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models predict that such conditions will intensify in the future, impacting millions of people. Paleo-
climate studies can complement the short modern observational record and model projections by
documenting climate changes in the past. Here we report major shifts in the geographic sources, in-
tensity, and seasonality of Eastern Mediterranean precipitation during the unusually warm last inter-
glacial period Marine Isotope Stage (MIS) 5e, reflecting global shifts in the rain and desert belts, based on
234y/238y-ratios in mineral precipitates in the Dead Sea, combined with evidence from climate model
simulations.

In the Dead Sea catchment 234U/?38U ratios are indicators of water sources, where the Jordan River
(flowing from the north) and the western catchments show high activity ratios between ~1.5—1.7, and
the eastern and southern catchments and flash floods (in the south-west, south and east) show lower
ratios of 1.0—1.2. In Dead Sea water and precipitated minerals, 234U/?38U is nearly always ~1.45—1.55
during both glacials and interglacials. However, during the last interglacial MIS 5e insolation peak (~127
—122 ka) its value decreased to 1.2—1.3, and then to ~1.0 towards its end (~122—116 ka). During the
insolation peak, the U-isotope data, combined with climate model runs forced with period orbital and
greenhouse gas concentrations, indicate that rainfall associated with the African Summer Monsoon in
the Dead Sea catchment accounted for ~50% of the total annual rainfall, in stark contrast to present-day
dry summers. The geochemical evidence indicates that following the insolation peak the region expe-
rienced an extremely dry period (although punctuated with wetter intervals), signifying expansion of the
desert belt, similar to predicted effects of anthropogenic warming. This drying is partly supported by
climate model runs forced with the appropriate changes in orbital parameters. The extreme drying
during late MIS 5e between ~122—116 ka reflected a major weakening of Mediterranean storm systems,
resulting in a major decline of the Jordan River flow (indicated by the low 234U/238U ratios in the Dead
Sea) and a relative increase in precipitation associated with the African Monsoon, shifting towards
autumn. The Jordan River flow is estimated to be ~10% of the present-day (pre-1964, prior to major
diversion of the Jordan River and its sources for human use). Such changes, if they occur in the future,
have serious implications for future water availability in the politically sensitive Middle East.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction
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et al., 2013; Held and Soden, 2006) include increased frequency of
droughts and expansion of desert belts, accompanied by more
frequent intense rainfall events resulting in flooding (Donat et al.,
2019). Paleoclimate studies of previous warm periods provide in-
dependent information of what actually happened in the past,
which helps to validate such short- and long-term observational
and model-based predictions, whose reliability is limited by the
uncertainties in the models and the complexity of the climate
system.

As a drought-sensitive region with a large population and a
scarcity of fresh water (e.g. Kaniewski et al., 2012), the Eastern
Mediterranean-Levant (comprising present-day Israel, Jordan,
Lebanon, Palestine, Syria) is among the regions on Earth expected
to be strongly affected by increased global warming (Kelley et al.,
2012, 2015). Climate models predict, and observations show, a
drying trend occurring around the Mediterranean during the
winter wet season, reflecting the effects of increased greenhouse
gases (Kelley et al., 2012). Present-day rainfall is mainly associated
with wintertime Mediterranean low-pressure synoptic systems,
the most common of which is the “Cyprus Low”. The paths of these
winter storms subject the region to a sharp north-south rainfall
gradient with east-west orographic effects (Fig. 1). The current
drying trend is accompanied by more intense flooding events in the
Levant, as in other semi-arid regions (Alpert, 2002; Molnar, 2001),
which are often associated with increased frequency of tropical
moisture incursions (de Vries et al., 2013; Neugebauer et al., 2015).
An extremely dry period lasting millennia that occurred during
latter stages of the last interglacial Marine Isotope Stage (MIS) 5e is
recorded in drill cores recovered by the Dead Sea Deep Drilling
Project (DSDDP), funded by the International Continental Scientific
Drilling Program (ICDP) and national funding agencies, from the
deepest basin of the Dead Sea (Fig. 1). The DSDDP cores provide a
climate record over the last ~220 ka (Goldstein et al., 2020;
Torfstein et al., 2015) that includes an ~87 m long sedimentary
section from MIS 5e, providing an unprecedented high-resolution
lake record of the MIS 5e climate in the region (Neugebauer et al.,
2014; Torfstein et al., 2015).

This study focuses on the implications of uranium isotope
(234U/%38U) variations in the Dead Sea during MIS 5e (~131—116 ka,
Shackleton, 1969; Shackleton et al., 2003), as recorded in precipi-
tated minerals (aragonite, gypsum, and halite), for tracing past
changes in rainfall patterns in the Eastern Mediterranean-Levant
within the Dead Sea catchment (Fig. 1). The DSDDP cores and the
234y/238y proxy provide the opportunity to document major
changes in the moisture sources through that time interval.

1.1. The last interglacial in the Eastern Mediterranean-Levant

MIS 5e was characterized with higher average global tempera-
tures, sea-level, and CO, concentrations compared to the Holocene
(Dutton and Lambeck, 2012; Govin et al., 2015; Jouzel et al., 2007;
Liithi et al., 2008). Terrestrial records show that Southern Europe
(Brauer et al., 2007) and the Sahara-Arabian desert belt (Nicholson
etal.,, 2020; Osborne et al., 2008; Petit-Maire et al., 2010; Rosenberg
et al,, 2013) were warmer and wetter than today. Climate models
show that peak summer insolation is associated with a northward
expansion of the African summer monsoon and a contraction of the
desert belt, while minimum summer insolation (maximum winter
insolation) is associated with a relative contraction of the monsoon
belt (Kutzbach et al., 2020). A recent study, focused on European
and Mediterranean climate, highlights the climate variability at
that time, with fluctuations between dry and wet intervals around
the Mediterranean related to ice melt pulses in Greenland
(Tzedakis et al., 2018). The DSDDP record reveals that wet intervals
in the Eastern Mediterranean-Levant during MIS 5e (Bar-Matthews,
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2014) alternated with extremely dry periods (Kiro et al., 2017),
reflecting high seasonality and climate variability during that time
(Felis et al., 2004; Otto-Bliesner et al., 2013). The region was rela-
tively wet between ~127—122 ka, during the Northern Hemisphere
insolation peak (Bar-Matthews, 2014; Develle et al., 2011; Nehme
et al., 2015; Neugebauer et al, 2016), but experienced more
aridity both before and especially afterward, which is also projected
by climate models for future warming (Kiro et al., 2017).

These climate changes are recorded by the changes in the
sedimentary facies in the DSDDP cores (Neugebauer et al., 2014;
Torfstein et al., 2009), with alternating mm-thick layers of arago-
nite and detritus indicating wetter periods, decreasing amounts of
aragonite compared to detritus indicating increasing aridity, and
the appearance of gypsum and then halite indicating increasing
hyper-aridity (i.e. more arid than today, Figs. S1,S2). In detail, the
halite sequences deposited throughout MIS 5e, signifying extreme
aridity, are punctuated by halite-free intervals, signifying alter-
nating more-arid and more-wet periods during the drought in-
tervals (Kiro et al., 2016; Torfstein et al., 2015). A ~20 m thick halite-
free detritus interval (in which part of it is alternating aragonite and
detritus) deposited at ~127—122 ka (ages are discussed in Section 2)
is evidence for a long ‘wetter’ interval that coincided with the
summer (JJA) tropical insolation maximum (Fig. 2,51). This wetter
interval was also associated with an African wet period, marked by
expansion and intensification of the tropical African Monsoon belt,
which resulted in high Nile flow that caused anoxic conditions and
a major sapropel event (Sapropel 5) signifying anoxia in the Eastern
Mediterranean (Rossignol-Strick, 1983). Coeval wetness in and near
the Dead Sea watershed is evidenced by speleothem growth and
travertine formation in the Negev (Vaks et al, 2010, 2006;
Waldmann et al., 2010), which is not occurring today and thus in-
dicates higher rainfall than the present-day in the desert south of
the Dead Sea (Fig. 2). Following this halite-free Sapropel 5 interval,
the most intense known drought of the late Quaternary in the
Levant occurred between ~122—116 ka, evidenced by ~28 m of
halite over ~50 m of core length (Kiro et al., 2017).

Interpretations of MIS 5e Levant climate records have concluded
both that it was arid (Kiro et al., 2017; Torfstein et al., 2015;
Waldmann et al, 2009) and wet (Bar-Matthews, 2014; Bar-
Matthews et al, 2003), with moisture from either tropical
(Torfstein et al., 2015; Waldmann et al., 2010), Mediterranean (Bar-
Matthews, 2014; McGarry et al., 2004) or Atlantic (Bosmans et al.,
2020) sources. The drier conditions are reflected in the Dead Sea
by low lake levels, increases in Mg concentration in pore waters,
and deposition of halite (Kiro et al., 2017; Torfstein et al., 2015;
Waldmann et al., 2009). The evidence for wetter conditions is re-
flected by low 3'80 values in the Soreq Cave speleothems (Bar-
Matthews et al, 2003) and the occurrence of travertines
(Waldmann et al., 2010) and speleothems (Vaks et al., 2010, 2006)
in the Negev desert. As for the sources of moisture, fluid inclusions
in Soreq speleothems indicate Mediterranean moisture sources
(McGarry et al., 2004), while the occurrence and distribution of
speleothems and travertines in the Negev have been interpreted as
indicating both Mediterranean (Bar-Matthews, 2014; Vaks et al.,
2010) and tropical (Waldmann et al., 2010) sources. A recent ion
probe 3'%0 study of Soreq speleothems at annual to decadal tem-
poral resolution shows evidence for summer monsoonal precipi-
tation during the peak insolation of MIS 5e (Orland et al., 2019).
These opposing interpretations reflect the proxies used and the
temporal resolution of the archives. For example, the Soreq cave
speleothem record does not necessarily highlight the dry intervals
revealed by the DSDDP core. Advantages of the DSDDP cores
compared to other Eastern Mediterranean region climate archives
include the long core length covering MIS 5e (~87 m) offering high
temporal resolution, and the stratigraphic continuity resulting from
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Fig. 1. (A) Map showing the location of the Levant and Dead Sea watershed (rectangle), between the Mediterranean climate zone and the Saharan-Arabian desert belt. (B) Map
showing precipitation contours (mm/y) superimposed on a map of the Dead Sea watershed, along with the locations of the DSDDP core (star), Soreq Cave (1), and important water
sources around the Dead Sea: Jordan River (2), Ein-Feshkha springs (3), Wadi Mujib (4), and Wadi Hasa (5). Precipitation contours are from WorldClim 2 (Fick and Hijmans, 2017).
(C) #34U/?38U activity ratios in the Dead Sea water sources (published (Haase-Schramm et al., 2004) and new data (in red dots) summarized in Table S2). The water main source is
the Jordan River with values of ~1.5. Values in parenthesis are in minor streams in Jordan (gray) and in hot brines with very low U (yellow). (For interpretation of the references to

colour in this figure legend, the reader is referred to the Web version of this article.)

its location in the deepest part of the Dead Sea. Even when the lake
level was the lowest, the salt facies suggest a deep lake (Kiro et al.,
2016). The cores record alternating intervals of wetness and dry-
ness occur through the entire MIS 5e record (suggesting that both
conclusions may be partly correct), even during the driest periods.
This study, using the DSDDP cores and its 24U/?38U record, aims to
reconcile these apparent discrepancies by showing that precipita-
tion was highly variable and that the relative contributions of
moisture from northern and southern sources varied throughout
MIS 5e.

1.2. The Dead Sea and 2**U/??8U isotope ratios

The Dead Sea is a terminal lake, with an extreme salinity of
340 g/L (Katz and Starinsky, 2008), about 10 times seawater. Its
water level marks the lowest surface elevation on the continents,
which is now (2020) 434 mbsl (meters below sea level). Its
watershed includes the Mediterranean climate zone in the north,
with dry summers and wet winters, and the arid Saharan-Arabian
desert belt in the south (Fig. 1). The natural lake level varies with
changes in water discharge, which in turn varies with rainfall
within the watershed (Enzel, 2003). On decadal time scales,
observed Levant rainfall records, from Beirut and Damascus in the
north to Beer Sheva in the south, display well correlated variations
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Fig. 2. (A) Initial 2*#U/?38U (activity) ratios in authigenic minerals in the DSDDP core versus age (left axis) and depth in the DSDDP core (right axis) showing a major shift during MIS
5e from ~1.4—1.5 (typical for both glacials and interglacials) to near secular equilibrium values, reflecting major changes in Dead Sea water sources from the north and west (Jordan
River and Mediterranean-sourced rainfall) to the south and east (ranges of the two regions shown by vertical orange bars). Black line is a spline fit to the data. Dark blue symbols
mark aragonite samples from Torfstein et al. (2015), others are from this study. Analytical errors are +0.01 activity units, about the size of the samples symbol. Ages of Marine
Isotope Stages are shown on the right. Anchor ages are marked by the red ticks (Goldstein et al., 2020). (B) Summer (red) and winter (blue) insolation curves at 30°N (Laskar et al.,
2004). (C) 3'0 in DSDDP aragonite(2015), the Mediterranean §'80 stack from G. ruber in cores KCO1B, MD84-641, ODP Site 967(Wang et al., 2010), Soreq Cave speleothems (Bar-
Matthews et al., 2003; Grant et al., 2012) after smoothing by a Gaussian filter (¢ ~100y), northern Negev (Vaks et al., 2006) and southern Negev speleothems (Vaks et al., 2010). The
age intervals of Negev speleothem growth are indicated by blue (N. Negev) and brown (S. Negev) bars. (D) Atmospheric CO, from Antarctic ice cores (Bereiter et al., 2015), and the
LRO4 3'80 oceanic benthic stack (Lisiecki and Raymo, 2005). The DSDDP age model is based on Torfstein et al. (2015) In all frames, gray stripes show the ages/depths of halite
deposition, yellow stripes show the intervals of Mediterranean sapropels S5, S4 and S3 (Grant et al., 2016; Rossignol-Strick, 1983). (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)

between the stations (Enzel, 2003; Kushnir and Stein, 2010). Prin-
cipal component analysis of the data shows that 70% of the annual
precipitation variance between stations is explained by the first
component (Enzel, 2003), reflecting the regional patterns. The
main water source is the Jordan River (Fig. 1), which supplied
~1300 Mm?>/y before 1964, when the river was dammed, thus
“present-day runoff in this paper refers to pre-1964. Since then,
fresh water has been increasingly diverted for human use. Springs
and ephemeral flows contribute ~300 Mm?/y (Lensky et al., 2005;
Salameh and El-Naser, 1999). Moisture for the Jordan River and the
western catchments is mainly contributed by Mediterranean
winter storm systems, while moisture from southern synoptic
systems occurring during fall through spring often cause flash
flooding in the Sahara-Arabian desert zone (de Vries et al., 2013;
Kahana et al., 2002).

The Dead Sea is mainly fed by groundwater discharging into
streams that flow into the lake, including the Jordan River (Lensky
et al., 2005; Salameh, 1996; Salameh and Udluft, 1985). The source
of U into the lake is mainly the fresh water flowing into it. Its
residence time in the Dead Sea is ~300 years (Section 1.3), thus
changes can be observed on the scale of centuries, and steady-state
is obtained after ~1500 years. Our estimate of the uranium resi-
dence time in the Dead Sea of ~300 years is based on ~0.6 ppb U in
water sources, the pre-1964 total runoff of 1600 Mm?/y, ~1.8 ppb U
in the lake, and a volume of 150 km?>. Dissolved U is removed from
the Dead Sea water by authigenic mineral precipitation, adsorption
on particles, and redox effects of Dead Sea water circulation in
aquifers (Kiro et al., 2014). Compared with other isotopic prove-
nance tracers, uranium is more soluble than Nd and Pb, and has a
shorter residence time in the lake than Sr, making it useful for
tracking changes in water resources. Dead Sea lake levels are higher

during glacials and lower during interglacials (Neev and Emery,
1967), nevertheless the 234U/?38U activity ratio of the Dead Sea
has remained close to ~1.45—1.55 during the last ~200,000 years
through both interglacials and glacials, primarily reflecting the
value of the Jordan River (Fig. 2) and the dominance of its input
(Haase-Schramm et al., 2004; Torfstein et al., 2013).

1.3. 234U/?38U systematics

234238 ratios are usually greater than 1 (all 2>4U/?38U values
listed are activities) in groundwaters due to a-recoil during U decay
that damages mineral lattice sites, causing the 234U sites to be more
susceptible to weathering than 238U (e.g. Porcelli and Swarzenski,
2003), and in waters it may reach values up to ~10. As a conse-
quence, present-day seawater is enriched in 23U with
234y/238U—1.15 (e.g. Ku et al,, 1977). Therefore, in waters, and in
authigenic minerals younger than ~1 Ma precipitated from
seawater or other water bodies, we expect to see 224U/>*8U > 1 (e.g.
Porcelli and Swarzenski, 2003). In small water bodies such as rivers
and lakes, 224U/?38U ratios are affected by lithology, the period of
water-rock interaction, physical or chemical weathering, and
occurrence of secondary minerals.

The 234U/>*8U in the modern Dead Sea of ~1.45 reflects its
sources (Haase-Schramm et al., 2004). Authigenic minerals record
the 224U/?8U of the lake through time. Gypsum and aragonite
incorporate uranium from the Dead Sea water in the mineral lattice,
while in halite the uranium comes from Dead Sea water and gyp-
sum inclusions (Kiro et al., 2016). Aragonites from the Holocene
show initial 234U/?38U—1.45 (Torfstein et al., 2015). During the last
glacial period, when lake levels were high (Bartov et al., 2003,
2002), 234U/?38U ratios in precipitated aragonites show values
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similar to the Holocene (1.51 + 0.01). In water sources in the
northern part of the Dead Sea watershed (e.g. the Jordan River) and
western catchment springs, 24U/?*8U varies between ~1.4—1.7
(Haase-Schramm et al., 2004). Because fresh water entering the
lake has higher discharge rates and higher U concentrations
compared with brines, these variations in the 234U/?38U ratio
mainly reflect changes in the freshwater input. The differences in
234y/238U between aragonite deposited during the last glacial
period and the Holocene are small, because both reflect the Jordan
River as the main source of water to the lake.

14. Paleoclimate interpretations using >>*U/?38U isotope ratios

In this section, we explain why the changes in the 234U/?38U
ratios in the Dead Sea core reflect changes in sources and/or fre-
quencies of flash floods by discussing processes that impact these
ratios in natural waters. While 234U/>38U ratios have been used for
paleoclimate interpretations associated with changes in precipita-
tion (e.g. Frumkin and Stein, 2004; Robinson et al., 2004), its
application is not straightforward and it must be used with caution.
Understanding regional effects on 234U/?38U ratios in water sources
is important for interpreting its paleoclimate implications
(Robinson et al., 2004). Lithology, physical and chemical weath-
ering, soil cover, and the mode and amount of rainfall are important
factors impacting 234U/>*8U ratios in water (e.g. Frumkin and Stein,
2004; Hellstrom and McCulloch, 2000; Kaufman et al., 1998;
Porcelli and Swarzenski, 2003; Robinson et al., 2004).

Due to the variability of geographical settings, surface lithology,
and climate, the factors that affect U-isotopes in water vary in
different regions. For example, high rates of physical weathering in
major mountain ranges expose fresh rock surfaces to chemical
weathering, whereby 234U in lattice sites damaged by alpha-recoil
are preferentially available for dissolution into groundwater and
runoff compared to 238U, as shown by the positive relationship
between uplift rates and 234U/238U in New Zealand rivers (Robinson
et al., 2004). The mode of rainfall also impacts 2>4U/238U values.
Flash floods around the Dead Sea often show low 234U/?*8U-values
of ~1.15—1.30 (Table S2), reflecting short water-rock interactions
(compared with the high activity ratio of 1.5—1.7 of groundwater
discharging from carbonates), which is also reflected in low values
in some speleothems (Grant et al., 2012).

The amount of precipitation has also been suggested to affect
the 234U/228U ratio. Decreasing rainfall rates allow 2*U to accu-
mulate in rocks and soils, leading to higher 234U/?38U in ground-
waters and runoff, while increased rainfall rates have the opposite
effect (Robinson et al., 2004) by more efficiently washing away the
more labile 234U. Following this rationale, increased rainfall rates
have been invoked to explain decreases of 2>4U/?*8U during the last
deglaciation (Hellstrom and McCulloch, 2000; Robinson et al.,
2004). On the other hand, in speleothems in Israel, higher
234y/238y has been interpreted to reflect increased rainfall
(Frumkin and Stein, 2004). Their explanation is that in the Levant,
more rainfall results in increased dust accumulation and soil gen-
eration, which increases sources of labile 234U for dissolution. This
means that the direction of the changes in 234U/?38U ratios with
increasing rainfall depends on regional conditions.

While changing the amounts of rainfall impact 234U/?38U ratios
in both New Zealand and Israel, the degree of change is small
compared to the range in the DSDDP cores. In both cases, the
234/238( variability in response to changes in rainfall amount is
~0.07—0.13 activity units. The change in Soreq Cave speleothems
range between ~1.02—1.08 (Grant et al., 2012; Kaufman et al., 1998)
while in New Zealand the range is between ~1.43 and ~1.37. In the
Dead Sea mineral precipitates during MIS 5e the values vary be-
tween ~1.5 and ~1.0, a change of 0.5 activity units (Figs. 2 and 3,
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Table S2). This large range in the Dead Sea is similar to the vari-
ability in its water sources, driven by the different lithologies, thus
providing evidence that the changes observed in this study reflect
provenance rather than weathering intensity (details on the prov-
enance are in Results Section 4.1). Although the effects of rainfall
amount on 234U/?38U ratios in water sources are small compared to
provenance differences, they were taken into account when
calculating the U budget (Section 4.1.1).

2. Chronology of the DSDDP core

The initial age-depth model of the DSDDP core (Torfstein et al.,
2015) used a combination of indicators, including 1. 1*C dating of
organic remains, 2. U-series dating of DSDDP aragonite, 3. com-
parisons between 3'®0 in DSDDP aragonite and the LR04 benthic
stack chronology (Lisiecki and Raymo, 2005) and Soreq Cave spe-
leothems dated by U—Th disequilibrium (Bar-Matthews et al.,
2003; Grant et al., 2012), and 4. correlation between distinctive
sedimentary layers in the core and subaerial sediments near Dead
Sea that were previously dated to high precision by U—Th
disequilibrium (Haase-Schramm et al., 2004; Torfstein et al,
2009). It used nine anchor age points for the entire 456 m of core
and assumed a linear interpolation in between. An updated chro-
nology (Goldstein et al., 2020, this volume) that tunes the age-
depth model more precisely and uses many more tie points, is
based on the large amount of information gathered in the inter-
vening time on the DSDDP core material, including many more C
ages, more 8'80 analyses on aragonites, identification of additional
correlative sedimentary layers between the DSDDP core and mar-
ginal deposits, and tuning of DSDDP aragonite 3'80 variations with
and U—Th dated Soreq Cave speleothems and mid-latitude summer
insolation variations.

During the MIS 6/5 transition through MIS 5e, the time period
relevant to this study, in the initial age-depth model (Torfstein et al.,
2015) the MIS 5e ages were defined by three anchor points at 135,
123, and 117 ka linked to the MIS 6/5 deglaciation, the MIS 5e peak,
and the end of the major salt deposition, respectively. These were
determined by comparison of 3'0 changes in the core with the
corresponding changes in the LRO4 benthic stack (Lisiecki and
Raymo, 2005) and U—-Th dated Soreq Cave speleothems (Bar-
Matthews et al.,, 2003; Grant et al., 2012). That model was sup-
ported by two U—Th analyses of an aragonite layer within the MIS
5e thatyielded an age of 117.4 + 2.6 ka, consistent with its depth but
with a high uncertainty; the age at the same depth in the updated
chronology is 117.2 ka. An additional (failed) attempt within MIS 5e
showed highly variable U-Th ages and was discounted.

The updated model (Goldstein et al., 2020, this volume) is based
on comparison of the 3'%0 in the DSDDP core (including additional
aragonite 5'80 analyses) and the Soreq Cave speleothems using Bar
Matthews et al. (2003). This approach is justified because both the
Soreq speleothems and the DSDDP aragonite 3'30 records follow
the changes in the Mediterranean 3'80 (Kolodny et al., 2005). The
ages are constrained by 4 tie-points on the prominent MIS 5e 5'80
peak in both records (Fig. S1); at each end of the MIS 5e peak (136
and 116 ka) and on the flanks (129 and 119 ka) (Table 1), with
estimated uncertainties less than 1000 years (Goldstein et al., 2020,
this volume). The close relationship between the changes in 8'%0 in
DSDDP core aragonites and Soreq speleothems during MIS 5e adds
confidence to the age-depth model. While over the entire core
there are some substantial differences between the two age
models, as high as ~13 kyr, during MIS 5e the two age-depth models
are in substantial agreement, with a maximum difference of 2.6 kyr
(Fig. S2).

We further performed a Monte Carlo simulation (Table 1), which
applied a range of ages to depths in the Dead Sea DSDDP core, in a
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Table 1

DSDDP age model tie points, Monte Carlo ages, and major lithology transitions during MIS 5e. Standard deviations are estimated according to all acceptable MC age models that

meet the threshold.

Depth (m) Manually selected tie point (ka) MC age for tie point (ka) SD (10) Threshold for acceptable age model in the Monte-Carlo simulation
357.2 150 150.5 2.1 %<1, r2>0.65, PCC>0.65, p < 0.1

328.87 136 135.7 0.2 ¥2<1, r%>0.65, PCC>0.65, p < 0.1

316.24 129 129.2 0.05 %<1, r>0.65, PCC>0.65, p < 0.1

258.18 119 119.2 0.1 %<1, r2>0.65, PCC>0.65, p < 0.1

230.31 116 1149 0.9 v2<1, r%>0.65, PCC>0.65, p < 0.1

222.96 112 111.3 0.4 ¥2<1, r%>0.65, PCC>0.65, p < 0.1
Lithology Transitions

Depth (m) Age model (ka) MC age (ka) SD (10) Remarks

320.05 130.6 130.7 0.21 Beginning of first MIS 6/5 halite sequence
304.53 127.0 127.2 0.98 Beginning of S5 wet interval

279.11 1215 121.8 0.1 End of wet S5 interval

233.25 116.5 115.8 0.8 End of thick halite sequence

uniform distribution according to the possible fits of the DSDDP
core aragonite 3'30 values to the Soreq speleothem calcite 5'20. A
linear regression model is applied to all possible age models in the
Monte Carlo simulation. The goodness of fit is tested by a >
goodness of fit test, the Pearson Correlation Coefficient (PCC), co-
efficient of determination (r?) and the probability value of the
significance of the linear correlation. These methods are commonly
used for age modeling and wiggle-matching (e.g. Ramsey et al,,
2001). The Monte Carlo results agree with the manually selected
tie points within 200—1100 years, well within the uncertainties of
both approaches (Table 1 and Goldstein et al., 2020, this volume).
According to the new age model (Goldstein et al., 2020), the
beginning of the relatively wet interval is 127 ka, the transition
between MIS 5e wet interval and the arid phase (reflected by the
thick late MIS 5e sequence of halite) is at 121.5 and the end of the
arid period is at 116.5.

3. Methods

Sampling: Samples were collected from all of the visible layers
of aragonite, gypsum (100 mg) and halite (10 g). Halite samples
were taken at the end of MIS 5e (233-235 m depth in the DSDDP
core), and from the middle of the thick halite sequence at the end of
MIS 5e. The depths of the samples are listed in Table S1. The depth
of a halite sample denotes the bottom of the sample (~10 cm from a
~1 x 2 cm slab). Each aragonite and gypsum sample is from a single
lamina. Duplicated samples are from adjacent laminae.

Analyses: Uranium isotopes, and U and Nb concentrations, were
measured on primary aragonite, gypsum and halite samples from
the DSDDP core. Niobium is an insoluble element and was used as a
monitor of the amount of detritus in each sample, in order to cor-
rect for detrital U. The impacts of detrital U on our data are small, as
explained in Supplementary Materials.

Sample processing: Samples were processed for chemical
analysis in the ultra-clean chemistry lab at Lamont-Doherty Earth
Observatory of Columbia University (LDEO). Aragonite and gypsum
(~100 mg) were rinsed 3 times with Milli-Q® water in order to
remove soluble salts, and then digested completely using HNO3 and
HF. Halite (~10 g) was dissolved in water, and HNO3 and HF were
added to dissolve any detritus. Detritus (~100 mg) samples were
leached for carbonates using 1N HCI, followed by 3 rinses of Milli-
Q® water. Water samples were collected in 0.5—2 L bottles and
were separated from particulates by 0.45p filters and centrifuging.
The water samples were acidified with HCI to pH~2. The U was co-
precipitated with iron from the water and halite samples by using
4 mg of clean FeCl, per liter of solution, by adding ammonium
hydroxide into the solution and adjusting the pH to 8.5—9. The
precipitates were centrifuged and rinsed three times with Milli-Q®
water. All water samples that were collected reflect natural sources
and are not affected by anthropogenic contamination, which is also
indicated by the major element chemistry.

For separation of U, samples were loaded in 2 ml 7N HNOs onto
columns filled with 2 ml of AG1X8 200—400 mesh anion exchange
resin. Uranium was eluted using 1N HBr. A spike containing 233U
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and 236U was added before digesting and dissolving the samples in
order to determine U concentrations.

Analytical measurements: U concentrations and 2>*U/**8U ra-
tios were measured using a ThermoScientific Neptune Plus® mul-
ticollector ICP-MS at LDEO in solutions with 100—-300 ppb U.
Samples were introduced through an ESI APEX® micro-concentric
desolvating nebulizer sample introduction system. 238U, 236y, 235U
and 223U were measured on Faraday cups with 10'? Q resistors for
235y, 236y and 233U and a 10" Q resistor for 2*8U. 234U was
measured on a multiplier with an RPQ filter. Mass fractionation was
corrected to a>38U/?3>U atomic ratio of 137.88 using the exponential
mass fractionation law. The multiplier-Faraday gain was calibrated
using Certified Reference Material (CRM) 145 (New Brunswick
Laboratory, U.S Department of Energy) measured between samples.
The 234U/%38U external 2c standard deviation is typically 0.2—0.3%
(based on 20 to 50 measurements of the standard per session), but
in all cases lower than 0.6%. Niobium concentrations were
measured by a VG PQ ExCell® quadrupole ICP-MS at LDEO. Errors of
trace element concentrations are estimated to be ~2%, based on
multiple runs of a calibration curve from measurement of in-house
multi-element solutions and rock standards.

Climate model simulations: The climate model results pre-
sented in this study are from existing simulations that were per-
formed at the National Center of Atmospheric Research (NCAR) and
obtained courtesy of Dr. Bette Otto-Bliesner as part of the Paleo-
climate Model Intercomparison Project phase 3 (PMIP3). In these
last interglacial simulations, the coupled Community Climate Sys-
tem Model version 3 (CCSM3) was forced with insolation corre-
sponding to orbital conditions at 130, 125 and 120 ka. The CCSM3 is
an intermediate resolution model with the atmosphere repre-
sented by a longitude and latitude grid spacing of ~1.4° and 26
levels in the vertical. The ocean model component had a 1° hori-
zontal resolution and 40 levels in the vertical. The model includes a
land surface model with specified, spatially dependent land cover
types. The model uses present-day geography with present-day
Greenland and Antarctic ice sheets and vegetation. To compare to
present-day climate, we used an extended pre-industrial (PI)
simulation with the same model time averaged in the same
manner. Atmospheric CO, where set to 273, 272 and 289 ppmv for
the 125 ka, 120 ka and PI runs, respectively, according to the ice core
records. Each pre-industrial simulation was run for over 300 years
and the mean climate in each time section was determined by
averaging over the last 30 years of these runs. The details of the
simulation parameters and discussion of the results as per their
expression in the distribution of surface air temperature around the
globe and by season, as well as a comparison with paleoclimate
observations, are summarized in Otto-Bliesner et al., (2013).

4. Results and discussion

Our results include new 23*U/?38U ratios in the DSDDP core
mineral precipitates and detritus, and Dead Sea water sources
(Tables S1, S2 and S3, Figs. 2 and 3), a U isotope budget and
calculated southern/eastern runoff to the Dead Sea (Sections 4.1.1
and 4.1.2), and a presentation of climate model results (e.g. pre-
cipitation and temperature) in the Levant during 125 and 120 ka
(Fig. 4 and Supplementary Material).

4.1. Dead Sea water sources shifts indicated by 2>4U/?>8U ratios

In the western catchment, the most important fresh to brackish
spring sources, discharging primarily from carbonate rocks, have
high #34U/?3%U-values of ~1.45—1.75, similar to the Jordan River
flowing from the north with values of ~1.45, while the main water
sources in the eastern and southern catchment, discharging mainly

Quaternary Science Reviews 248 (2020) 106546

from Paleozoic and Mesozoic silicate sedimentary rocks, and flash
floods that are typical for the desert south, have much lower
234238y values of ~1.08—1.19 and 1.15—1.3, respectively (Fig. 1),
(excluding two samples from two streams with high 234U/238U but
insignificant water flux).

In general, the 234U/%38U ratios in the Dead Sea water sources
have been consistent in space and time, at least on the time-scale of
several years, and have not varied (by more than 0.2 activity units)
as a function of runoff (Table S2). Samples from different streams
and springs with a large discharge range show similar 234U/?38U
values, which mainly depends on two factors: (1) the lithology of
the rock that the water is discharging from (silicate rocks vs.
limestone), and (2) the time interval of water-rock interaction. All
water samples from the eastern catchment, that discharge out of
silicate rocks, contain relatively low 23*U/?*8U, while water dis-
charging from the north (feeding the Jordan River) and west from
carbonate contain relatively high 2*4U/?*%U. In addition, flash
floods, usually associated with precipitation in the south and east,
also contain low 234U/238U, both in the eastern and western
catchments of the Dead Sea. There is a consistency between the
234238y values in the eastern catchment sources (all discharging
from silicate rocks), despite the large range of fresh water discharge
in between the different sources (a few to ~100 million m?/y). The
changes between the water interacting with carbonates (in the
western catchment and the Jordan River sources) and water
interacting with more silicate compositions (in the eastern catch-
ment) reflect mainly the differences in lithology. Groundwater
discharging out of silicates and water experiencing relatively short
water-rock interaction (in speleothems and flash floods) contain
lower 234U/%38U ratios (~1.0—1.3) and groundwater discharging out
of carbonates contain higher ratios (~1.45—1.7).

Our new data (79 new 23*U/%*8U analyses on the DSDDP core
sediments between 160 and 90 ka, plus 9 new analysis of Dead Sea
water sources) show that during different intervals of MIS 5e,
234 /238 ratios were dramatically different (Figs. 2 and 3, Table S1).
From typical values of ~1.5, they declined to ~1.3 during the MIS 5e
insolation peak/Sapropel 5/African wet period between 127—122
ka, and were as low as ~1.0—1.1 at the end of the dry period that
followed at ~122116 ka, signaling relative decreases in the input
from Jordan River-western catchment sources. The overall trend
during MIS 5e towards these extreme low 234U/>*8U-values is
interrupted by an abrupt increase to typical Dead Sea values of
~1.45—1.55 just before the shift to ~1.0 (Fig. 3), which reflects a short
episode with input from the Jordan River.

The observed 234U/>38U shifts indicate unique climate and
environment conditions during intervals within MIS 5e. The
234/238U ratio of Dead Sea water and its mineral precipitates today
of ~1.45 (Table S2) is nearly the same as the value of ~1.5 observed
through the last ice age (MIS 2—4) (Haase-Schramm et al., 2004),
when the climate was wetter and the lake level was up to 240 m
higher than the Holocene norm of ~400 mbsl. This near constant
value has held over most of the 200,000 year DSDDP record. It
mainly reflects the 234U/?38U ratio of the Jordan River whose source
is the mountains to the north and its constancy as the main water
source for the Dead Sea, despite the large lake level changes that
have occurred as well as large changes in the amount of rainfall.

This general glacial-interglacial variability between ~1.45-1.55
(~0.1 activity units) is much smaller than the large shift of the
234y /238 ratios to ~1.3 during the MIS 5e insolation peak, and to 1.0
during the late MIS 5e dry period (Figs. 2 and 3). As already noted,
these shifts (0.2—0.5 activity units) are also much greater than the
effects from changing rainfall rates observed in speleothems
(0.05—0.1 activity units). Rather, they must be reflecting more
fundamental shifts in the sources of uranium. Our water sources
survey (Table S2, Fig. S5), along with published 234U/?38U and other
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Fig. 4. Precipitation anomaly relative to present-day from CCSM3 models (Otto-Bliesner et al., 2013) for (A) winter (DJF) precipitation at 125 ka, B) summer (JJA) precipitation at 125
ka, C) winter (DJF) at 120 ka, and D) autumn (SON) at 120 ka. The annual precipitation is higher than today at 125 ka. At 120 ka the winter is drier than today and the autumn is
wetter. The Dead Sea basin is marked in red. Note that the precipitation scale is different in each one of the maps. Annual precipitation during 120 and 125 ka, and the difference
between 125 and 120 ka are in the supplementary material in Figure S6. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version

of this article.)

radionuclides data (Haase-Schramm et al., 2004; Kiro et al., 2015;
Kronfeld et al., 1991), show that the biggest variations in the
234/238U ratios of Dead Sea water sources (Fig. 1) are related to the
lithology of the rocks of the tributaries, and the effects of flash
flooding. In this context, the large Dead Sea 23*U/?38U shifts during
parts of MIS 5e reflect the low values associated with flash flooding
events, and the low values of the water sources in the southern-
eastern catchments, as opposed to the high values of the Jordan
River and western catchments. Thus, the lower 234U/>38U ratios
must reflect a relative decrease in the Jordan River sources versus
others, and the late MIS 5e values of ~1 must reflect a near shut-
down of the Jordan River. Nevertheless, the possible variations in
the water sources due to changing rainfall are included in the un-
certainty in the U budget in the next section.

4.1.1. U isotope and water budget in the Dead Sea
For each U isotope under steady-state conditions, the following
equation applies:

> Fi« U = Four*Ups (1)
i

where F [L?/T] and U [M/L?] are the water discharge and the con-
centration of the uranium isotope, respectively, and subscripts i, DS
and out refer to the specific water source, the Dead Sea and removal
flux, respectively. Thus,

ZiFi .234 Ui <234U>
DS

= 2
A =T (2)

As a simplification, we consider two main sources, which allows
us to calculate the fraction of the source contributing low 234U/?38U
ratios to the Dead Sea (i.e. the south-east water sources and/or flash
floods). Assuming that U concentration is 238U concentration:

F

234 234
Is _ DS N
FT 234 234 234
(5) “Us — (5) Uy — <5> «(Us — Up)
S N DS

where Fs [L*/T] and Fr [L3/T] are the southern/eastern/flash flood
water discharge and total water discharge, respectively. Uy [M/L3]
and Us [M/L?] are the uranium concentrations in the north/western
catchment sources and the southern/eastern/flash floods sources,
respectively. The N, S, DS subscripts in the isotopic ratios refer to
north, south and Dead Sea.

This equation resolves the fraction of the southern source from
the total source, i.e. the relative flux of north and west vs. south and
east. There are no assumptions on the total runoff or changes in

3)

Table 2

U concentrations and?>#U/?*8U used in the budget calculation.
Parameter avg. 1o
Us (ppb) 0.92 0.1
Uy (ppb) 0.7 0.1
(?34U/?38U)s* 1.13 0.02
(*4U/?38U)N 157 0.03
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Table 3
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Parameters used for budget calculation and U budget results. MIS 5e drought includes two scenarios, with?>4U/?33U = 1.25 and®**U/?*8U = 1.05

(***U/>8U)ps % Fs Fs (million m3/y) Fr (million m3/y)

avg. 1o av. 1o av. 1o av. 1o
Present-day 1.46 0.01 20 6 333 122 1650° 350
Last glacial 15 0.03 125 8 406 254 3250° 250
MIS 5e drought (120 ka) 1.25 0.03 50 17 361 69 720° 60

1.05 0.015 95 9 687 85 720° 60
MIS 5e peak (125 ka) 13 0.033 55 10 1099 287 2000° 350

2 (Lensky et al., 2005; Salameh and El-Naser, 1999).
b (Kiro et al., 2017).

¢ Estimated roughly from the Dead Sea hypsometric curve (Hall, 1997) and last glacial lake levels (Bartov et al., 2002). Fs is the flux from flash floods and the southern and

eastern catchments, and Fy is the total water flux. DS is Dead Sea.

precipitation.

Table 2 summarizes the concentrations and 234U/?*8U activity
ratio and their uncertainties that were used to calculate the fraction
of the two sources by equation (3). These include the ranges
observed in all the eastern catchment sources and floods (with the
typical lower activity ratios) and the northern and western catch-
ment (with the typical higher activity ratios) that are shown in
Table S2.

S represents the southern and eastern catchments plus flash
floods, N represents the northern and western catchments. *Values
for the late MIS 5e drought are 1.03 + 0.03 and 1.54 + 0.03, for
consistency with the low ratios in the lake at that time and the
estimated effect of the dry period on the composition of the sources
(Frumkin and Stein, 2004).

The results of the budget and the Monte-Carlo uncertainty
analysis are summarized in Table 3. For the Monte-Carlo analysis,
the U concentrations and isotope ratios, and the total runoff
amounts are estimated to have a normal distribution with a stan-
dard deviation (1c) covering the range of values in Tables S1 and S2.
The calculated percent of the southern and eastern sources (% Fs in
Table 3) is a direct result of the Monte-Carlo analyses of equation
(3).

The water budget from the Jordan River and the southern/
eastern catchments can be estimated combining the relative fluxes
with the estimated total fluxes (Table 3). In order to estimate the
actual runoff of the northern/western and eastern/southern water
sources we estimated discharge of the different water sources
based on previous studies (Lensky et al., 2005; Salameh and El-

60

50 —118ka

40 - = =120ka

Insolation anomaly (past-present) W/m?

Fig. 5. Monthly insolation anomaly (past minus present) at 30°N (Paillard et al., 1996)
during the last interglacial. The maximum positive anomaly shifts from summer at 125
ka towards the autumn at 120 ka.

Naser, 1999) and evaporation rates (Lensky et al., 2005; Stanhill,
1994).

The present-day (pre-1964) total runoff is estimated to
1600—2000 million m?/y from estimates of all of the water sources
to the Dead Sea. The evaporation rate of the Dead Sea during that
time is estimated to 1.3—1.9 m/y (Stanhill, 1994). Given a surface
area of 950 km?, the steady-state runoff is 1235—1805 million m>/y.
This small discrepancy may be due to evaporation of water from the
watershed before entering the Dead Sea.

The total runoff during the MIS 5e peak (~127122 ka) is esti-
mated based on the Mg concentration in pore waters during that
time (Kiro et al., 2017; Levy et al., 2016). The lake level at the MIS 6/
MIS 5 transition was —320 m (Kiro et al., 2017) with Mg of 0.9 mol/
kg H,0, which reached 1.3 mol/kg H,0 at the MIS 5e peak. Since Mg
can be considered as conservative, this change in concentration
directly reflects the change in lake volume (from ~240 to
~170,10° m?). Using the Dead Sea hypsometric curve (Hall, 1997),
this corresponds to a lake level of ~-370 m, which corresponds to a
runoff of ~1600—2400 million m?Jy.

The runoff during late MIS 5e (~122116 ka) is taken from Kiro
et al. (2017). The annual variability in rainfall in this region is
high with a 35% standard deviation, and very dry years with annual
precipitation below 40% of the average. The estimated decrease of
50—70% in the average precipitation during that time interval
suggests that dry years were more frequent.

The uranium isotope budget for the present-day lake agrees
with the known sources estimated independently, which indicate
that all the significant sources of uranium are included in our
budget. The present-day southern source (F;), fed by both Medi-
terranean and southern climate systems, includes both eastern
catchment perennial flow (~250 million m3/y), groundwater from
the eastern catchment (~50 million m3/y) and flash floods (~50
million m3/y) (Lensky et al., 2005; Salameh and El-Naser, 1999).

4.1.2. The Dead Sea catchment water budget during MIS 5e

The U-isotope budget shows that at the peak of MIS 5e, ~55% of
the Dead Sea water sources came from southern/eastern catch-
ments and/or flash floods, with a runoff amount that is ~3 times the
present-day southern/flood runoff. During late MIS 5e, 50% and
then >90% of the water sources were southern/eastern catchments
and/or flash floods, thus with almost no contribution from the
Jordan River. The total contribution from southern/eastern sources
and/or floods was higher than the present-day, reaching twice the
current runoff. These increases in precipitation probably resulted in
higher runoff of the perennial flows in the eastern catchment
(Wadis Mujib, Hasa, and Zarka Main, Fig. 1, S3) and an increase in
the frequency of flash floods. Since the precipitation is already low
in the eastern catchment (<200 mmy/y, Fig. 1), the increase in pre-
cipitation that doubles or triples the runoff, is not a drastic change
in the total runoff, and is not expected to change the 23*U/?38U ratio
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Fig. 6. Sea level pressure differences between 120 ka and today (pre-industrial) during winter in the CCSM3 climate model results (Otto-Bliesner et al., 2013), showing high

pressure above the North Atlantic, Europe and the Mediterranean.

of the sources more than 0.05 activity units.

The 224U/?*8U shifts to low values evidence a decrease in the
Jordan River flux, thus signaling weakening of the Mediterranean
winter storm systems that bring the bulk of present-day moisture,
and a shift of the primary moisture sources to the south. Moreover,
the 234U/%38U ratios close to ~1.0 during late MIS 5e (after 120 ka)
evidence a significant weakening of the Mediterranean systems
over the Levant. Such a change in the moisture sources has been
suggested in some previous studies, but solid evidence has been
lacking until now, and thus the idea that there was a shift toward
moisture sources from the south to the Dead Sea basin has been
highly debated (Battisti et al., 2014; Douady et al., 2003; Drake
et al.,, 2011; Kutzbach et al., 2014; Lahr and Foley, 1994; Orland
et al., 2019). In addition to the 234U/?38U data, CCSM3 climate
model simulations of MIS 5e support the shift to larger contribu-
tions from south of the Dead Sea basin (Fig. 4 and discussion
below).

4.2. Levant records of last interglacial hydroclimate shifts

The high-resolution record of the DSDDP cores provides a
detailed description of the hydroclimatic characteristics, which are
partly reflected in the regional speleothem records. Speleothems in
Soreq Cave near Jerusalem (Bar-Matthews et al., 2003), in the
Mediterranean climate zone, and in the Negev desert (Vaks et al.,
2010, 2006) (locations are in Fig. 1) indicate wetter conditions
than today during the last interglacial insolation peak, ~127—122
ka, which is also seen in the DSDDP core. Moreover, the evidence of
increased precipitation in the Soreq speleothems, indicated by low
3'80-values, ends at the beginning of the DSDDP extreme drought
interval, at ~120 ka, together with the termination of speleothem
growth in the Northern Negev (Fig. 2). This indicates that the
Southern Negev remained relatively (compared to its typical con-
ditions) wetter, while the Northern Negev returned more similar to
its typical state.

As for the source of moisture, some studies have concluded that

the sources are tropical (e.g. Orland et al., 2019), while others have
favored the Mediterranean (e.g. Bar-Matthews, 2014). It turns out
that taking into consideration the DSDDP cores along with the
Negev speleothem data resolves this apparent discrepancy in favor
of both of them. The high-resolution 2>*U/?38U data in the DSDDP
record (Fig. 2), which reflect the changes in the water sources to the
Dead Sea, indicate that during the peak insolation interval of MIS
5e, between 127 and 122 ka, rainfall was fed by both Mediterranean
and tropical moisture sources. The low §!80-values in the Negev
speleothems (Vaks et al., 2006), along with an observed decrease in
the thickness of speleothem layers from north to south, led Vaks
et al. (2010) to conclude that the Mediterranean was the source
of the moisture to the Levant during most of that time interval.
Nevertheless, they could not rule out tropical moisture sources
(Vaks et al., 2006). The intermediate 224U/?38U-values during this
interval in the DSDDP record of ~1.2—1.3 (Figs. 2 and 3), significantly
below the norm of ~1.45—1.55 and higher than the extreme values
of 1.0 at the end of MIS 5e, coincided with speleothem growth in
both the north and south Negev, indicating that the Mediterranean
was a significant source of moisture, feeding runoff via the Jordan
River, but that a tropical source was also present. Subsequently,
during the extreme drought interval after 120 ka, when the Dead
Sea 234U/%*8U-value decreased to ~1.0, the northern Negev spe-
leothems ceased to grow while the speleothems in the southern
Negev continued growing, documenting continued moisture in the
south and drier conditions in the north. Moreover, the conditions in
the north were dry enough that the contribution of uranium from
the Jordan River to the Dead Sea became insignificant.

The extreme low 3'80-values in the regional speleothem records
during the MIS 5e insolation peak interval (127—122 ka) is also seen
in the Dead Sea mineral precipitates. The Soreq Cave 3'30-values
show unusually large deviations from the Eastern Mediterranean
(Fig. 2). Present-day rainwater 5'20-values negatively correlate
with the amount of annual rainfall at Soreq, and the low 3'30-
values have been interpreted to indicate high amounts of
Mediterranean-sourced rainfall (Bar-Matthews et al., 2003).



Y. Kiro, S.L. Goldstein, Y. Kushnir et al.

Quaternary Science Reviews 248 (2020) 106546

B0'N

latitude
50°N

40°N

30°N

20°N

;0.5
| 1 1 1 1 1 1 1 1

10'E
longitude

20°E 30'E

50°N B0'N

40°'N

latitude

30°N

z
[=1
3}
30°W 200w 10'W o 10E 20°E 30°E 40°E 50'E 60'E
longitude
2'C 15C 1'C 05'C o'c 0.5C 1C 1.5'C 2c

Surface temperature {radiative)

Fig. 7. Winter (top) and summer (bottom) temperature differences between 120 ka and today (pre-industrial) in the CCSM3 climate model results (Otto-Bliesner et al., 2013),

showing that winter was warmer, summer was colder.

However, low 8'80-values may alternatively indicate more intense
rainfall events, and low coeval 5'3C-values in Soreq speleothems
have been interpreted to reflect intense water flow (Bar-Matthews
etal., 2003). As an additional alternative, low 8'80-values could also
reflect moisture from more distal tropical sources as a result of
Rayleigh distillation of condensing humidity over long transport
distances (Gat and Carmi, 1987). Moreover, even when the source of
rainfall is tropical or subtropical, a synoptic system carrying the
moisture will pick up Mediterranean moisture if it reaches there, as
seen today (de Vries et al., 2013), which would contribute to the
3'80-values of the speleothems. Therefore, even if a synoptic sys-
tem originates in the south, the occurrence of Negev speleothems,
and low 3'80-values in the Negev, Soreq, and Dead Sea mineral
precipitates, can reflect contributions from both southern and
Mediterranean moisture sources.

During the peak insolation interval of MIS 5e, global sea level
reached its maximum highstand, and CHs and CO, reached
maximum values. At the same time, 3'0 in speleothems in Europe
and the East Mediterranean reached their minimum values, 8'%0 in
the Greenland ice cores reached maximum values, the North

1

Atlantic and Southern Ocean benthic foraminifera reached
maximum 3'3C values, and European pollens of temperate trees
and Mediterranean Sclerophyll reached maximum values (Govin
et al., 2015). These all suggest warm and wet climate. At this time
(the MIS 5e peak, 127—122 ka), we see increased precipitation in
our record, with 50% of the water coming from tropical-induced
rainfall, reaching three times the runoff of the modern contribu-
tions of these tropics-based climatic systems. Between 120 and 116
ka, when the Levant is characterized by a severe drought, all of the
above-mentioned parameters at some point in time begin to
transition away from their peak interglacial values.

While records from the north show that the wettest interval
corresponds to the MIS 5e insolation peak, some records from the
desert-belt appear to cover the whole MIS 5e interval. These
include the Negev speleothems (Vaks et al., 2010), travertines
(Waldmann et al., 2010), a paleolake in south Jordan (Petit-Maire
et al.,, 2010) and alteration of corals to calcite due to increase in
fresh water (Yehudai et al., 2017). The 234U/?38U in the Dead Sea
record agrees with these observations, where during the whole MIS
5e interval there are southern water sources, and provides a
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quantitative context to these previous observations.
4.3. Moisture sources to the East Mediterranean

4.3.1. The MIS 5e peak

MIS 5e was characterized by intensification of the monsoon
driven by peak summer insolation in the Northern Hemisphere
(Prell and Kutzbach, 1987). There is evidence that this intensifica-
tion, particularly over North Africa, may have affected precipitation
in dry regions such as the Saharan-Arabian desert belt and even
reached the Levant, causing an increase in precipitation (Rohling
et al., 2002; Rosenberg et al., 2013). There is ample evidence for a
wet interval in the desert belt during the monsoonal peak (Tierney
et al., 2017; Vaks et al., 2010; Waldmann et al., 2010) and climate
model studies confirm that the northern boundary of the African
Monsoon moves north, although the models seem to show a more
limited northward excursion than claimed by proxy data.

The present-day climate in the Levant is affected by tropical
systems during the wet season (October to May). In particular, the
intensification of the African Summer Monsoon in the Ethiopian
highlands towards the late summer and fall is related to the activity
of the active Red Sea Trough (ARST). This low-pressure weather
system causes precipitation and flash floods in the land regions
surrounding the Red Sea and into the southern Levant, usually
during the fall and the spring (de Vries et al., 2013; Krichak et al.,
1997). Armon et al. (2018) provide evidence that moisture from
tropical regions reaches the southern Levant drylands during ARST
events and in tropical plumes (TPs), which accompany the inten-
sification of the subtropical jet stream over the region. These events
are rare in the present-day climate and do not contribute a large
amount of water to the Dead Sea. Precipitation and flooding in the
Levant drylands is also affected by wintertime Mediterranean
storms, which in some cases can reach the southern parts of the
Jordan River watershed (Armon et al., 2018).

Our data and the U isotope budget show that during the peak of
MIS 5e, 50% of the water came from the south and east of the
watershed (from the desert belt part of the watershed). Given the
estimated water runoff during that time based on Mg in the DSDDP
core pore water (Kiro et al., 2017), the total flux was similar to the
present-day or slightly higher (Table 3). This means that the runoff
from the Jordan River decreased to almost half of its present-day
flux (pre-1964), and southern runoff reached three times the
present-day flux. This intensification of southern runoff may have
been the result of doubling the frequency of flash floods, intensi-
fying rainfall events and increasing precipitation in the desert belt
(by both Mediterranean and tropical-induced rainfall). Doubling
the precipitation in the desert belt will not have a major effect on
the local climate and vegetation, but may be crucial for water re-
sources. In addition, decreased precipitation in the Mediterranean
climate zone will make it drier, but the climate will remain Medi-
terranean, allowing similar vegetation and formation of
speleothems.

4.3.2. Moisture sources during late MIS 5e

The extreme aridity during late MIS 5e (122-116 ka) in the
Levant requires a significant decrease in the activity of Mediterra-
nean cyclones that replenish the sources of the Jordan River in the
mountains at the boundary of Lebanon, Israel, and Syria, evidenced
by the decrease of 224U/%38U ratios of the Dead Sea from ~1.5 to ~1.0,
and a relative contribution to the runoff of <10% (Section 4.1.2). This
requires that precipitation must have been driven by southern
climate systems that are related to the activity in the tropics. Our
findings document greater aridity in the Eastern Mediterranean-
Levant than the present-day during late MIS 5e, along with
intense rainfall events that reached the desert belt from the south,
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causing precipitation and flash floods in these otherwise arid re-
gions. Present-day storms associated with ARST synoptic systems
show similar characteristics (de Vries et al., 2013), but unlike MIS
5e, they contribute a minor proportion of the moisture to the Dead
Sea watershed. Combining our observations, our new Dead Sea U
isotope budget (Table 3), and NCAR-CCSM3 (Otto-Bliesner et al.,
2013) model simulations, we find that they corroborate each other
(Section 4.4).

4.4. Comparison with climate model runs

The northern hemisphere summer climate corresponding to the
MIS 5e insolation peak at ~125 ka has been simulated by climate
models as part of the Paleoclimate Model Intercomparison Projects
phase 3 (PMIP 3, Braconnot et al., 2012). These runs were conducted
by prescribing the pertinent seasonally dependent insolation as
determined by the orbital parameters, as well as the concentration
of greenhouse gasses. The models respond with warming over land
during boreal summers (Kutzbach et al., 2020; Lunt et al., 2013;
Otto-Bliesner et al., 2013).

The 125 ka model results show higher annual precipitation than
the present-day in the Levant, attributed to increased winter
rainfall (Fig. 4A) and in particular due to atypically large amounts of
summer rainfall (Fig. 4B). As already noted, the timing of this
modeled wet interval coincides with a ~20 m long halite-free in-
terval in the DSDDP core during the MIS 5e African wet period
(127—122 ka). The model results show both the Mediterranean and
the tropics as moisture sources (Kutzbach et al., 2020, 2014),
consistent with the observed shift of 234U/?38U-values to ~1.3
(Figs. 2 and 3), and indicating increased southern moisture sources
together with continued Mediterranean storm track contributions.
Also, our budget for runoff to the Dead Sea (Table 3) shows ~50% of
the water coming from the east and south, while the total runoff
during that time is slightly higher than the present-day (Kiro et al.,
2017). Combining this observation with the 125 ka climate model
results indicates that this precipitation increases mainly occurred
during the summer (Fig. 4B), and are related to intensification of
the African Summer Monsoon over the Sahara, East Africa and
Arabia.

The NCAR CCSM3 model was also run with insolation data
corresponding to 120 ka and 115 ka (output from the latter run was
not available to us but see Kutzbach et al., 2014, 2020). Both the
DSDDP observations and these late MIS 5e CCSM3 climate simu-
lations concur that the climate transitioned from the wetter (than
present-day) interval during the insolation peak of MIS 5e at
127—122 ka to drier conditions at 122—116 ka. This transition fol-
lowed a sharp decrease in summer insolation and an increase in
winter insolation as the precession cycle moves towards its mini-
mum state. The 120 ka simulation shows lower total rainfall than
the present-day, through decreased winter precipitation
(Fig. 4C,S6) and is thus indicating weakening of the Mediterranean
moisture source that predominantly feeds present-day Levant
rainfall. The timing coincides with the beginning of the extreme-
drought interval, characterized by thick halite accumulation in
the DSDDP-core and intervals in which the Dead Sea showed
234y/238U-values of ~1.0 (Figs. 2 and 3), signaling insignificant
contributions from the Jordan River. We note however that drying
of the model climate at 120 ka does not appear as dramatic as
indicated by the uranium isotopes. The 115 ka simulation of
Kutzbach et al. (2020, 2014), when the summer insolation reaches
minimum and winter simulation reaches maximum, also shows
significantly drier conditions compared to the 125 ka simulation,
suggesting that the dry conditions prevailed until the end of MIS 5e.
During the extreme drought interval the U isotope budget (Table 2)
indicates ~95% of the moisture sourced in the south, with total
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runoff only ~30—50% of the present-day (Kiro et al., 2017). The
runoff contribution from southern/eastern sources are ~1.5—2
times the present-day, and the Jordan River flux becomes insig-
nificant (<10% of the present-day). As noted above, the extent of
drying indicated by the DSDDP cores seems to be larger than what
is seen by the 120 ka model run. This may be due to model biases or
suggest that there are processes that are not considered in the
model, which may have affected the amount of precipitation. For
example, a recent study showed that ice melt pulses in Greenland
result in decrease in precipitation over southern Europe and the
Mediterranean over centennial time scales (Tzedakis et al., 2018).

The thick halite-rich interval in the core is composed of alter-
nating halite layers that precipitated over decades to centuries, and
detrital layers depositing over centuries to millennia, indicating
fluctuations between extreme dry intervals with 20% of the present
runoff to intervals similar to or slightly wetter than the present
climate (Kiro et al., 2017).

4.5. Possible mechanisms and relevance to climate change

The cause of the severe drying of the Levant at ~122—116 ka is
most-likely related to a decrease in cyclonic activity in the Medi-
terranean during winter, as these systems are responsible for the
rainy season in the present-day climate. Consistent with this
decrease in rainfall is the higher atmospheric sea level pressures
over the North Atlantic, Southern Europe and the Mediterranean
compared to the present-day seen in the 120 ka simulation (Fig. 6).
This change in sea level pressure implies that during the late MIS 5e
interval, as the precession cycle moved towards warmer winters
(Fig. 7), the Atlantic storm track stayed further north of the Medi-
terranean and southern Europe, resulting in a weakening of the
Mediterranean storm tracks. This is also consistent with a north-
ward expansion of the subtropical subsidence over North Africa
into the Mediterranean and thus an expansion of desert belt over
the region (Fig. 6).

The expansion of the subtropical dry zones towards the end of
MIS 5e is reminiscent of the present-day drying trend in the Eastern
Mediterranean (Kelley et al., 2012) and is consistent with pre-
dictions of effects of future greenhouse gas induced climate change
(D’Agostino and Lionello, 2020; Seager et al., 2014). It seems like the
reduction in air-sea temperature contrast, common to the insola-
tion minimum of 122-116 ka and the 21st century greenhouse
world, are both associated with similar changes in Mediterranean
winter climate.

Furthermore, the 120 ka simulation results show that while total
annual precipitation decreases in the Eastern Mediterranean, there
is an increase in autumn precipitation compared to today along the
Red Sea, that penetrates northward towards the southern and
eastern parts of the Dead Sea watershed. The increase in moisture
penetration from the south, along the Red Sea, is associated with
increased late-summer monsoonal activity over subtropical East
Africa, including the Ethiopian Plateau (Fig. 4D) as the peak in
annual insolation shifts towards late summer (Otto-Bliesner et al.,
2013). At present, fall rainfall in the Eastern Mediterranean-
Levant often results from ARST events (de Vries et al., 2013). The
shift in the seasonal timing of precipitation towards autumn during
the extreme-arid period at ~122—116 ka is consistent with
increased rainfall associated with such systems. In the present-day,
ARST events cause intense downpours and major flash floods in the
southern Dead Sea watershed (Kahana et al., 2002). The pattern of
autumn rainfall intensification at 120 ka coincides with a drift in
the timing of the insolation anomaly maximum (past minus pre-
sent, Fig. 5) from summer to autumn between 125—115 ka, due to
change in the timing of perihelion (De Noblet et al., 1996; Otto-
Bliesner et al., 2013). This shift and its effects highlight the
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importance of orbital forcing on subtropical synoptic systems, in
this case resulting in weakened winter storms and redistribution of
tropical-sourced rainfall during the warm season.

The concurrence between our MIS 5e observations and the
NCAR CCSM3 simulation results lends credibility to state-of-the-art
climate model predictions of global hydroclimatic changes in a
warming world, including shifts in the moisture sources, intensi-
fication of rainfall events and expansion of the desert belts. In the
120 ka simulation results (Fig. 4), the source region of present-day
tropical moisture incursions into the Levant by ARST systems (de
Vries et al., 2013) shows heightened autumn precipitation. At the
same time, climate models (Hochman et al., 2018; Peleg et al., 2015)
predict decreased frequency of the Cyprus Low systems, and
increased frequencies of Red Sea Trough systems, consistent with
trends from modern observations (Alpert et al., 2004) and episodes
that occurred during the Holocene (Ahlborn et al., 2018;
Neugebauer et al, 2015). These current trends in the region,
together with the observations that droughts occur along with
flooding events from moisture that mainly originates from tropical
systems, demonstrates an important interplay between the tropical
and mid-latitude climates. Our results indicate that increased
aridity in the Eastern Mediterranean-Levant may be accompanied
by changes in the sources and the seasonality of moisture, and in
the rainfall intensity (de Vries et al., 2013; Kahana et al., 2002). Such
changes may have critical implications for water resources in the
region and its socio-economic and political stability (Kelley et al.,
2015).

5. Conclusions

This study documents major shifts in the geographic sources,
intensity, and seasonality of Eastern Mediterranean precipitation
during the last interglacial MIS 5e, reflecting global shifts in the rain
and desert belts. The Eastern Mediterranean climate during MIS 5e
was highly variable. The peak northern hemisphere summer inso-
lation (127—122 ka) was relatively wet, while the late MIS 5e (122-
116 ka) was extremely arid.

This scenario is based on 23*U/?38U activity ratios of primary
(evaporitic) minerals that were deposited in the last interglacial
MIS 5e Dead Sea, the lithology of the sedimentary sequences (e.g.
intervals of muds versus salt deposition) combined with climate
model simulations. The 234U/?38U activity ratio fluctuates between
~1.5 and ~1.0. Values around 1.5 are characteristic of the water that
filled the late Quaternary lakes in the Dead Sea Basin, reflecting
mainly the contributions of freshwater from the Jordan River. The
lower values observed at ~1.3 and ~1.0 indicate the near cessation of
the Jordan River freshwater contribution to the lake and rather
freshwater contributions from the southern and eastern sources of
the lake’s watershed.

During the insolation peak, summer tropical-induced rainfall
reached the Dead Sea catchment and accounted for~50% of the total
rainfall, in stark contrast to present-day dry summers, and the total
rainfall was likely greater than today. This wet period was charac-
terized by an increase in precipitation in the east and south, mainly
during the summer, associated with intensification of the African
monsoon, although the Mediterranean climate system was also
active during that time. Following the insolation peak the region
experienced an extreme drought period signified by expansion of
the desert belt. The arid late MIS 5e was characterized by a major
weakening of the Mediterranean storm systems feeding Jordan
River sources, resulting in a major decline of its flow to ~10% of the
present-day together with an increase in tropical-induced rainfall,
causing an increase in southern/eastern precipitation and/or flash
floods, mainly during the fall.
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