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ARTICLE INFO ABSTRACT

Handling editor: P Rioual Water availability in the Levant is predicted to decline due to global warming in the upcoming decades and is

expected to substantially impact the region. Determining the long-term natural rainfall variability in this region

Keywords: is essential for understanding the regional hydroclimatic response to external climate forcings and for contex-

Dead sea tualizing future hydroclimate changes. The Dead Sea (DS), located in the southern Levant, is a closed-basin lake

;m;ant whose size varies as a function of water availability. Reconstructing DS lake-level variations through time
olocene

provides a quantitative measure of the natural hydroclimate variability and can inform on the local hydroclimate
response to changes in global climate. Here, we constructed an updated lake-level history of the Holocene DS by:
1) studying lake high-stands derived from a series of new cores collected in the DS southern basin, 2) re-dating of

Closed-basin lake
Eastern mediterranean

Paleoclimate
Paleohydrology the two major Holocene high-stand exposures, and 3) compiling all previously published ages of Holocene DS
Archaeology lake-level markers (n = 296 radiocarbon ages). The results show that the early (10-6.1 kyr cal BP) and late

Holocene (3.6-0 kyr cal BP) in the DS were predominantly wet albeit punctuated by dry intervals, whereas the
middle Holocene (6.1-3.6 kyr cal BP) was most likely relatively dry. This pattern of two Holocene humid in-
tervals is also evident in distillation records derived from Levant speleothem caves (which represent the inte-
grated magnitude of rainout from the vapor source to the caves), indicating that rainfall intensity and total water
availability were correlated throughout the Holocene. These two humid intervals occurred during high and low
summer insolation conditions, suggesting that they were modulated by different climatic mechanisms. The
predicted future drying in the Levant is of similar magnitude to the natural hydroclimate variability and thus, it is
crucial to assess whether the anthropogenic drying is in- or out-of phase with the natural climate variability.

1. Introduction

The eastern Mediterranean (EM) is considered a climate change
“hotspot” where precipitation is predicted to decline by 40% in the
upcoming decades, in contrast to the global trend, and is expected to
have significant impacts on the region (Hochman et al., 2018). However,
the mechanisms responsible for this precipitation decline remain un-
clear (e.g., Garfinkel et al., 2020; Hochman et al., 2018; Seager et al.,
2014; Tuel and Eltahir, 2020). Without a quantitative understanding of
the long-term natural rainfall variability in this region and its drivers it is
hard to evaluate the severity of future changes, how they compare to the
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natural variability, and to identify the potential external forcings that
might drive these changes.

The Dead Sea (DS) is an evaporative, hypersaline, closed-basin lake
without an outlet, with its size (area and depth) varying as a function of
rainfall amount and evaporation (Fig. 1)(Enzel et al., 2003; Morin et al.,
2019). In closed-basin lakes, distinct shoreline deposits form at the
lake’s margin, and serve as physical relict imprints of past lake-levels
(Bartov et al., 2002; Bookman et al., 2004; Enzel, 1992; Quade et al.,
2018). These shoreline deposits reflect changes in the size of the lake
and are therefore, powerful, first order, quantitative recorders of past
hydroclimate changes (Benson and Paillet, 1989; Broecker, 2010;
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Fig. 1. A. Dead Sea lake-level status superimposed on relief and rainfall maps
and showing the location of the two basins, coring site and highstand Holocene
outcrops. B. A topographic transect through both basins and the coring loca-
tion. C. An hypsometric curve of the DS, showing that changing lake-level
below (above) the sill (403 m bsl) results in a small (large) change in sur-
face area.

Broecker and Orr, 1958; Enzel et al., 2015; Goldsmith et al., 2017a,
2022; McGee et al., 2018; Xu et al., 2020). Thus, the DS lake-level his-
tory holds valuable information regarding the hydroclimate response of
this region to global climate, and provides a quantitative measure of
regional natural hydroclimate variability (Bookman et al., 2004; Enzel
et al., 2003; Frumkin et al., 2001; Neev and Emery, 1967; Weber et al.,
2021).

Over the years, a total of 296 radiocarbon ages were analyzed from
Holocene DS lake sediments, which makes the DS sedimentary se-
quences among the most dated in the world. However, there are still
fundamental questions remaining that pertain to the lake-level history of
the Holocene DS, and as a result to the regional climate: a) the Holocene
lake-level history has been reconstructed in sufficient detail only for the
late Holocene (<3.5 kyr cal BP) due to scarce direct lake level markers
particularly of early and middle Holocene age, b) there is a general lack
of well-dated high-stand deposits, which prevent a full view of the upper
bound of the hydrological variability, and c) there is a lack of a
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standardized and searchable database of all previous lake-level work
and radiometric results, which complicates the ability to compile all
previously studied lake-level fluctuations. These gaps prevent: a) a full
and better understanding of the long-term hydrological variability in the
Levant, and b) evaluating potentially contradicting lake-level markers.
In this paper, we aim to reconstruct the high-stands of the Holocene DS
and evaluate the natural long-term rainfall variability of this region by:
1) studying lake high-stands derived from a series of new cores collected
in the DS southern basin, 2) re-dating of the two major Holocene high-
stand exposures, and 3) compiling all previously published ages of Ho-
locene DS lake-level markers.

1.1. Geographical background

The DS is divided into two tectonic basins: a) the northern basin
which is ca. 300 m deep and receives runoff from the sub-humid Med-
iterranean climatic zone at the northern half of the lake’s watershed, and
b) the southern basin, which is covered today by a shallow salt pan and
receives little runoff from the arid southern half of the watershed
(Fig. 1). The two basins are separated by a salt diapir located under the
Lisan Peninsula, which has been rising since the early Pleistocene
(Al-Zoubi and ten Brink, 2001). West of the peninsula, and separated
tectonically from the diapir, is a 4 km wide sill (Bartov et al., 2006),
today at an elevation of 403 m below sea level (m bsl). The two basins
merge into a single water body when the lake-level rises above this sill
(Neev and Emery, 1967) (Fig. 1), as was the case during the late 19th
and early 20th centuries (Klein and Flohn, 1987). Under such conditions
the surface area of the lake is much larger, resulting in enhanced
evaporation from the lake. To sustain the lake-level during such times of
enhanced evaporation, rainfall must be similarly high. If rainfall is
insufficient to sustain such a joint-basins high-stand, the lake will shrink
until the lake-level drops below the sill, total evaporation from the lake
sharply decreases and a new balance between rainfall and evaporation
forms in the northern basin. The southern basin gets cut off from its main
water source in the north and progressively dries out. Morin et al. (2019)
modeled the sensitivity of the lake-level to hydrological changes above
and below the sill. Their results indicate that the lake-level resides below
the sill at rainfall amounts of <500 mm/yr (in the northern part of the
catchment, that today receive 780 mm/yr), and at these elevations the
lake-level is very sensitive to small rainfall changes (2.2 mm/yr per 1 m
of lake-level change) (Fig. 1). For the lake to rise above the sill, rainfall
amount must exceed 600 mm/yr (in the northern part of the catchment).
For the lake to rise from the sill to the level of ~385 m bsl, rainfall must
reach 1200 mm/yr, at these elevations the surface area is large and thus
lake-level is less sensitive to rainfall changes (44 mm/yr per 1 m of
lake-level change) (Fig. 1).

During times when the lake-level is below the sill, the southern basin
gradually dries out and becomes supersaturated in respect to halite,
triggering large halite deposition in the southern basin (Charrach, 2019;
Neev and Emery, 1967) (Fig. 2). When the lake-level rises above the sill,
relatively “fresher” water from the northern basin overflows into the
southern basin and the water there becomes undersaturated to halite,
and halite deposition stops. The sediments accumulated in the southern
basin during higher-than-sill stands are composed mostly of silty
detritus, carried in by the streams and dust (Fig. 2). These silt sediments
are most likely also present during low-stands of the lake, but are
masked by the large halite deposition. Thus, alternating halite and mud
sequences in the southern basin of the DS indicate times when the lake
was below and above the sill, respectively, and based on Morin et al.
(2019) model these sediments can be used to quantitatively reconstruct
distinct wet intervals in the southern Levant.

1.2. Previous reconstructions of Holocene Sead Sea lake-levels

The lake-levels of the DS, and its precursor Lake Lisan, have been
studied extensively (Bartov et al., 2002; Bookman et al., 2004; Ebert
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Fig. 2. Core lithology and chronology. Showing the three DSW cores (R2, R5,
R6) we studied, the Charrach (2019) composite record of 25 cores from the
central southern basin (C19) and the DSDDP lithology (Kiro et al., 2016;
Torfstein et al., 2015) and ages (Kitagawa et al., 2017). The cores are composed
of halite (blue), silty-clay (brown), aragonite layers (brown with white lines)
and anthropogenic gravel at the top (orange). Radiocarbon ages (black),
measured on terrestrial macro plant material, are presented as calibrated years
before present, U/Th on aragonite layers are in blue. The horizontal solid
(dashed) lines denote plausible (possible) correlations between the
various cores.

et al., 2021; Enzel et al., 2000, 2003; Frumkin et al., 2001; Kadan, 1997;
Kagan et al., 2011, 2015; Langgut et al., 2014; Liu et al., 2013; Migowski
et al., 2006; Neumann et al., 2007; Stein et al., 2010; Torfstein et al.,
2013a; Weber et al., 2021). The arduous task of constructing a lake-level
history, is based on identifying, describing and dating many sediment
exposures and cores collected along the lake’s margin and compiling the
lake-level evidence into a coherent lake-level curve. These studies have
shown that Lake Lisan was ~250 m higher than the present lake (and
reached ~160 m bsl) during much of Marine Isotope Stages 4-2 (50-20
kyr)(Fig. 1) (Bartov et al., 2002; Torfstein et al., 2013b). During the
deglaciation, the lake level dropped to near its pre-industrial elevation
(~400 m bsl) (Bartov et al., 2002, 2003; Torfstein et al., 2013b). During
the Holocene, the lake fluctuated near its modern levels (370-430 m bsl)
(Bookman et al., 2004; Ebert et al., 2021; Enzel et al., 2000, 2003;
Frumkin et al., 2001; Kadan, 1997; Kagan et al., 2011; Langgut et al.,
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2014; Liu et al., 2013; Migowski et al., 2006; Neumann et al., 2007; Stein
et al., 2010; Stern, 2010; Weber et al., 2021; Yechieli et al., 1993). Over
the past 60 years, and due to human influence, the lake dropped by ~40
m to its modern elevation of 440 m bsl (e.g., Enzel et al., 2022).

Information on the lake-stands of the DS during the Holocene is
derived from three types of sources: exposures of sequences of lake
sediments located above the current lake-level, sediments recovered
from cores drilled around the lake, and archaeological data. Lake-level
data pertaining to the second half of the deglaciation and to the early
and middle Holocene (14.6-4 kyr cal BP) are scarce and come mostly
from: (a) cores along the margins of the lake, which only provide an
estimates of minimum lake-level (Migowski et al., 2006; Stein et al.,
2010) and (b) two exposures of high-stand lake sediments in Nahal
Darga (Enzel et al., 2000; Kadan, 1997; Liu et al., 2013) and Ein Gedi
(Bartov, 2004; Weber et al., 2021). However, some of the pre- 6.5 kyr cal
BP chronology is based on bulk sedimentary organics, which may be
prone to large reservoir effects (Enzel et al., 2000; Kadan, 1997). Late
Holocene highstand outcrops have been reported in Nahal Ze’elim and
Nahal David (Bookman et al., 2004), and Mt. Sedom (Frumkin et al.,
2001) and its surroundings (Migowski et al., 2006). Mt. Sedom is an
active salt diapir that has been rising at a rate of 5-10.5 mm/year
(Frumkin et al., 2001; Weinberger et al., 2006), and thus, it is compli-
cated to extract the exact lake-level represented by samples collected on
or adjacent to Mt. Sedom. Additional information on late Holocene
highstands comes from two sources: a) archaeological remains of two
sites dated to the 1st millennia BCE (Rujm el-Baher and Khirbet Mazin,
at an elevation of 393 m bsl, Hirschfeld, 2006) that served as small
anchorage ports of the DS, and b) historical elevation data from the 19th
century CE (e.g., Klein and Flohn, 1987).

Part of the Holocene highstand data come from cores drilled in the
southern basin of the DS, which contain alternating halite and silty-clay
deposits (Charrach, 2019; Neev and Emery, 1967)(Fig. 1). Neev and
Emery (1967) dated aragonite layers and bulk organic material from
lake sediments, which are both potentially affected by an unknown
reservoir effect, rendering their results questionable. Charrach (2019)
found and successfully dated plant remains from three of these layers,
and thus currently, most of the silty-clay layers have not been dated and
the timing of most of these deposits and the flooding of the southern
basin remain unclear.

To provide a fuller and updated perspective on the Holocene high-
stands of the DS, we present in this paper: 1) A new record of Holo-
cene DS high-stands, derived from three cores collected in the southern
basin of the Dead Sea, which represent times when the lake level rose
above the sill and filled the southern basin. 2) A detailed reconstruction
and re-dating of sediments associated with the two major Holocene
high-stand of the DS at Nahal Darga and Ein Gedi. 3) A comprehensive
database of 296 radiocarbon ages of all previously dated Holocene lake
status records. This compilation enables, for the first time, a compara-
tive evaluation of all previous Dead Sea research pertaining to its Ho-
locene level reconstruction and portrays a full framework of what is
known about the Holocene lake level after decades of research, and what
information is still missing.

2. Methodology
2.1. Analyzing the southern basin cores

During 2021, the Dead Sea Works (DSW), the Potash extraction
company, drilled a series of cores into the northern tip of the southern
basin for geotechnical purposes (Fig. 1, Fig. S1). We were granted
permission to study these cores, once the geotechnical analysis was
completed. The cores, characterized by the DSW, are 20-60 m in length
and contain predominantly massive halite deposits (Fig. 2). In nine in-
tervals, mud layers (ranging in thickness between 10 and 200 cm) are
present. As explained above, we interpret these mud layers as repre-
senting times when the lake-level rose above the sill and indicate wetter
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conditions in the southern Levant. The cores, post geotechnical sam-
pling, were fragmented and discontinuous and some parts of the cores
were not well preserved. We focused our sampling efforts on pristine
intervals, where the original sedimentary structure was maintained
(Fig. S1).

2.1.1. Radiocarbon ages

From the intact sections in three of the cores, we sieved the mud
layers and picked out 11 samples of macro-plant material and charcoal.
Not all mud layers contained macro-plants. Therefore, to evaluate
whether it is possible to date these layers using bulk sedimentary
radiocarbon, we also sampled and measured two bulk organic samples
adjacent to macro-plant samples. This test will also enable us to assess
the reliability of the Neev and Emery (1967) data, who used bulk sample
radiocarbon ages from their southern basin cores. Radiocarbon mea-
surements were conducted at The Keck AMS laboratory at University of
California Irvine, California. The results are presented as calibrated
years before present (yr cal BP) and the presented uncertainty is 16
(Table S1).

2.1.2. Finger-printing the water source of the southern basin using
aragonites U-Th

We interpret the mud layers in the southern basin cores as repre-
senting times when the DS rose above the sill and water from the
northern basin flowed into the south basin. An alternative source of this
water could be river inflow into the south basin from the southern part of
catchment. To fingerprint the water source, we used U isotopes in the
fine aragonite layers present in some of the mud layers from the
southern basin (Fig. 2, Fig. S1). Similar aragonite layers have been
identified in the northern basin, and termed “laminated detritus” (1d)
layers and have been studied in great detail (Bookman et al., 2004;
Haliva-Cohen et al., 2012). U isotopes in these aragonite layers have
been proposed as tracers of the water source that filled the lake. Kiro
et al. (2020) showed that northern and southern water sources entering
the DS have substantially different U-isotope ratios, which are recorded
in the aragonite layers and can serve as a water source tracer. Thus,
U-isotopes can distinguish between two potential water sources that
could have filled the southern basin: 1) water overflowing the sill from
the northern basin, and 2) water flowing in from the Arava River in the
south; this does not require a flooding of the sill and could occur also
during lower lake-stands.

In addition, U-Th disequilibrium dating of the DS aragonite laminae
was attempted based on previous successes (e.g. Haase-Schramm et al.,
2004; Torfstein et al., 2013a). The DS aragonites are characterized as
“dirty carbonates” containing initial ?*°Th derived from two sources:
detrital sedimentary Th and hydrogenous Th, where the former is
thought to introduce a much larger error than the latter for young
samples (Haase-Schramm et al., 2004). To correct for these two sources
of uncertainty, we used two approaches: 1) a single sample correction
method, which uses previously established initial detrital Th
(32Th/®8U = 0.85) and hydrogenous Th (Th = 0.08 ppm and
232Th,/230Th = 44,000 atomic) values (Haase-Schramm et al., 2004;
Torfstein et al.,, 2013a), and 2) an Osmond-type isochron method
(Ludwig, 2003), where the initial 2307 /238y is calculated as the inter-
cept of a232Th/?38U vs. 2%9Th /238U isochron diagram (Fig. S2). To ac-
count for uncertainty in the detrital end-member, we varied the Th/U
detrital end-member (0.85, 1, 1.25 and 4, and assigned an error of 10%
for each value), and assumed the detrital end-member is at secular
equilibrium and thus provides the detrital 23°Th/232Th (See Torfstein
et al., 2013a for detailed methods).

We sampled three aragonite layers, of which two were adjacent to
macro-plant material that were also radiocarbon dated. From within
these layers, we sub-sampled two or three individual samples and
analyzed their chemistry using an ICP-MS and their U-Th isotopes using
a Neptune Plus MC-ICP-MS, both at the Hebrew University. Chemical,
analytical and data-reduction procedures follow Torfstein et al. (2013a,
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2015).

2.1.3. Assigning a lake-level to the mud layers of the southern basin cores

As discussed above, we interpret the mud layers as times when the
lake rose above the sill (an assumption that we test using U isotopes, see
above). However, the evolution of the sills’ elevation is unclear. The
early lake-level reconstructions assumed that sill remained at an
elevation of 403 m bsl throughout the Holocene (e.g., Bookman et al.,
2004; Migowski et al., 2006). Though, Charrach (2019) calculated the
sill’s elevation based on sedimentation rate and accommodation space,
and concluded that the sill was at 420 m bsl in the early Holocene and
rose to 403 m bsl throughout the Holocene due to sediment accumula-
tion. Therefore, when assigning the minimum lake-level elevation at the
time of the mud deposition, we present two scenarios: a) the sill was at
403 m bsl throughout the Holocene, and b) the sill rose from 420 m bsl in
the early Holocene to 403 m bsl in the late Holocene (black and red
dashed lines in Fig. 3, respectively).

2.2. Reevaluating Holocene high-stands from the Darga and Ein Gedi
exposures

The highest Holocene lake sediment outcrops in the DS have been
described and dated in Nahal Darga (Enzel et al., 2000; Kadan, 1997; Liu
etal., 2013) and Ein Gedi (Bartov, 2004; Weber et al., 2021) (Figs. 1 and
3, S3 and S4). As described above, there are missing or contradicting
elevation data from these sections, questioning the reliability of the ages
and some debate over the geomorphological interpretation of these
sections. We returned to these two sites and resampled the sections.
Elevation of the samples was determined using data from an airborne
light detection and ranging system (LiDAR) courtesy of the Geological
Survey of Israel (e.g., Enzel et al, 2022), which provides
centimeter-scale resolution. Charcoal, macro-plants and freshwater
snails were sampled from within these sections. Radiocarbon measure-
ments on these samples were conducted at The Keck AMS laboratory at
University of California Irvine, CA.

2.3. Constructing a Holocene Dead Sea lake-level database

Over the past 50 years, over a dozen papers have dated Holocene
stratigraphic sections in the DS basin, which combined include 296
radiocarbon ages (Bookman et al., 2004; Ebert et al., 2021; Enzel et al.,
2000, 2003; Frumkin et al., 2001; Kadan, 1997; Kagan et al., 2011;
Langgut et al., 2014; Liu et al., 2013; Migowski et al., 2006; Neumann
et al., 2007; Stein et al., 2010; Stern, 2010; Weber et al., 2021; Yechieli
et al., 1993). We constructed an online database that contains all the
radiocarbon samples and includes: metadata (author names, journal,
etc.), location coordinates, sample elevation, sediment characteristics,
sample material, dating lab, and original interpretation of lake-level
status by the original authors (Table S6). For a few of the earlier
works done on the DS, not all elevation data exists in the original pub-
lications (Bartov, 2004; Enzel et al., 2000; Frumkin et al., 2001; Kadan,
1997; Liu et al., 2013; Migowski et al., 2006). In such cases, we either
returned to the sites and measured the elevation with a GPS, or used the
LiDAR elevation data to assign the correct height. The reevaluated ele-
vations are noted in the database.

All radiocarbon samples were calibrated individually using Intcal20
in the Oxcal program (Reimer et al., 2020). Some of the samples come
from sedimentary sequences that contain a few sedimentary units and
have a series of ages and replicate samples, some sections have reported
hiatuses and some have undated beach ridges. For these sedimentary
sequences, we tried using the “sequence” option in Oxcal, which esti-
mates the ages and age range of unknown stratigraphic boundaries (in
this case, either hiatuses or beach-ridges) using the age-depth model and
sedimentation rate (Ramsey, 2008). Due to the large uncertainty
involved in such interpolation of the data, this method results in large
dating uncertainties (~hundreds of years, which is too large for our
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Charrach (2019) scenario where the sill rose 17 m throughout the Holocene).
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assessment). As there are many directly dated samples that are much
better constrained than the interpolated data, we use the interpolated
ages only as supplemental indicators for the lake-level reconstruction
and not as standalone data (see full data in Fig. S5a). Both the single
sample and sequence results are presented in Table S6.

All calibrated data were plotted using the original interpretation of
the lake-level status (Fig. S3). These include: sedimentary markers
deposited at, or very near, the shore of the lake (e.g., beach ridges and
shoreline deposits), sedimentary indicators of minimum lake-level (e.g.,
silty lacustrine sediments that were deposited below the water level),
and indicators of upper boundary lake-level (e.g., gravels that were
deposited in an alluvial setting outside of the lake) (Fig. S5). Gypsum
structures have been interpreted as near shore deposits where saline
springs and the DS brine mix causing gypsum deposition (Weber et al.,
2021). However, as they are not “classic” shoreline sediments, we
categorized them separately.

Once all dated samples and modeled beach-ridges and hiatuses were
plotted as a function of their age, age uncertainty and height, it was
possible to construct a new lake-level curve (Fig. 4). The presented lake-
level curve is one possible, but the most reasonable, interpretation of the
data and was constructed to account for as many data points as possible,
within their prescribed 1o age uncertainty. In places where there are
clear lake-level markers (beach ridges, archaeological remains, etc.), a
solid line is drawn. In places where there are insufficient data (e.g.,
between 4.5 and 5.5 kyr cal BP) a dashed line was drawn. A question
mark denotes places where the direction of the lake-level change is clear
but not its exact elevation. In places where there are gaps in the data, or
if the extent of the high or low stands are unknown, a question mark is
added.

3. Results
3.1. The cores from the Dead Sea southern basin

3.1.1. Core lithology

The three analyzed cores, R2, R5, and R6 (Fig. 2), present quite
similar lithological sequences. The upper 20 m of each core are
composed predominantly of silty-clay sediments. Below this depth, the
cores are composed primarily of halite with a few thin layers of silty-clay
sediments.

R2, the most southern core, and the most intact one, is 59.5 m long. It
is predominantly composed of nine layers of halite with a total thickness
of 34 m alternating with nine layers of silty-clay sediments with a total
thickness of 19 m. These silty sediments were examined for plant re-
mains; eight of them contained sufficient material for radiocarbon an-
alyses. Three aragonite layers were selected for U/Th dating (Fig. 2 and
S1).

Core R5 is a 26 m long core, half of this length is composed of silty-
clay sediments (in four layers and a total of 13 m of silty-clay sediments)
and the other half is composed of halite (four halite layers, where one
salt layer has three sub-layers, and a total of 11 m of halite) (Fig. 2 and
S1). Previous sampling by the DSW left this core very fragmented and
the only remaining undisturbed silty-clay sediments layer is at a depth of
10-12 m; two samples from this silty-clay sediment layer were collected
for radiocarbon analyses.

Core R6 is a 60 m long core predominantly composed of five layers of
halite with a total thickness of 41 m, alternating with six layers of silty-
clay sediments with a total thickness of 17 m (Fig. 2 and S1). Previous
sampling by DSW left this core very fragmented and the only remaining
undisturbed silty-clay sediment layer is from a depth of 9-11 m; two
samples from this silty-clay sediment layer were collected for radio-
carbon analyses.

The silty-clay sediments occasionally contain finely laminated
aragonite, (Ben Dor et al., 2019; Bookman et al., 2004; Haliva-Cohen
et al., 2012) (Fig. S1). Such aragonite laminae have been interpreted as
indicators of times with relatively high inputs of fresh water into the
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lake, which supply the HCO3 required for aragonite precipitation (Ben
Dor et al., 2019; Bookman et al., 2004; Stein et al., 1997).

3.1.2. Radiocarbon ages of mud layers in the southern basin cores

The radiocarbon analysis results show that the 60-m long sequences
in the core date back to ~9 cal kyr BP, i.e., they cover much of the
Holocene (Fig. 2 and Fig. S1). The radiocarbon ages show a systematic
increasing trend of ages with depth. The three cores show similar ages at
similar depths. The calibrated ages for the silty-clay sediment layers are:
8.9-8.5, 7.2 and 3.1-1.7 cal kyr BP.

The paired plant material and bulk sediment radiocarbon ages show
a 2500-year difference (Table S1). This indicates that the DS southern
basin has a significant reservoir correction age. Neev and Emery (1967)
dated bulk sediments radiocarbon from a series of cores from the
southern basin. Our results indicate that their results were most likely
too old and should be reevaluated.

3.1.3. Fingerprinting the source of water in the southern basin using U/Th

234y /238 activity ratios are used to fingerprint the water sources to
the lake (Kiro et al., 2020). Initial 22*U/238U values of the aragonites,
calculated using the isochron method and for different detrital end
member Th/U ratios, range between 1.38 and 1.46 (Fig. S2, Table S4
and see Supplementary Text for additional results of the aragonite
chemistry). The single sample correction method yielded 2*U/*8U
activity ratios between 1.28 and 1.39. The 23U/2%U activity ratios of
southern basin aragonite are similar to those measured in DS waters
sampled in 1978 CE (1.44, Haase-Schramm et al., 2004), waters from the
western DS catchment (>1.43, Kiro et al., 2020), and aragonites from
the Holocene DSDDP (1.34-1.43, Torfstein et al., 2015). They are also
similar to 234U/238U activity ratios of the MIS 6 and MIS 5d-5a DS ara-
gonites (1.34-1.54, Kiro et al., 2020) and are slightly lower than the
values of the Lisan (1.47-1.54, Haase-Schramm et al., 2004). In contrast,
the 234U/238U activity ratios of the Holocene aragonites recovered from
the southern basin are significantly higher than the 23*U/238U activity
ratios of the waters reaching the lake by its eastern and southern
catchments (1.1-1.2, Kiro et al., 2020). These results indicate that the
source of the water that filled the southern basin of the DS is most likely
overflow from the northern basin and not the southern and eastern
watershed of the lake. i.e., they indicate the formation of a connected
single lake covering both basins.

U-Th ages of three dirty aragonite samples were calculated using the
isochron method (Supplementary Text, Tables S3 and S4 and Fig. S2).
Two of the isochron ages (from depths of 11.14 m and 36.2 m) are
identical, within the age uncertainty, to the radiocarbon ages (Fig. 2 and
Fig. S1). The third sample (from a depth of 23.0 m) is very different from
the radiocarbon ages above and below it, regardless of the ascribed
detrital end-member composition. As the U-Th dating of the samples
from the core yielded much larger uncertainties than the radiocarbon
ages, we rely exclusively on the radiocarbon chronology.

3.1.4. Assigning a lake-level to the mud layers from the southern basin cores
The two scenarios of constant sill elevation vs. a ~20 m rise of the sill
throughout the Holocene, result in very similar lake-level curves that do
not change the lake-level or the lake-area reconstructions (black and red
dashed lines in Fig. 3, respectively), and thus, we use the constant sill
elevation for the rest of the this paper. However, the elevation assign-
ment of the southern basin mud layers should be reevaluated once a
more thorough research into the evolution of the sill is conducted.

3.2. Re-dating high Holocene lake stands

The elevation of the Ein Gedi section is 386 to 379 m bsl (Fig. 3,
Fig. S4). The base of the section is composed of two alluvial units (total 3
m thick) separated by a thin, fine-grained lacustrine sediment contain-
ing freshwater snails. This basal unit is overlain by a 4-m thick white-
reddish laminated silty lacustrine sediments, dated by Bartov (2004)
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to 6385 + 62 cal yr BP. We sampled additional charcoal from a sandy
layer located 2 m above the base of this laminated lacustrine unit. This
sample yielded an age of 6437 + 30 cal yr BP (EG3), very similar to
Bartov’s age (Table S2). An erosional unconformity marks the top of the
laminated lacustrine unit. The unconformity is capped by a well-sorted
beach ridge deposit associated in the field with finely laminated silty
lagoonal sediments that accumulated landward of the beach ridge.
These lagoonal sediments contain charcoal and freshwater snails de-
posits, dated by Bartov (2004) to 3555 + 70 cal yr BP. Because of its
importance as a marker of a high stand of the lake, this layer has been
the subject to some debate. Therefore, we resampled three different
components of these lagoonal sediments: two charcoal samples, one
twig/root (suspected already during sampling in the field as possibly
modern), and a freshwater gastropod. The freshwater gastropod (Mela-
nopsis sp.) originated from springs at the margin of the lake, and most
likely indicate times of increased spring discharge into the lake. The
charcoal samples returned ages of 6235 + 30, 6236 + 32 cal yr BP, the
twig/root was dated as modern, and the shell dated to 13,125 + 22 cal
yr BP (EG5,6,8,7, respectively) (Table S2). These ages differ substan-
tially from that of Bartov (2004), and as we could not reproduce this age,
we do not consider it in the following discussion. Below the laminated
lacustrine unit there is a layer of gravel, and underlying it is a 30 cm
thick fine-grained lake sediment, with lacustrine gastropods. We dated
charcoal and a gastropod that yielded ages of 6544 + 42 (EG9) and 14,
212 + 130 (EG1) cal yr BP, respectively.

The elevation of the Darga exposure spans from 407 to 372 m bsl,
and is divided into the eastern and western exposures by the main DS
highway (Fig. 3, Fig. S3). East of the highway and the lower part of the
outcrop has been only recently exposed due to continuous channel
incision. It was not visible in the mid-1990s when Enzel et al. (2000) and
Kadan (1997) documented this exposure. The base of the section com-
prises three alluvium layers (~4 m thick in total) that are separated by
two thin, fine-grained lacustrine beds that contain charcoal and fresh-
water snails. The charcoal yielded ages of 7494 + 41 cal yrs BP (Da3)
and 7328 + 51 Cal yrs BP (Da8)(Table S2). Above this layer, there are 6
m of laminated white-reddish clay-silt lake sediments, that rise pro-
gressively westward, where they reach an elevation of 372 m bsl. This
unit was dated by Kadan (1997) to 9.2-7.7 kyr cal BP using sedimentary
organic material [units 3-7 in Kadan’s (1997) work]. We collected a
charcoal sample from the base of the lacustrine sediment, a few centi-
meters above the contact with the lower alluvial layer (403 m bsl),
which yielded an age of 6995 + 73 cal yr BP (Dal). This age is somewhat
younger than what was reported by Kadan (1997) indicating that sedi-
mentary organic material in the northern basin of the DS has a large
reservoir effect, similar to what we find in the southern basin.

West of the highway, the base of the western outcrop comprises small
(2m x 2m) lacustrine sediment patches that are truncated by an
erosional unconformity (Fig. 3). Charcoal from these lacustrine sedi-
ments yielded and age of 9460 + 45 cal yr BP (Da9). These lacustrine
sediments are currently the only high-stand exposure from the early
Holocene in the DS basin. Above this unconformity is a 6 m thick
lacustrine layer that continues into the eastern exposure, where its base
was dated (Dal). We dated charcoal material collected 3 m below its top
(377 m bsl), a sample yielded an age of 6394 + 39 cal yr BP (Da5). This
age is identical to the age reported by Liu et al. (2013) from the same
location and to the ages of the lacustrine unit in the Ein Gedi outcrop
(reported above). This Darga lacustrine unit is truncated by an erosional
unconformity and is capped by a beach ridge (at 372 m bsl), which was
dated by Liu et al. (2013) to 6025 + 124 cal yr BP. A charcoal sample we
collected from this beach ridge yielded an age of 6241 + 26 cal yr BP
(Da6), which is very similar to both Liu et al. (2013) age, and to the age
of the beach ridge that caps the Ein Gedi outcrop (Table S2).

3.3. Dead Sea lake-level compilation

The compilation contains 296 radiocarbon ages described in 19
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papers and MSc and PhD theses (Fig. 4, Fig. S5 and Table S6). Of these,
samples designated as outliers by the original authors (n = 9), dated by
bulk organics (n = 9) or older than 12 kyr cal BP (n = 11) and snail
samples with a very large reservoirs effect (n = 2) were not used in our
lake-level reconstruction. The data derived from the uplifted caves at
Mt. Sedom (Frumkin et al., 2001) are not used for the lake-level
reconstruction (n = 25), but were previously applied to calculate the
uplift rate of Mt. Sedom diapir and constrain the uplift of the late Ho-
locene shoreline at Arubotaim Cave (Frumkin et al., 2001) (Fig. S5 and
supplementary text). The final lake-level was reconstructed based on the
remaining 238 ages. Of these, 45 are dated beach ridges or samples from
near-shore environments, six are from alluvial units, 166 are from
lacustrine sediments, and 21 samples are from gypsum structures
(Fig. 4). The compilation of all existing lake-level data show that
throughout the Holocene, the DS lake-level fluctuated ~68 m (from 440
to 372 m bsl). In Fig. 4, we present the data using the 1o error of the
calibrated ages. The relatively small errors, force, in some places, the
lake-level to vary rapidly. Using a 2¢ error reduces some of these rapid
fluctuations, we present both records for comparison in the supple-
mentary material (Fig. S5).

4. Discussion
4.1. The Holocene lake-level history of the Dead Sea

The compiled lake-level chronology, derived from the 238 radio-
carbon ages from lake-margin exposures, southern basin cores, and from
shallow cores from the western margin of the DS, provides a detailed
history of the hydrological mass balance of the DS watershed and is the
most direct and updated hydrological history of the Levant throughout
the Holocene (Fig. 4). Additional important information regarding the
DS lake status are derived from the deep core drilled into the depocenter
of the northern basin and its lithological and geochemical proxies
retrieved by the Dead Sea Deep Drilling Project (DSDDP) (Goldstein
et al., 2020; Kiro et al., 2020; Kitagawa et al., 2017; Neugebauer et al.,
2014; Torfstein et al., 2015). Below, we combine these two sets of re-
cords, the levels from the margins and inferences from the core, and
provide a hydrological and limnological history of the Holocene DS and
discuss its implications.

The early Holocene was characterized by large lake-level fluctua-
tions, where the lake rose and fell substantially (levels ranged from 372
to 420 m bsl). There are two intervals where the lake reached its highest
point (9.5 and 6.5-6.1 kyr cal BP). During two additional high-stands
(9.9 and 7.5-7.0 kyr cal BP) the lake rose above the sill; the maximum
levels associated with them remain unclear. These four high lake-level
intervals are evident by four mud deposits in the southern basin, three
of which were dated directly from the cores (at depths: 455, 447, 439
mbsl in core R2, Fig. 2), and the youngest, undated mud layer (at a depth
of 430 mbsl in core R2, Fig. 2) is most-likely correlated with the dated
high-stand sediments in Ein Gedi and Darga (at ~ 375 m bsl). Near-shore
deposits at an elevation of ~415 m bsl at 8.1 and 6.7 kyr cal BP indicate
that the lake level dropped substantially between these wet phases
(Migowski et al., 2006; Neumann et al., 2007, respectively). The
reconstructed lake level fluctuations between wet and dry intervals are
clearly reflected by silt and halite deposits in the both the DSDDP core
and the southern basin cores.

It seems that deposits associated with the 9.5 kyr cal BP high stand
have been almost entirely eroded away by the subsequent 6.5 kyr cal BP
transgression, which is the highest documented highstand of the entire
Holocene at 372 m bsl. Such deposits were, thus far, observed only at
one patchy exposure in Darga. It is plausible that additional intervals of
high lake-level occurred during the Early Holocene (recorded by mud
deposits in the south basin), but evidence for them has been eroded or
yet to be recognized. This limits the ability to robustly reconstruct the
Early Holocene size of the lake. We reconstructed high lake-levels be-
tween 9.5 and 8.3 kyr cal BP by tying together three observations: 1) the
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9.5 kyr cal BP high-stand, 2) the 8.9-8.5 kyr cal BP mud deposits in the
southern basin indicating that the lake level was above the sill, and 3)
the lithology of the DSDDP shows a continuous deposition of aragonite
and mud in the depocenter of the lake between 9.6 and 8.3 kyr cal BPs,

Age (yr cal BP)
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most probably indicating a prolonged wet interval.

At 6.1 kyr cal BP, the lake-level dropped substantially. Since this
time, the lake has most likely not exceeded an elevation of 390 m bsl.
This large lake-level drop is coeval with the proposed demise of Sapropel
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Fig. 5. DS lake-level vs. regional and global records.
A) Northern Hemisphere insolation at 33'N during
summer (green) and winter (blue)(Paillard et al.,
1996). B) lithology of the DSDDP core (0 — air, 1 —
gravel, 2 - halite, 3 — salty mud, 4 — gypsum, 5 — mud
gypsum, 6 - mud, blue line from: Kiro et al., 2016;
orange line from: Torfstein et al., 2015). The data was
interpolated at 5 year increments and smoothed using
a 100 year Gaussian filter. Kiro et al. (2016) created a
series of salt sub-categories, for consistency, their li-
thology was redefined based on the lithological defi-
nitions of Torfstein et al. (2015). C) Rainfall
reconstruction from DS pollen data (Litt et al., 2012).
D) DS lake-surface area history, the data and sym-
bology are the same as in Fig. 4, the lake-area was
calculated using the lake hypsometric curve from
Fig. 1. E) Jeita Cave cloud distillation (gray line) and
50 year Gaussian smooth (black line) (Gonen and
Goldsmith, 2023). Gray arrows indicate times where
the Jeita record deviates substantially from the DS
lake-level. F) RCC records: Bond cycle (blue lines,
times when hematite stained grains from North
Atlantic cores were >15%, Bond et al., 2001), periods
of high K© from GISP2 ice core (green lines,
Mayewski et al., 2004), advancement of Alps glaciers
(orange, times when Alps glaciers were larger than
present, (Ivy-Ochs et al., 2009). G) Mediterranean
SST residuals, calculated from the Marriner et al.
(2022) data by subtracting the raw data from a 400
year Gaussian smooth of the data, and applying a 100
year Gaussian smooth. H) Intcal20 A'YC residuals
(Reimer et al., 2020) calculated by subtracting the
raw data from a 400 year Gaussian smooth of the data
(after: Stuiver and Braziunas, 1989) and applying a
100 year Gaussian smooth. Time when the lake was
above the sill are marked by green vertical bars.
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1 conditions in the Eastern Mediterranean (6.5-5.7 kyr cal BP, De Lange
et al., 2008) the decline of the Asian monsoons (5.9 + 0.2 kyr cal BP,
Goldsmith et al., 2022), and preceded by ~500 years the decline of the
African monsoon (5.4 kyr cal BP, Garcin et al., 2017).

From the 6.1-4 kyr cal BP interval there are practically no lake-level
indicators from the exposed sediments of the DS. The existing data come
from cores along the western margin of the lake recovered from un-
derwater environments (Migowski et al., 2006), and in the later part
(since ~4.7 kyr cal BP) also from gypsum deposits in Ein Qedem (Weber
et al., 2021), which position the lake-level at around 420 m bsl. In the
DSDDP core there are several missing intervals during this time period,
which could be related to salt removal during coring, which complicates
the ability to assess the lake-status at this time (Fig. 2). In addition, there
is a substantial unconformity in Nahal Dagra (Enzel et al., 2000; Kadan,
1997), which current ages constrain between 6 and 2.2 kyr cal BP
(Fig. 3). Together, the limited data and unconformity suggest that most
probably low lake-levels characterized this time interval. The laminated
aragonite layers at 4.6 kyr cal BP in the DSDDP are a possible exception,
and likely indicate a somewhat higher lake-level at this time interval.
Intriguingly and in contrast to these low levels, the pollen data from the
DS shows that the middle Holocene was the wettest of the entire Holo-
cene (Fig. 5)(Litt et al., 2012). This significant discrepancy requires
more investigation into effects other than rainfall amount that could be
affecting the pollen data.

During the late Holocene, from 4 kyr cal BP onward, the lake-level
began rising albeit with fluctuations, and surpassed the sill at ~3.1
kyr cal BP (Fig. 4). This lake-level rise and fluctuations were most likely
not as large as those documented for the Early Holocene. The DSDDP
(Kiro et al., 2020; Neugebauer et al., 2014; Torfstein et al., 2015), the
western margin cores (Migowski et al., 2006), and the southern basin
cores all contain alternating mud and aragonite layers during the late
Holocene; and indicate the reemergence of the wet conditions during
this time period. The Medieval Warm Period (1150-750 yr cal BP, Lamb,
1965; Mann et al., 2009), and Little Ice Age (600-250 yr cal BP, Mann
etal., 2009) in the DS are characterized by early dry intervals (1200-900
and 600-350 yr cal BP) followed by late wet intervals (900-600 and
350-100 yr cal BP) (Fig. 3). Thus, the timing and hydrological response
do not follow the European climate pattern.

The long-term history of the DS shows that the early and late Holo-
cene were predominantly wet albeit punctuated by dry intervals (Fig. 4).
The middle Holocene (6.1-3.6 kyr cal BP) was most likely predomi-
nantly dry. Overall, wet conditions prevailed in the Levant during both
high (early Holocene) and low (late Holocene) north hemisphere sum-
mer insolation and it was dry during the transition from maximum to
minimum insolation.

4.2. Dead Sea lake-levels vs. regional oxygen isotopic records from
speleothems

Oxygen isotopic (5'80;) records from Levant speleothems have been
interpreted as high-resolution regional hydroclimate records (Bar-Mat-
thews and Ayalon, 2011; Burstyn et al., 2019; Cheng et al., 2015; Keinan
et al., 2019). However, a series of Levantine speleothem 8180S records
have yielded very different hydroclimate reconstructions from those
derived from DS lake-level records (Bar-Matthews et al., 2019; Enzel
et al., 2008; Goldsmith et al., 2017b). Recently, Gonen and Goldsmith
(2023) proposed a new interpretation of these speleothem records, by
considering changes in sea surface temperature, the isotopic composi-
tion of the eastern Mediterranean, relative humidity and land temper-
ature and modeled changes in cloud distillation throughout the
Holocene (Fig. 5). Cloud distillation (f, percent of remaining vapor in the
cloud) represents the integrated magnitude of rainout from the vapor
source to the cave, and thus, can be thought of as a measure of integrated
rainfall intensity (Goldsmith et al., 2017b). Gonen and Goldsmith
(2023) pointed out that the magnitude of distillation from Jeita Cave in
Lebanon (Cheng et al., 2015) is very similar to the DS record. Our
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updated DS lake-level history presented here, enables an extended view
of this potential relation.

It is qualitatively evident that where sufficient DS lake-level data
exist, episodes of high lake-levels are also characterized by enhanced
distillation (i.e., smaller f, green vertical bars in Fig. 5), and, for the most
part, episodes of low lake-levels are characterized by reduced distillation
(Fig. 5). This indicates that the Jeita distillation record reconstructs a
quite similar hydrological history to that of the DS lake-levels. The Soreq
Cave distillation record is highly correlated with the Jeita record (R? =
0.9, Gonen and Goldsmith, 2023), and thus, these observations hold true
also for the Soreq record.

There are a few noticeable exceptions to this observed general
relationship between the DS lake-levels and Jeita Cave distillation. A
noticeable difference occurs during the early Holocene (10-6 kyr cal BP),
where the Jeita record shows a prolonged enhanced distillation interval.
During this time interval, the current data shows that the DS lake-level
reached its highest stand twice (at 9.5 and 6.5-6 kyr cal BP), and sur-
passed the sill two additional times (at 9.9 and 7.2 kyr cal BP), unfor-
tunately, the early Holocene record is patchy and is insufficient to assess
whether the whole period was wet. There is however, some evidence
showing that the lake-level dropped substantially in-between some of
the wet phases (at 8.2-8.1 and 6.7 kyr cal BP), also indicated by the salt
layers in the DSDDP (Figs. 2 and 5). These drying events (and in
particular the 8.2-8.1 kyr cal BPs level drop) are not evident in the Jeita
record. The 6.5-6.1 kyr cal BP highstand in the DS is ca. 500 years
younger than the potentially corresponding peak in the Jeita record
(between 6.9 and 6.5 ky) and might result from a lag time between the
rainfall change and the lake drying up. An additional exception are
distillation fluctuations between 1400 and 900 years ago, which are not
evident in the DS record. More detailed lake-level data from these time
intervals are required to further understand these discrepancies.

The Jeita Cave distillation record is a measure of integrated rainfall
intensity (Gonen and Goldsmith, 2023), whereas, the lake-level of the
DS records a combination of rainfall intensity, rainfall frequency and
magnitude of evaporation (e.g., Morin et al., 2019). The overall agree-
ment between the DS lake-level and the Jeita distillation record suggests
that throughout much of the Holocene rainfall intensity and total water
availability were correlated. As discussed in Gonen and Goldsmith
(2023), the Jeita Cave distillation record shows a 10% distillation
change throughout the Holocene, whereas the lake-level fluctuations of
the DS require a ~50% change in total water availability (Morin et al.,
2019). As the Jeita record is a measure of intensity, this would indicate
that rainfall intensity is responsible for about 20% of the overall hy-
drological change and rainfall frequency and evaporation account for
the other 80%. Thus, combining results from the DS lake-level with the
Jeita Cave distillation reconstruction, provide a quantitative, contin-
uous, high-resolution hydrological reconstruction of the Levant
throughout the Holocene. This combined reconstruction allows teasing
out and discussing different aspects of rainfall dynamics through time
that could not be evaluated otherwise.

4.3. Potential climatic drivers

The DS lake-level and Jeita Cave distillation reconstruction show an
intriguing pattern; wet phases in the Levant occurred at times of both
high and low summer insolation (early and late Holocene, respectively).
This dual wet phase pattern indicates that there were likely two different
climatic modes that drove these changes. The existence of a similar dual
wet phase pattern during the last interglacial timed similarly (but not
identically) in respect to insolation (Goldstein et al., 2020; Kiro et al.,
2020; Torfstein et al., 2015) indicates that these two different climatic
modes are a typical pattern that characterizes interglacial climates in the
Levant. Superimposed on this multi-millennium pattern are large
centennial fluctuations that occurred throughout the Holocene. These
long- and short-term fluctuations and their potential driving mecha-
nisms are discussed in the next sections.
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4.3.1. The Early Holocene

The timing of the high DS levels and enhanced Jeita Cave distillation
in the early Holocene (10-6.1 ky) is coeval with high insolation and the
Holocene Humid Period (HHP) in tropical regions [e.g., in Africa (Garcin
et al., 2017; Shanahan et al., 2015) and East Asia (Goldsmith et al.,
2017a)]. The DS lake-level drop at 6.1 kyr cal BP coincides with the
termination of sapropel 1 (6.5-5.7 kyr cal BP, De Lange et al., 2008) and
the enrichment of Red Sea 580 (Arz et al., 2003). Empirical evidence
suggested that the African monsoon did not propagate all the way into
the Levant (Enzel et al., 2015; Palchan and Torfstein, 2019; Quade et al.,
2018) and therefore, the moisture was most likely sourced from the
Mediterranean (Enzel et al., 2003; Rohling et al., 2015).

The first attempts to explain the wet Early Holocene in the eastern
Mediterranean suggested an increase in summer precipitation (Ros-
signol-Strick, 1987). Since then, the notion of increased summer pre-
cipitation during the early Holocene has been challenged on two
accounts (Brayshaw et al., 2011; Kutzbach et al., 2014, 2020; Rohling
et al.,, 2015): 1) an increased southeast monsoon in summer during the
early Holocene would strengthen the descent of dry air over the eastern
Mediterranean and would suppress precipitation to a greater degree
than under modern conditions (Brayshaw et al., 2011; Rodwell and
Hoskins, 1996; Rohling et al., 2015; Ziv et al., 2004), and 2) model
simulations show an increase in winter precipitation and do not show a
significant increase in summer precipitation (Brayshaw et al., 2011;
Kutzbach et al., 2014, 2020).

The early Holocene winter precipitation increase in the eastern
Mediterranean could have been driven by either a dynamic (e.g., shift-
ing of the rain-belts; Enzel et al., 2003) and/or a thermodynamic
mechanisms (i.e., lower winter insolation would cause the land to cool
more than the ocean and enhance the sea-land temperature gradient
during winter). Brayshaw et al. (2011) showed that in time-slice model
runs of 8 kyr and 6 kyr, a reduced meridional insolation gradient caused
a weakening of the North Atlantic storm-track and a strengthening of the
subtropical westerly jet, which caused a southward shift of European
rainfall during winter. As a result, precipitation increased in winter over
the eastern Mediterranean. This dynamical mechanism of a southward
shift of the storm-track is also evident in Kutzbach et al. (2014) model
experiment, which examined the precipitation change in the eastern
Mediterranean during high and low insolation intervals. Kutzbach et al.
(2014) found that a reduced meridional insolation gradient in winter is
linked with a southward shift of the westerlies and increased rainfall in
the eastern Mediterranean. The Bosmans et al. (2015) model also
showed an increase in winter precipitation in the eastern Mediterranean
during precession maxima, but they also identified a decrease in the
storm-track strength. As a result, they suggest that the increase in pre-
cipitation is thermodynamically driven by an enhanced sea-land tem-
perature contrast.

The DS lake-level and Jeita Cave distillation record cannot differ-
entiate between the dynamic and thermodynamic mechanisms. How-
ever, the correlation between the two records and the amplification of
the DS record in respect to that of the Jeita Cave distillation record,
suggests that an increase in rainfall intensity and in rain-storm fre-
quency occurred in tandem. As the model studies presented above did
not differentiate between these two aspects of rainfall, it is impossible to
evaluate which of the scenarios is more likely. Therefore, we hypothe-
size that the dynamical mechanism (i.e., a southward shift of the rain-
belt) would lead to an increase in the number of rain events and that
the thermodynamic mechanism (i.e., increased sea-land contrast) would
lead to an increase in rainstorm intensity. The correlation between the
two in the proxy records, suggests that both mechanisms potentially
operated together to enhance early Holocene precipitation in the eastern
Mediterranean.

4.3.2. The Late Holocene
The relatively wet late Holocene (3.6-0 kyr cal BP) in the Levant is
intriguing. The modern conditions are a direct continuation of the late

10

Quaternary Science Reviews 318 (2023) 108312

Holocene, and thus, it is reasonable to assume that rainfall throughout
the late Holocene occurred during winter. The conditions prior to the
industrial revolution saw a cooling ocean and increased winter insola-
tion, which would decrease the sea-land temperature contrast and
reduce precipitation. Thus, a simple thermodynamic mechanism is not
viable to explain the rise of the DS lake-level, and some flavor of a dy-
namic mechanism is most likely responsible for this wetting trend. The
question of what drives modern rainfall variability in the Levant is
currently being debated (e.g., Garfinkel et al., 2020; Hochman et al.,
2018; Seager et al., 2014; Tuel and Eltahir, 2020), making the inter-
pretation of past changes a challenge. Kushnir and Stein (2010) sug-
gested that cold north Atlantic SSTs cause a large positive sea level
pressure anomaly over the midlatitude North Atlantic, raising the like-
lihood of cold air outbreaks and cyclogenesis in the eastern Mediterra-
nean and therefore the occurrence of more rainfall in the Levant. The
progressive cooling of the tropical North Atlantic throughout the late
Holocene (Marcott et al., 2013) along with the rise in DS lake-levels is
consistent with this mechanism. Interestingly, Brayshaw et al. (2011)
time slice model of the Holocene showed a rainfall increase in the
eastern Mediterranean between 3 and 1 ky to levels similar to that of the
early Holocene, in line with DS lake-levels, however, a mechanism was
not presented in their paper.

4.3.3. Centennial-millennial scale events

The Holocene DS record can be viewed in two ways. The first, pre-
sented above, is that of a record that exhibits a multi-millennia scale
periodicity, where the early (10-6 kyr cal BP) and late Holocene (3.6-0
kyr cal BP) were wet and the middle Holocene (6-3.6 kyr cal BP) was
dry. This type of variability indicates that the long-term paleohydrology
is governed by radiative forcings (e.g. insolation, greenhouse gases, etc.)
as suggested for the monsoonal regions (e.g. Garcin et al., 2017; Gold-
smith et al., 2017a; Haug et al., 2001). The second way to view the DS
record is that of a series of rapid climate changes (RCC’s) at a decadal to
centennial scale that entail substantial hydrological changes (~50% in
mean annual rainfall). In previous paragraphs we explored the former
option, in the paragraph below, we explore the latter.

We plotted some of the canonical RCC records (e.g., Bond et al.,
1997; Mayewski et al., 2004; Solomina et al., 2015) and compared them
with the DS lake-level fluctuations (Fig. 5). It is hard to recognize a
systematic relationship between the DS lake-levels and these RCCs. The
centennial to millennial fluctuations in the DS lake-level seem to
correspond, at least for the most part, with 1) the AC residuals
[calculated as the residuals of a 400 year Gaussian smoothed of Incal20
(Reimer et al. (2020) following the method of: Stuiver and Braziunas
(1989)1, which have been interpreted as a proxy for solar oscillations
(Stuiver and Braziunas, 1989), and 2) Mediterranean SST anomalies
[calculated as the residuals of a 400 year Gaussian smoothed average of
the Mediterranean SST from Marriner et al. (2022), Fig. 5]. Kushnir and
Stein (2019) identified the temporal association between the DS
lake-levels and proxies of solar irradiance oscillations (associated with
changes in solar magnetic activity) over the past 1500 years. Our new
and extended DS record confirms that this linkage of low (high) solar
irradiance and cold (warm) Mediterranean SST anomalies with low
(high) DS lake-levels, may hold for the whole Holocene, with a potential
discrepancy of the 6.5 kyr cal BP highstand (Fig. 5). The Jeita distillation
record also shows a remarkable resemblance with the A'*C residuals and
SST anomaly, with notable exceptions at 8.1 and 6.5 kyr cal BP (Fig. 5).
Kushnir and Stein (2019) proposed a mechanism that links AMC re-
siduals, Mediterranean SST anomalies and the DS lake-level, where
reduced solar irradiance causes colder winters (colder SSTs) and a
western expansion of the Siberian High, which prevents Atlantic Ocean
moisture from entering the Levant and causes dry conditions. The sim-
ilarity between the A*C residuals, SST anomalies and the DS lake-level
is most evident for the late Holocene (<3.6 kyr cal BP), and is less
pronounced during the early and middle Holocene. This might suggest
that during the early and late Holocene the DS lake-levels responded
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differently to changes in solar insolation and Mediterranean SST.

4.4. Proposing archaeological implications

The Levant, a locus of some of the most dramatic cultural changes in
human history (e.g. the onset of sedentism, agriculture and urbaniza-
tion, Bar-Yosef and Belfer-Cohen, 1989; Greenberg, 2019), is located at
the northern boundary of the global desert belt, and is characterized by
high spatial variability of storms and annual rainfall totals (e.g., Enzel
et al., 2008) making it a climatically fragile region (Ellenblum, personal
communication). In such a region, small changes in water availability
could incur substantial ecological and agricultural changes across the
landscape and in turn, cultural responses (Peleg et al., 2012). The DS
provides a quantitative hydroclimate record of the Levant and thus can
be used to assess the potential role of climate in the region’s cultural
evolution. As we are not archaeologists, we will not try to interpret the
material culture in light of the hydroclimate reconstruction; however,
we would like to evaluate whether there are possible relations between
regional water availability and population dynamics.

To assess the history of cultural change in the Levant, we use the
results of the archaeological site number database (Palmisano et al.,
2019), which contains 20,688 sites of the different cultural entities
throughout the Holocene (12-0.5 kyr cal BP)(Fig. 6). We acknowledge
that the number of sites is probably not the best metric for evaluating
population size because (Drennan et al., 2015): 1) it does not account for
the size of the sites, 2) it might be biased towards time intervals that are
more highly studied (e.g., the “Biblical Period” of the Iron Age), 3) it
does not consider the potential destruction of sites through time (i.e., the
older the site, the higher the chances it will be destroyed), and 4) the site
number data compiled is based on many surveys that did not use a
standardized definition of a “site” (e.g., is a site defined as a scatter of
pottery or as a city?), and therefore, the self-consistency is unclear.
Therefore, once a more detailed database of site size and results of
systematic surveys is constructed, the relations presented below should
be reevaluated. In addition, the raw data are not available in the
Palmisano et al. (2019) paper. In light of these issues, we present a
simplistic view of population dynamics, using the summary plot of
Palmisano et al. (2019). For each cultural entity, we evaluate whether
population increased or decreased, in respect to the previous entity. As
the Palmisano et al. (2019) database does not contain information
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Fig. 6. DS lake-level data vs. trend of archaeological site number in the Levant.
A) The trend of archaeological site number in the Levant (after: Palmisano
et al., 2019). For each cultural entity, we evaluate whether the number of sites
increased (blue) or decreased (red), in respect to the previous entity. B) Dead
Sea lake-level, see Fig. 4 for details. Time when the lake was above the sill are
marked by green vertical bars.
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regarding the past 500 years, we use the description from Lewis (1954)
of a population increase from the Middle Islamic period to the Ottoman
Period. The chronology and duration of each entity is based on Palm-
isano et al. (2019).

The site number trend, qualitatively compared with the DS lake-area
(Fig. 6), shows an overall relation. During intervals when the lake is
large there is a site increase (during the Pre-pottery Neolithic B, Chal-
colithic, Iron, Hellenistic - Roman — Byzantine, Middle Islamic, and
British — Israeli) and during intervals when the lake is low there is a site
decrease (during the Pottery Neolithic, Persian — Babylonian, Early Is-
lamic and Ottoman). There are also exceptions that do not fit this rela-
tion (the Pre-Pottery Neolithic A and the Early Bronze Age). The relation
presented, though crude, does suggest potential linkages between pop-
ulation dynamics and hydroclimate variability. More detailed and
nuanced information pertaining to temporal leads or lags between the
two datasets and a better quantification of both datasets is required to
better understand this relation through time.

An additional important observation that is evident from this com-
parison, regards the collapse of the Late Bronze Age at 3200 years BP,
which has been suggested to have been driven by a climatic shift (e.g.,
Langgut et al., 2014). This suggestion was supported by the DS lake-level
record, and in particular the earlier interpretation and dating (of ~3.6
kyr cal BP) of the Ein Gedi high-stand sequence (Bartov, 2004; Langgut
et al., 2014; Migowski et al., 2006). Our reevaluation of the ages from
the Ein Gedi sequence questions the 3.6 kyr cal BP age (Bartov, 2004),
and thus, we did not use this data point. Without this single point, it can
be concluded that the lake-level begun rising at 4 kyr cal BP and over-
topped the sill at 3.1 kyr cal BP. A similar pattern is identified in the Jeita
Cave record, where lower distillation characterized the first half of the
Late Bronze Age, and a gradual distillation increase occurred throughout
the Late Bronze Age and into Iron Age I. Thus, the transition from the
Late Bronze Age into Iron Age I in the Levant was characterized by a
wetting trend, and not drying.

4.5. Implications for Levant climate under global warming

The combined records from the DS and Jeita Cave provide a more
complete account of the natural hydroclimate variability in the Levant,
and thus provide additional means for evaluating the significance of
predicted future hydroclimate changes in respect to the background
natural variability. Global circulation models (GCM) predict a 40%
rainfall decline (a decline of ca. ~200 mm/yr) under the RCP4.5 sce-
nario by the end of the century due to global warming, which resultsin a
drying rate of ~2 mm/yr over the next century (Hochman et al., 2018).
The Jeita Cave record points to a secular rainfall increase throughout the
past 3 kyr cal BP and the DS shows wetter conditions than the middle
Holocene. To evaluate the significance of natural variability in respect to
predicted anthropogenic changes, we used the sensitivity of DS
lake-level to rainfall changes from Morin et al. (2019). This 30 m
lake-level rise (from 420 to 390 m bsl between 3 ky to present) requires a
rainfall increase of ~500 mm/yr, which took ~3 kyr, i.e. an average
rainfall increase of ~0.2 mm/year. Thus, the predicted hydroclimate
change due to anthropogenic global warming is an order of magnitude
larger than the natural hydroclimate trend, indicating that the natural
rainfall increase will be overwhelmed by the global-warming induced
drying.

The largest sub-millennial fluctuations of the lake (e.g., at 500 years
BP), which are reflected by rising and falling lake-levels, require rainfall
fluctuation rates of 2-3 mm/yr (~500 mm/yr change that occurred over
a period of ~200 years), which are similar to the rate predicted for
future drying. As the drivers and frequency of the sub-millennial scale
lake-level fluctuations are not well understood, it is unclear where
current rainfall is placed in these wetting and drying cycles, and thus,
whether natural variability is working to amplify the global warming
drying or to attenuate it. Higher resolution transient models are required
to potentially tackle the frequency and phasing of these potential sub-
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millennial scale fluctuations and attempt to resolve these issues.
5. Conclusions

We reconstructed the DS lake-level changes throughout the Holocene
using: 1) new data regarding the high-stands of the lake derived from
three cores collected in the DS southern basin, 2) a re-evaluation and
dating of the two major Holocene high-stand exposures, and 3) a
compilation of all previously dated (n = 296 radiocarbon ages) Holo-
cene DS lake status records. Using these data, we draw the following
conclusions:

1) The early (10-6.1 kyr cal BP) and late Holocene (3.6-0 kyr cal BP) in
the DS were predominantly wet and were also characterized by
relatively large lake-level fluctuations, whereas the middle Holocene
(6.1-3.6 kyr cal BP) was most likely dry.

The pattern of dual humid periods in the Holocene is also evident in
the Jeita Case distillation record from Lebanon (which represents the
integrated magnitude of rainout from the vapor source to the cave).
In tandem, these two records provide a quantitative, continuous
high-resolution hydrological reconstruction of the Levant
throughout the Holocene and indicate that rainfall intensity and total
water availability were correlated throughout the Holocene.

3) Wet phases in the Levant occurred at times of both high and low
summer insolation (early and late Holocene, respectively). This dual
humid pattern suggests that there are most likely two different cli-
matic modes that drove these changes. Both dynamic (e.g., shifting of
the rain-belts) and/or a thermodynamic (i.e., increased land-sea
temperature gradient) mechanisms could have driven these
changes. High-resolution transient models are required to tease out
these two possible mechanisms.

There are associations that can be drawn between the DS lake-level
fluctuations and cultural transitions in the Levant. These provide a
basis for investigating cultural responses to different background
climatic conditions.

The DS lake-level record shows that the natural variability of water
availability in the Levant is large, and therefore, this region is highly
sensitive to global climatic changes. The predicted future change is of
similar magnitude to the natural climate variability and thus, it is
crucial to assess whether the anthropogenic drying conditions are in-
or out-of phase with the natural climate variability in this region.
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