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contains ~30 m of salt over 85 m of core length, making this the driest known period in that region
during the late Quaternary. This study reconstructs Dead Sea lake levels during the salt deposition
intervals, based on water and salt budgets derived from the Dead Sea brine composition and the amount

Keywords: of salt in the core. Modern water and salt budgets indicate that halite precipitates only during declining

lake levels lake levels, while the amount of dissolved Na* and Cl~ accumulates during wetter intervals. Based on

halite the compositions of Dead Sea brines from pore waters and halite fluid inclusions, we estimate that

interglacial ~12-16 cm of halite precipitated per meter of lake-level drop. During periods of halite precipitation,

gméng isotope stage Se the Mg+ concentration increases and the Na*/Cl~ ratio decreases in the lake. Our calculations indicate
eal ea

major lake-level drops of ~170 m from lake levels of 320 and 310 m below sea level (mbsl) down to
lake levels of ~490 and ~480 mbsl, during MIS 5e and the Holocene, respectively. These lake levels
are much lower than typical interglacial lake levels of around 400 mbsl. These lake-level drops occurred
as a result of major decreases in average fresh water runoff, to ~40% of the modern value (pre-1964,
before major fresh water diversions), reflecting severe droughts during which annual precipitation in
Jerusalem was lower than 350 mmy/y, compared to ~600 mm/y today. Nevertheless, even during salt
intervals, the changes in halite facies and the occurrence of alternating periods of halite and detritus
in the Dead Sea core stratigraphy reflect fluctuations between drier and wetter conditions around our
estimated average. The halite intervals include periods that are richer and poorer in halite, indicating
(based on the sedimentation rate) that severe dry conditions with water availability as low as ~20% of
the present day, continued for periods of decades to centuries, and fluctuated with wetter conditions
that spanned centuries to millennia when water availability was ~50-100% of the present day. These
conclusions have potential implications for the coming decades, as climate models predict greater aridity
in the region.

droughts

© 2017 Elsevier B.V. All rights reserved.

1. Introduction the lands around the Mediterranean, reflecting both natural vari-
ability and increased anthropogenic greenhouse gas concentrations

In many regions of the world droughts are a major concern, af-  and predict up to 20% decreases in water availability by the end
fecting agriculture, industry and everyday life. In drought sensitive of the 21st century (Kelley et al, 2012: Lelieveld et al, 2012:
regions, such as the Middle East, water scarcity impacts political 1350t et al, 2008: Seager et al., 2014). While aridification of the
stability. Climate models and observations show a drying trend in Mediterranean region might be explained by poleward expansion
of the Hadley circulation and associated widening of the subtrop-

¥ Corresponding author. ical dry zone (Frierson et al,, 2007), the mechanism and strength
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Fig. 1. Location map showing the main water sources into the Dead Sea, and the location of the DSDDP deep core.

gases is not well-understood (e.g. Seager et al., 2014). In the East-
ern Mediterranean region, low lake levels in the Dead Sea have
been shown to reflect increases in drought frequency that are also
associated with higher annual temperatures and northward migra-
tions of storm tracks (Enzel et al., 2003).

The climate during the Holocene and MIS 5e varied both spa-
tially and temporally in the Mediterranean, Europe, North Africa
and the Levant (Bar-Matthews, 2014; Damnati, 2000; deMenocal et
al., 2000; Harrison et al., 1993; Kushnir and Stein, 2010; Mayewski
et al., 2004). The Levant region, comprising Israel, Jordan, Pales-
tine, Lebanon, and Syria, experienced much drier conditions than
today, as indicated by halite precipitation in the Dead Sea (Kiro et
al.,, 2016; Neugebauer et al., 2014; Torfstein et al., 2015). Yet, dur-
ing the last interglacial peak (MIS 5e, ~130-115 ka), which was
characterized by stronger insolation cycles, higher average global
temperatures, higher sea levels and smaller continental ice sheets
than the Holocene (Dutton and Lambeck, 2012; e.g. Felis et al,
2004; Govin et al., 2015; Kukla et al., 2002; Otto-Bliesner et al.,
2013; Rohling et al., 2002), paleoclimate records from the east-
ern Mediterranean document extended intervals of relatively wet
conditions, especially during the peak insolation interval of MIS
5e at around ~125 ka BP (Bar-Matthews, 2014; Bar-Matthews et
al., 2003; Torfstein et al., 2015; Vaks et al., 2007). This wet inter-
val was associated with the tropical northern hemisphere summer
insolation peak, which forced intense African summer monsoon
rainfall that resulted in increased Nile flow, and the formation of
a major sapropel (S5) in the Eastern Mediterranean (Rohling et
al.,, 2002; Rossignol-Strick, 1985; Torfstein et al., 2015; Vaks et
al.,, 2007; Waldmann et al., 2010). Nevertheless, during the past
140 kyr in the Levant, the main source of precipitation moisture
has primarily been the Mediterranean Sea (Kolodny et al., 2005;
McGarry et al., 2004; Torfstein et al.,, 2015). Sorting out the hy-
drological variability in the Levant during the last interglacial and
its relation to orbital and global climate variations remains a chal-
lenge.

The Dead Sea watershed straddles both the Mediterranean cli-
mate zone and the Sahara-Arabian desert belt, reflecting the in-
terplay between these two climate belts. Considering that the
effects of anthropogenic warming on the semi-arid and Mediter-

ranean climate is a concern for the future, it is important to
know what has occurred in the past, and sedimentary archives
provide a means to learn about the severity, duration and fre-
quency of past droughts. The ICDP Dead Sea Deep Drilling Project
(DSDDP) recovered such a record from the deep floor of the
Dead Sea (Fig. 1) during 2010-2011 (Neugebauer et al., 2014;
Stein et al., 2011). The drill site was 297 m below the lake sur-
face, and cores were recovered to a depth of 456 m below the lake
floor (mblf), covering ~200 kyr (Fig. 2 and Torfstein et al., 2015),
thus including the Holocene and MIS 5e.

The age model used in this study is constructed mainly after
Torfstein et al. (2015), based on U-series dating of aragonite, the
lithology of the core, and correlation of aragonite §'80 in the DS-
DDP core with 8§80 in the Soreq cave (Bar-Matthews et al., 2003),
the marine benthic 8§80 LR04 stack (Lisiecki and Raymo, 2005)
and Mediterranean core records (e.g. Wang et al., 2010). For the
last glacial maximum to the present-day, the age model is based
on the 'C data of Kitagawa et al. (2016). Torfstein et al. (2015)
discussed the general paleohydrology of the region, based on the
lithology of the core, and showed that the last interglacial was
characterized by a high degree of climate variability, with a dry
interval marked by halite precipitation during the MIS 6/5 tran-
sition, followed by wetter conditions during the peak of MIS 5e
without halite precipitation, in turn followed by an extreme dry
interval characterized by a thick accumulation of halite.

Here we develop a salt and water budget based on halite fluid
inclusions and pore water chemical compositions, together with
halite thicknesses from the DSDDP cores. Based on these consid-
erations, we calculate the lake-level changes during the driest in-
tervals in this region and estimate the discharge of water and the
amount of precipitation. Our results show that the Levant has ex-
perienced severe dry conditions lasting up to a few thousand years
during both the Holocene and MIS 5e.

2. Geological and hydrological settings
During the late Quaternary, the Dead Sea basin, the lowest

elevation on the continents (the deepest Dead Sea lake floor is
>720 mbsl, while the 2016 lake level is at 431 mbsl), was oc-
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Fig. 2. Stratigraphy of the Dead Sea core. On the left summer (red) and winter (blue) insolation curves for 30° north (Paillard et al., 1996), and the ages of halite layers (in
grey). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

cupied by a succession of lakes that varied in their compositions
and limnological configurations as a result of the changing hydro-
climatic conditions in the watershed (Neev and Emery, 1995;
Stein, 2001). The modern Dead Sea brine originated from seawa-
ter that penetrated the Dead Sea Valley during the late Neogene,
forming the Sedom Lagoon (Zak, 1967). The evaporated seawater
interacted with Cretaceous limestone surrounding the Valley and
produced the Ca-chloride brine that deposited >2000 m of salt in
the subsiding Dead Sea basin (Starinsky, 1974; Stein et al., 2000;
Zak, 1967). After the Sedom Lagoon became disconnected from the
open sea at ~3 Ma (Matmon et al., 2014; Torfstein et al., 2009),
the water-body occupying the Dead Sea Basin became a terminal
lake, that was continuously recharged by freshwater from runoff
and by saline springs (Garcia-Veigas et al., 2009; Stein et al., 1997;
Torfstein et al., 2008) precipitating mainly aragonite, gypsum and
halite (e.g. Stein, 2014). The lakes received water, dissolved salts
and detritus via runoff from the Jordan and Arava Rivers, smaller
rivers, and springs (Fig. 1). The minerals aragonite, gypsum, and
halite precipitated, depending on the amount of freshwater inflow
and how it mixed with the Dead Sea brine (Katz and Starinsky,
2008; Stein et al., 1997; Torfstein et al., 2008).

Over the late Quaternary, Dead Sea water levels have fluctu-
ated with glacial cycles and have been higher during glacials and
lower during interglacials (Bartov et al., 2003, 2002; Stein et al,,
2010; Torfstein et al., 2013; Waldmann et al.,, 2009). For exam-
ple, over much of the last ice age the lake level fluctuated be-
tween ~300 and ~250 mbsl, and it rose to ~170 mbsl during the
last glacial maximum high-stand (~27-24 ka), when it expanded
over the present-day Jordan River Valley to north of the Sea of
Galilee (Bartov et al.,, 2002; Hazan et al.,, 2005; Torfstein et al.,
2013). These fluctuations are reflected in the sediment stratigra-
phy (Fig. 2). The sediments deposited during glacials are mainly
primary aragonite and silty-detritus layers of a few mm in thick-
ness that form annual pairs of the ‘aad’ facies (Machlus et al., 2000;
Prasad et al., 2004) and reflect significant runoff and addition of
bicarbonate to the lake. During interglacials, the lake levels are
lower, typically at ~400 mbsl (e.g. the late Pleistocene Lake Samra

and the Holocene Dead Sea), and sediments deposited are mostly
sequences of silty-detritus (mainly calcite and quartz grains that
comprise the laminated detritus or ‘ld’ facies, Haliva-Cohen et al.,
2012). Gypsum-rich sequences were deposited during both inter-
glacials and glacials (Kiro et al., 2016; Migowski et al., 2006, 2004;
Neugebauer et al, 2015). They indicate dry intervals associated
with abrupt lake-level drops, and reflect CaSO4 saturation follow-
ing build-up of sulfate in the Ca-chloride brine (Stein et al., 1997;
Torfstein et al., 2008, 2005). Halite is deposited only during inter-
glacials and reflects extreme dryness (Fig. 2).

Halite thus indicates high evaporation. It has not been recov-
ered from the marginal terraces, with the exception of an uplifted
and tilted late Quaternary halite sequence on the eastern flank of
the Mount Sedom salt-diapir (Fig. 1) dated by U-Th to ~400 ka
(possibly MIS 11, Torfstein et al., 2009). With the exception of
this halite layer, and modern and Holocene-age deposits along
the present-day (human-driven) retreating shore of the Dead Sea,
halite deposits over the late Quaternary have been recovered only
by drilling. A thick sequence of halite (~10-20 m) was recovered
by drilling to the base of the Holocene on the Dead Sea margin
(Migowski et al., 2004; Yechieli et al., 1993), which is dated by 4C
at 11-10 ka BP (Stein et al., 2010). Layers of salt have also been re-
covered by drilling into the Holocene section in the southern basin
of the Dead Sea, which was dry during various time intervals (Neev
and Emery, 1995).

The present-day Dead Sea is one of the most saline lakes
in the world, with a salt content of ~340 g/L (e.g. Katz and
Starinsky, 2008), nearly an order of magnitude higher than sea-
water. Lake-level fluctuations in the Dead Sea are a function
of water discharge into the lake, which is directly related to
the regional precipitation (Enzel et al., 2003), because precipi-
tation in the watershed varies more than evaporation from the
lake surface (e.g. Lensky et al., 2005; Stanhill, 1994). The vol-
ume of evaporating water decreases with declining lake level,
due to the decrease in the surface area and lower vapor pres-
sures associated with increases in salinity (Krumgalz et al., 2000;
Yechieli et al., 1998), while the volume evaporated increases with
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Table 1
The main halite intervals in the Dead Sea core.
Interval depth Known Estimated Known Estimated Age Calculated
(m) halite halite detritus detritus (ka) total lake-level
thickness thickness thickness thickness drop
(m) (m) (m) (m) (m)
390.36-456.7 45 8.1 56.1 58.2 188-220 MIS 7 58
328-233.97 29.5 334 56.4 60.6 116-134 MIS 5e 239
279.09-233.97¢ 24.5 284 15.6 16.7 116-121 end of MIS 5e 203
199.21-205.63 35 3.7 2.4 2.8 90-93 MIS 5b 26
89.25-0 30.5 3338 479 55.5 0-114 MIS 2/1, MIS 1 141

4 The italics gives the entire thick halite interval of the end of MIS 5e.

increased brine temperature and wind speed (Lensky et al., 2005;
Rohling, 2013). The modern Dead Sea evaporation rate, based on
energy and mass balances, is 1.05-1.30 m/y (Lensky et al., 2005;
Stanhill, 1994; Yechieli et al., 1998), whereas during intervals of
greater wetness and lower surface salinity rates may be as high as
1.6 m/y (Stanhill, 1994). During the last glacial period the evapo-
ration rate has been estimated to be considerably higher, between
1.9 and 2.6 m/y (Rohling, 2013). Evaporation rates are expected
to decrease in the future due to increasing salinity, for example,
down to ~0.7 m/y when the salinity reaches ~460 g/L (Yechieli et
al,, 1998).

Since the 1960s the freshwater input has decreased significantly
due to diversion of the Jordan River and large-scale utilization
of freshwater from the Dead Sea watershed. The total amount of
freshwater entering the Dead Sea today is only ~300 million m3/y,
compared with ~1600-2000 million m3/y in the 1950s (Lensky
et al., 2005). Together with enhanced evaporation of the brine by
potash salt production by Israel and Jordan, the lake level is cur-
rently declining at a rate of more than ~1 my/y. In this study, all
estimates of water and salt budgets are relative to the natural (i.e.,
pre-1964) characteristics of the Dead Sea.

3. Methods

Our model is based on the chemical compositions of major el-
ements in the primary fluid inclusions in the halite, and in pore
fluids (Levy et al., 2017). Analytical details are in Appendix A, and
data are listed in Appendix B. Calculations of brine evolution and
halite accumulation rates used the USGS PHREEQC geochemical
computer program (Parkurst and Appelo, 2013), using the Pitzer
database for calculating ion activity coefficients and water activity
in high ionic strength solution according to the Pitzer equations
(Pitzer, 1973) in 30°C. Appendix C lists input and output parame-
ters.

4. Halite distribution in the Dead Sea core

The halite intervals in the DSDDP core occur only during in-
terglacials (MIS 1, 5, 7, Fig. 2, and Table 1), when the lake levels
were relatively low (Torfstein et al., 2015). The thickest halite in-
terval occurs during the MIS 6/5 deglaciation and MIS 5e, between
~135 and 116 ka, which contains ~30 m of recovered halite over
~85 m of drilling (~330-235 m depth in the core). Most of the re-
covered halite (24.5 m over 45 m of drilling at 280-235 m depth in
the core) precipitated during the waning stages of MIS 5e between
~122-116 ka. The peak northern hemisphere insolation interval at
~128-122 ka (Fig. 2) is characterized by a ~23 m thick halite-free
detritus layer (303-280 m depth in the core), indicating a wet-
ter period (Torfstein et al., 2015). The Holocene halite (89.25-0 m
depth in core) is distributed more evenly over time compared with
the MIS 5e halite and contains 33.8 m of halite over 89.25 m of
drilling.

5. Water and solute budgets

In Section 5.1 we first outline the basis for our conclusion that
halite precipitation reflects lake-level drops and negative water
budgets in the lake. In Section 5.2 we describe the chemical evolu-
tion and precipitation of halite during lake-level drops. Section 5.3
outlines our conceptual model of two stages of halite precipita-
tion, based on the data from the DSDDP core and the changes in
the bathymetry of the lake. In Section 5.4 we outline our quantifi-
cation of the lake-level changes based on the trends of Mgt and
Na™ in the core, taking into account initial and final concentrations
and the thickness of halite. Section 5.5 deals with the fluctuations
between wet and dry periods based on the alternating halite and
detritus.

5.1. Na, Cl and Mg budgets

The Nat and CI~ budgets in a saline water body are dictated
by their removal due to halite precipitation, and contributions from
other sources such as fresh water flows and brine discharge. When
the Na™/Cl~ molar ratio in a water body is <1 (the case for Dead
Sea brine and for marine and most lacustrine environments), the
Na®/Cl~ ratio decreases during halite precipitation (Fig. 3), and
the amount of halite that can precipitate is dictated mainly by
the amount of Na. However, dissolution of halite in undersaturated
brine adds equal molar amounts of Na and Cl to the brine, in-
creasing the Nat/Cl™ ratio. At the same time, Mgt is nearly con-
servative, as long as Mg-salts are undersaturated, and therefore its
concentration decreases during lake-level rise and increases dur-
ing lake-level drop (Levy et al., 2017). On a long time scale (longer
than the 200 kyr represented in the DSDDP core), the Mgt con-
centration (hereafter [Mg2*]) in the terminal lake should increase
due to prolonged input with freshwater (and no precipitation of
Mg-salts). However, on the shorter time scales such as the past
200 kyr, lake-level changes have much larger impact on [Mg?*]
than the input flux. For example, in the present-day Dead Sea, for
a lake-level decline of 20 cm in a year, the amount of Mg2* within
the evaporated volume is ~10'3 g, and this amount is added to
the residual brine, while the Mg?* flux is nearly two orders of
magnitude lower at ~2-10'! g/y (Table 2). Thus, to a first approx-
imation, the [Mg2*] is related directly to lake volume (Fig. 4). We
note that [Mg?*] in pore waters reflects the bottom water body
during times of a stratified water column. During halite intervals,
when the water column of the lake is generally well-mixed, the
[Mg2* ]-volume relationship is direct. During wetter intervals the
relationship is affected by water column stratification, and there is
probably a delay in the response of [Mg2t] at the bottom of the
lake to the volume change.

Here we estimate the water discharge into the Dead Sea, apply-
ing salt and water mass balances. Table 2 summarizes the compo-
sitions of various water sources in the Dead Sea watershed. Among
these sources the potential water sources contributing Nat and
Cl~ into the modern Dead Sea (prior to the diversion of the Jordan
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Table 2

Water and major element sources into the modern Dead Sea.

Units Brine Jordan River Jordan River Dissolution of the
(Arik Bridge) (Dead Sea) Sedom formation
Discharge m3fy 107 1.2-10° 1.2-10°
Na*t concentration g/m3 25950 12.2 253
Cl~ concentration g/m? 122500 18.3 474
MgZt concentration g/m3 20008 9.7 71
SO2™ concentration g/m3 754 213 174.5
Na™ flux gly 2.6-10"" 1.5-10'0 3.10"
Cl~ flux gly 1.2-10'? 2.2-10% 5.7-10"
Mg?* flux gly 2.10" 1.2-10'° 8.6-10'°
SO2~ flux gly 7.5-10° 2.6-101° 2.1-10"
Na*/Cl~ molar ratio 0.32 1 0.83
Flux in terms of potential accumulation rate of halite mm/y 0.5 0.03 0.6 ~0.2°

Data from Bentor (1961); Stein et al. (1997); Salameh and El-Naser (1999); The hydrological service of Israel; Dead Sea surface area is estimated as 600-700 km?. Potential
contribution of the Sedom Formation was calculated according to the rate of uplift (6.2 mmj/y, Frumkin, 1996) and multiplied by the diapir area (~14 km?) divided by the

Dead Sea area.

4 Total halite dissolved during the rise of the diapir was estimated to be 200 m (Zak, 1967). Multiplying this thickness by the Mt. Sedom to Dead Sea area ratio

(~14 km?/~600 km?, respectively), yields a halite thickness of just ~5 m halite within the Dead Sea.

River during the 1960s) are: brine springs, the Jordan River north
of Sea of Galilee and near the Dead Sea, and contributions from
Sedom Formation halite.

These values are used to calculate the potential accumulation rate
of halite on the lake’s floor resulting from the annual input flux
from these sources (bottom row in Table 2). The mass balance of
water and salt translates into halite thickness by the equation:

> i FilNaJ; -

p-S
where Hg [m/y] is the potential accumulation rate of halite, [Na];
[molL~!] is the concentration of Na in a water source i with a
flux of F; [m3/y], u =58.433 gmol~! and p =2170 gL~ are the
molecular weight and density of halite, and S [m?] (= 600-700 -
10% m?) is the Dead Sea surface area. The halite in the Dead Sea
core is compacted, with no pores (Kiro et al., 2016), and thus its
density is taken as the density of halite. Substituting the values
from Table 2 into Eq. (1) yields a potential halite accumulation rate
of ~1 mm/y from the pre-1964 input, with brine seepage and the
Jordan River as the major Na*™ and Cl~ sources.

The estimated potential halite accumulation rate from the an-
nual input (~1 mm/y) is an order of magnitude lower than the
rate of halite deposition of 1-2 cm/y estimated in the DSDDP core
(Neugebauer et al., 2014; Torfstein et al., 2015). Thus, the halite that

Hg = (1)

precipitated in the Dead Sea basin during the last 220 kyr must have
originated from evaporation of the brine itself, which in turn means that
the halite layers signify declining lake volume.

However, there is a limit to the amount of halite that can be
precipitated by simple evaporation of the Dead Sea brine. For ex-
ample, a total halite thickness of ~11 m would precipitate by
evaporation of the total volume of the modern Dead Sea (Krumgalz
et al., 2002). The total amount of halite in the DSDDP core dur-
ing the last 220 kyr is ~79 m (Table 1). This requires addition of
significant salt to the lake. As an example, if we evaporate the wa-
ter volume of V ~ 190 - 10° m?, corresponding to a lake level of
~350 mbsl when halite starts to precipitate (further discussed be-
low), and if we consider a starting brine composition with a very
high potential to precipitate large quantities of halite, such as an
[Na] = 4.1 molL~! (Fig. 3) along with a high Na™/CI~ ratio, then
we would still need at least twice as much Na' in order to pre-
cipitate the observed 79 m of halite (T = [Nfo# ~ 32 m where

T [m] is the thickness of halite, ;t = 58.433 gmol’1 is the halite
molecular weight, p = 2.17 - 108 gm—3 is the halite density and
S =650-10% m? is the surface area of the lake). Thus, a signif-
icant additional supply of Na™ and Cl~ into the lake is required
to precipitate the observed thickness of halite in the DSDDP core.
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Fig. 4. The Dead Sea hypsometric curve (Hall, 1997) and an example of the variation
in [Mg?*] vs. lake volume (discussed in Section 5.3). Due to the topography and
bathymetry of the Dead Sea basin, the surface area and volume show significant
decreases when lake level decreases from 100 to 400 mbsl, after which the volume

accumulation rate decreases as [Na™] decreases in the brine.

The thickness of halite that accumulates per meter of lake-level
drop, assuming a brine saturated with halite, can be calculated ac-
cording to

and surface area decrease becomes very small. This behavior affects the amount dH i
of halite precipitating during lake-level drops (when [Mg2t] increases) as shown D=— -— (2)
in Fig. 3. The [Mg2*] vs. volume plot is calculated according to the relationship aw 1Y

between the initial [Mg2*] (0.66 mol L) and lake level (320 mbsl) at the onset of
halite precipitation during MIS 5e.

The identification and quantification of the additional source is dis-
cussed below.

The compositions of Dead Sea brines, as shown in halite fluid
inclusions and pore waters, lie on an evaporation curve of the
least evolved brine with the least [Mg2*] (Fig. 5). This means that
the chemical composition in the brine during the late Quaternary
changed mainly due to precipitation and dissolution of evaporite
minerals. During the last glacial period (and possibly also MIS 6),
dissolution of the Mt. Sedom salt-diapir (Weinberger et al., 2007;
Zak, 1967) was a potential source of dissolved salts into the lake

(Fig. 1).

0.9

where D [m-halite/m-lake-level-drop] is the halite accumulation
rate, H [mol] is the amount of precipitated halite, and W [L] is the
amount of water loss by evaporation, dH/dW is the rate of halite
precipitation per amount of water evaporated, ; = 58.433 gmol~!
is the molecular weight of halite, and p = 2170 gL™! is the halite
density.

Because the Na*/Cl~ of the brine varies with salt precipitation
and addition (Fig. 5), the Nat/Cl~ ratio of pore waters and fluid
inclusions in halite layers in the core indicates the rate that halite
is accumulating (D [m-halite/m-lake-level-drop]) during that time
interval (Fig. 3). In the DSDDP core, the range of Na™/Cl~ ratios is
0.2-0.7 (Fig. 5) indicating that the accumulation rate of halite did
not vary much, between ~12 and 16 cm per meter of lake-level
drop (Fig. 3).

- Seawater evaporation curve

= Brine evaporation curve

0.8
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0.7
. m Pore water — Dead Sea core (Levy et al., 2017)
o
‘§ 0.6 ®  Fluid Inclusions — Dead Sea core
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£
04 Evaporated Dead Sea Water (Zilberman, 2008)
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Fig. 5. Nat/Cl~ molar ratio vs. Mg?* molal concentration in pore waters, halite fluid inclusions and several water bodies (Garcia-Veigas et al., 2009; Zilberman-Kron, 2008)
in the Dead Sea basin. The evaporation curves of seawater (black line) and the fluid inclusion with the least [Mg2*] (red line) are shown. The Na*/Cl~ of the evaporated
brine decreases due to halite precipitation while [Mg2*] increases. The DSDDP core pore water and halite fluid inclusions all lie along a single evaporation curve, which is
different from seawater. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Mg2™ molar concentrations and Na*/CI~ molar ratio in pore waters (from Levy et al., 2017) and in halite fluid inclusions (Appendix B) vs depth and age in the DSDDP
deep core. Halite layers are marked in grey. During glacials, [Mg2"] decreases and Nat/Cl~ increases, while during interglacials, when halite precipitates, [Mg2*] increases

and Na™/Cl~ decreases. The core depths here are on a linear scale.

Table 3

Initial and final concentrations of Na* and Mg2t during the Holocene and MIS 5e. The second stage of halite precipitation is characterized by slower change in the chemistry

and more halite in the lake center.

Initial Mgt Final Mgt Initial Na* Final Na® Change in volume Halite thickness
(molL1) %) (m)
Holocene 0.623 1. 667 3.75 149 37 41.3°
MIS 5e 0.662 1.824 3.09 1.09 36 334
Stage 2
Holocene 1.489 1.667 2.07 149 94 164
MIS 5e 1.607 1.824 171 1.09 88 28.9

3 Estimated by the thickness of halite in the core during the Holocene (33.8 m) plus estimated marginal halite thickness of 15 m over surface area of 300 km? distributed

over a lake basin of 600 km? (=7.5 m).
5.3. Conceptual model of halite precipitation and lake levels

During halite precipitation, [Mg?*] increases and the Nat/CI~
ratio decreases (Fig. 3). Because Mg?t behaves (to a first order)
as a conservative ion (that is, its total amount in the lake remains
constant), and its concentration is directly related to the lake vol-
ume, for any initial lake volume V; [m3], the final volume of the
lake, V¢ [m?], is described by:

Ve [Mg]; .
I~ Mgl

where [Mg] [molL~!] is the Mg?* concentration and subscripts
i and f indicate initial and final, respectively. This relationship
between Mg2* and lake volume is directly related to the initial
lake surface S; [m?] and level L; [m] via the hypsometric curve of
the modern Dead Sea (Fig. 4). According to Eq. (3), the increase
in Mg2* from 0.7 to 1.8 molL~! during MIS 5e, and from 0.6 to
1.7 molL~! during the Holocene (Fig. 6, the [Mg2*] units in the
figure are in molality) is equivalent to lake volume decreases to
~40% during both time periods (Table 3). Fig. 4 shows that the
increase of the Mg2* during MIS 5e corresponds to a lake-level
change from ~320 to 490 mbsl (where the initial [Mg2*] and lake
level are those at the beginning of MIS 5e).

Comparison of the amount of halite precipitated with [Mg2*]
in the DSDDP core reveals that there are two stages (illustrated by
the MIS 5e data, Fig. 7). During Stage 1 there is a large increase in
Mg?* with little halite (from 0.7 to 1.6 molL~! over a 4.5 m thick
halite layer), while during Stage 2, a lot of halite precipitates with

Vi (3)
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Fig. 7. MgZt molal concentrations in pore waters and halite fluid inclusions in the
MIS 5e interval. Halite layers are grey lines. The bands mark the general trend of
[Mg?*] during precipitation of halite and the two stages (Section 5.3). During Stage
1 [Mg?t] increases sharply while a small thickness of halite accumulates, while
during Stage 2 [Mg2*] increases a small amount while a large thickness of halite
accumulates. The smaller increase of [Mg2*] during Stage 2 is probably due to halite
dissolution at the lake’s margins and its re-precipitation in the deep basin (halite
focusing, shown in Fig. 8).

little increase in Mgt (from 1.6 to 1.8 molL~! over a 28.9 m thick
halite layer). In stark contrast to the 28.9 m of halite observed
during Stage 2, the calculated thickness of halite expected from
the changes in Mgt and Nat is only ~4 m. This indicates that the
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Fig. 8. Conceptual model describing halite precipitation and halite focusing during
MIS 5e lake-level drop. Stage 1: At lake levels higher than ~400 mbsl, halite pre-
cipitates both at the margins and in the middle of the lake. Stage 2: Halite focusing.
Due to the basin topography, at low lake levels the marginal halite dissolves and
re-precipitates at the center of the lake. The increase in [Mg2*] per cm of salt pre-
cipitated is much higher during Stage 1 than during Stage 2 (Fig. 7). Dissolution of
marginal halite by fresh water decreases [Mg2*] and increases the Na™/Cl~ ratio,
leading to the deposition of thick layers of halite with small changes in the Mg2™.

decreases in lake volume were not the sole factor determining the
amount of halite that precipitated in the middle of the lake (details
are in Section 5.4, and relationships between halite precipitation,
Nat and Mg?* are described by Egs. (4), (5)).

The two stages of halite precipitation (Fig. 7) are related directly
to the lake’s hypsometric curve (Fig. 4), which shows an inflection
point at ~400 mbsl, reflecting important changes in the geometry
of the basin, whereby the slope of the margins is much steeper be-
low that elevation. As a result, at lake levels higher than 400 mbsl,
for each meter of lake-level change there are much larger changes
in volume and surface area, than at lake levels below 400 mbsl.

The basin geometry has important impacts on halite deposi-
tion at the lake margins versus the middle (Fig. 8). During Stage 1,
when lake levels are above 400 mbsl, thicker layers of halite are
deposited at the lake margins than in the center. For example,
along the margins of the Holocene Dead Sea there is a ~15 m thick
halite layer that precipitated between ~10.7 and 10.2 ka (Stein et
al.,, 2010), while only ~7.7 m are found in the deep DSDDP core.
However, halite is generally absent in the marginal sections of the
Dead Sea, because the marginal salt is re-dissolved and added back
to the lake brine, to be re-precipitated in the lake center. As a re-
sult, for each meter of lake-level drop during Stage 2 there is more
halite precipitated in the center of the basin. Therefore, the halite
recovered from the DSDDP core, at the depocenter of the lake,
comprises most of the halite that deposited in the entire basin.
These relationships, that is, the changes in chemical composition
and the total thickness of halite, can be used to calculate changes
in lake levels. In Section 5.4 below we outline our method to quan-
tify lake-level changes based on the initial and final concentrations
of Mgt and Nat assuming that all the halite is re-precipitated in
the lake center.

5.4. Reconstructing lake-level changes and average fresh water runoff

The lake-level changes are calculated using the halite thick-
nesses, the Mg2t and Nat concentrations in the lake brine (Ta-
ble 3), and the lake’s hypsometric curve (Fig. 4), through a halite
interval in the DSDDP core, such as MIS 5e or the Holocene (Ta-
ble 1). The use of the hypsometric curve yields a single solution for
initial and final lake levels for each of the halite intervals (Figs. 9,
10).

Input: Initial and final Mg?* and Na* concentrations,
lake levels between 250 and 600 mbsl

!

Ranges of Initial volumes and surface areas corresponding to
the range of lake levels based on the hypsometric curve

A 4
Range of final volumes based on Eq. 3

!

Range of final lake levels and surface
areas according to the hypsometric curve

'

Output: Range of halite thicknesses according to Eq. 5

Fig. 9. A flow chart of the model used to calculate halite thicknesses as a function
of lake levels and changes in [Na*] and [Mg2*].
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Fig. 10. Initial (blue) and final (red) lake levels vs halite thickness, based on changes
in [Mg2*] and [Na*t] (Section 5.4, Table 3) during MIS 5e (solid) and the Holocene
(dashed). The estimated halite thicknesses during the Holocene and MIS 5e are ~41
and ~33 m, respectively, corresponding to initial and final lake levels of 308 and
475 mbsl during the Holocene and 320 and 490 mbsl during MIS 5e, respectively.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

The model calculates the initial and final lake levels as de-
scribed in a flow chart (Fig. 9). Given an initial volume V; [m?],
the final lake surface area Sy [m?2], lake level L¢ [m], and volume
Vg [m3] are all related by Eq. (3) and the Dead Sea hypsometric
curve. The amount of halite H [mol] that is precipitated can be
calculated from the change in [Na™] (Table 3) by

M
H= ([Na]iﬂ - [Na]f) Ve (4)
Mgl
where [Na] [molm~—3] is the NaT concentration. Assuming an
evenly distributed halite layer precipitates over the final lake sur-
face (Section 5.3), the thickness of halite T [m] is a function of the
surface area, and can be calculated by:

M
H (INal; el — [Nalp)V
T= = ’ U (5)
oSy oS¢

for any given initial volume V; [m3], where Vy [m3] is calcu-
lated by Eq. (3). Sy [m?] is the final surface area correspond-
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Table 4
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Modeled initial and final lake levels, discharge to the lake, and rainfall during the Holocene and MIS 5e.

Initial lake level Final lake level Average discharge

% of modern

Average precipitation in Jerusalem % of average modern

(m) (m) (million m?3/y) discharge (mm/y) precipitation
Holocene —308 —475 580-690 30-50 300-400 50-67
MIS 5e —-320 —490 560-670 30-50 300-400 50-67
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Fig. 11. Relationships between lake levels or rainfall in Jerusalem and runoff to the Dead Sea. (a) The calculated total discharge to the Dead Sea vs lake level (based on an
evaporation rate of 1.1-1.3 m/y; Lensky et al., 2005; Stanhill, 1994) and a surface area based on the Dead Sea hypsometric curve (Hall, 1997). (b) Jordan River discharge
(~70% of total discharge) vs rainfall in Jerusalem between 1928 and 1965 (data is from the Israel Meteorological Service and the Israel Water Authority).

ing to Vy according to the hypsometric curve (Fig. 4), and u =
58.433 gmol ! and p =2.17-10% gm~3 are the molecular weight
and density of halite, respectively. Uncertainties regarding these
assumptions are discussed in Appendix D. Thus the thickness of
halite deposited can be calculated for any given initial lake-level eleva-
tion (Figs. 9, 10).

Lake levels versus halite thickness calculated for the Holocene
and MIS 5e periods are plotted in Fig. 10, which shows this rela-
tionship for a range of initial lake-level elevations. The calculation
indicates that in order to precipitate the amount of halite observed
in the DSDDP core, the lake level dropped by ~170 m during both
the Holocene and MIS 5e, from 308 mbsl and 320 mbsl at the
end of the MIS 2 and MIS 6 glacials, to lake levels of 475 and
490 mbsl, respectively (Table 4). We note that the thickness of
Holocene halite takes into account 7.5 m of non-dissolved marginal
halite (Section 5.3 and Table 3), while this is not the case for the
MIS 5e estimate because there is no evidence for non-dissolved
marginal halite from that time in the DSDDP cores from the near-
shore sites (Neugebauer et al.,, 2015).

In order to reach these low lake levels, the average water dis-
charge into the lake would have to be very low. Plotting the dis-
charge to the lake as a function of the lake-level (Fig. 11a) as calcu-
lated from the evaporation rate of 1.1-1.3 m/y (Lensky et al., 2005;
Stanhill, 1994) and the hypsometric curve (Fig. 4) indicates that
during the interglacials, the annual discharge was just ~40% of the
modern (pre-1964) value.

The modern multi-year averaged precipitation over the Dead
Sea watershed region has been correlated with the instrumental
rainfall record in Jerusalem for the years 1870-1960, and with
other stations in the Levant region (Enzel et al., 2003). This is the
longest existing southern Levant rainfall record. Using the mod-
ern Jerusalem rainfall record, a discharge of 40% of the mod-
ern (pre-1964) value into the Dead Sea (~600 - 10° m3/y) dur-
ing the Holocene and MIS 5e salt intervals implies that the av-
erage rainfall in Jerusalem decreased to ~350 mm/y, which is
~60% of the modern average rainfall of 605 & 195 mm/y (aver-

age and standard deviation of precipitation in Jerusalem between
1865-1995; Israel Meteorological Service, Table 4, Fig. 11b). On
decadal time scales, the Jerusalem record varies in concert with
less continuous precipitation records from Beirut and Damascus
in the north to Beer Sheva in the south (Enzel et al., 2003;
Kushnir and Stein, 2010). Therefore we assume that the changes
in Jerusalem are representative of the whole region. Uncertainties
of these estimates are discussed in Appendix D.

The Levant region sporadically experiences years with low pre-
cipitation and droughts, and the annual rainfall varies significantly
from year to year. According to the instrumental rain record, clus-
ters of years with only ~300 mmy/y in Jerusalem occur occasionally
and are considered very dry intervals. According to modern ob-
servations, between 1864 and 1995 rainfall lower than 400 mm/y
occurred on average every 8 years. Two nearly decade-long, histor-
ical dry intervals centered on 1930 and 1960 (Kushnir and Stein,
2010). Based on the modern instrumental data, lake-level declines
were correlated to time intervals when 50% of the years experi-
enced less than 450 mm/y (Enzel et al., 2003). Based on the mod-
ern data, Enzel et al. (2003) concluded that low lake levels during
the past 4000 years reflect long periods when the annual rainfall
fell frequently below the modern average. Using the modern com-
parison between lake levels and regional annual precipitation to
infer the past, our results thus indicate that during the interglacial
salt intervals, average precipitation was extremely low, with high
frequency of years with severe droughts during which annual pre-
cipitation was much lower than 350 mm/y.

5.5. Fluctuations between wetter and drier intervals

Despite the overall extremely arid conditions that prevailed in
the Eastern Mediterranean during MIS 5e and early Holocene, the
salt intervals in the DSDDP core show alternations between lay-
ers of halite and detritus (Fig. 2) indicating fluctuations between
drier and wetter intervals. This means that the dry intervals were
punctuated with periods of wetness and increasing lake levels even
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though overall the lake level was declining. Within the core, dif-
ferent halite facies also reflect changes between dryer and wetter
conditions, often showing seasonal changes represented by differ-
ent types of crystals (Kiro et al., 2016). The halite layers con-
tain two main crystal types, large crystals that precipitate at the
lake bottom, and small cumulate crystals that precipitate at the
lake surface. The large crystals reflect wetter conditions than the
small cumulate crystals, and they are associated with more detri-
tus and show effects of mild dissolution (Kiro et al., 2016). Fre-
quent alternations between these two crystal types are seasonal,
with the large “bottom-growth” crystals forming during winter and
the small cumulates during summer (Kiro et al., 2016). The sea-
sonal halite layers range in thickness between ~0.5-2 cm implying
sedimentation rates between ~1-4 cm/y, while a typical sedimen-
tation rate is ~2 cmy/y.

The average lake-level drop during the whole MIS 5e halite in-
terval (between 328 and 234 m in the DSDDP core) is ~1 cm/y,
taking into account detritus-rich layers. However, during halite rich
intervals rate of lake-level drop was much higher. Based on esti-
mates of the halite sedimentation rates, and 12-16 cm of halite
precipitated per meter of lake-level drop (Fig. 3), we conclude that
the lake-level drop rate during halite-rich intervals was between
6 and 33 cm/y (L = S;/D where L; [cm/y] is the lake-level drop
rate, S; [m/y] is the sedimentation rate and D [cm/m] is the thick-
ness of halite precipitated per meter lake-level drop). Based on this
rate of lake-level drop, an evaporation rate of 1.1 m/y, and a sur-
face area of 560 km?, corresponding to a lake level of 450 mbsl
(Fig. 4), we calculate that the most arid intervals, reflected by the
thick cumulate layers of halite, are characterized by an annual dis-
charge of only ~430 million m3/y ((1.1-0.33) - 560 x 10%), which
is ~20% of the modern (pre-1964) value. A caveat to this calcula-
tion is that the distribution of halite might not be homogeneous
beneath the lake surface. As discussed in Section 5.3, at least dur-
ing the Stage 1 of halite precipitation (reflected by rapid changes in
[MgZt] in the Dead Sea brine, Fig. 7), the halite layers are thicker
on the lake margins compared with the center. In this case, the
estimated discharge would be even lower.

The halite thicknesses indicate that the most arid intervals
lasted for decades to centuries: in between >1 m intervals of
halite-free detritus, the average thickness of halite layers is ~1.7 £
1.4 m (1SD). These extreme arid conditions fluctuated with milder
conditions, as reflected by the detritus intervals that indicate in-
creases in the lake level lasting up to a few thousand years. During
the peak of MIS 5e, a 23 m thick detritus layer indicates a wet
period that lasted several thousands of years (~128-122 ka, at
~303-280 m depth in the DSDDP core, Torfstein et al., 2015). This
was coeval with a major sapropel event in the Eastern Mediter-
ranean (the ‘S5’ event; e.g. Cane et al,, 2002; Rohling et al., 2002;
Rossignol-Strick, 1985), when deep water in the Mediterranean
became anoxic as a result of a major increase in the Nile flux. Dur-
ing this period in the Dead Sea, [Mg?*] decreased from ~1.68 to
~1.27 molkgH,0~! (Fig. 6). This indicates that the lake level in-
creased from ~470 mbsl to at least 411 mbsl (Figs. 4, 7; the lake
level at the end of Stage 1 of halite precipitation is calculated ac-
cording to Eq. (5)) due to increased discharge (to >760 million
m3/y, >50% of modern), as estimated from the lake-level rise or
surface area and evaporation rate (Fig. 11a).

In summary, the characteristics of the halite-rich and detritus-
rich intervals during the interglacials can be used to estimate the
water discharge and duration of these cycles. Given the detritus
and halite deposition rates and thicknesses, together with the cal-
culated discharge to the lake, it follows that the climate fluctuated
between extremely arid periods (with water availability ~20% of
present day) spanning decades to centuries (15-300 y), and wet-
ter periods (water availability 50-100% of present day) spanning
centuries to millennia (90-6000 y).

6. Levant climatic context

Our knowledge of the Levant regional climate during MIS 5e
(Bar-Matthews, 2014; Develle et al., 2011; Lazar and Stein, 2011;
Petit-Maire et al., 2010; Torfstein et al., 2015; Vaks et al., 2006;
Waldmann et al., 2010) is not extensive, and tends to empha-
size high precipitation (Bar-Matthews, 2014). For example, 5§80
and 8'3C in speleothem records (e.g. Soreq cave, Bar-Matthews,
2014), have been interpreted as indicating higher amounts of pre-
cipitation in the region compared to present-day (Bar-Matthews
et al.,, 2003). Torfstein et al. (2015) highlighted the climatic vari-
ability during this time interval based on the DSDDP core record,
which indicates lake-level decline during the MIS 6/5 deglacia-
tion between ~135-128 ka, a wet period during the MIS 5e
peak insolation interval between ~128-122 ka as indicated by
mud layers and an absence of halite, followed by extreme arid-
ity to ~115 ka. The wetter interval in the core coincides with
the ages of the speleothems (Vaks et al., 2006) and travertine de-
position (Waldmann et al,, 2010) in the southern Negev desert
as well as ages of diagenesis by freshwater of coral reefs in the
more generally hyperarid Gulf of Agaba (Lazar and Stein, 2011;
Yehudai et al.,, 2017). Our record and our lake-level estimates how-
ever, clearly show that the whole MIS 5e interval was on average
much drier than today.

As an alternative to high amounts of precipitation in the re-
gion between 128-122 ka, moisture originating in a tropical source
(Torfstein et al., 2015; Vaks et al.,, 2006), or an increase in rain-
fall intensity per event, could also explain the increased wet-
ness indicated by the DSDDP record and the §'80 in Soreq cave
speleothems. In this case, the increased precipitation could reflect
changes in the temporal and spatial distribution of rainfall, and
fluctuations between relatively wetter conditions similar to the
present-day and more extreme arid conditions.

During MIS 5e the summer insolation peak was higher than
during the Holocene (Berger and Loutre, 1991). Moreover, the dif-
ference between summer and winter insolation was greater, in-
dicating greater seasonal contrast. This is seen in temperature
proxies (5180, Sr/Ca) of Red Sea corals, which show increased
seasonal contrast at the peak of the last interglacial (Felis et al.,
2004). Moreover, according to climate models, winters during this
time interval (characterized by very low insolation in the northern
hemisphere) were warmer over Europe and colder over the south
and central Levant compared to pre-industrial climate (Felis et al.,
2004; Otto-Bliesner et al., 2013). The colder winters in the Lev-
ant and warmer winters over Europe have been associated with
wetter winters in the southern Levant (Felis and Rimbu, 2010;
Kushnir and Stein, 2010).

While there has been significant Holocene climate variability
in the Levant, it was not as variable in time and space as dur-
ing MIS 5e. For example, Holocene §'80 and 8'3C in speleothem
records from Soreq cave do not vary as much as during MIS 5e
(Bar-Matthews et al., 2003), and there is no evidence of increased
precipitation at the edges of the desert belt, as represented by
the MIS 5e speleothems in the Negev (Vaks et al., 2006). Nev-
ertheless, the presence of Holocene salt in the DSDDP core, and
our reconstructed water-budget, as well as significant hiatuses in
the sedimentary records of the marginal terraces of the Dead Sea
(Migowski et al., 2006) indicate that the early Holocene period
was on average drier than today. Both lake levels (Migowski et al.,
2006) and the DSDDP core halite sequences (Fig. 12) show that the
climate varied between conditions slightly wetter than today and
extremely dry (when lake level was low and halite precipitated).

Several studies have discussed changes in spatial pattern of the
climate variability in the Levant and Middle East on interannual
to multidecadal time-scales, and refer in particular to variations
in precipitation (Cook et al., 2016; Cullen and deMenocal, 2000;
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Fig. 12. Halite layers (in grey) and lake levels during the Holocene. The lake-level
curve is from Kushnir and Stein (2010) and Stein et al. (2010), and uses their ages.
The halite layers are from the DSDDP stratigraphy, the DSDDP age model for this
interval is derived from Kitagawa et al. (2016). There may be some small discrep-
ancies between low lake levels and halite layers due to inconsistencies in the age
models. The green area marks the peak of the African Humid Period (deMenocal
et al., 2000). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Feliks et al., 2010; Felis et al., 2000; Felis and Rimbu, 2010;
Kushnir and Stein, 2010). The major pattern of precipitation vari-
ability in the modern record is associated with the North Atlantic
Oscillation/Arctic Oscillation (NAO/AO), the two paradigms of a
prominent mode of Northern Hemisphere, low-frequency circula-
tion variability (Hurrell et al., 2001; Wallace, 2000). The NAO/AO
is particularly strong in winter (December-March) when it rep-
resents changes in the intensity and position of the permanent
pressure centers in the North Atlantic, together with meridional
swings in the Atlantic jet stream and storm tracks that significantly
impact the Mediterranean Basin. A positive phase of the NAO, with
a deep Icelandic Low and strong Azores High, is associated with
a colder and wetter than normal climate in the Levant (Givati
and Rosenfeld, 2013; Kushnir and Stein, 2010) and the south-
eastern Mediterranean (Egypt and Libya; Felis and Rimbu, 2010;
Givati and Rosenfeld, 2013), while in the countries of the Mediter-
ranean northern rim, over Turkey and south Europe, the climate is
drier than normal (Cullen and deMenocal, 2000; Felis and Rimbu,
2010). The DSDDP cores record the southern Levant climate.
Comparison of the Levant climate to higher and lower latitudes
can be used to infer the changes in the meridional variability dur-
ing the Holocene and MIS 5e. More paleoclimatic records, and
with higher resolution, are available during the Holocene com-
pared with MIS 5e. During MIS 5e, pollen records from Europe
indicate a warm and wet climate (e.g. Brauer et al., 2007; Kukla
et al, 2002). The southern Sahara desert (Osborne et al., 2008;
Smith et al., 2007; Szabo et al., 1995) and Arabia (Rosenberg et al.,
2013) climate records also show wetter episodes particularly dur-
ing the peak summer insolation interval of MIS 5e, when the in-
crease in precipitation is associated with the intensification of the
African summer monsoon and the northward contraction of the
desert boundary (Battisti et al., 2014; Herold and Lohmann, 2009).
However, while the wet episodes in the desert belt during MIS
5e coincide with the relatively wetter interval in the Levant and
temporary rises in lake levels, it was not so during the Holocene
African Humid Period (deMenocal et al., 2000), when the Dead Sea
lake levels were low and halite precipitated (Fig. 12). At that time,
most of Europe was relatively wet, but lakes in southern Europe
were in phase with the Dead Sea levels (Harrison et al., 1993).
The higher summer insolation peak and the greater difference be-
tween summer and winter insolation during MIS 5e compared to

the Holocene (Berger and Loutre, 1991) may explain the different
response of Levant climate in these two time intervals.

7. Summary

This study uses brine compositions measured in fluid inclusions
in salts and pore waters, and the thicknesses of salt layers (recov-
ered from coring of the deepest basin of the Dead Sea by the ICDP
Dead Sea Deep Drilling Program) to calculate water and salt bud-
gets during the last interglacial MIS 5e and the Holocene, and infer
the hydro-climatic conditions.

The calculations show that the climate was significantly drier
than the present-day during MIS 5e and much of the Holocene.
Lake levels decreased from ~308 and ~320 mbsl to ~475 and
~490 mbsl during the early Holocene and MIS 5e, respectively,
resulting in substantial halite deposition, with 33.4 and 33.8 m
during MIS 5e and the Holocene, respectively. The lake level de-
creases were associated with significant reductions in average fresh
water inputs to the lake, to ~30% of the present-day discharge
in both the Holocene and MIS 5e and lasting over thousands of
years. Nevertheless, during these major dry intervals, halite depo-
sition alternated with halite-free detritus deposition, indicating a
persistent pattern of intermittent flooding events when the dis-
charge was >50% of the modern amount. These water discharge
estimates and lake levels indicate that during the interglacial salt
intervals the average precipitation in the Eastern Mediterranean
was extremely low, with high frequency of years experiencing se-
vere droughts, and with precipitation in Jerusalem <350 mmy/y,
compared to ~600 mm/y today. We use the halite and detritus
sedimentation rates and the calculated lake-level changes to es-
timate the water discharge and duration in cycles within the in-
terglacials. The halite-rich-detritus-rich cycles reflect fluctuations
between extreme dry periods, with water availability as low as 20%
of the present day spanning decades to centuries (15-300 y), and
wetter periods with water availability of ~50-100% of the present
day spanning centuries to several millennia (90-6000 y).

The DSDDP salt record documents intervals during the last in-
terglacial and the early Holocene characterized by much more
severely arid conditions than those predicted by global climate
models (e.g. the forecast of a ~20% decrease in water availabil-
ity around the Mediterranean due to warming by the end of the
21st century, Mariotti et al., 2008). Because what happened in
the past may happen again, this study’s findings may have im-
plications for future water resources in the densely populated East
Mediterranean-Levant.
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Appendix A. Methods

The chemical compositions of major elements in primary fluid
inclusions within the halite were measured using cryo-SEM-EDS
(cryo unit: ALTO 1000, GATAN; SEM: ]-6510, JEOL; EDS Inca,
OXFORD INSTRUMENTS) at the Universitat de Barcelona follow-
ing the method of Garcia-Veigas (1993), Ayora et al. (1994) and
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Table B1
Sample Depth Na s.d. Mg s.d. Cl s.d. K s.d. Ca s.d. Na/Cl Mg/Ca
ky119 75.40 3.56 0.07 1.24 0.05 6.68 0.04 0.19 0.02 0.23 0.05 0.533 54
ky118 75.47 3.53 0.08 1.28 0.06 6.71 0.09 0.15 0.03 0.22 0.02 0.526 5.8
ky132 85.41 242 0.14 1.61 0.07 6.93 0.06 0.21 0.01 0.52 0.02 0.349 31
ky88 199.15 2.69 0.04 1.56 0.02 6.91 0.07 0.18 0.02 0.45 0.01 0.389 3.5
ky93 202.90 3.98 0.09 111 0.02 6.76 0.08 0.11 0.01 0.2 0.02 0.589 5.6
ky6(4) 233.48 2.36 0.05 2.00 0.32 7.28 0.52 0.18 0.07 0.34 0.12 0.324 5.9
ky13(18) 238.25 2.68 0.03 171 0.09 7.02 0.14 017 0.04 0.35 0.05 0.382 49
ky13(13) 238.30 231 0.10 1.87 0.28 731 0.39 0.25 0.07 0.5 0.01 0.316 3.7
ky74 241.40 2.40 0.05 1.87 0.07 719 0.04 0.19 0.02 0.37 0.01 0.334 5.1
ky42(7) 264.33 247 0.11 191 0.14 7.02 0.07 017 0.03 0.31 0.04 0.352 6.2
ky71c 27778 2.00 0.06 1.88 0.02 7.01 0.07 0.14 0.01 0.51 0.02 0.285 3.7
ky76 319.70 3.66 0.05 113 0.03 6.84 0.05 0.23 0.02 0.35 0.03 0.535 3.2
ky80 445.23 4.90 0.07 0.53 0.03 6.44 0.03 0.13 0.02 0.16 0.01 0.761 33

Lowenstein et al. (2016). Fluid inclusion sizes varied between 5
and 40 pm. Quantitative analyses were based on linear regressions
of the X-ray peak-to-background ratio of each component in the
EDS spectra of single fluid inclusions and of four standard solu-
tions with a similar matrix. The detection limits of this method
in molkgH,0~! are 0.20 (Na), 0.05 (Mg and S), 0.01 (Ca and K).
Final concentrations calculated assume solutions that are charge
balanced and saturated with halite.

Appendix B

Element concentrations (mol kg H,O~1) in halite fluid inclusions
measured by cryo-SEM. Errors are in 1 standard deviation (1 s.d.)
over concentrations in 5-10 fluid inclusions, see Table B1.

Appendix C. Input and output parameters for halite
accumulation calculation during lake-level drop using PHREEQC

The initial brine composition was chosen to be the brine with
the least [Mg2t] in halite, which did not precipitate much halite
(high Na/Cl ratio) and where most Dead Sea brine compositions lie
on its evaporation curve. The simulation ran based on the Pitzer
database.

Input file:

TITLE Dead Sea evaporation
SOLUTION 1 Past Dead Sea
units mol/kgw
density 1.23
temperature 30

pH 6.0 # estimated
Ca 0.16

Mg 0.53

Na 4.9

K 0.1

S(6) 0.005

cl 6.44

Br 0.07

C 1 CO2(g) -3.5

EQUILIBRIUM_ PHASES
# carbonates...

C02(g) -3.5 10; Calcite 0 0

# sulfates...

Gypsum 0 0; Anhydrite 0 0; Glauberite 0 0;

Polyhalite 0 O
Hexahydrite 0 0

Epsomite 0 O; Kieserite 0 0;

# chlorides...
Halite 0 0; Bischofite 0 0; Carnallite 0 0
REACTION

H20 -1; 0 5%2 700x0.05

INCREMENTAL_REACTIONS true

SELECTED_OUTPUT 1

-file

DS_past_evap_FI.out

true
Ca Mg Na K S(6)

-water

-totals

Cl Br

-equilibrium_phases

Halite Carnallite Gyspum Anhydrite
END

Appendix D. Uncertainties and other constraints on lake level
and water discharge

The uncertainties in past climate reconstruction from the Dead
Sea sediments and lake levels stem from the forcing factors that
drive the lake-level changes, and how well it reflects changes
in regional precipitation. Local precipitation over the lake surface
is negligible compared to the runoff into the lake. The surface
area of the lake (~700 km?) is much smaller than its watershed
(~40,000 km?) and the lake itself is located in an arid climate.
Since the evaporation from the lake is mainly controlled by salinity
rather than temperature (e.g. Lensky et al.,, 2005), and the salinity
did not change significantly during salt formation (Appendix C),
the main factor controlling lake-level changes is the total water
discharge into the lake.

Enzel et al. (2003) showed a high correlation between different
rain stations in Israel and Dead Sea lake levels during the modern
(instrumental) period. However, there is uncertainty involved in
transitioning from “discharge into the lake” to “regional precipita-
tion” in the past based on present-day climate and its sensitivity to
temperature. Moreover, our model considers the bathymetry and
topography of the Dead Sea basin and watershed to be similar to
the present, and changes in these parameters add uncertainty to
the lake-level reconstructions. Below we first detail the uncertainty
in the lake-level reconstruction itself and then the uncertainty in
interpreting precipitation from the lake level.

D.1. Uncertainties in lake-level reconstruction

Two important uncertainties are the depth of the basin over
time (the subsidence rate) and the spatial distribution of halite.
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Fig. D1. Lake-level change as a function of halite thickness given the initial and final
[Mg%*] and [Na™] during MIS 5e (Table 1) and a larger lake volume by 20-10° m3.

In order to estimate the changes in the final lake level and thus
the discharge into the lake, we calculated initial and final lake lev-
els for different scenarios. In the case that the subsidence rate is
lower than the sedimentation rate, the bottom of the lake during
MIS 5e may have been deeper than today. Considering a lake bot-
tom that is 200 m deeper than today (everything else being equal
this requires ~20° m? of additional brine based on the hypsomet-
ric curve, Hall, 1997) with the MIS 5e parameters (Table 3), the
resulting initial and final lake levels do not change significantly
compared to the original scenario (the level would change from
350 to 560 mbsl vs. 320 to 490 mbsl; Fig. D1).

Other possible scenarios are associated with non-uniform halite
deposition beneath the surface of the lake. For example, halite
might be distributed over a wider area than the final surface area
of the lake, or concentrated in the middle of the lake without cov-
ering the whole surface area. In our calculations we assumed that
during MIS 5e all the marginal halite is re-dissolved and precipi-
tated in the middle of the lake (the thickness of halite is multi-
plied by the final surface area of the lake). In some cases marginal
halite may not be completely dissolved (an example would be the
Holocene salt along the margins, Stein et al., 2010); this would
mean we would underestimate the amount of halite, and the thick-
ness of halite should be multiplied by a larger surface area in order
to estimate the true amount of halite. In this case, halite will begin
to precipitate at higher lake levels, and our model would predict
higher final lake levels (Fig. D2). A halite thickness of 40 meters
during MIS 5e instead of 33 m indicates a lake-level decrease to
~430 mbsl (Figs. 10, D2) and a discharge of ~780 million m3/y
(Fig. 11), which is still below 50% of the modern rate. Similarly,
more focused halite in the lake center suggests we should have
multiplied the halite thickness by a smaller surface area and thus
the discharge would be lower and, the climate would be drier.

We also tested the sensitivity to changes in the Na™ concen-
tration, using the final Nat concentration in the halite fluid inclu-
sions (1.71 molL~!) instead of the concentration in the pore water
(1.09 molL~1). This resulted in a decrease to a lake level of 475
mbsl (Fig. D3) instead of 490 mbsl.

D.2. Uncertainties in estimations of precipitation

The main uncertainty in the precipitation estimation is related
to the relationship between precipitation and water discharge (i.e.,
the runoff fraction) in cases of increasing temperatures or changes
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Fig. D2. Lake-level change as a function of halite thickness in MIS 5e, showing lake-
level changes due to £10 m of halite compared with the thicknesses in the DSDDP
core.
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Fig. D3. Lake-level change with final Na* concentration according to the halite fluid
inclusion data (1.7 mol L") during MIS 5e.

in the temporal and spatial variability of rainfall. The evapotran-
spiration in the watershed can increase by 10% due to increasing
the temperature by 5°C (Scheff and Frierson, 2014) and thus av-
erage precipitation (in Jerusalem) interpreted from the discharge
should be 10% higher than estimated and can reach 440 mm/y
(73% of modern precipitation). Changes in the temporal distribu-
tion of both temperature and precipitation, including increased
seasonality (e.g. Felis et al., 2004), may also affect the runoff frac-
tion into the lake and thus the relationship between the discharge
in the Jordan River and precipitation. The scatter in Fig. 11b covers
at least part of this variability.

Precipitation can also vary spatially over relatively long time in-
tervals, resulting in a different relationship between the discharge
in the Jordan River and the total discharge to the Dead Sea, or a
different relationship between the discharge in the Jordan River
and rainfall in Jerusalem. Thus, our estimated rainfall amounts
reflect the case that the spatial distribution was similar to the
present.
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Table D1
Constraints on fresh water sources and precipitation in the Dead Sea watershed as indicated from lake levels and halite intervals.
Lake level Jordan River Precipitation Years/time Surface area Discharge® Evaporation rate Remarks
(m) discharge in Jerusalem (years) (km?)? (million m3/y) (m/y)*
(105 m3/y) (mmjy)
—392¢ 1200° 550° 1931-1963 1000° 1600 1.6
—398 960" 602! 1865-1885 940 ~1200-1500 1.3-1.6% Meromictic structure and no halite precipitation
—402 <870" <500 638 <1243 >1.3 Modern threshold for halite precipitation
—430) 500" 310 Holocene 590 710 12
@ Based on the hypsometric curve (Hall, 1997).
b Discharge is calculated from surface area and evaporation rate.
¢ Lensky et al. (2005), Stanhill (1994).
d Klein and Flohn (1987).
€ Salameh and El-Naser (1999).
f Stable lake level according to Enzel et al. (2003).
& Evaporation rates of high lake stands are 1.3-1.6 m/y (Stanhill, 1994).
" Based on Jordan River discharge as 70% from total discharge (Salameh and El-Naser, 1999).
f Israel Metrological Service.
i

Bookman (Ken-Tor) et al. (2004), Enzel et al. (2003), Migowski et al. (2006).

D.3. Independent constraints on water discharge

The modern Dead Sea dynamics provides constraints about wa-
ter discharge. The modern threshold for halite precipitation is at
~400 mbsl and a corresponding total discharge of ~870 million
m3Jy. Enzel et al. (2003) showed that a stable lake level corre-
sponds to a precipitation rate of ~550 mmy/y in Jerusalem. During
the time interval between 1931-1963, containing many observa-
tions and prior to major fresh source water diversions, the lake
level was ~395 mbsl, corresponding to a discharge of ~1200 mil-
lion m3/y from the Jordan River, with a surface area of ~1000 km?
(Salameh and El-Naser, 1999).

Additional constraints on water discharge come from lake-level
reconstructions. Comparison between lake levels and halite lay-
ers during the Holocene shows that in general halite precipitates
when lake levels are low and are dropping (Fig. 12). Lake level
decreased at least to 420-430 mbsl during several episodes dur-
ing the Holocene (Bookman (Ken-Tor) et al., 2004; Migowski et al.,
2006), corresponding to a water discharge of ~700 million m3/y
(Table D1, Fig. 11). The amount of halite and the change in the
chemistry (Eq. (5), Fig. 6) suggest that the major drop down to 450
mbsl occurred during the early Holocene before ~6 ka (Fig. 12).
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