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Abstract To date, the most complete paleolake-level reconstructions for the late Pleistocene water bodies
that once occupied the Dead Sea depression have been based on the combination of dating of lake sediments and
terrestrial materials. However, despite these major accomplishments, there is still limited spatial control
regarding the water levels, suggesting some degree of uncertainty concerning the magnitude and rate of lake-
level changes. Here, we re-examine the late Pleistocene lake-level changes in the Dead Sea during the transition
from paleolake Lisan to the present-day Dead Sea. We rely on systematic dating of fossil stromatolites including
84 radiocarbon and 15 U-series ages, stable-isotope measurements, paleobiology, high-resolution topography,
and numerical modeling to assess lake-level changes. Our results indicate that the highstand of paleolake Lisan
was of shorter duration and the transition between Lake Lisan and the Dead Sea occurred at least 5 Kyrs earlier
than previously indicated. By refining the timeline and accuracy of lake-level positions during the transition
paleolake Lisan—Dead Sea, our study offers new insights into the regional and local paleo-climatic conditions
during the last glacial period in this region.

Plain Language Summary Index points, reflecting the unique position of the water levels in space
and time, have been broadly used in marine realms to reconstruct past sea-level changes. Here we study lake-
level variations using index points based on geomorphic and biological markers collected along the western and
eastern coasts of the Dead Sea. Previous studies indicate that during the last glacial period (20-30 ka), the Dead
Sea depression was filled by paleolake Lisan, which lasted 10 Kyrs. As it dried, dozens of paleo-shorelines
remained etched in the landscape. Lake level index points estimated from 99 radiometric ages in these paleo-
shorelines suggest that Lisan's highstand was shorter and the transition to the Dead Sea occurred 5 Kyrs earlier
than previously thought. These novel results suggest an initial and wet period followed by drier conditions,
altering the regional paleo-climatic narrative during the last glacial period.

1. Introduction

The late Pleistocene and Holocene evolution of lacustrine water bodies in the Dead Sea depression has been a
matter of debate over a number of decades (e.g., Bartov et al., 2002; Bookman et al., 2006; Lisker et al., 2009;
Torfstein & Enzel, 2017). To date, the most complete lake-level reconstructions for the late Pleistocene have been
based on the stratigraphy of lacustrine deposits exposed on the flanks of the Dead Sea depression, yielding
exceptionally detailed and precise chronologies of the sediment sequences (e.g., Bartov et al., 2002; Haase-
Schramm et al., 2004; Torfstein & Enzel, 2017; Torfstein, Goldstein, Kagan, & Stein, 2013). These studies
have identified two main lake-level phases: Lake Lisan that involved the region between the present-day Dead
Sea and Lake Kinneret (the Sea of Galilee) (Figure 1a), followed by a pronounced fall in water level and the
formation of the Holocene Dead Sea after ~15 ka (Bartov et al., 2002; Torfstein & Enzel, 2017; Torfstein,
Goldstein, Kagan, & Stein, 2013). However, despite these major efforts, there has only been limited spatial
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Figure 1. Location of the study area, sampling sites, and previous lake-level reconstructions. (a) Map of the Levant, the
yellow line displays the extent of the paleolake Lisan during the Last glacial maximum (Torfstein, Goldstein, Kagan,
Stein, & Enzel, 2013) the black lines are active faults (Sharon et al., 2018). (b) The Dead Sea. The light green patches indicate
sampling and topographic survey sites. (c) Previous lake-level reconstructions. The gray dashed line is the smoothed version
of the lake-level curve by Torfstein, Goldstein, Kagan, Stein, and Enzel, (2013). The black dashed line indicates approximate
lake-level positions according to Torfstein and Enzel (2017). The lake-level curve of Lev et al. (2019) represents the Lake
Kinneret lake-level reconstruction. ka: kiloyears ago.
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control regarding the water levels during this period, more specifically during the transition between paleolake
Lisan and the Dead Sea (Bartov et al., 2002; Torfstein, Goldstein, Kagan, Stein, & Enzel, 2013), resulting in
considerable uncertainty concerning the magnitude and rate of lake-level changes. The importance of recon-
structing the lake-level history during the transition between paleolake Lisan and the Dead Sea is important not
only from a paleoclimatic perspective but also from the environmental factors that were conductive to the
evolution and migration of hominids in this area (e.g., Miebach et al., 2019; Waldmann et al., 2010), and the
potential feedbacks between climate-driven water levels, loading stresses and seismogenesis (e.g., Lu et al., 2021;
Marco et al., 1996) among others.

Accurate lake-level reconstructions are fundamental for assessing the impact of forcing mechanisms on different
processes in the Dead Sea region. However, the usefulness of such lake-level reconstructions relies on the
application of systematic approaches that incorporate all of the known chronological and elevation uncertainties
(e.g., Engelhart et al., 2011). In the marine realm, a number of investigations into sea-level changes have
established the concept of index points, which reflect the unique position of the water level in space and time (e.g.,
Garrett et al., 2020; Shennan, 1986); in this context, a group of index points describes trends and patterns of water-
level changes through space and time (Horton et al., 2013). These index points can be associated with markers
based on geomorphic (e.g., shorelines, strandlines, terraces, etc.), biogenic (e.g., diatoms, stromatolites, mollusks,
etc.), and sedimentary features (e.g., buried paleosoils, wave ripples, etc.), with each index point having a suite of
vertical and temporal uncertainties that relate to the intrinsic characteristics of the markers, as derived from
modern analogs. The concept of index points has also been applied in terrestrial environments to aid lake-level
reconstructions (e.g., Chiba et al., 2020), allowing to consider uncertainties that are rarely integrated into these
types of reconstructions.

Here we study lake-level variations within the Dead Sea depression using lake-level index points based on
geomorphic and biological markers that were collected along the western and eastern coasts of the Dead Sea. We
combined high-resolution topography and morphometry, radiocarbon and U-series dating, stable isotope analysis,
mineralogy, paleobiology, and numerical modeling to estimate lake-level changes that occurred during the late
Pleistocene, but specifically during the transition between the paleolake Lisan highstand and the Dead Sea. Our
study emphasizes the importance of assessing spatial and temporal uncertainties in lake-level reconstructions
using multiproxy approaches in efforts to decipher the details of lake-level and climatic changes that affected the
Dead Sea depression during the late Pleistocene.

2. Lake-Level Reconstructions, Markers and Neotectonics in the Dead Sea Depression
2.1. Lake-Level Changes Within the Dead Sea Depression

The lakes that occupied the Dead Sea depression acted as “amplifier lakes” (Street-Perrott & Perrott, 1990),
whose size and depth reflected the changing climatic conditions in the region (Stein, 2001). The Dead Sea
depression has been occupied by a series of hypersaline terminal paleolakes since the early Pleistocene, including
the lakes Amora, Samra, Lisan, and the present-day Dead Sea (Kaufman et al., 1992; Torfstein et al., 2008, 2009;
Waldmann et al., 2009). During the late Pleistocene and Holocene, the Levant region and more specifically the
Dead Sea depression experienced substantial changes in the amount and pattern of precipitation and runoff that
governed the freshwater influx from rivers and groundwater to the Dead Sea depression (Kushnir & Stein, 2010).
Changing proportions between water supply and evaporation finally controlled the amplitude of lake-level
variations (Bartov et al., 2003; Enzel et al., 2003; Kushnir & Stein, 2010).

Previous reconstructions of late Pleistocene and early Holocene lake-level changes in the Dead Sea depression
have yielded different interpretations regarding the evolution of the lakes that occupied the depression (Bookman
et al., 2006; Neev & Emery, 1967; Stein, 2001) (Figure 1c). This resulted in the identification of high-amplitude
lake-level oscillations during these periods. U-Th dating of aragonite layers in the Lisan Formation (e.g.,
Kaufman, 1971; Kaufman et al., 1992) has subsequently provided the highest temporal resolution for the sedi-
mentary lacustrine sequences (Haase-Schramm et al., 2004; Machlus et al., 2000; Schramm et al., 2000; Torfstein,
Goldstein, Kagan, & Stein, 2013; Torfstein et al., 2015). The lake-level reconstructions based on these ages
suggest that the higher water levels in the paleolake Lisan (~-180 masl) lasted for ~14 Kyrs during the coldest
part of the last glacial maximum (LGM) (Bartov et al., 2002; Torfstein, Goldstein, Kagan, & Stein, 2013). The
transition from paleolake Lisan to the present-day Dead Sea occurred between 15 and 10 ka and was associated
with a ~200 m fall in lake level (Bartov et al., 2002, 2003; Torfstein, Goldstein, Kagan, & Stein, 2013). On
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average, the early Holocene was drier than the present day (Kiro et al., 2017; Morin et al., 2019) and comprised
high-frequency lake-level oscillations with a maximum amplitude of ~50 m (Migowski et al., 2006) (Figure 1c).
The present-day Dead Sea lake-level is —430 masl and is rapidly declining at a rate of >1 m/yr (Lensky
et al., 2005).

2.2. The Lisan Formation

The Lisan Formation is a remarkable climatic and lacustrine archive from the late Pleistocene; it consists of
millimeter-scale laminations of aragonite and gypsum intercalated with silty detrital layers and thicker, coarser
clastic layers of deep lacustrine and fan-delta environments (Haase-Schramm et al., 2004; Stein, 2001). The
deposition of the Lisan Formation has been linked to changes in the salinity-controlled stratification of paleolake
Lisan (Lazar et al., 2014; Torfstein et al., 2005). Stable stratified (meromictic) water conditions persisted during
glacial periods and were characterized by high inflows and lake-level highstands; the water column was divided
into a lower, dense, saline layer (hypolimnion) and an upper, less saline surface layer (epilimnion). Meromictic
(stratified) water conditions were associated with authigenic aragonite precipitation, whose formation is
controlled by the mixing of Ca-rich brine with bicarbonate-rich freshwater from the Jordan River and bicarbonate
supply from freshwater springs (Barkan et al., 2001; Katz & Starinsky, 2009; Stein et al., 1997, 2004). In contrast,
holomictic (homogeneous) water conditions led to the precipitation of gypsum and halite during arid periods and
lake-level lowstands (Neugebauer et al., 2014; Stein et al., 1997; Torfstein et al., 2005). A positive water balance
therefore favored meromictic conditions in which any loss by evaporation was compensated by freshwater inflow,
while a negative water balance resulted in a reduced epilimnion and holomictic conditions (Stein et al., 1997,
Torfstein et al., 2005, 2008). However, detailed analysis of laminated facies in the Lisan Formation suggests an
apparent decoupling between the Lisan paleolake levels and the thicknesses of the detrital laminae, which may
imply a transport-limited regime of sedimentation (Lu et al., 2020) or complexities not captured in previous lake-
level reconstructions.

2.3. Lake-Level Markers in the Dead Sea Depression

Different approaches have been employed to reconstruct lake-level changes in the Dead Sea depression, using
lake-level markers, sequence stratigraphy, or a combination of both approaches to obtain absolute and relative
lake-level reconstructions (Torfstein & Enzel, 2017). Examples of former lake-level markers described in the
Dead Sea depression include caves formed close to the shoreline, paleo-shorelines, and fossil stromatolites.

2.3.1. Caves

A number of authors have focused their investigations on the numerous caves exposed along the Dead Sea
depression (Frumkin, 2001; Frumkin & Fischhendler, 2005; Kafri & Yechieli, 2010; Lisker et al., 2009). Lisker
et al. (2009) assumed that the caves along the western escarpment of the Dead Sea were inundated or at least
reached by lake waters during the paleolake Lisan highstand; these authors used the cave-elevations and the ages
of fossil cave-stromatolites to reconstruct minimum lake level estimates (Figure 1c).

2.3.2. Lake Paleo-Shorelines

Lake paleo-shorelines are excellent geomorphic markers of past lake-level positions (e.g., Gilbert, 1890). Lake-
shoreline morphology usually comprises a shoreline riser and a tread or platform of lower slope (Figures 2¢ and
2d); the intersection of the riser with the tread marks the position of the lake-level during shoreline formation
(Bowman, 1971). The paleo-shorelines around the Dead Sea form a sequence of closely spaced markers that were
generated over a sustained period of lake regression (Bowman, 1971; Bowman & Gross, 1992; Ghazleh &
Kempe, 2009; Picard, 1943). Although the elevations and distribution of lake paleo-shorelines around the Dead
Sea have been investigated for more than 100 years and have fascinated early explorers and researchers (Bartov,
Bookman, & Enzel, 2006; Blanckenhorn, 1912; Bookman (Ken-Tor) et al., 2004; Bookman et al., 2014;
Bowman, 1971; Bowman & Gross, 1992; Ghazleh & Kempe, 2009; Huntington, 1911; Neev & Emery, 1967,
Picard, 1943), their extent and the variations in their elevations have remained ambiguous, largely due to the lack
of precise paleo-shoreline sequence assessments.
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Figure 2. Dead Sea lake paleo-shorelines. (a) and (b) Sequences of lake paleo-shorelines at Potash (a) and Mazor sites (b). (c) Bedrock-carved paleo-shorelines at the
Potash site. (d) Typical morphology of paleo-shorelines carved into colluvial deposits at the Mazor site. (e) and (f) High-resolution drone topography and samples
collected along the transects at Potash1 (e) and Mazor-3 (f).

2.3.3. Stromatolites

Stromatolites are layered, early lithified, benthic microbial deposits formed by sediment trapping, binding and/or
in situ precipitation due to the growth and metabolism of microorganisms, usually cyanobacteria (Dupraz
et al., 2009; Riding, 1999; Walter, 1976). Fossil stromatolites associated with paleolake Lisan were described by
Bentor and Vroman (1960), Neev and Langozky (1961), Zak (1967), Neev and Emery (1967), Buchbinder
et al. (1974), Niemi (1997), Buchbinder (1981), Begin et al. (1985), and Lisker et al. (2009) and developed in
lacustrine (nearshore) environments exposed along the flanks of the Dead Sea basin. Lisker et al. (2009) dated
fossil cave-stromatolites, suggesting that photosynthetic bacterial growth and the formation of stromatolites may
even take place within dimly lit cave environments. Although stromatolites have been described in detail in the
Dead Sea, very little is known about their biotic and abiotic growth mechanisms as well as the type of microbial
communities involved during their formation.

Because stromatolites usually develop in shallow-water environments, they have been used as lake-level gauges
and recorders of lake-level variations (e.g., Cohen et al., 1997; Lisker et al., 2009; Mackey et al., 2018; Petryshyn
et al., 2016). In the Dead Sea basin, Begin et al. (1985) and Neev & Emery (1967) dated fossil stromatolites and
organic matter using the radiocarbon method. However, due to the inaccuracy of old beta-counting methods and
the potential effects of contamination by young carbonate, these lake-level reconstructions involve significant
uncertainties (Bookman et al., 2006; Stein, 2001). In addition to radiocarbon dating, Uranium-series geochro-
nology has been applied to fossil stromatolites from the eastern slopes bordering the Dead Sea (Ghazleh &
Kempe, 2009). Although only two ages were obtained and the datable aragonite was characterized by low >**U,
the ages approximate the timing of the maximum extent of paleolake Lisan (Figure 1c). Based on these findings,
in this study, we focus on the application of stromatolites as proxies for reconstructing lake-level changes in the
Dead Sea in combination with dating methods such as Uranium-series and radiocarbon.
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2.3.4. Neotectonics in the Dead Sea Depression

The origin of the Dead Sea depression has been associated with the protracted motion of the Dead Sea Fault
(DSF), a plate boundary transform fault that separates the Arabian and Sinai plates (Garfunkel, 1981). This fault
has recorded more than 100 km of left-lateral displacement at rates of ~5 m/Kyr since the Miocene (Ferry
et al., 2007; Klinger et al., 2000; Masson et al., 2015). The Dead Sea depression is one of the largest pull-apart
basins, extending for 150 km in N-S direction and with a width of 18 km. The basin results from a releasing bend
possibly coupled with lithospheric erosion induced by thermal weakening (Petrunin et al., 2012). Extension and
subsidence in the Dead Sea basin have led to the accumulation of 6 to 10-km-thick sedimentary sequences (Ben-
Avraham et al., 2010). The Dead Sea depression is symmetrical and has been developed within two overlapping
strands of the DSF, the western and eastern faults. The western Quaternary faults, active since at least 2.6 Ma,
have been mapped in detail and are represented by sub-parallel anastomosed fault strands exposed along the coast
(Sharon et al., 2018). In the northern region of the Dead Sea, the eastern faults are well-exposed, but their
manifestation becomes less distinct in the southern part of the basin because of their offshore location. The eastern
and western faults are in turn segmented by transverse faults that provide kinematic linkages and divide the Dead
Sea depression in sub-basins of different depths (Lazar et al., 2006; Wetzler et al., 2014). Seismicity in the Dead
Sea depression is distributed in the form of independent clusters along the main fault strands of the DSF, sug-
gesting segmented fault activity (Wetzler et al., 2014).

Deformation rates at Holocene timescales in the Dead Sea region have been estimated from the outstanding
exposure of offset channels and fault scarps (Ferry et al., 2007), recording left-lateral displacement rates of ~5 m/
Kyr. Instead, vertical deformation-rate estimates have remained limited to local observations. For instance, based
on the Quaternary Lisan deposits, suggesting subsidence rates between 0.3 and 2 m/kyr (Bartov, Agnon,
et al., 2006; Gardosh et al., 1990; Lisker et al., 2009). In contrast, deformation associated with a salt-diapir
intrusion of the Mount Sodom, at the southern terminus of the Dead Sea, indicates fast uplift rates between 6
and 9 m/Kyr for the last 14 ka (Frumkin, 1996, 2009; Weinberger, Begin, et al., 2006; Weinberger, Lyakhovsky,
et al., 20006).

3. Methods

Next, we describe the techniques used for the sampling and analysis of fossil lake shorelines and associated
stromatolites, as well as the temporal and spatial corrections that we applied to the corresponding lake-level index
points to derive the lake-level history of the paleolake Lisan period and the transition to the present-day Dead Sea.

3.1. Sampling of Fossil Shorelines and Stromatolites and Field Surveying

We surveyed, mapped and sampled a sequence of lake paleo-shorelines at eight different sites distributed along
the western and eastern slopes of the Dead Sea. The sampling of lake paleo-shorelines at each site was focused on
collecting in situ fossil stromatolites, often attached to bedrock and preserved in living positions. The
morphology, internal structure and composition of fossil stromatolites were analyzed to elucidate the possible
factors controlling their formation. Moreover, we studied 10 polished slabs and 10 thin sections to characterize the
different fabrics, mineralogy, and biogenic structures of the stromatolites, using optical- and scanning electron
(SEM) microscopy, X-ray diffraction and energy-dispersive spectroscopy (EDS).

In addition, we carried out photogrammetric drone surveys at each site (see details in SP1 in Supporting Infor-
mation S1) to map the paleo-shorelines and complemented this data with geomorphic field observations.

3.2. Radiocarbon and Uranium-Series Dating, Analytical Procedures

Interpretation of radiocarbon ages from non-terrestrial samples can be complicated unless there is a temporal
framework available from a different dating method. We therefore combined radiocarbon and U-series dating of
fossil stromatolites to obtain a high-resolution chronology of lake-level variations.

We collected carbonate for radiocarbon dating of stromatolites (aragonite/calcite) by breaking off small frag-
ments of the stromatolite core and soaking them in 1% HCI between 60 and 30 s to remove any coatings of young
carbonate, obtaining 20-30 mg of sample material. Radiocarbon dating was carried out at the Poznan Radio-
carbon Laboratories (Poland), following the method proposed by Brock et al. (2010).
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U-series dating was carried out at the Institute for Environmental Physics, University of Heidelberg (Germany).
We collected ~100 mg fragments of white carbonate layers or nodules from stromatolites (aragonite/calcite). The
samples were dissolved in HNOj, and spiked with the gravimetrical Tri-Spike 229Th, 233U and **°U. Isotopes
were measured using a Neptune MC-ICPMS. Further details of the sample handling, U and Th purification and
measurement protocol can be found in Wefing et al. (2017). We used a secular equilibrium reference material HU-
1 and an analytical blank injected into the MC-ICPMS to carry out rigorous quality checks on device perfor-
mance. For age calculation, the resulting >**U/**®U and *°Th/**8U activity ratios were estimated using the half-
lives of Cheng et al. (2000).

3.3. Temporal Correction of U-Series Ages

Obtaining accurate U-series ages from lake carbonates is often challenging because they can contain significant
amounts of detritus that may alter the initial Th and U concentrations, and because of the presence of hydrogenous
Th (e.g., Haase-Schramm et al., 2004; Torfstein, Goldstein, Kagan, & Stein, 2013). A number of authors have
proposed different correction procedures for the presence of water-derived Th in carbonates (Haase-Schramm
et al., 2004; Schramm et al., 2000).

As expected during high lake levels, the increased inflow may transport additional insoluble Th to the lake, which
then precipitates within the aragonite, potentially increasing the amount of hydrogenous Th in the samples.
However, Haase-Schramm et al. (2004) showed that the impact of hydrogenous Th on the calculated age becomes
more significant with older samples. For instance, in a sample of 56 ka, hydrogenous Th can result in ages
approximately 2 ka older, while for samples younger than 30 ka, the effect is around 0.5 ka or less. Additionally,
Haase-Schramm et al. (2004) showed that for isochron ages, the effect of hydrogenous Th is even smaller and
about a few hundred years older. Such an impact is relatively large in view of the precision of U-series dating and
for samples with small analytical errors; however, it is relatively insignificant for samples that have been affected
by detrital contamination, whose correction introduces larger uncertainties in the age calculation. In addition, the
effect of hydrogenous Th has about the same range in all aragonite samples from other studies as well (Haase-
Schramm et al., 2004; Torfstein, Goldstein, Kagan, & Stein, 2013). Thus, the relative effect of hydrogenous Th on
the U-series dating results within the various studies should be negligible. We therefore, did not include this
correction in our age calculations.

Under the assumption that the system has remained closed, moderate to high detrital contamination may still have
a significant effect on the results of U-series dating. In order to deal with this issue, U-series isochron techniques
have been developed to correct the detrital contribution of U and Th in “dirty carbonates” and to estimate detritus-
free carbonate ages (e.g., Osmond et al., 1970; Rosholt, 1976). The isochrons are determined by plotting the
activity ratios of coeval multiple subsamples from a single sample of the same age and fitting a linear regression.
Depending on the isochron method used, the **U/?*%U and *°Th/**®U activity ratios of detritus-free carbonate
are estimated either from the y-axis intercepts (for Osmond-type isochrons) or from the regression slope (for
Rosholt-type isochrons) (Osmond et al., 1970; Rosholt, 1976). The activity ratios for the detritus-free carbonate
endmember are then used to calculate the age of the set of sub-samples. The uncertainties of activity ratios derived
from isochrons are estimated using the standard error at the axis intercept (Equations 1 and 2) and the goodness of
fit compared using the R-squared (Equation 3).

1

S=n_2*2[y—(bx+a)]2 (1
SEO =S % | |- @ 2
= ey ©

8\2
Yo-y° ®

where S is the standard error, a and b are the coefficients of the linear regression, and 7 is the number of elements.
SEQ is the standard error at intercept, y is the ordinate values of the isochron, X and y are the mean of abscissa and
ordinate values (x and y), and y is the ordinate value predicted from the linear model.
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3.4. Temporal Correction of Radiocarbon Ages

The radiocarbon reservoir age (RA) is the difference between the measured radiocarbon age (C) and the atmo-
spheric radiocarbon age (Atm) at a defined calendar time (7°) (Stuiver et al., 1986) (Equation 4):

RA (T) = C(T) — Atm(T) €y

However, although this formula is apparently simple, estimating the reservoir uncertainties can be difficult when
calendar ages are poorly known or include non-symmetric uncertainties (e.g., Soulet, 2015). To determine the
RA, we compared paired radiocarbon and U-series ages collected from stromatolites. Both ages were combined
using an uncalibration-convolution process (Soulet, 2015), which fully propagates the uncertainties associated
with the RA, including the uncertainties in radiocarbon and calendar ages (U-series ages) and uncertainties in the
calibration curve, using the 1-sigma uncertainties of each variable. Calculations were performed using the
software Radcal (Soulet, 2015) and the IntCal20 calibration curve (Reimer, 2020), for details see Soulet (2015).
The resulting combined probability density functions (PDFs) were used to determine the RA, reported as the
median, and 1o, and 20 errors calculated directly from the PDF. The evolution of RA through time was recon-
structed using a nearest neighbor interpolation, reporting 1o and 2¢ confidence intervals.

The uncertainties in corrected and calibrated radiocarbon ages were estimated by combining the analytical errors
in radiocarbon ages, the RA uncertainty, and the uncertainty in the atmospheric calibration curve. We propagated
the uncertainty in RA and the analytical error in radiocarbon ages according to Equation 5:

Era = VEA? + RA€2 (5)

where Eg, is the uncertainty in an RA-corrected radiocarbon age, Ea is the analytical error (1-sigma) in a
radiocarbon age, and RAe is the error (1-sigma) in the RA at the time. Following the reservoir corrections, the
radiocarbon ages were calibrated using IntCal20 and Matcal software for Matlab® (Lougheed & Obrochta, 2016),
and the uncertainties were then incorporated using the Bayesian Higher Posterior Density (HPD) method of
Matcal. We report the resulting ages using the median of the probability distributions and as cal. ka BP (kiloyears
ago before 1950 C.E.), including the 1¢ and 26 confidence intervals.

3.5. Vertical Corrections

To compensate for factors that may have altered the original altitudinal position of the dated stromatolites, we
applied geomorphic, hydro-isostatic, and tectonic corrections. The final output consists of calibrated and cor-
rected lake-level index points that can be used to carry a lake-level reconstruction.

3.5.1. Geomorphic Corrections

The geomorphic correction includes the vertical uncertainties of stromatolite samples with respect to lake-level.
Most of the stromatolites sampled were not located directly at the shoreline-angle between riser and tread (i.e., the
cliff foot) (Figures 2c and 2d), which reflects the position of the lake-level at the time when the paleo-shoreline
was formed. Because the stromatolites may have been built at different water depths, the sample elevation may
have underestimated the lake-level position at the time. In order to compensate for this source of uncertainty, we
used high-resolution drone topography to map the lake paleo-shorelines and shoreline-angles and validated them
in the field. We then estimated the difference in elevation between the stromatolite sample, usually located on the
shoreline tread, and the elevation of the shoreline-angle associated with the nearest paleo-shoreline in the uphill
direction, which represents the probable water depth at which the stromatolite lived and was therefore included as
a unidirectional vertical uncertainty.

3.5.2. Hydroisostatic Rebound and Sediment Loading

The contemporary lake-level fall of the Dead Sea has been shown to have resulted in hydro-isostatic uplift (Nof
et al., 2012). Accordingly, the change in water volume during the transition from the paleolake Lisan to the
present-day Dead Sea should also have resulted in hydro-isostatic rebound. To quantify this effect in our lake-
level reconstruction, we used a thin-shell flexural model (Ventsel et al., 2002), which approximates the litho-
sphere as an elastic plate overlying an inviscid substratum; it is therefore time-invariant and only yields the
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steady-state deflection that results when a load is in isostatic equilibrium with the upper mantle. Because the level
of paleolake Lisan rose over several millennia starting from an already elevated position, and because of the
relatively weak rheology of the upper mantle in this region (Petrunin et al., 2012), we assumed that mantle flow
kept pace with filling the lake basin and that isostatic equilibrium therefore prevailed. Based on this premise we
assume that the deflection in this region has already decayed completely; we therefore regard the pattern and
magnitude of the modeled lithospheric deflection and hydro-isostatic rebound as being equivalent.

To model the lithospheric deflection, we extracted the volumetric loads from the topo-bathymetric digital
elevation model of the Dead Sea (Hall, 1997), the elevation of the Lisan highstand shoreline and the present-day
Dead Sea lake level. Despite the fact that Lake Lisan waters had a density of ~1.12 t/m* (Katz et al., 1977), we
used a density of 1 t/m> in order to account only for the evaporated water mass, while the salt remains in the lake.
We used a Young's modulus of 100 GPa and a Poisson's ratio of 0.25 following previous modeling studies in the
Dead Sea (Mechie et al., 2005; Nof et al., 2012; Steinberg et al., 2014). To account for the effective elastic
thickness (T,) we performed a sensitivity test comparing flexural models using 7, of different window-sizes
published by Pérez-Gussinyé et al. (2009) (see SP6 and Figure SP7 in Supporting Information S1). In addi-
tion, we included the effect of sediment accumulation that would have counteracted isostatic rebound. We created
loading models using sedimentation rates between 0.6 and 1 m/Kyr based on Schramm et al. (2000) and Bartov
et al. (2002) with a mean density of 2,250 kg/m3 (Choi et al., 2011; Wetzler et al., 2015). Finally, the net isostatic
rebound was obtained by subtracting the deflection patterns derived from water unloading and sediment loading
and was used to correct the present-day elevation of each sample. 7, estimates and volumetric loads are based on
present-day gravity and topography; therefore, the lithospheric response from these signals represents an
approximation of processes occurring at present.

3.5.3. Tectonic Displacements

We calculated tectonic vertical displacements between different sites using the elevation of the highstand
shoreline at the top of the sequence, which is a distinctive geomorphic feature that can be observed at all sites.
Furthermore, the approximate age of this marker is known from previous studies (e.g., Bartov et al., 2002;
Torfstein, Goldstein, Kagan, Stein, & Enzel, 2013) as well as from new data generated by us. Under the
assumption that vertical displacement rates have been constant through time, the relative vertical displacement
rate is obtained by dividing vertical displacements at each site by the age of the highstand shoreline according to
Equation 6:

Vd = (z1 — z22)/Ht 6)

where Vd is the relative vertical displacement rate, z1 and z2 are the elevations of the highstand shoreline at
different sites, and Ht is the age of the highstand. We used the 0.3 m/Kyr subsidence estimated at the Masada Plain
(Bartov, Agnon, et al., 2006), which is close to our site Mishmar and considered as a reference site (See Sec-
tion 5.3.2 for more details on this choice). To estimate an absolute vertical displacement rate, the 0.3 m/Kyr
subsidence rate was added to the relative vertical displacement rates for each site. The lake-highstand age and the
elevation errors were then propagated to estimate the uncertainty in the vertical displacement rate. The error in
sample elevation is in the range of centimeters and was therefore not included in the error calculation
(Equation 7).

2
2 2 2
svd=vas ||VEFE2T) (5H’> )

z1—22 Ht

where 6Vd is the vertical displacement rate error, 6z1 and §z2 are the errors in the highstand elevation mea-
surements, and §Ht is the error in the highstand age. We estimated the amount of vertical displacement and used it
to correct the sample elevation. The errors in the corrected sample-elevation were calculated using Equation 8.

5Se = V6Vd* = 6512 8)
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where 6Se is the error of the corrected sample elevation, §Vd is the error in vertical displacement rate, and 55t is
the error in the sample age.

3.6. Stable Isotope and X-Ray Diffraction Analyses

We analyzed 8'®0 and 6'>C from fossil stromatolite carbonates to reconstruct the paleoclimatic and paleo-
hydrological conditions during the time span of the lake-level reconstruction. The analyses were carried out in
the Stable Isotope Laboratory at the GFZ-Potsdam (Geoforschungzentrum Potsdam, Germany). Our analytical
strategy involved two different approaches: (a) the use of a single stable isotope analysis (6'0 and 6'°C) for each
individual stromatolite and (b) multiple subsampling along a track for an individual stromatolite. We selected two
stromatolite samples with regularly layered textures to carry out subsampling at 0.5 mm intervals along tracks 30—
40 mm long. Each sample and subsample comprised 2040 pg of carbonate, obtained using a microdrill (Sherline
5410) and a two-axis compound table module of 0.02 mm precision. The sampled material was processed in a
KIEL-IV automated carbonate-reaction device. To decompose the sample, we used 103% H;PO, at 70°C for
10 min, followed by the cryogenic purification of the released CO, and subsequent transfer into the MAT253
(Thermo Fisher Scientific) isotope ratio mass spectrometer (IRMS). The isotope composition is given in delta
notation relative to the VPDB (Vienna Pee Dee Belemnite) standard calibrated against the international reference
standard (NBS19) and an internal laboratory standard (C1) with an analytical precision of <0.07%o for 8'%0 and
8'*C. In addition, the mineralogy of powder preparations from stromatolite samples was analyzed using X-ray
diffraction, in order to obtain quantitative estimates of the mineral phases, we used the Rietveld refinement
technique. This analysis was complemented with semi-quantitative EDS element mapping of polished thin
sections.

3.7. Lake-Level Curve Reconstruction

We used the stromatolites as markers to reconstruct lake-level changes in the Dead Sea based on three main
assumptions: (a) Stromatolites formed close to the coeval lake level. (b) Each stromatolite formed a closed
chemical system without posterior diagenetic effects. (c) Possible vertical displacements and associated un-
certainties since the time of stromatolite formation can be accounted for. The validity of these assumptions is of
utmost importance for the reliability of our results and is discussed in detail in Sections 5.1 and 5.2.

We used a random sampling approach to explore the effect of vertical and temporal uncertainties on the lake-level
curve and to estimate the confidence intervals of our reconstruction. Each temporally and vertically corrected
stromatolite sample was first randomly perturbed according to its vertical and temporal uncertainties, assuming
normally distributed uncertainties, following the method proposed by Stanford et al. (2011). We then fitted a
smoothing spline to the perturbed values using a bin size of 60 years. The degrees of freedom of the spline were
obtained automatically using cross validation (Green & Silverman, 1993). This random sampling procedure was
repeated 1,000 times, obtaining the same number of fitted splines. We then stacked the spline values at each time
bin, calculating the percentiles of their distribution, corresponding to the 68% and 95% (1 and 2-sigma) confi-
dence intervals. We also used the median value to graphically represent the best estimate and trend of lake-level
variations.

4. Results
4.1. Sampling Sites and Sampling Material

We surveyed and sampled lake paleo-shorelines exposed along the coast of the Dead Sea. The paleo-shorelines
are usually exposed as a sequence of dozens of individual steps carved into the colluvium and occasionally into
bedrock (Figures 2a and 2b). The paleo-shoreline morphology comprises a riser and a tread (Figures 2c and 2d).
The riser is an erosional feature usually formed by rounded blocks of reworked colluvial material or forming small
cliffs carved into bedrock. The paleo-shoreline tread has a lower slope than the riser and is usually overlain by an
apron of fine sediments. The intersection between the tread and riser is defined as the shoreline angle, a marker
that resembles the former lake-level position when the paleo-shoreline was formed. The different colors of the
treads and risers form a characteristic pattern of dark and light fringes that facilitates their identification in the
field (Figures 2c and 2d).
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We carried out 13 transects across the lake paleo-shoreline sequences exposed along the eastern and western
coasts of the Dead Sea (Figures 1b, 2e and 2f), collecting 84 fossil stromatolite samples for radiocarbon dating (27
in the eastern coast, 57 in the western coast of the Dead Sea) and 15 samples for U-series dating of fossil stro-
matolites (12 in the western coast and 3 in the eastern coast). The samples were collected at elevations between
—365 and —170 masl with uncalibrated ages ranging between 40.1 and 9.7 ka. We distinguished two groups of
ages on the basis of probability-density and age-elevation plots (Figure 3a); ages younger than 27.5 ka were
usually characterized by a normal age-elevation pattern (ages become older with increasing shoreline elevation)
while ages older than 27.5 ka display a scattered vertical distribution and usually occur in the context of irregular
accumulations of stromatolites adjacent or above a partly preserved steeper zone or “central cliff zone” at the
central part of the paleo-shoreline sequence (Figures 3b—3n). The central cliff zone is an erosional feature, often
irregular, formed by one or two adjacent cliffs (SP2 in Supporting Information S1).

The growth morphologies and internal fabrics of fossil stromatolites vary from well-laminated (alternations of
darker and lighter laminae) to poorly laminated forms with a spongy appearance (Figures 4a and 4b). Well-
laminated stromatolites occurred in the form of crusts filling fractures in the bedrock or as the matrix of
extensive tabular deposits of carbonate breccias partly covering the topography. Spongy stromatolites form dome
and cauliflower structures on the tread of lake paleo-shorelines (Figures 4d—4f). These structures are usually
overlying or transition laterally into beach gravels and blocks. Spongy stromatolites contain abundant irregular to
sinuous cavities or fenestrae (50 pm—6 mm diameter), which increase their porosity. We also observed fenestrae
filled with detrital material (e.g., quartz grains) or rimmed by calcite and isopachous cements (Figure 4c; See
details in SP3 in Supporting Information S1). We attempted to remove the potential contamination effect of these
young materials by leaching small fragments from the core of the stromatolites in 1% HCI (See Section 3.2).
However, it is possible that some fraction of young material remained, leading to the occurrence of the outlier
samples that were identified using statistical methods described in SP4 in Supporting Information S1. In addition,
we included four samples with evidence of transport from an identified source in transects Boqueq-1 and Mazor-1
to increase the chronological control of these particular areas (See SP2 in Supporting Information S1).

We observed a correspondence between the age, the specific fabric of stromatolites, and the morphology of lake
paleo-shorelines. For instance, at the central cliff zone, we found mostly laminated stromatolites with uncali-
brated radiocarbon ages older than 27.5 ka, covering extensive areas or attached to the bedrock and filling
fractures. Instead, spongy stromatolites occur as centimetric to metric dome structures attached on the sediment
apron of well exposed lake paleo-shorelines, with uncalibrated radiocarbon ages younger than 27.5 ka. A detailed
description of the sampling transects is provided in SP2, Figures SP1 and SP2 in Supporting Information S1.

4.2. Mineralogy of Fossil Stromatolites

The X-ray diffraction and EDS analyses indicate that the stromatolites are composed mostly of aragonite, low-
magnesium calcite (LMC), high-magnesium calcite (HMC) and minor proportions of silicates and accessory
minerals (Figures 4g—4j; See details in Tables SP1 and SP2 in Supporting Information S1). The younger samples
(43 uncalibrated radiocarbon ages younger than 27.5 ka) are dominated by aragonite (usually higher than 60%)
and minor proportions of HMC (<20%). In general, the ~70% of the younger samples contain more than 60% of
aragonite and HMC together, both usually considered primary carbonates. The content of LMC calcite is usually
lower than 20%, only five samples display more than 50% of LMC. The dominant carbonate in the older samples
(31 uncalibrated radiocarbon ages older than 27.5 ka) is aragonite (usually higher than 30%) and minor pro-
portions of HMC calcite (<15%). In general, the ~40% of the older samples contain more than 60% of aragonite
and HMC together. The content of LMC ranges between 0% and 90%. Silicates and accessory minerals (<5%) are
often present in the darker detrital and micritic layers and in the filling of fenestrae.

4.3. Uranium-Series Ages and Temporal Calibrations

We measured the U and Th isotopic compositions of 32 samples obtained from 15 fossil stromatolites; three
samples were obtained from sites along the eastern coast of the Dead Sea and 12 samples from sites along the
western coast (Table 1). The samples generally yielded >*U values higher than 2,500 ng/g. Twenty-three coeval
ages were obtained from multiple dating of six fossil stromatolite specimens, analyzed using the isochron method
(Figure 5).
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Figure 3. Topographic swath profiles, sampling locations for radiocarbon and U-series dating, and age-elevation plots. (a) Histogram and probability distribution of
uncalibrated radiocarbon ages from fossil stromatolites in the Dead Sea. Note the bimodal population separated at 27.5 ka. B-N) Sampling transects and topographic
swath profiles extracted from high-resolution drone topography showing the sample locations. Younger radiocarbon samples are shown as red circles and older samples
as light blue squares; the data of these points are presented in Table 4. U-series samples are denoted by green triangles, the data of these points are presented in Table 1.
The labels represent uncalibrated radiocarbon and U-series ages (ka: kiloyears ago). The dashed line indicates the elevation of the lake highstand. Age-elevation plots
are shown on the right-hand side; the slope values along the swath-profile area (red dots) are shown beneath the profiles, and the blue line is the maximum slope. The
grayed areas denote the central cliff zone.
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Figure 4. Growth morphologies, internal fabrics, and mineralogy of fossil stromatolites. (a) Well-laminated stromatolite fabric, (b) Spongy stromatolite fabric,
(c) partially filled fenestrae, (d) laminated stromatolite with domal morphology, (e) stromatolite crusts filling fractures on bedrock, (f) large stromatolite with domal

morphology. (g) and (h) EDS analyses of spongy and laminated stromatolites, respectively; the insets show the relative concentrations of calcium (Ca), magnesium (Mg)
and silica (Si). (i) and (j) X-ray diffraction analyses of the samples in (g) and (h).

The initial activity ratios obtained from the intercept and slope of the isochrons ranged between 0.24 and 0.35
230TH/*8U and between 1.4 and 1.53 2**U/**U for Rosholt and Osmond type isochron diagrams (Table 2,
Figure 5). In all cases the Rosholt isochrons have positive slopes and higher R-squared values (>0.95) than
Osmond isochrons, leading to more robust linear regressions (Figure 5). The ages derived from the activity ratios
obtained from both isochron types are very similar. However, the Rosholt isochrons display a broader range of
activity ratios resulting in more robust linear regressions with higher R-squared (Figure 5); therefore, we selected
the Rosholt isochrons as the preferred results to estimate the initial activity ratios and ages. The isochron-
calibrated ages were on average 3.5 Kyrs younger than the subsample ages. The uncertainties (2-sigma) of
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Figure 5. Isochron calibration of U-series ages including Osmond and Rosholt diagrams.
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isochron-calibrated ages range between 0.6 and 2 Kyrs, except for sample UJD1921 with an arbitrary uncertainty
of 2.75 ka, which is significantly higher than the range of uncertainties of subsample values and probably
associated with the dispersion of samples and the standard error of linear regressions. Sample UJD1921 is
problematic because of its extremely large age error as the three subsamples do not span a large range; we
assigned an arbitrary 10% error to its age. Despite the large error, we decided to include the UID1921 isochron-
calibrated age in the lake-level reconstruction because of the scarce number of ages obtained from the higher lake
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Table 2
Results of Isochron Calibration of U-Series Ages

Isochron No. ages 234U/238U Error 230Th/232Th (ini.) Error 230Th/238U Error Age (ka) Error (Kyrs)
(@)

UEGS-8 4 1.420 0.011 2.097 0.944 0.272 0.019  22.90 1.70
UIS62 4 1.478 0.008 4.305 3.753 0.354 0.018  29.50 1.60
UIS19 B 4 1.486 0.004 4.945 0.896 0.330 0.007  27.03 0.60
UIS8 3 1.459 0.010 1.024 3.079 0.328 0.026  25.26 0.76
uJD192 5 1.461 0.003 0.409 0.173 0.375 0.011  31.85 1.07
UJD1921 3 1.526 0.008 15.181 15.657 0.358 0.156  28.73 2.87%
(b)

UEGS5-8 4 1.404 0.008 5.070 3.241 0.242 0.021  20.50 2.00
UIS62 4 1.479 0.007 6.114 3.477 0.346 0.015  28.70 1.30
UIS19 B 4 1.487 0.005 4.541 0.942 0.333 0.006  27.26 0.59
UIS8 3 1.458 0.014 0.268 5.349 0.334 0.037  25.49 0.95
UJD192 5 1.468 0.002 1.407 0.702 0.351 0.009  29.37 0.90
UJD1921 3 1.525 0.008 16.529 15.528 0.345 0.153  27.54 2.75%

Note. (a) Osmond-type isochron (b) Rosholt type isochron results. *Arbitrary 10% error of isochron-calibrated age.

paleo-shorelines; its age estimate was taken with caution and its activity ratios were not considered when esti-
mating the average initial >>°Th/***Th ratios.

The isochron intercepts with the 1:1 equilibrium line in the Rosholt diagram provide an estimate of the initial
230Th/*2Th ratio of a detrital component, under the assumption that >>*U, >**U and *°Th are in secular equilibrium
in the detrital material. The same approach was previously used by Haase-Schramm et al. (2004) and Torfstein,
Goldstein, Kagan, and Stein (2013) to date the aragonite layers of the Lisan Formation. The initial detrital
230Th/*32Th component of fossil stromatolites ranged between 2.2 and 9.4 (Figure 6a); we calculated an averaged
value of 2.6 =+ 2.2 as the initial 2**Th/***Th activity ratio and the corresponding error (standard deviation). This
correction is similar to the 3.7 = 0.37 used by Haase-Schramm et al. (2004) and the values of 1 £ 0.1to 6 + 1.8, used
by Torfstein, Goldstein, Kagan, and Stein (2013). For a comprehensive evaluation of the average detrital
component of paleolake Lisan, we used all isochrons provided from the Lisan Formation with three or more
subsamples (Haase-Schramm et al., 2004; Torfstein, Goldstein, Kagan, & Stein, 2013), combining them with our
stromatolite isochrons. We then determined the maximum likelihood probability and standard deviation of the
initial 2*°Th/**Th (Figures 5a and 5b), obtaining a value of 2.7 £ 2.35 (Figure 6b). We used this value to correct the
measured 2>*U/*8U and 2°Th/>*3U activity ratios of individual samples and of each isochron subsample (Table 1).
The detritus-corrected ages are younger than the original ages, showing differences between 0.5 and 5 Kyrs.

Our ages were plotted against initial §*>*U values including the results from Torfstein, Goldstein, Kagan, and
Stein (2013) and Haase-Schramm et al. (2004) based on the analysis of the aragonitic layers of the Lisan For-
mation (Figure 6¢). The matching between our and previous estimates confirms the validity of the U-series dating
approach for fossil stromatolites. We used an evolution plot to compare the initial range of 2**U/?*®U ratios from
stromatolites and those from the Lisan Formation and to corroborate our results (Figure 6d). The evolution plot is
based on the assumption that the stromatolites were initially formed in equilibrium with the *>*U/***U of the lake
water, which remained constant. Our results show convergence toward initial >*U/**®U ratios of between 1.43
and 1.54, which is a relatively narrow range, and similar to the range proposed by Torfstein, Goldstein, Kagan,
and Stein (2013) for the sequences of the Lisan Formation (1.5-1.55 23*U/**®U). The distribution of samples
between 20 and 40 ka isochrons portrays the progressive decay of ***U/***U from its initial value under the
assumption of closed-system conditions.

4.4. Radiocarbon Ages and Temporal Calibrations

To estimate the radiocarbon RA during the Lake Lisan highstand period, we compared nine paired radiocarbon
and U-series ages from stromatolites (Tables 1 and 3). The calendar (U-series ages) ages ranged between 18.79
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Figure 6. Isochron intercepts used to correct initial d***U values and evaluation of the consistency of U-series dating of fossil
stromatolites. (a) Comparing isochrons from the Lisan Formation and stromatolites, the intersection with the equilibrium line
indicates the detrital >*°Th/**>Th component. (b) Histograms of equilibrium line intercepts, the blue line is the mixture of all
isochrons. We found a value of 2.7 + 2.35 used to correct single sample U-Th ages, where n is the number of isochrons. (c) U-
series ages and initial SU?** from stromatolites compared with estimates from the Lisan Formation. (d) Evolution plot of U-
series ages from fossil stromatolites. The dashed black lines indicate the range estimated by Torfstein, Goldstein, Kagan, and
Stein (2013), while the light blue dashed lines indicate the range determined from fossil stromatolites.

and 30.14 ka (Table 3). RA estimates based on the comparisons between radiocarbon and isochron-calibrated U-
series ages yielded lower 1-sigma values ranging between ~0.4 and ~0.8 Kyrs, while RA estimated between
individual U-series and radiocarbon ages generally displayed higher 1-sigma values than isochron-calibrated
ages, ranging between ~0.3 and ~1.5 Kyrs. The median RA varied between 0.17 and 1.18 Kyrs (Figures 7a
and 7b, Table 3), while the combined probability distribution yielded a median of 0.65 Kyrs (Figure 7a). The
evolution of RA was marked by contrasting changes (Figure 7b). The oldest RA estimate at 30.14 ka yielded 0.67
kyrs and was extrapolated to 46 ka, at 29 ka the RA was low reaching 0.18 Kyrs, followed by an abrupt increase to
1.07 Kyrs at 28.71 ka; between 28.71 and 25.39 ka the RA decreased gradually to 0.28 kyrs, it remained constant
until 20.48 ka and increased abruptly to 1.04 Kyrs at ~19 ka.

After applying the RA-correction and atmospheric calibration, the resulting radiocarbon ages were older than the
initial ages. The RA-corrected and calibrated radiocarbon ages from fossil stromatolites ranged between 18.88
and 43.21 ka with 1-sigma errors ranging between 0.2 and 1.7 Kyrs and 2-sigma errors between 0.5 and 3.2 kyrs
(Table 4, Figures 8a and 8b).
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Paired Radiocarbon and U-Series Ages Used to Estimate the Radiocarbon Reservoir Age
Sample Sample  U-series Error Uncal. radiocarbon Error Median RA  1-sigma bounds (Kyrs) 2-sigma bounds (Kyrs)
Radiocarbon ~ U-series (ka) 1-sigma (Kyrs) (ka) 1-sigma (Kyrs) (Kyrs) = + = +
JD11C UlDI11 18.794 0.492 16.530 0.090 0.999 0.519 1.475 0.216 1.866
EG 5-11A UEGS5-11 18975 1.686 17.020 0.100 1.048 —0.359 2.590 —1.075 3.387
EG 58-A UEG5-8*  20.481 0.988 17.330 0.100 0.283 —0.456 1.080 —0.928 1.632
MET 8-2A  UMET8-2  25.397 0.263 21.360 0.140 0.284 0.037 0.553 —0.194 0.741
IS8C UIS8* 25.494 0.476 21.870 0.180 0.704 0.064 1.145 —0.297 1.412
IS19BC UIS19B*  27.265 0.296 23.600 0.210 0.616 0.175 1.095 —0.113 1.328
1S-62 UIS6-2*  28.708 0.670 25.590 0.260 1.077 0.338 1.689 —0.057 2.186
EB 7-27C UEB7-27  29.036 0.902 25.090 0.220 0.176 —0.683 1.049 —1.327 1.670
IS14C UIS14-1 30.145 0.256 26.600 0.290 0.673 0.249 1.165 0.002 1.459

“Isochron-calibrated age.

4.5. Vertical Corrections and Lake-Level Reconstruction

We applied vertical corrections that considered hydro-isostatic adjustment, tectonic displacements, and
geomorphic corrections that represent uncertainties related to the initial position of the sample. The temporally
calibrated and vertically corrected samples were used to generate a lake-level curve (Figures 8a—8d).

Geomorphic correction was only possible for the younger samples, where the morphology was closely linked with
the stromatolite deposit. The maximum height difference was measured between the stromatolite position and the
shoreline angle of the nearest paleo-shoreline riser in the uphill direction from the sampled stromatolite. The
height differences were less than 7 m and averaged 1.3 m, resembling the water depth at which the stromatolites
were formed. For the older samples, located at the central cliff, the absence of clear paleo-shoreline morphologies
hinders the application of the geomorphic correction.

The net isostatic rebound values ranged between 3.6 and 4.2 m. The highest net rebound occurred at the Kedem
and Sehatty sites; these values were subtracted from the present-day elevation of each dated sample location
(Figure SP8 in Supporting Information S1). The faster tectonic subsidence of 0.48 m/Kyr determined for the
Kedem site corresponds to positive vertical displacements of 11-14 m. In contrast, the slower subsidence of
0.05 m/Kyr at the Bogeq site resulted in 1-2 m of positive vertical displacements (see Table 5, SP6 and Figure
SP8A-B in Supporting Information S1), which we added to the respective sample elevations (Figure 8c).
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Figure 7. Radiocarbon reservoir. (a) Reservoir age probability density functions (PDFs) of each paired U-series and
radiocarbon ages from fossil stromatolites. The black line is the mixture of all PDFs. (b) Evolution of radiocarbon-age
reservoir and associated 1 and 2-sigma errors based on the PDFs in A (ka: kiloyears ago, kyrs: kiloyears).
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Figure 8. Temporal calibrations and spatial corrections of lake-level markers based on radiocarbon and U-series ages, and
lake-level reconstruction. (a) Uncalibrated and uncorrected radiocarbon ages, excluded outlier samples are enclosed by red
dashed lines. (b) RA-corrected and calibrated radiocarbon ages. EC and WC: Eastern and Western coasts of the Dead Sea.
(c) Vertically corrected and temporally calibrated radiocarbon and U-series ages. In most cases the vertical errors are smaller
than the marker size. (d) Lake-level reconstruction, gray lines are iterated smoothing splines generated from randomly
optimized samples. The histogram in the lower panel displays the distribution of ages and the contributions of the two
different dating methods.
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Table 5
Elevations of Highstand Shorelines and Tectonic Vertical Displacement Rates
Highstand Highstand elevation Relative elevation Relative vertical Absolute vertical Error
elevation Error corrected” difference” displacement rate Error displacement rate® (m/Kyr)
Site (m) (m) (m) (m) (m/Kyr) (m/Kyr) (m/Kyr) (m/Kyr)
Kedem —188.00 3 —192.23 —5.09 —0.18 0.11 —0.48 0.11
Mazor —178.00 3 —182.15 4.98 0.17 0.11 —0.13 0.11
Mishmar —183.00 3 —187.13 0.00 0.00 0.10 —0.30 0.10
Bogeq —176.00 3 —179.78 7.35 0.25 0.11 —0.05 0.11
Yizrah —185.00 3 —188.75 —1.62 —0.06 0.10 —0.36 0.10
Movenpick —180.00 3 —184.14 2.99 0.10 0.11 —0.20 0.11
Sehatty —185.00 3 —189.21 —2.08 —0.07 0.11 —0.37 0.11
Potash —179.00 3 —182.73 4.41 0.15 0.11 —0.15 0.11

Highstand elevation corrected by hydro isostatic rebound. "Elevation difference with respect to site Mishmar. “Absolute vertical displacement rate in reference to the
subsidence rate of 0.3 m/Kyr estimated by Bartov, Agnon, et al. (2006). Negative values indicate subsidence.

4.6. Lake-Level Reconstruction

The distribution of spatially corrected sample elevations and temporally calibrated radiocarbon ages and U-series
ages displays a distinct pattern of lake-level variations between 45 and 18 ka. We identified two distinct age
groups within the lake-level reconstruction, younger ages (<30 ka) and older ages (>30 ka), both displaying
different trends and scatter. The high level of variability in the older ages relates to greater chronological errors
and scattered distributions between —320 and —250 masl overlapping with the location of the central cliff zone
observed in all topographic profiles. In contrast, younger ages are less scattered, have smaller errors, and are
distributed within a relatively narrow band. The 10 outlier samples identified using statistical methods (See SP4
and Figure SP5 in Supporting Information S1) are younger than 20 ka, they are notoriously separated from the
trend of the narrow band of younger ages (Figure 8a) and are probably affected by contamination by young
carbonate materials (see Section 4.1). These outlier samples were excluded from our lake level reconstruction.
The remaining samples were temporally calibrated and spatially corrected. The temporal calibration of radio-
carbon ages resulted in temporal offsets toward older ages, this can be appreciated in the slight offset of the ages in
Figure 8b toward older values in comparison with uncorrected/uncalibrated ages Instead, the vertical correction,
which include tectonic, isostatic and geomorphic corrections, generally resulted in positive vertical offsets; this
can be observed as a slight difference in elevation between Figures 8b and 8c. Finally, we applied the random
sampling approach (See Section 3.4) on the corrected and calibrated samples in order to obtain a lake level curve
with confidence intervals observed in Figure 8d.

Assuming that stromatolites grow approximately at a water depth that is close to lake-level positions (see Sec-
tion 5.1 and SP3 in Supporting Information S1), the scattering of older ages may indicate a period of high-
frequency but low amplitude lake-level oscillations. In contrast, the younger ages (<29.2 + 0.9 ka according
the 1-sigma of the Monte Carlo simulation) suggest a period of large-scale and rapid reduction in water level. Both
periods are separated by a distinct episode during which the lake-level rose by ~100 m at a rate of ~60 m/Kyr
between 30 and 31 ka. After a short (~2 Kyrs) highstand period at a level of ~—180 masl, the lake-level then
started to fall at ~28.5 ka. The first phase of this fall in the water level was extremely rapid, with the water level
falling about 80 m within about 1.5 Kyr at a rate between 70 and 50 m/Kyr. However, this rate was still two orders
of magnitude lower than the present-day rate of the ongoing lake-level drop (Lensky et al., 2005). The initial rapid
fall in lake-level was followed by a deceleration from ~27 ka with a rate of 20-25 m/Kyr, reaching a quasi-stable
(~3 m/Kyr) lake-level at ~—315 masl for the period between 24.5 and 21.5 ka. A subsequent short period of lake-
level fall occurred between 21 and 19 ka at a rate of ~12 m/kyr, followed by a quasi-stable lake-level of —350
masl at ~19 ka (Figure 8d).

In summary, the pattern of lake-level changes in the Dead Sea basin suggests that the older stromatolites were
formed under a regime of low amplitude and high frequency lake level variations. This variability probably
intensified coastal erosion resulting in an irregular cliff, defined as the “central cliff.” Afterward, this cliff was
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Figure 9. Stable isotope values from fossil stromatolites. (a) Plot of 8'>C against 8'%0 from individual samples, color-coded by site; no clear covariance can be seen.
(b) Plot of stable isotopes against time, the red lines show the mean values before and after the highstand. (c) Plot of e against 5'%0 of along track measurements in

samples (UID192, red and JD1910 blue).

drowned in the course of the rapid lake-level rise that occurred after ~31 ka. This episode was followed by a rapid
lake drop where the old cliff was subsequently overprinted by a new sequence of regressive lake shorelines and
associated stromatolites. Nevertheless, remnants of the older fossil stromatolites in fractures and in the form of
pavements in the central cliff zone may have been preserved as a result of the rapid water level changes. This
would explain the overlap between older and younger ages.

4.7. O and C Stable Isotopes

We performed 207 measurements of &'%0 and 8'>C on carbonates, 139 of which were obtained along tracks in
two samples of layered stromatolites (UJD192 and JD1910) and 68 from individual samples. The §'>C values
ranged between —4.2 and 3.7%o and the 5'®0 values ranged between —5 and 7.5%o. When plotting 5'*C against
80 for individual samples, the resulting linear regression revealed very low R-squared values, suggesting a lack
of correlation (Figure 9a). Furthermore, there are no evident clusters of stable isotope values related to different
sites, suggesting the absence of any geographic control on the isotopic variability (Figure 9a). Samples younger
than 30 ka (calibrated ages) generally tended to have 8'%0 values 2% higher than the samples older than 30 ka,
which had variable 5'%0 values and higher levels of dispersion. Ages younger than 30 ka usually had positive
8'3C values, whereas older ages were broadly dispersed but had slightly lower values (Figure 9b). When
comparing the stable isotope measurements along individual tracks of stromatolites, we noted a slightly higher
correlation (R* = 0.5) between 8'%0 and §'3C for sample JD1910 in comparison to UID192 (Figure 9c¢). Further
discussion on the meaning of this correlation is provided in Section 5.4.

5. Discussion
5.1. Reliability of Fossil Stromatolites for Reconstructing Lake-Level Changes in the Dead Sea

Although our lake-level reconstruction included both temporal calibrations and spatial corrections, there are two
critical factors that argue against the use of fossil stromatolites for rigorous reconstructions of lake-level changes
in the past: (a) uncertainties regarding the water depths at which the stromatolites were formed, and (b) the effects
of contamination by old carbon and diagenesis, which can significantly compromise the radiometric age deter-
mination of stromatolites. Photosynthetic microorganisms, predominantly cyanobacteria and occasionally
eukaryotic algae, are crucial for the development of stromatolites in lacustrine and marine environments
(Riding, 1991). During the Quaternary stromatolites had a wide distribution in lacustrine settings, where they
have mostly grown in the littoral and shallow-water photic zones, although exceptional occurrences at 60 m water
depth in Lake Tanganyika have also been reported (Cohen et al., 1997). The fossil stromatolites analyzed in this
study exhibit a wide variation of morphologies and internal fabrics that presumably reflect the complex interplay
of both abiotic and biotic processes (see SP3 and Figures SP3 and SP4 in Supporting Information S1). In addition,
the saline and hypersaline conditions of paleolake Lisan and the Dead Sea, respectively, have fostered the
development of atypical and unique microbial imprints (Hausler et al., 2014; Ionescu et al., 2012; Thomas
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Figure 10. Seasonal isotopic variability in fossil stromatolites. (a and b) Analysis of 8'%0 along a track of samples UJD192
and JD1910, respectively, note the rhythmic variability at millimetric-scale. (c) Water column stratification in the Dead Sea
(depth in meters below the lake-level); the mixing zone is subject to high seasonal 8'0 variability (based on Gat, 1984).

et al., 2016). Although there is no direct information concerning the species of microorganisms that may have
been responsible for the Lisan stromatolites, their macro and microfabrics as well as their compositional char-
acteristics suggest that photosynthetic microbes might have been involved in their formation (SP3 and Figures
SP4A-O in Supporting Information S1). These organisms usually live within the photic zone, which in the Dead
Sea is limited to approximately 2 m water-depth (Oren & Shilo, 1982); however, the depth of the photic zone may
vary seasonally depending on the sediment input and physicochemical conditions of the lake. Therefore, eluci-
dating the depth of formation of fossil stromatolites based on their fabrics and type of microorganisms remains
speculative. Consequently, additional criteria are necessary to adequately estimate their positions with respect to
the past lake-levels.

In the context of the geomorphic conditions that were conducive for stromatolite formation, we observed that
fossil stromatolites occur in direct association with lake paleo-shorelines and most of the samples were collected
from shoreline treads that represent the shallow marginal lake floor. The stromatolites and lake paleo-shorelines
may therefore be considered to be coeval, and we thus can relate each stromatolite location to a specific paleo-
shoreline level. The elevation of the riser foot represents the lake-level position at the time of stromatolite for-
mation; the maximum height difference between the stromatolites and the foot of the corresponding shoreline
riser was less than 7 m and on average 1.3 m (see Section 4.1 and SP2 in Supporting Information S1), which is
close to the ~2 m depth range of the photic zone (Oren & Shilo, 1982), suggesting that these stromatolites lived
under rather shallow water conditions.

From a paleoclimatic point of view, if the stromatolites are formed under shallow-water conditions, then their
stable isotopic signature is likely to reflect atmospheric interchange. Measurements of 8'30 in the present-day
water column of the Dead Sea indicate a shallow mixed zone characterized by variable 5'%0 values in
response to seasonality and atmospheric interchange, and a deeper zone characterized by quasi-stable 8'%0 values
(Gat, 1984) (Figure 10c). The results of our along-track analyses of 6'®0 reveals a rhythmic millimetric-scale
pattern of isotopic variability that most likely represents seasonal variations, as can be observed in surface wa-
ters during alternating cold and hot seasons (Figures 10a and 10b). Gat (1984) showed that the mixed water layer
extends to 2.5 m depth. Therefore, the isotopic variability in the stromatolites may further indicate that they lived
in shallow-water environments.

With regard to paleoclimatic conditions, previous studies suggested that stromatolites in the Dead Sea basin
appear only during high lake levels when the lake salinity was lower than the present Dead Sea (Lisker
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et al., 2009). Our study, however, shows the presence of fossil stromatolites throughout the entire analyzed in-
terval, with variable distribution along fossil shorelines. Larger accumulations were observed near delta areas
such as the Mazor, Boquec, and Yizrah sites, where they appear at almost every shoreline level, while they are less
abundant in areas such as Movenpick and Kedem, which are distant from river outlets. These observations suggest
that the presence of stromatolites does not only seem to be linked with the lake salinity but also with the local site
conditions.

5.2. Old Carbon and Diagenesis

Bookman et al. (2007) identified old detrital carbonate fragments within the aragonite layers of the Lisan For-
mation that could produce temporal offsets ranging from hundreds to thousands of years in radiocarbon-age
estimates. The authors proposed a correction factor based on the ratio of authigenic aragonite to calcite from
old carbonate. However, it should be emphasized that these old fragments have only been found in the Lisan
Formation and not yet in stromatolites. The analysis of stromatolite thin sections indicates relatively clean ma-
terial composed mainly of carbonates (aragonite and calcite) such as micrite, peloids, and coarse spar, with only a
minor proportion of detrital material corresponding mostly to siliciclastic grains (quartz and silicates) (see
Supplementary Materials SP3). Moreover, if calcite from old rocks were present, one would expect a large
disagreement between U-series ages and radiocarbon measurements. However, both dating methods show
consistent results. In addition, the reservoir ages from the stromatolites are within the same range as the values
obtained from the Lisan Formation (See Section 5.4); therefore, we disregarded the effect of old radiocarbon in
our radiocarbon age corrections.

Post-depositional processes such as diagenesis (i.e., recrystallization) can also produce open-system conditions,
resulting in erroneous age estimates for both U-series and radiocarbon methods. The stromatolites sampled were
exposed directly at the surface and had not been affected by depositional processes since their formation.
However, carbonates can also be affected by diagenesis when exposed at the surface due to the effect of infil-
trating meteoric water. LMC is a stable species of calcite usually formed by the recrystallization of metastable
primary carbonates such as aragonite and HMC, or in special conditions, can be associated to the metabolism of
the microorganisms and the microenvironmental conditions inside the microbial mat. Regarding the first pos-
sibility, the presence of LMC suggests that the stromatolites underwent some degree of recrystallization during
their exposure at the surface, indicating open-system conditions that may result in inaccurate radiocarbon and U-
Series ages. Open-system conditions may usually produce a loss of uranium isotopes, which will result in older U-
series ages. Conversely, in the case of radiocarbon geochronology, open-system conditions will result in the
incorporation of modern carbon and hence, younger radiocarbon ages. On the other hand, the presence of dead
carbon from dust or old limestone formations would result in older radiocarbon ages. The samples, which were
dated using both methods, however, seem to agree well. Regarding the possibility of open-system conditions for
carbon, it is certainly difficult to assess with confidence the primary origin of the micrite and of some of the sparry
fabrics, especially when composed of LMC. Microbial mats can induce the precipitation of any type of bio-
minerals and LMC, independently of the environmental conditions of the lake. However, the presence of blocky
mosaics of LMC and/or microspar observed in some of the samples suggests that the stromatolites underwent at
least some degree of recrystallization.

In order to evaluate the potential effect of recrystallization on the stromatolite ages, we attempted to reproduce the
lake-level curve using the Monte Carlo model and selected samples with different percentages of primary car-
bonates (Figure 11). We observed that the general pattern of the lake-level curve is rather similar for the different
samples, displaying a highstand period at ~29 ka (Figure 11). This experiment suggests that despite of the po-
tential effects of diagenesis, the trend and overlap of the U-series and radiocarbon ages during and after the
highstand phase are persistent. Furthermore, if diagenesis was present, it apparently had a minor impact as the
isochron approach highlighted a linear relationship (Figure 5), which would not be the case under the influence of
open-system conditions. Furthermore, there are no younger stromatolite radiocarbon ages compared to atmo-
spheric radiocarbon ages (as derived at the U-series dated specimen), which would be an expected result if
diagenesis had a major influence on the stromatolites. Additionally, geomorphic observations and radiometric
dating suggest that the younger shorelines (<29 ka) were not reoccupied; they represent a period of continuous
lake drop. This implies that after their formation, the stromatolites were continuously exposed above the water
level. The absence of water reduces the rate of carbonate recrystallization because water facilitates the dissolution
and reprecipitation process essential for transforming aragonite to calcite. To reconciliate the effect of
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recrystallization and the observed agreement between ages, we propose that some degree of recrystallization
probably occurred during or shortly after subaerial exposure (early diagenesis). This probably affected the ages
but of a lesser magnitude than their associated uncertainties.

Alternatively, paleo-shorelines can be viewed as isochronous lines, making them valuable for assessing the ac-
curacy of radiocarbon dating and the impact of recrystallization, which could lead to significant age discrepancies
among coeval samples. To investigate this, we analyzed 12 samples from six paired locations along a single paleo-
shoreline. Our findings reveal consistently similar ages within the respective uncertainty intervals of the samples
(refer to Figure SP10 in Supporting Information S1). We therefore suggest that fossil stromatolites can provide
reliable temporal and spatial information and that they can be used as lake-level index points for reconstructing
lake-level variations in the Dead Sea depression.

5.3. Comparison of the Stromatolite-Based Lake-Level Curve With Previous Studies
5.3.1. Stratigraphy of the Lisan Formation and the Stromatolite-Based Lake-Level Curve

To evaluate the consistency of our results, we compared the lake-level reconstructions derived from the Lisan
Formation and the chronostratigraphy of the Lisan Formation itself with the stromatolite-based lake-level
reconstruction. The best exposures of the Lisan Formation are in the Perazim Creek and at Masada
(Figure 12a), where it comprises three dated stratigraphic units or members (Bartov et al., 2002; Haase-Schramm
et al., 2004; Machlus et al., 2000; Stein, 2001). The lower member is ~5 m thick and consists of laminated
aragonite-detritus with an age between ~70 and 55 ka. This member is overlain by distinctive gypsum layers of 3—
5 m thick that is in turn overlain by the ~25 m thick, ~48-31 ka middle member, which is coeval with the pre-
highstand phase in our lake-level reconstruction (Figure 12b). The middle member consists of intercalations
between laminated and coarse facies such as sand, gravel, pebbles and silty detritus, which has been interpreted as
a low lake-level period (Bartov et al., 2002, 2003; Torfstein, Goldstein, Kagan, Stein, & Enzel, 2013). Similarly,
we associate the presence of clastic material with a relatively low lake-level (~-360 m) overprinted by low-
amplitude and high-frequency lake-level oscillations that occurred prior to 30 ka. However, Torfstein, Gold-
stein, Kagan, and Stein (2013) interpreted the middle member differently, extending its duration between ~60 and
~39 ka. According to these authors, the middle member is capped by a gypsum intercalation defined as the broken
gypsum unit, which is present in Masada and other sections northward but not at Perazim Creek. We can
tentatively correlate the broken gypsum with a short lake-level drop occurred between ~41 and ~39 ka in our lake
level curve.

The upper member is 10-20 m thick and consists mostly of laminated aragonite detritus with ages ranging be-
tween ~31 and 18 ka (Bartov et al., 2002; Torfstein, Goldstein, Kagan, Stein, & Enzel, 2013), coeval with the
highstand and post-highstand periods of our lake-level reconstruction. Nevertheless, Torfstein, Goldstein, Kagan,
and Stein (2013) interpreted the age of the upper member between ~39 and ~15 ka, which includes part of the pre-
highstand, highstand and post-highstand periods of our lake level curve. According to the stratigraphic de-
scriptions of Torfstein, Goldstein, Kagan, and Stein (2013), at PZ1 this member comprises intercalations of halite
layers between ~30 and ~37 ka representing lowstand conditions, which can be tentatively correlated with the
sharp fall in water level that occurred at ~32 ka in our lake level curve (Figures 12b and 12g). The laminated
facies of the upper member have been previously considered to be associated with the paleolake Lisan highstand
(e.g., Bartov et al., 2002; Torfstein, Goldstein, Kagan, & Stein, 2013), considering that the presence of laminated
aragonite indicates offshore depositional environments and that aragonite precipitation requires the addition of
bicarbonate-rich freshwater (e.g., Stein et al., 1997) (see Section 2.2). The presence of laminated aragonite in the
upper Lisan Formation is therefore difficult to explain in the context of the sharp fall in lake level resulting from
our stromatolite-based lake-level reconstruction.

However, recent studies suggest that aragonite deposition is not solely controlled by lake and runoff waters but
also by the contribution of carbonate dust that may be dissolved in the runoff (Belmaker et al., 2019). The
dissolution of calcite dust blown from the Sahara and adjacent deserts can be a viable source of bicarbonate, and
might explain the thick laminated aragonite sequence in the upper member. Furthermore, this is also in accor-
dance with speleothem records that indicate drier and colder conditions during the LGM, which were associated
with higher dust input in the Levant region (Frumkin & Stein, 2004). The upper member is capped by two
prominent gypsum layers with an age of ~16 ka (Bookman et al., 2006; Haase-Schramm et al., 2004; Stein, 2001;
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Figure 12. Comparison of the stratigraphy of the Lisan Formation with our stromatolite-based lake-level curve. (a) Location of stratigraphic sections along the western
coast of the Dead Sea. (b) Simplified stratigraphic sections modified from Torfstein, Goldstein, Kagan, and Stein (2013) and Bartov et al. (2002). BA: Beit Ha'arava,
MSH: Nahal Mishmar, M1 and Z7: Masada, PZ1: Perazim Creek. The elevation of the base of each section is indicated by a black line. 1: members by Bartov

et al. (2002), 2: members by Torfstein, Goldstein, Kagan, and Stein (2013). (c) Schematic geological profile at Mt. Sedom indicating the position of PZ1 modified after
Weinberger, Begin, et al. (2006). (d—g) Position of corrected and uncorrected stratigraphic section with respect to our stromatolite-based lake-level curve. The filled
semi-transparent stratigraphic sections represent the original uncorrected elevations, and the color-outlined sections are vertically corrected using uplift or subsidence
(See text for details).

Torfstein, Goldstein, Kagan, & Stein, 2013), which are coeval with the minimum lake-level positions (~-360 m)
in our lake-level curve (Figures 12b—12d, 12f and 12g).

Bartov et al. (2002) inferred a lake level drop at ~28 ka based on sequential stratigraphy of the upper stratigraphic
sections at the Masada plain (Section Z7), which agrees with the lake level drop observed in our reconstruction
(Figure 12e). Nevertheless, these facies are subsequently overlain by “2m thick deep lake facies that evince a
subsequent lake level rise. Distinguishing between shallow and deep lacustrine environments based on facies may
be particularly difficult because the Lisan Formation lacks any trace fossils that could be used to support paleo-
environmental interpretations. In this regard, in the present-day beach environments of the Dead Sea, it is possible
to find layered aragonite-detritus, associated with bacterial mats in ponds near the coastline, with a similar
laminated structure as those of the upper member of the Lisan Formation (Thomas et al., 2016), suggesting that
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laminated facies may not be exclusively dependent on depth but also on local energy conditions and water
chemistry. On the other hand, the lake level was about 60 m higher than section Z7 between 30 and 26 ka
(Figure 12e), which probably resulted in the accumulation of deep lake sediments. The intercalations of deep
facies overlaying shallow facies described by Bartov et al. (2002) may be possibly linked to the lake highstand
period identified in our reconstruction or alternatively, sedimentation in a distal pond perched above the lake
level.

Previously studied stratigraphic sections of the Lisan Formation along the Dead Sea coast are distributed at rather
similar elevations (Torfstein, Goldstein, Kagan, & Stein, 2013) with differences of <10 m, except for sections Z7
and PZ1 (Figure 12b). Section Z7 is characterized by shallow sedimentary facies and is located toward the edge of
the basin and approximately below our lake-level curve (Figure 12¢). Instead, PZ1 is characterized by deep facies
(Upper member; Figure 12a) and is located several meters above our lake-level curve (Figures 12f and 12g). We
note that the ~30 to ~16 ka upper member of the PZ1 section in the Perazim Creek is located 30-60 m above the
post-highstand interval of our lake-level reconstruction (Figures 12f and 12g), suggesting that the lake-levels of
our reconstruction are underestimated (Figure 12b).

The PZ1 section is located in the Ami'az plain adjacent to Mount Sedom (Figure 12c¢), a salt diapir that has been
actively uplifting since the late Pleistocene (Frumkin, 2009; Weinberger, Begin, et al., 2006). There have been no
previous vertical deformation-rate estimates in the Perazim Valley and Ami'az plain; however, the area is
characterized by the presence of radial clastic dikes cutting through the Lisan Formation and associated with the
salt intrusion. The dikes converge toward the Black Hills area, whose topography and cumulative dike width
suggest 70 to 50 m of local uplift (Marco et al., 2002). In this regard, the difference between our curve and PZ1
could be a result of differential subsidence/uplift between PZ1 and the sections northward. We would expect that
areas that have undergone faster subsidence would display thicker sedimentary sequences associated with the
Lisan Formation because of increased accommodation space. However, the M1, MSH and BA sections within the
Lisan Formation are 10-20 m thinner than in PZ1 (Figure 12a). A possible explanation would be that differential
subsidence/uplift occurred after the deposition of the Lisan Formation at ~16 ka. Interestingly, this age has also
been suggested for the rise of Mount Sedom (Frumkin et al., 2009; Weinberger et al., 2006; Zucker et al., 2019).

After correcting the elevation of the M1 section using the 0.3 m/kyr mean subsidence rate at Masada (Bartov,
Agnon, et al., 2006) and an arbitrary subsidence rate of 0.2 m/Kyr for Z7, considering subsidence rate decrease
westwards (Bartov et al., 2002; Bartov, Agnon, et al., 2006), we notice that M1 and Z7 are relocated 5 and 3 m
above its original position, respectively, but still below the reconstructed lake-level curve (Figures 12d and 12e).
We observe that the difference between the corrected elevation of M1 and the uncorrected PZ1 (=306 m) is
~65 m. Under the assumption that both sections were deposited at similar depths and that differential subsidence/
uplift occurred after 16 ka, this difference in elevation would suggest that PZ1 experienced an uplift rate of ~4 m/
Kyr. When correcting PZ1 with this rate, we note that the upper member is relocated below the stromatolite-based
lake-level reconstruction (Figures 12f and 12g). This differential uplift scenario of the Ami'az plain agrees with
the 70 m uplift at Black Hills (Marco et al., 2002) and reconciles the vertical differences between the stromatolite-
based lake-level reconstruction and the section PZ1.

5.3.2. Comparison With Previous Lake-Level Reconstructions

We compared the stromatolite-based lake-level reconstruction with previous lake-level curves and proxies based
on the stratigraphy of the Lisan Formation in order to evaluate and interpret similarities and differences. We
selected the lake-level curves of Torfstein and Enzel (2017) and Bartov, Agnon, et al. (2006), which are the most
detailed lake-level reconstructions over the period covered by our investigations. The curve of Bartov, Agnon,
et al. (20006) is based on sequence stratigraphy of the Lisan Formation at Masada and in the Perazim Creek, aided
by a combination of U-series and radiocarbon ages and corrected for tectonic subsidence (—0.3 m/kyr) at Masada.
The curve of Torfstein, Goldstein, Kagan, Stein, and Enzel, (2013) and its updated version in Torfstein and
Enzel (2017) is also based on the stratigraphy and chronology of the Lisan Formation and a compilation of lake-
level indicators; it is vertically tied to the lake-level curve of Bartov, Agnon, et al. (2006) and the age of fossil
stromatolites from caves around the Dead Sea (Lisker et al., 2009). To facilitate the comparisons, we subdivided
the lake-level history of the Lake Lisan-Dead Sea system into three intervals based on our lake-level recon-
struction. The pre-highstand interval between 31 and 45 ka, the highstand interval between 31 and 28.5 ka, and the
post-highstand interval between 28.5 and 18 ka (Figure 12b).
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Figure 13. Comparison between our lake level reconstruction, previous lake-level curves and proxies. (a) Lake-level curves
of Bartov, Agnon, et al. (2006), Torfstein and Enzel (2017), our stromatolite-based lake-level reconstruction and other lake-
level proxies. Symbols are lake-level indicators of deep and shallow environments based on the compilation of Torfstein and
Enzel (2017), corrected for tectonic subsidence. Cave deposits 1: single sample U-series ages. Cave deposits 2: isochron and
averaged single sample U-series ages, both from Lisker et al. (2009). The dashed intervals in the blue curve indicate that the
reconstruction is not robust. The gray colored curve in the background is the stromatolite-based lake-level reconstruction and
confidence intervals. The yellow bands represent Heinrich stadials (h). Rosa diamonds and squares are shallow facies of the
Lisan Formation by Bartov, Agnon, et al. (2006) and Bartov (2004), respectively. Purple diamonds are shallow facies
described by Hazan et al. (2005) at the site Tel Qazir near Lake Kinneret. (b) Histogram of shallow water lake level
indicators, including shallow facies (rosa and purple) and isochron dated cave deposits (black). Note the scarcity of shallow
indicators between 25 and 15 ka.

For the pre-highstand interval, our lake-level reconstruction and the lake-level curve of Bartov, Agnon,
et al. (2006) overlap for the entire interval with a similar pattern of low-amplitude and high-frequency lake-level
variations. The curve of Torfstein and Enzel (2017) indicates higher amplitude lake-level oscillations than our
reconstruction, with vertical maximum differences of ~50 m, however, within intervals where the reconstruction
is not robust (Figure 13a). Despite of these differences, there is a notable match in the polarity of lake-level
oscillations between both lake-level reconstructions, for instance during the cold Heinrich (H) stadial H4
(Figure 13a). The oscillations also involve an episode of a fast decrease during H3 at about the same time as
suggested by our lake-level reconstruction and reaching a similar elevation (~-320 masl, Figure 13a). The
highstand interval of our reconstruction matches approximately with the beginning of the highstand interval in the
reconstruction of Torfstein and Enzel (2017), both reaching ~-180 m. Instead, in the lake-level curve of Bartov,
Agnon, et al. (2006), this event occurs ~5 Kyrs later than in our reconstruction and the one by Torfstein and
Enzel (2017). The post-highstand interval shows the greatest dissimilarities between our and the other two lake-
level reconstructions, particularly regarding the duration of the Lake Lisan highstand. According to our recon-
struction, lake regression started at ~28.5 ka, that is, ~5 Kyrs earlier than previously suggested, resulting in
maximum vertical differences of ~140 m during the H2 interval at ~25 ka. On the other hand, Hazan et al. (2005)
reported radiocarbon ages from the Lake Kinneret sediments, including the Lisan highstand at 24-27 ka
(Figure 13a). These ages, however, conflict with our lake level reconstruction, suggesting a higher lake level
during the post-highstand period. Importantly, these ages were obtained solely from the Tel Qazir site near the
Kinneret-Lisan separation sill. Additionally, Hazan et al. (2005) acknowledged a large (3 Kyrs) reservoir effect at
Tel Qazir, raising uncertainty. In addition, Hazan et al. (2005) used the radiocarbon calibration curve from 1998.
When using the Intcal2020 calibration curve (Reimer, 2020) and applying a 1500 years of reservoir effect for the
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Melanopsis, none of the Tel Qazir samples would be younger than 25ka and some of them would fit our dated lake
level peak. Due to these limitations, the validity of the Tel Qazir highstand records remains inconclusive. Finally,
during the youngest part of the post-highstand our reconstruction and the lake-level curve of Torfstein and
Enzel (2017) tend to converge toward H1 with vertical differences reaching ~20 m. The observed ~140 m
difference could be due to a variety of mechanisms, first related to a problem with the radiocarbon dating; second,
vertical displacements that have not been considered in our or previous corrections; and third, potential inac-
curacies of previous lake-level reconstructions, as discussed below.

Regarding the first possibility calibration issues may produce consistent temporal offsets and older radiocarbon
ages. However, there is no consistent temporal offset visible in the age distribution. For example, the pre-
highstand and highstand intervals match the previous lake-level reconstructions relatively well, while the post-
highstand intervals show bigger differences. Furthermore, as explained in Section 5.2, the effect of diagenesis
seems to have most likely only a negligible effect on the radiometric dating results. But, even if the quality of the
radiocarbon ages had been affected by an unidentified process, the effects of such a process would be reflected in
an increase in scatter; instead, our reconstruction reveals a distinct trend between 30 and 18 ka as well as con-
sistency with the new U-series ages. We therefore discard the possibility that faulty radiocarbon calibration is
responsible for the differences between our lake-level reconstruction and the previous lake-level curves. Another
reason for the difference between lake-level curves could be the uncertainty in the radiocarbon ages used in the
reconstruction of Bartov et al. (2002). The authors used the “Lisan calibration curve” and 1 Kyr RA based on
Schramm et al. (2000) to correct the radiocarbon ages. We tentatively corrected the original ages from Bartov
et al. (2002) using a more recent atmospheric calibration curve (Intcal2020, Reimer (2020)) and the RA from
fossil stromatolites. On average, the corrected ages differ <1 Kyr from the original corrections, which is
insufficient to explain the differences between our reconstruction and the previous lake-level curves.

With respect to the second possibility, we note that subsidence could occur as a result of crustal loading associated
with an increase in water depth. However, even assuming the existence of an unreasonably thin lithosphere, a
difference of 100-140 m between lake-level reconstructions cannot be explained by hydro-isostasy. On the other
hand, Bartov, Agnon, et al. (2006) suggested that Late Pleistocene subsidence rates at Masada vary between 0.6
and 0.3 m/Kyr increasing toward the basin center. In this regard, our stromatolites at the nearest site, Mishmar, are
located northwards of the Masada plain and toward the west. By extrapolating the western edge of the Masada
plain northwards, the site Mishmar would be located within the peripheral area of the basin and probably subject
to subsidence rates of 0.3 m/Kyr. On the other hand, the work of Lisker et al. (2009) considers the elevations of
stromatolites in caves located distant from the basin center and westwards of our stromatolite sites. This author
suggests lake stands up to 80 m higher than previously proposed during the paleolake Lisan period, corresponding
to 2.2 m/Kyr subsidence rates for areas toward the basin center. However, even considering the subsidence rates
by Lisker et al. (2009) or higher, they are insufficient to explain the vertical difference observed between lake-
level curves, as shown by sensitivity tests (Figure SP9 in Supporting Information S1). The reconstruction by
Torfstein, Goldstein, Kagan, and Stein (2013) and Torfstein and Enzel (2017) improved the vertical accuracy of
the lake-level reconstruction using fossil stromatolites from caves, presumably formed close to the former lake-
levels that reached the cave elevation in order to deposit stromatolites (Lisker et al., 2009). However, the position
of the water table in relation to the water level in the lake may have varied depending on the local coastal slope,
chemical contrasts, and variations in permeability (Kafri & Yechieli, 2010). This could have favored the for-
mation of freshwater ponds inside the caves and the growth of stromatolites at higher elevations than the lake-
level. On the other hand, some stromatolites could have grown when the caves were flooded and below the
lake-level (Lisker et al., 2009). These factors add further uncertainty to the cave position with respect to the lake-
level and may explain some of the vertical differences between our reconstruction and the lake-levels of Torfstein
and Enzel (2017).

Third, while recognizing the enormous effort and the resulting high temporal resolution of previous lake-level
reconstructions, there are a number of possible inaccuracies that could increase their vertical uncertainty. For
instance, the shallow water lake level indicators described by Bartov et al. (2002) and other authors are generally
older than 25 ka (Figure 13a), and the ages of the shallow lacustrine deposits during the highstand of this
reconstruction are only constrained by a small number of samples (Figure 13b). Additional observations of
shallow and subaerial facies during the Lake Lisan highstand were included in later studies (Bartov et al., 2003;
Bartov, Agnon, et al., 2006) but no details were reported concerning their nature, age, or the dating method used.
In this regard, the PhD thesis of Bartov (2004) describes an additional site at Yizrah. The ages obtained by Bartov
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in the sequences of Lisan Formation in the Yizrah basin display ages between
22 and 28.2 ka at elevations between —213 and —194 m (Figure 13a). These
ages diverge from our lake level reconstruction, suggesting higher lake-
levels. Interestingly, the paleoshorelines that we described at site Yizrah
are directly east of the outcrops that Bartov (2004) analyzed. The higher
shoreline is located at a lower elevation (—180 m) than the —165 m reach of
the lake documented by Bartov (2004), but at higher elevation than the se-
quences of Lisan Formation. We clearly observe the lateral continuity be-
tween the Yizrah basin and the flat upper topographic surface immediately
south and is capped by a crust of stromatolites that we dated at 29 ka. Bar-
tov (2004) describes in his thesis this event that is, (translation from Hebrew):
“the filling of the basin indicates a significant flooding about 28 thousand
years ago that reached the edge of the basin up to a height of 165 m below sea
level followed by a drying event.” An interesting point not described by
Bartov (2004) is the presence of an eroded sill at the northern outlet of the
Yizrah basin. The presence of this sill suggests that during and the LGM the
Yizrah basin probably persisted as an independent lake even under a decaying
Lisan lake level. This adds an additional uncertainty to the chronology of the
Lisan records at this site, specifically those younger than 27 ka, which may
explain the difference between the ages of the Yizrah basin and our lake-
reconstruction.

Finally, as shown in the compilation by Torfstein and Enzel (2017), apart
from the fossil cave stromatolites and shallow facies, most of the chrono-
logical control for the paleolake Lisan highstand is based on deep lacustrine
facies (Figures 13a and 13b), which suggests that there is likely to be some
degree of uncertainty regarding their position in relation to the shoreline and
the paleo-depth.

5.4. Lake-Level Changes and Paleoclimatic Proxies

The Lisan Formation and fossil stromatolites yielded variable isotopic values,
which in addition to temporal variations in the RA, may reflect climatic
control on the past limnological and hydrological activity in the Dead Sea
depression (see Figures 14a—14f). We noted similar patterns of RA variability
in the Lisan Formation and in the fossil stromatolites. The Lisan Formation
mostly yielded higher RAs than the stromatolites (Figure 14b), except for the
oldest RA from stromatolites (0.69 Kyrs), which is higher than the 0 kyrs
estimated in previous studies (Haase-Schramm et al., 2004; Stein et al., 2004;
Van der Borg et al., 2004) but still within the error range of these previous
estimates (Figure 14b). Both, the RA from the Lisan Formation and from the
stromatolites increase during the highstand period of our reconstruction to 1
and 1.5 Kyrs for the fossil stromatolites and the Lisan sediments, respectively.
The abrupt increase in RAs suggests that the source of old carbon during this
period may have been derived from freshwater that flowed or percolated
through carbonate aquifers, transporting dissolved old inorganic carbon to the
Dead Sea depression (e.g., Schramm et al., 2000). The RA from the Lisan
Formation remained relatively constant until 23 ka (Haase-Schramm
et al., 2004; Prasad et al., 2004; Van der Borg et al., 2004), while the RA from
stromatolites decreased gradually between 28.5 and 25 ka, reaching a value of
0.28 Kyrs that lasted until 20 ka (Figure 14b). This decrease in the RA may be
related to a reduction in the input of old carbon from freshwater sources and
continuous interactions between the epilimnion and the atmosphere. After 20
ka, the RA from stromatolites increased to 0.9 Kyrs, which is lower than the 2
Kyrs RA estimated by Stein et al. (2004), Prasad et al. (2009, 2004), and
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Haase-Schramm et al. (2004) for the Lisan Formation over the same period. We tentatively link the higher RA
from the Lisan sediments with the effects of the meromictic conditions that existed during and after the Lake
Lisan highstand. The shallow-water epilimnion where the stromatolites were formed probably interacted more
effectively with the atmosphere, reducing the RA. In contrast, the sediments of the Lisan Formation were
deposited in deeper waters within the confined hypolimnion, where the C-input from the atmosphere was less
effective, which consequently resulted in higher RAs. However, it remains unclear why the RA from stromatolites
and the Lisan Formation were similar during the highstand. This could possibly be related to the freshwater
inflow; during periods of stable or rising lake-levels, enough freshwater may have entered the lake to produce a
well-mixed water column and holomictic conditions.

The stable isotope composition of lake carbonates may yield information on temperature, precipitation, and lake
productivity (e.g., Kolodny et al., 2005; Leng & Marshall, 2004; McCormack et al., 2019). The diverse factors
controlling isotope values can, however, complicate direct climatic interpretations. The covariance between 5'80
and 8"3C can be useful for retrieving information on the residence time of lake water (Talbot, 1990) and evap-
oration (Leng & Marshall, 2004). However, as shown by previous analyses of stable isotopes in the Lisan
Formation (Kolodny et al., 2005) and the results of our study, '>C and 5'®0 values exhibit no clear covariance
over centennial to millennial timescales (Figures 9a and 9b). This is possibly related to pronounced changes in
water balance and high CO, from freshwater inflow, resulting in a lack of sensitivity of &'C to changes in lake
volume (Kolodny et al., 2005; Li & Ku, 1997). However, covariance appears to exist over shorter timescales, as
can be seen in Figure 9c. It is interesting to note that the sample that shows the covariance (JD1910) has an age of
31 ka, during the lowstand and associated with higher evaporation, while the sample that does not show any
covariance (UJD192) has an age of 29 ka, which correlates with the highstand, thus providing additional evidence
that water inflow may control the sensitivity of 8'>C at annual to millennial timescales.

In order to deconvolve the climatic signal of stable isotope variability, we further compared 8'%0 from stro-
matolites with isotope records from the Lisan Formation (Kolodny et al., 2005). The &'0 from stromatolites is
depleted, with values ranging between —5 and 5%o, in contrast to the §'30 from the Lisan Formation sediments,
which range between 3 and 6%o (Figure 14d). This difference may be related to the atmospheric interaction with
the lake-water mixing zone, resulting in high 8'%0 variability (e.g., Figure 10c). Although both these records have
different temporal resolutions, they exhibit similar variability patterns and a slight but continuous increase in 5'80
during the post-highstand phase.

Previous studies of stable isotopes have suggested a link between 820 records from speleothems, 8'®0 of marine
deposits from the Eastern Mediterranean, and sediments from Lake Lisan (Frumkin et al., 1999; Kolodny
et al., 2005), all of which are probably controlled by the “source effect”, where variations in 8'30 may reflect the
isotopic composition of their common marine reservoir. With regard to the isotope variability in the lake water,
Katz et al. (1977) proposed that aragonites that precipitated from the more diluted paleolake Lisan water may have
been more enriched in '®0 than those generated from lake-lowstand waters, such as during the Holocene.
Gat (1984) also suggested that the 8'30 from paleolake Lisan was higher because the lake was more diluted.
Likewise, Kolodny et al. (2005) suggested that during major lake regressions the steady-state condition is not
achieved and high 'O values are established, as for instance, the higher §'0 values measured at ~20 ka, below
the gypsum layer in PZ1, which represents a pronounced drying event (H1). Similarly, we observed relatively
high 5'80 from stromatolites after the lake highstand (~28-20 ka). In contrast, the highstand period itself exhibits
alow 8'®0 peak (—2.6%o, Figure 14d), which may relate to high rainfall, to high rates of freshwater inflow from
the paleo-Jordan River, or to less effective evaporation. The rainfall during this period was also enriched in 80,
as can be seen in the records from Soreq cave (Bar-Matthews et al., 1997, 2003). However, as indicated by
Kolodny et al. (2005) and Frumkin et al. (1999), the source effect may reduce the validity of 5'0 as an inde-
pendent climate indicator in speleothems, lake sediments, and probably in stromatolites as well.

On the other hand, the relative shift in §'80 between speleothems and Lisan paleolake-surface waters derived
from the stromatolites provides further evidence for strong evaporation during the period of decreasing lake
levels. When comparing the mean 8'%0 from speleothems in the Dead Sea depression (Figure 2d), we observed a
shift from —4.1%o in the pre-highstand period to —3.6%o in the post-highstand. Instead, we observed a shift of
mean 8'80 values between 3.2 and 5.1%o for the stromatolites from the pre- and post-highstand lake-level phases,
respectively. This change is about 1.5%o larger compared to the speleothems and cannot be explained solely by
the source effect. Given that the freshwater-isotope values in this region are fairly similar, another effect must be
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inferred to account for this additional increase. The most meaningful explanation may involve the effects of
evaporation during the post-highstand period, which could have contributed to the fast decrease in lake level after
~28 ka.

The 6"*C compositions from stromatolites display a rather similar pattern to those from the Lisan Formation
(Kolodny et al., 2005), both ranging between —1.5 and 1.9%o, with gradually increasing trends toward the present
(Figure 14c). Katz et al. (1977) suggested a link between an increase in the 8'>C of aragonite in the Lisan
Formation and reductions in the Na/Ca ratio, possibly associated with evaporation and CO, loss, triggering
carbonate precipitation. Kolodny et al. (2005) suggested that increases in the 8'>C may relate to increases in lake
productivity and algal bloom, with '*C being enriched as a result of '>C removal from the lake water by
photosynthesis, which is supported by the sparse occurrence of C3 vegetation during this period (Miebach
et al., 2019). A similar scenario occurred during the Dead Sea overturn between 1975 and 1978, which was also
associated with enhanced carbonate precipitation (Talma et al., 1997). The 8'C values from fossil stromatolites
were slightly higher during the post-highstand interval than during the pre-highstand period (Figure 14c), sug-
gesting an increase in lake productivity and intensified carbonate precipitation during the period of falling water
levels, a scenario which is consistent with the presence of aragonite-rich laminated facies in the upper member of
the Lisan Formation. It remains unclear whether or not the increase in lake productivity alone would have been
sufficient to explain the increase in the rate of aragonite deposition in the Lisan Formation, which was at least six
times higher compared to the present day (Barkan et al., 2001). We propose that this increased rate of deposition
may also have been controlled by an increase in calcite dust blown from the Saharan and surrounding deserts
during the LGM (See Section 5.3.1).

The initial >**U is a climate proxy that may provide additional hydrologic and paleoclimatic information with
respect to the relative proportions of groundwater and surface waters flowing into a lake or chemical weathering
of rocks within the lake catchment area (e.g., McGee et al., 2012). Previous studies in the Dead Sea have shown
that 8***U values are strongly influenced by freshwater input. For instance, the present-day Dead Sea has 8*>*U
values of ~440%o, whereas the Jordan River has 834U values of ~700%o (Haase-Schramm et al., 2004), and local
springs along the western Dead Sea coast display varying ***U values of between 200 and 750%. (Kronfeld
et al., 1991). These observations suggest that freshwater sources generally contribute with high §***U values,
while the lake brines have low 8***U values. Furthermore, decreasing trends of §***U values have been observed
in the Lisan Formation, preceding hiatuses and gypsum layers that marked periods of negative freshwater balance
(Haase-Schramm et al., 2004). On the other hand, high §***U values of up to 800%. were identified by Waldmann
et al. (2007) in primary aragonites precipitated at about 80 ka, which were interpreted to reflect periods of high
freshwater input.

Following these observations, the high and relatively stable §***U values of ~500%o, between 45 and 30 ka,
recorded from both fossil stromatolites and the Lisan Formation sediments, suggest a stable or positive water
balance. These values remained relatively constant until the highstand period, followed by a slight and pro-
gressive decrease of 8***U values during the post-highstand period (Figure 14e). However, this change in 8***U is
not as sharp as would be expected for the pronounced lake drop in our lake-level reconstruction. In this regard, the
paleoclimatic interpretations based on 5***U variability can be very complex, especially in the Dead Sea basin.
We propose two possible mechanisms that could explain the unexpected high §?>*U values despite the sharp lake
drop recorded by the fossil stromatolites: (a) Lake drop can occur by decrease of rainfall and run off, by increased
evaporation, or by a combination of both. As indicated previously, the main source of 8>**U comes from rivers
and freshwater input; if the Lisan Lake was affected by high evaporation rates and the runoff remained relatively
constant, then we would expect no correlation between lake level drop and 8***U. (b) During high lake levels, it is
possible that §***U from other sources can enter the lake. For instance, the redissolution of evaporites with high
52*U can act as a secondary source of 8***U, this could buffer the drop of 5***U during the post-highstand period.

5.5. Climatic Implications in the Levant

Our results provide additional data for a large body of investigations on the late Pleistocene lake-level changes in
the Dead Sea depression. Combined, this information has implications for the previously proposed global-scale
forcing mechanisms that may have influenced the magnitude and timing of lake-level variations. Because of
lower temperatures during the LGM, it has been suggested that the resulting enhanced latitudinal thermal gradient
led to an increase in the intensity and frequency of cyclones in the eastern Mediterranean (Enzel et al., 2008). This
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mechanism would have resulted in an increase in the amount of moisture delivered to the southern Levant and
may therefore have caused high lake levels in the Dead Sea depression. On the other hand, 8'0 records from
speleothems indicate drier and colder conditions during the LGM compared with the Holocene (Bar-Matthews
etal., 1997, 1999). Pollen records from the ICDP core in the Dead Sea also suggest a reduction in rainfall of about
~30% over the Dead Sea depression, and hence arid conditions during the LGM (Miebach et al., 2019).
Furthermore, at a more regional scale, paleoclimate studies in the central and western Mediterranean suggest that
sea-surface salinity was higher during the LGM than at present (e.g., Emeis et al., 2000; Kallel et al., 1997), also
indicating dry, more evaporative conditions. In this context, it is interesting that the northern Red Sea also appears
to have experienced cooler temperatures and increased salinity during the LGM (Arz et al., 2003). Finally, global
circulation models suggest drier conditions in the Levant during the LGM (Robinson et al., 2006). Our lake-level
reconstruction suggests that the beginning of the LGM was wet (30-28.5 ka), immediately followed by a period
drier than previously envisaged. This interpretation agrees in part with the above-mentioned proxy records, while
it partly agrees with the notion of a wet LGM proposed by others. Our results thus reconcile the apparent
discrepancy between a Dead Sea highstand during times of increased aridity. This study further highlights the
importance of assessing the temporal and spatial uncertainties involved in lake-level reconstructions and the
applicability of combined multi-proxy data to estimate paleo lake-level positions and their associated
uncertainties.

6. Conclusions

In this study, we re-examined the lake-level changes during the transition between paleolake Lisan and the
Holocene Dead Sea using lake-level index points based on fossil stromatolites and the morphometry of lake
paleo-shorelines. Our results can be summarized as follows.

1. We surveyed and sampled lake paleo-shorelines in eight areas distributed along the eastern and western coasts
of the Dead Sea, collecting 84 samples for radiocarbon dating and 15 samples for U-series dating of in situ
fossil stromatolites.

2. Temporal corrections were applied based on radiocarbon age reservoirs derived from paired U-series and
radiocarbon ages and isochrons for U-series ages. Vertical corrections were applied considering the effect of
hydro-isostatic adjustments and vertical tectonic displacements.

3. Our lake-level reconstruction suggests a pre-highstand period (45-32 ka) characterized by high frequency
lake-level variations, a highstand period (30-28.5 ka) that lasted for ~2 Kyr reaching —180 masl, and a post-
highstand period (28.5-18 ka) that involved a rapid lake-level drop. The transition between paleolake Lisan
and the Dead Sea occurred ~5 Kyrs earlier than estimated by previous reconstructions.

4. Paleoclimatic proxies such as stable isotopes, radiocarbon reservoir age, and uranium isotopic ratios based on
analyses of fossil stromatolites suggest low inflow and high evaporation during the Lisan post-highstand
period, which is in good agreement with the pattern of lake-level changes in our reconstruction.

5. Our results suggest initial wet conditions during the LGM in the Dead Sea basin followed by abrupt drier
conditions, which reconcile the apparent discrepancy between a Dead Sea highstand during times of increased
aridity.

Data Availability Statement

The Matlab® scripts and formatted data used for the analyses and the creation of the main figures of this study are
deposited in the Zenodo database via Jara-Mufioz (2023).
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