and soils in the Bod�el�e Depression and additional sites
in central-west Sahara.

The “Sahara dust array” is dominated by samples deposited in
Lake Lisan during Heinrich (H) stadials 6, 5 and 1. These time in-
tervals are associated with extreme dry-spells in the Levant.
Moreover, the “Sahara dust array” shows that the source of atmo-
spheric dust to the Dead Sea Basin changed over time, with rela-
tively low 87Sr/86Sr and 206Pb/204Pb ratios (EMR3) characterizing
H6, and higher 87Sr/86Sr and 206Pb/204Pb ratios (EMR2) character-
izing H5 and H1. By contrast, the coarser grain size fractions display
a closer resemblance to regional loess compositions (EMR1).

Although dust fluxes are assumed to have been globally high
during the LGM, an extremely wet glacial cycle in the Levant sup-
pressed the transport of dust to this region. During Heinrich sta-
dials however, the delivery of fine Sahara dust intensified due to a
combination between strong westerly winds and hyperarid con-
ditions in the Levant.
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