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a b s t r a c t

The Levant region of Israel, located along the Eastern Mediterranean Sea, is characterized by Mediter-
ranean climate, but sixty km eastwards towards the Dead Sea Rift Valley (DSRV), the region rapidly
becomes a ‘rain shadowʼ desert. Speleothems from the Mediterranean climate zone continuously grew
throughout several glacial/interglacial cycles, indicating that water was always available in the unsatu-
rated zone. Their d18O variations match global and regional climate changes, with the Eastern Medi-
terranean Sea being the major control on their d18O values, as evident from the similarity between the
speleothems and the planktonic foraminifer G. ruber records. In contrast, speleothems along the central
and southern segments of the DSRV grew mainly during last glacial periods coinciding with the higher
stands of Lake Lisan, the precursor of the present-day Dead Sea. This paper discusses the newly
discovered Zalmon Cave speleothems, located in the northern segment of the DSRV shedding light on the
hydrological conditions along the rift during last glacial. Unlike speleothems located further south along
the DSRV, Zalmon Cave speleothems grew both during glacial and interglacial periods. However, during
last glacial their d18O values, shifted to lower values by ~1e2‰ relative to speleothems from central Israel
coinciding also with the largest difference in d18O values between Zalmon Cave speleothems and the
marine record. The data suggest that a change of the westerlies' storm tracks occurred during most of the
last glacial period, which resulted in increased rainfall in the northern DSRV providing freshwater input
during the otherwise relatively ‘drierʼ glacial.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Speleothems in the Eastern Mediterranean (Levant) region as
paleoclimate records

Calcite speleothems are unique archives for paleoclimate
reconstruction. They provide both the required accurate and pre-
cise U-Th series chronology together with proxy data (e.g. growth
intervals and rate, isotopic composition and timing of isotopic
changes), which serve as paleoclimate indicators (e.g. Bar-
Matthews et al., 1997, 2000, 2003; Cheng et al., 2000; Shen et al.,
2002; Vaks et al., 2006, 2007). The isotopic and geochemical
Yisha'ayahu Leibowitz St. 32,

Keinan).
compositions of speleothems can testify for ocean-atmosphere-
land connections, changes in local rainwater source, local temper-
atures, precipitation amounts, groundwater characteristics, and
soil-water-rock interactions (e.g. Bar-Matthews et al., 2000, 2003;
Ayalon et al., 2002, 2013; McGarry et al., 2004; Kolodny et al., 2005;
Affek et al., 2008; Verheyden et al., 2008).

A detailed record of climatic changes in the Levant - Eastern
Mediterranean region for the last 225 ka was established through
speleothems studies combining U-Th dating with stable isotopic
compositions, and this record has been compared with the Eastern
Mediterranean marine record, pollen and lake sediments as
reviewed by Bar-Matthews (2014) and Bar-Matthews et al. (2017)
(Fig. 1). These speleothem studies cover different climatic zones,
and their findings clearly demonstrate that speleothem isotopic
compositions capture global climatic diversity, changes, and tele-
connection processes. Comparisons and correlations between
different areas are crucial to understanding the spatial and

mailto:jonathan.keinan@mail.huji.ac.il
http://crossmark.crossref.org/dialog/?doi=10.1016/j.quascirev.2019.07.018&domain=pdf
www.sciencedirect.com/science/journal/02773791
http://www.elsevier.com/locate/quascirev
https://doi.org/10.1016/j.quascirev.2019.07.018
https://doi.org/10.1016/j.quascirev.2019.07.018
https://doi.org/10.1016/j.quascirev.2019.07.018


Fig. 1. Regional map and locations of the study sites described in the text (B is an enlargement of the green rectangle in A). Study sites are color coded: blue e “wet” during glacial
periods, red e “wet” during interglacial periods. Circles mark caves. Blue and red circles mark caves with continuous speleothems deposition. Lakes are marked by a star and marine
drilled core sites by yellow triangles. The blue line marks the area of Lake Lisan during its highest stand (modified after Torfstein et al., 2013). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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chronological changes of climate. Differences in the isotopic
composition of speleothems deposited during the same time in-
terval and periods of growth vs. non-growth of speleothems from
various parts of the Levant clearly demonstrate that regional dif-
ferences are climatically driven (e.g., Bar-Matthews et al., 2017).

The various studies of Levant speleothems have shown that it is
possible to reconstruct a rainfall precipitation map covering both
glacial and interglacial periods in a region with steep north-south
and west-east precipitation gradients, ranging from more than
800mm yr�1 to less than 50mm yr�1 over a distance of 300 km. In
central and northern Israel (the Judean Hills and Galilee) speleo-
them deposition was continuous during both glacials and in-
terglacials and points to continuous water availability. However,
speleothems within the Dead Sea Rift Valley (DSRV), in the rain
shadow semi-arid Southern Jordan Valley, mostly deposited during
glacial periods (Lisker et al., 2010). Their growth clearly indicates
that a positive water balance during glacials allowed more water to
enter the unsaturated zone. In the central Jordan Valley at Ma'ale
Efrayim Cave (ME), deposition during glacials was intensive with
moderate deposition also occurring during peak interglacials (Vaks
et al., 2003), suggesting wetter glacials along the central DSRV
compared to modern day arid climate.

Such observations coupled with regional temperature variations
over glacial-interglacial cycles led to the proposition that the
minimum amount of annual precipitation required for speleothem
deposition is 300e350mm during interglacial periods and
200e275mm during glacial periods (Vaks et al., 2006, 2010). The
glacial period isotopic profiles of Soreq Cave and ME Cave located
on opposite flanks of the central mountain ridge show a high cor-
relation, implying a similar source of rain for both regions during
this time. This conclusion is supported by similar d13C values in
both caves, indicating similar vegetation types. The similar isotopic
profiles indicate that during the lower temperature glacial periods,
the amount of rainfall in the DSRV was either larger and/or similar
to the western side of the central mountain ridge (Vaks et al., 2003;
Goldsmith et al., 2016). The transition from the colder glacial con-
ditions to the warmer interglacial periods in the ME region was
characterized by temperature increase and rising aridity in the
Jordan Valley.

In contrast, speleothem growth in Central and Southern Negev
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Desert (the north-eastern corner of the Sahara Desert, Fig. 1) ceased
during glacials and mostly occurred during peak interglacials.
These periods, defined as Negev Humid Periods (NHP) (Vaks et al.,
2006, 2007, 2010), are characterized by extensive deposition of
speleothems with low d18O values. The frequency of depositional
episodes and thickness of individual laminae decreases south-
wards, implying a general decrease in rainfall from north to south
(Vaks et al., 2010), similar to the present-day precipitation trend.
Speleothem deposition in the northern Negev Desert occurred
during both glacial and interglacial periods (Vaks et al., 2010)
suggesting that the desert boundary migrated ~30e50 km south-
ward and eastward during glacial intervals relative to its present-
day position (Bar-Matthews, 2014).

In the extreme north, Mount Hermon, the southernmost point
of the Alpine-type karst extending from Turkey to Syria and
Lebanon, receives most of its precipitation as snowfall. Speleothem
deposition in Mizpe Shelagim Cave (Fig. 1) located on Mount Her-
mon at 2200m altitude was continuous during interglacials and
restricted to short warming episodes during the last glacial period
(Ayalon et al., 2013). Based on fluid inclusion studies, speleothem
growth was restricted to periods with temperatures above 3 �C
(Ayalon et al., 2013).
1.2. Quaternary paleo-lakes and their climatic implications

The overall picture that emerges from lakes in the Middle East
and North Africa shows that the wettest phases occurring during
peak interglacials, coincide with sapropel deposition in the Eastern
Mediterranean Sea and wet intervals in Lebanon, northeastern
Turkey (Lake Van), northeast Sahara and Arabia, as evident from
speleothem and lacustrine records (Rossignol-Strick, 1985;
Fleitmann et al., 2003a,b, 2011; Develle et al., 2010, 2011; Litt et al.,
2014; Stockhecke et al., 2014; Gasse et al., 2015; Nehme et al., 2015).
A different scenario emerges from the precursor sediments of the
Dead Sea, located on the lower eastern flanks of the central
mountain ridge (Bartov et al., 2002; Torfstein et al., 2009;
Waldmann et al., 2009), which showed their highest stands during
glacials rather than peak interglacials. Kolodny et al. (2005) and
Enzel et al. (2008) argue that the lake-level changes are a gauge for
wetter/drier climate, and that the existence of the larger Lake Lisan
(precursor of the Dead Sea) during glacials requires significantly
more rainfall, making the glacial climate in the Dead Sea region
moister than the interglacial climate. Enzel et al. (2008) suggest
that unlike today, Eastern Mediterranean cyclones during the
glacial were forced south by the ice and snow-covered Europe and
Turkey, causing rain to be funneled directly eastward along the
Mediterranean Sea into the Levant, leading to more precipitation.

This latter view, however, does not explain why other lake re-
cords, especially the Yammoûneh sequence in the northern Levant
(Fig. 1), show a different picture of dry glacial conditions (Develle
et al., 2010, 2011). It remains an open question whether the hy-
drological differences between the lake records are a result of local
factors or due to a change in the northesouth rainfall gradient and
the southward migration of the westerly belt (Develle et al., 2011).

The aim of this study is to use speleothem deposition periods
alongside their stable isotopic composition from the newly
discovered Zalmon Cave in the eastern Galilee region, to unravel
the paleoclimate conditions along the DSRV, and to understand the
spatial paleoclimate variations in the Levant. Zalmon Cave is
distinctively located on the boundary between the Galilee Medi-
terranean climatic regime and that of the northern segment of the
DSRV (Fig.1), thus allowing us to fill an important gap in the records
of the south and the north DSRV.
2. Zalmon Cave: geological setting

Zalmon Cave, discovered in October 2013, is located in the
northern part of the Dead Sea catchment. It is approximately 8 km
west of the Sea of Galilee (Fig. 1) within the karstic Turonian B'ina
Formation (Arkin et al., 1965; Bogoch and Sneh, 2008). The entrance
to the cave is 23m above sea level and approximately 35 km east of
the Mediterranean Sea. The climate in the region is Mediterranean,
with average annual precipitation of ~550mm and an annual
temperature average of 21 �C (IMS - Israel Meteorological Service,
2011). The cave is an isolated chamber, a type of cavity common
in Israel (Frumkin and Fischhendler, 2005) that had been discon-
nected from the surface until its exposure as a result of the road
construction. It is intensively decorated with speleothems, which
often conceal the original morphology, containing several types of
calcite dripstones, such as stalactites and stalagmites, as well as a
variety of cave corals. Much of the cave exhibits evidence of
disturbance, possibly due to seismic activity in the form of broken
and re-welded stalagmites, stalagmites which have a change of
growth axis due to tilting, stalactites and collapsed ceiling
embedded in flowstones, and cracks refilled with calcite precipi-
tation (Kagan et al., 2005). The cave was mapped shortly after its
discovery by the Cave Research Center (Fig. S1 in the Supplemen-
tary material for cave map and cross sections).

The significance of this cave location is threefold:

� Situated on the border between the DSRV and the Galilee, Zal-
mon Cave speleothems constrain the paleoclimate gradients
further north from the Dead Sea along the DSRV.

� Situated on the cross-roads betweenMediterranean climate and
the ‘rain shadow’ region, information from Zalmon Cave spe-
leothems enables us to correlate between Mediterranean
westerlies and paleoclimate along the northern part of the Dead
Sea region.

� Zalmon Cave is located off the northern catchment of Lake Lisan
and its precursor lakes, offering a potential insight into the hy-
drological conditions during its high glacial stands.
3. Methodology

3.1. Speleothem sampling

In order to gain data on growth periods and high resolution
paleoclimate changes, we collected eight relatively well preserved
stalagmites from within the cave. They were mapped, photo-
graphed and removed with as minimal damage as possible. The
speleothems were sectioned at the Geological Survey of Israel (GSI)
using a diamond saw and polished in order to expose their internal
structure. Speleothems with laminar texture andminimal evidence
for secondary alteration (Bar-Matthews et al., 1997) were dated and
studied for their oxygen and carbon isotopic composition and
petrography.

3.2. Petrography

Speleothems were cut and polished to make thin sections. The
petrography and mineralogy were studied using an Olympus BX50
polarizing microscope at the GSI, in order to check for impurities,
locate hiatuses and identify crystal habitat (Frisia, 2015) (Fig. S2).

3.3. U-Th dating

For dating purposes, a diamond drill was used in order to
excavate 0.2e0.3 g of sampling material along the growth axis



Fig. 2. d18O vs d13C along 4 representative laminae from samples ZAL2, ZAL3, and ZAL6
(see Fig. S2 for laminae location). d18O values throughout the laminae, show a
maximum variation of 0.4‰. Changes of d13C do not correlate with changes of d18O.
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(Fig. S2). U-Th dating was done at the GSI using a Nu Instruments
Ltd (UK) Multi-Collector-Inductively-Coupled-Plasma-Mass-
Spectrometer (MC-ICP-MS) equipped with 12 F cups and 3 ion
counters. The procedures for extraction and purification of U and Th
as well as methodology of U-Th dating using MC-ICP-MS are
described in detail by Vaks et al. (2006), Bar-Matthews and Ayalon
(2011), Grant et al. (2012) and Hershkovitz et al. (2015).

3.3.1. Age corrections
Kaufman et al. (1998) argued that ages obtained from samples

with 230Th/232Th< 30 require correction. Above this ratio the
correction becomes negligible compared to the analytical uncer-
tainty of the measurement. Li et al. (1989) and Richards and Dorale
(2003) argued for thresholds of between 100 and 300 in the case of
Thermal Ionization mass spectrometer dating. Fortunately, many of
the samples from Zalmon Cave have a230Th/232Th> 100 so a
correction was not necessary. A total of 102 samples were dated.
Seven have a230Th/232Th ratio of less than 30 and another 23 have
a230Th/232Th ratio between 30 and 100. For samples with
a230Th/232Th< 100 a correction factor of 1.8 was applied, as done
for Soreq Cave, Judea Hills, Israel (Grant et al., 2012) and Manot
Cave, Upper Galilee, Israel (Yas'ur, 2013; Hershkovitz et al., 2015).
See Supplementary material for further details.

3.3.2. Age model
For each stalagmite, two methods were used to create the age

model: linear interpolation and, the open source R software based
algorithm “StalAge” (Scholz and Hoffmann, 2011). StalAge age
models were used to identify major outliers and to provide an error
envelope at 95% confidence limits. In addition, linearly interpolated
age models were constructed using all ages in stratigraphic order
and assuming continuous growth between two dated points. Sec-
tions of stalagmites in which the growth rates were substantially
low compared with the rest of the sample were examined for evi-
dence of hiatuses using petrographic criteria and sharp variations
in isotopic composition. In cases where an indication for a hiatus
was found, the sample was subdivided at the hiatus boundary into
separate growth phases, and new linear interpolation and StalAge
age models were constructed for the subsections. This subdivision
created subsections in some of the samples for which age model-
ling using StalAge was not possible, either because they were only
dated by less than three ages, or changes in growth rate within the
section led to problems in the algorithm's check for outliers. In such
cases, linearly interpolated age models were constructed for these
sections of the samples, and usually were within the 95% confi-
dence limit of the initial StalAge agemodels that did not account for
hiatuses. Supplementary Figs. S3eS8 show the final age model
compared with StalAge agemodels for each of the samples (Further
detail is given in section 8.3 of the supplementary material). Where
possible, d18O and d13C profiles from Zalmon Cave were also
compared and fitted (within the 95% confidence limit) to the well
dated d18O and d13C profiles of Soreq Cave (Kagan et al., 2005). This
was done for the top portion of ZAL2 which has uncorrected ages of
~7.5 to ~6 ka and corrected ages of ~6.9 to ~5.1 ka, was slightly fitted
to match the d18O profiles of ZAL6 (which were better constrained
than ZAL2 with lower age errors and slower growth rate) and Soreq
Cave speleothems (Fig. S9). These modifications deviate from cor-
rected ages by less than 0.3 ka, well within the measurement error.
Wiggle-matching with Soreq profile was also done for ZAL6. A hi-
atus was identified by the age gap determined for ZAL 6E (~19 ka)
and ZAL 6D (~13 ka) which is supported by petrographic criteria
(Fig. S2 F). Based on the best fit to Soreq isotopic profile we esti-
mated the hiatus to last between 15 ka and 13.2 ka (Fig. S9). This
procedure of “wiggle matching” is justified by the fact that spe-
leothems from northern, central and “rain shadow” desert show
very similar isotopic values and trends (Bar-Matthews et al., 2003;
Vaks et al., 2003 ).
3.4. Checking for deposition in isotopic equilibrium

To verify whether speleothems from Zalmon Cave were depos-
ited in isotopic equilibrium four laminae from three different sta-
lagmites were measured and checked according to Hendy (1971)
criteria (Fig. 2 and Fig. S2). A “replication test” (Bar-Matthews et al.,
1997; Dorale et al., 2002; Dorale and Liu, 2009) was also performed
by comparing between two growth laminae of the same age but
from different speleothems, to see if they give similar isotopic
profiles.
3.5. Stable isotope compositions of speleothems

For the purpose of constructing oxygen (d18O) and carbon (d13C)
isotopic profiles laminae were sampled using a 0.8mm diamond
drill along the stalagmite growth axis, at between 13 and 17 drill
holes per cm. 350 mg from each sampled drill hole was placed at the
bottom of a clean vacuum vessel positioned horizontally and a few
drops of 100% phosphoric acid (H3PO4) were added at the top. The
vessel was then flushed with pure Helium for 10min in order to
remove atmospheric CO2. After flushing, the sample and acid were
allowed to interact, releasing CO2 into the sealed vessel. Oxygen
and carbon isotopes were measured using a Finnigan Gas Bench II
extraction system attached to a ThermoFinnigan Delta PLUS XP
continuous flow mass spectrometer. A Carrara Marble standard
(d13C¼ 4.74‰, d18O¼�3.85‰) was measured every 8 samples. All
d18O and d13C values obtained were calibrated against the internal
lab standard which was calibrated against the international stan-
dards NBS-19 and NBS-18, and reported in per-mil (‰) relative to
the VPDB standard (Craig, 1957). Analytical reproducibility is better
than 0.1‰ for both d18O and d13C. In the absence of multiple-point
normalization real accuracies of stable isotope data may exceed the
measured reproducibility's.
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4. Results and discussion

4.1. Studied samples

A total of eight speleothems were collected in Zalmon Cave.
ZAL1, 2, 3, 4 were found broken and their original location in the
cave is not known. ZAL5, 6, 7 and 11 were removed in-situ (Fig. S1).

Three of these speleothems (ZAL2, ZAL3, and ZAL6) were used
for reconstructing composite stable isotopic profiles over the last
70 ka where the highest age and spatial resolution was possible.
The remaining five speleothems (ZAL1, ZAL4, ZAL5, ZAL7, and
ZAL11) were used only to determine growth periods during MIS5
and MIS6 (Fig. 3, and Tables S1eS7); a detailed description of their
petrography is given in supplemental material Section 8.1 and
Fig. S2.

4.2. Deposition in isotopic equilibrium

Four laminae from three different stalagmites were sampled in
various locations to determine if the speleothems were formed in
isotopic equilibrium according to Hendy (1971) criteria (Fig. 2). In
every lamina d13C variations do not correlate with those of d18O,
which only slightly change along the lamina with maximum dif-
ference of 0.4‰. Moreover, isotopic composition of speleothems
that were deposited during the same time interval show similar-
ities (Figs. S9e11) satisfying the “replication test” (Bar-Matthews
Fig. 3. Ages of stalagmites from Zalmon Cave with 2s error bars. Discarded ages are not sh
(MIS) marked at the top of the diagram are after Lisiecki and Raymo (2005). (For interpreta
version of this article.)
et al., 1997; Dorale and Liu, 2009). These tests indicate that ki-
netic fractionation effects are negligible and that the speleothems
from Zalmon Cave are suitable for paleoclimate reconstruction.

4.3. Dating results

The cumulative ages during the last 175 ka of all samples are
presented in Fig. 3. For the full dating information, age corrections
and age models of individual stalagmites refer to Sections 8.2, 8.3
and 8.4 and Table S8 of the supplementary material.

4.4. Growth periods

Deposition in Zalmon Cave was mostly continuous both during
glacial and interglacial periods (Figs. 3 and 4) with few short in-
tervals with no dated samples between 128-121 ka, 50-42 ka, 15-13
ka and 5-0 ka. Such depositional gaps most probably reflect lack of
sampling, as was assumed for Peqi'in Cave (Bar-Matthews et al.,
2003). Deposition of speleothems during interglacial periods in-
dicates that the northern segment of the DSRV, the Eastern Galilee
received an average annual rainfall of at least 300mm as proposed
for the Negev Desert (Vaks et al., 2006), central and northern Israel
(Bar-Matthews et al., 2003). The almost continuous deposition is in
contrast to speleothem growth in caves located along the central
and southern DSRV (Fig. 1), which occurred primarily in glacial
periods (Vaks et al., 2003; Lisker et al., 2010).
own. Light blue/pink fields represent glacial/interglacial periods. Marine isotope stages
tion of the references to colour in this figure legend, the reader is referred to the Web



Fig. 4. Periods of speleothem deposition from various caves in the DSRV region. Light blue/pink fields represent glacial/interglacial periods (Lisiecki and Raymo, 2005). For Zalmon
Cave, dashed line represents depositional periods with age reversals. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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It is clear that the growth pattern gradually changes from south
to north along the DSRV. The southern segment exhibits very
minimal growth limited only to glacial periods (Lisker et al., 2010).
The central segment exhibits higher glacial deposition rates with
limited interglacial deposition (Vaks et al., 2003), whereas results
from this study show that the northern DSRV exhibits continuous
growth for longer time intervals, throughout most of the intergla-
cial and glacial periods. This suggests more rainfall in the northern
part of the DSRV compared to its southern parts, similar to present-
day conditions.

It is most probable that during the time interval of speleothems
deposition in Zalmon Cave, the main source of precipitation to the
northern DSRV is associated with a moisture source from the
Eastern Mediterranean Sea, similar to central and northern Israel
(Bar-Matthews et al., 2003). This source also contributes 90% of the
rainfall today (Saaroni et al., 2010).

4.5. Isotopic composition of speleothems from Zalmon Cave and
their paleoclimate significance

The high resolution stable isotopic record of Zalmon Cave
Fig. 5. Composite isotopic record from Zalmon Cave speleothems. Pink shaded areas define
Eight point running average d18O and d13C values are plotted as blue and red lines, respective
(For interpretation of the references to colour in this figure legend, the reader is referred t
speleothems during the Last Glacial MIS 4-2, between 71 and 14 ka
forms the main focus of the study. This time interval is the time
period when the precursor of the Dead Sea, Lake Lisan was in its
higher stands (e.g., Torfstein et al., 2013).

A total of 558 samples from three different stalagmites (ZAL2,
ZAL3, and ZAL6) were drilled for stable isotope measurements. All
isotopic data and age models are given in section 8.4 and
Tables S1eS7 in the supplementary material.

The composite isotopic profiles are plotted as black dots in Fig. 5
using the combined data from all samples (Table S8). Data are
connected by an eight-point running average. Where two or more
speleothems cover the same interval (e.g. ZAL2 and ZAL3 from 65 to
49 ka), the sample with higher resolution was chosen to be dis-
played. d18O values of Zalmon Cave speleothems vary between�6.4
and �3.7‰ with most values ranging between �5.6 and �4.3‰.
d13C values vary between�13.2 and�8‰withmost values ranging
between �11.3 and �9.7‰.

To appreciate the paleoclimate of the region in its wider context,
the isotopic composition of Zalmon speleothems is compared with
speleothems located in northern and central Israel (Peqi'in and
Soreq caves speleothems, Bar-Matthews et al., 2003; Grant et al.,
the Interglacial (MIS1) period and blue shaded areas the Last Glacial Period (MIS2-4).
ly. The samples used for the composite profile are shown at the bottom of d18O profile.
o the Web version of this article.)
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2012) and with the isotopic composition of speleothems located in
the central segment of the DSRV in the “rain-shadow” desert
(Ma'ale Efrayim Cave, Vaks et al., 2003) (Fig. 6A and B). During most
of the last glacial, d18O values in Zalmon Cave are ~0.5e1.0‰ lower
than Peqi'in and Ma'ale Efrayim caves (Fig. 6A) and ~1e1.5‰ lower
than Soreq Cave (Fig. 6B).

We interpret the data to indicate that local climate conditions in
Zalmon Cave area are the main reasons for these depletions. The
lower d18O of Zalmon Cave relative to Peqi'in Cave can largely be
explained by higher temperature in the northern DSRV compared
to Peqi'in Cave. Under present-day conditions the mean annual
temperature in Peqi'in Cave area is 16 �C (Bar-Matthews et al.,
2003), approximately 5 �C cooler than in the Zalmon Cave area.

In the case of the bigger d18O depletion of Zalmon Cave spe-
leothems relative to Soreq and Ma'ale Efrayim Cave speleothems
(Fig. 6A and B), we examine the possibility that the depletion trend
of Zalmon Cave speleothems is caused by combination of increased
temperature and Rayleigh distillation as storm tracks moved north-
east from the Mediterranean coastline. First we examine the
Fig. 6. Comparison of the Zalmon Cave d18O composite record with (A) Peqi'in Cave (Bar-M
(Grant et al., 2012). (C) and (D) show the comparison of Zalmon Cave d13C composite record
Efrayim Cave (ME) (Black), Soreq Cave (light Grey). (For interpretation of the references to
possibility that temperature difference alone (i.e. there was no
difference in d18O water) during the last glacial period, could
explain the d18O offset between the two cave speleothems. A 1‰
shift in d18O for carbonate precipitated in equilibrium would
correspond to a temperature change of about 4 �C (O'Neil et al.,
1969) meaning that the temperature at Zalmon Cave would have
been 4e6 �C higher than Soreq Cave during the last glacial. How-
ever, clumped isotopes thermometry, fluid inclusion studies and
sea surface temperatures (SST) studies (McGarry et al., 2004; Affek
et al., 2008; Almogi-Labin et al., 2009) also indicate that the tem-
perature in Soreq Cave was 6e10 �C colder than today during the
LGM (where the d18O offset is 1.5‰) and 3 �C colder during a warm
period at 56 ka (when the d18O offset is ~1‰). Similar observations
of temperature differences have been interpreted for Mizpe She-
lagim Cave in the north east (Ayalon et al., 2013). Thus, if glacial
temperatures in Zalmon Cave region were indeed 4e6 �C higher
than Soreq Cave, this would imply that the temperaturewas similar
to present-day during the last glacial period. Such temperatures are
not in linewith calculated SST, and temperatures based on clumped
atthews et al., 2003), Ma'ale Efrayim Cave (ME) (Vaks et al., 2003): (B) with Soreq Cave
with for the same caves. Line colours: Zalmon Cave (Blue), Peqi'in Cave (Green), Ma'ale
colour in this figure legend, the reader is referred to the Web version of this article.)



Fig. 7. Bathymetric map of the Eastern Mediterranean Sea (NOAA e National Oceanic
and Atmospheric Administration) with estimated last glacial maximum (LGM)
shoreline as a dark blue line. Modern day wind directions as a pink arrow. Proposed
last glacial period wind direction as a blue arrow (Enzel et al., 2008). Cave locations
represented by capital letters: A - Soreq, B - Ma'ale Efrayim, C e Peqi'in, D - Zalmon, E
e Mizpe Shelagim. Marine core 9501 and 9509 locations as yellow circles (modified
from Almogi-Labin et al., 2009). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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isotopes and fluid inclusions from Soreq, Ma'ale Efrayim, andMizpe
Shelagim caves area (McGarry et al., 2004; Affek et al., 2008;
Almogi-Labin et al., 2009; Ayalon et al., 2013). It is important to
note that in present-day conditions data from Israel Meteorological
Service stations show that the average annual temperature and
precipitation in Zalmon Cave area is 21± 0.5 �C and 550mm,
respectively, similar to Soreq Cave area values (20.5 �C and
500mm). It follows that temperature difference alone cannot fully
explain the depleted Zalmon d18O values. It is thus more likely that
the depletion was a result of combined increased temperature and
Rayleigh distillation isotopic depletion effects as the storm tracks
travelled inland from the sea.

d13C values of Zalmon Cave speleothems range between ~ -11.5
and �10.5‰, indicating that C3 vegetation dominated the cave's
region throughout the last glacial, implying relatively humid con-
ditions (Fig. 5). These d13C values are similar to those of Peqi'in
Cave, but are significantly lower, mostly during the time interval
younger than ~55 ka than those of Soreq and Ma'ale Efrayim caves
speleothems (Fig. 6C and D). Higher d13C values in Soreq andMa'ale
Efrayim speleothems reflect higher proportion of C4 plant and/or
stress condition for C3 plant vegetation (e.g., Bar-Matthews et al.,
2003) suggesting that Zalmon Cave area was much more humid
during larger part of the last glacial. Thus, an alternative scenario to
explain the depletion of d18O values of Zalmon Cave speleothems is
higher input of rainfall in the cave region compared to central Israel
and central DSRV during the last glacial.

An enhanced rainfall scenario is at first sight in contradiction to
the notion that Rayleigh isotopic depletion occurred as a result of
eastward direct rainout. Thus, in order to explain the enhanced
rainfall scenario in Zalmon Cave area a different moisture trajectory
for the last glacial period is examined, as suggested by Enzel et al.
(2008) and Goldsmith et al. (2016). Presently, the main contribu-
tors of rainfall in Israel, imparting 90% of the annual amount, are
cyclones known as Cyprus lows (storms passing, intensifying or
even developing over Cyprus). These storms transport cool air
originating from Eastern Europe over the warmer Mediterranean,
where it becomes moist and unstable (Saaroni et al., 2010). Enzel
et al. (2008) proposed that during the last glacial, the Eastern
Mediterranean cyclones were deflected southwards (Fig. 7) by the
snow covered European and Turkish landmasses and lowered sea
level, leading to storm tracks being funneled along the Mediterra-
nean Sea directly eastward to the Levant. This trajectory could have
enhanced rainfall in the northern DSRV catchment area while
central Israel would have received roughly the same amounts.
Based on the Yammoûneh sequence (Develle et al., 2010, 2011),
these proposed last glacial westerlies systems did not penetrate as
far north as the northern Levant.

Examination of the bathymetry of the Eastern Mediterranean
shows that during the LGM the coastline regression opposite south
and central Israel was ~20 km farther than that of northern Israel
and Lebanon (Hall et al., 1994) (Fig. 7). With present-day synoptic
systems, Rayleigh effects resulting from the longer distance from
the source waters (and higher elevation ~120m) should bring
about lower d18O values in Soreq Cave speleothems, rather than at
Zalmon Cave. This implies that the relative distance effects were
negligible and/or the storm tracks travelled a longer distance to
Zalmon Cave's location, consistent with the southern shift in the
synoptic system.

Interestingly, the largest shifts towards relatively lower d18O and
d13C values in Zalmon Cave speleothems occurred during last
glacial (Fig. 6) and coincide with the highest stand of Lake Lisan in
the DSRV (Fig. 8F). Stein et al. (1997) argue that the high lake stands
occurred at periods of relatively increased moisture and increased
fresh water input in the lake catchment area. Enzel et al. (2008)
suggested that the lake levels were directly influenced by
regional climate in the Eastern Mediterranean during the late
Pleistocene. Torfstein et al. (2013) argue that evaporation rates
during the glacial period were as high as or possibly higher than
present-day, thus emphasizing the requirement for significant
increased freshwater input as the source of the lake level high
stands. These studies concluded that lake level fluctuations are
overwhelmingly controlled by the precipitation component of the
regional hydrological cycle. However, there are additional pro-
cesses that could help bring about high lake levels. Lake Lisan's high
stands are associated with high precipitation/evaporation ratios,
which possibly resulted from lower temperatures during the last
glacial and more effective water infiltration (Bar-Matthews et al.,
1997, 2003; Vaks et al., 2003, 2006). Ayalon et al. (2013) also
noted that significant snow melting during short warm periods in
the last glacial, would have resulted in increased water drainage
from Mt. Hermon and probably other high elevation sites in the
region, which flowed down to the Jordan River towards Lake Lisan.

To conclude, the low Zalmon Cave d18O values observed during
the last glacial period most likely imply that the cave's region was
humid. This assumption is further supported by the slightly lower
d13C values implying the dominance of C3 type vegetation, which is
indicative to humid climate. A probable explanation for the offset
between Soreq and Zalmon caves can be explained by a combina-
tion of a significantly larger amount of rainfall associated with a
different synoptic system and, possibly, a slight temperature dif-
ference (no more than 1e2 �C).
4.6. The source effect variations

d18O values of cave drips reflect the d18O of rainwater from
which speleothems were deposited, thus speleothems' d18O varia-
tions mainly reflect changes in sea surface source (Frumkin et al.,
1999) of atmospheric vapor that leads to cloud formation. Dd18O,
defined as the difference between the marine sea surface source
and rainfall, results from a complex combination of evaporation
processes above the sea, distance travelled by the clouds over land,
cooling effects due to increased elevation, and the “amount effect”.
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Bar-Matthews et al. (2003) showed that in the Eastern Mediterra-
nean the average Dd18Oseaeland values, documented by the differ-
ence between Soreq Cave speleothems d18O and the planktonic
foraminifera Globigerinoides ruber d18O values, is relatively constant
at 5.6± 0.7‰ during the last 185 ka and oscillations in Dd18O largely
reflect the amount effect. Kolodny et al. (2005) interpreted this
relative constancy across the last glacialepresent interglacial
transition to indicate that the Easterm Mediterranean speleothems
d18O record primarily reflects sea surface d18O changes.

The isotopic records of Zalmon Cave as well as speleothem
Fig. 8. A-D Comparisons between d18OG.ruber (Almogi-Labin et al., 2009) and d18Oland(cave) re
cave. Marine core 9501 is was taken offshore of the northern Levant, whereas core 9509 was
three point moving averages. A - Dd18Osea(9501 & 9509)-Soreq. B - Dd18Osea-Ma'ale Efrayim. C - Dd18O
Mizpe Shelagim Cave attributed to short warming periods within the last glacial period (Ay
records from Peqi'in and Ma'ale Efrayim caves are compared to the
d18O values of the planktonic foraminifera G. ruber from marine
cores 9501 and 9509 (Fig. 1) as previously was done by Almogi-
Labin et al. (2009) for Soreq Cave speleothems (Fig. 8). The differ-
ences are presented as a three point moving averages (Fig. 8AeD).
During the last glacial period coinciding with peak Lake Lisan levels
~25e35 ka (Fig. 8F), Zalmon Cave'sDd18Osea-speleothems values varied
between 5 and 9‰ (Fig. 8D), consistently higher than those of
Soreq, Peqi'in and Ma'ale Efrayim caves during last glacial (Figs. 8
and 9). The Dd18Osea-speleothems differences are generally smaller
cords plotted as Dd18Osea-land values; Dark lines - Dd18O9501-cave. Light lines - Dd18O9509-

taken offshore of the Southern Levant (Fig. 1A). The curves in A-D are generated using
sea-Peqi'in. D - Dd18Osea-Zalmon. Zalmon Cave d18O as a grey line. E e Deposition periods in
alon et al., 2013). F - Lake Lisan lake level curve modified after Torfstein et al. (2013).



Fig. 9. Average Dd18Osea-cave values for MIS1 (pink) and the last glacial period (light blue). Standard deviation as black error bars. Average Dd18Osea-Soreq are similar for both MIS1 and
the last glacial. Average glacial Dd18Osea-Peqi'in is ~1‰ higher than during MIS1. Average glacial Dd18Osea-Zalmon is ~1.5‰ higher than during MIS1. Dd18O9509-land values are consistently
lower than Dd18O9501-cave for all 4 caves and both time periods. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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during warm periods, and coincide with deposition of speleothems
in Mizpe Shelagim Cave. The higher Dd18Osea-Zalmon values during
last glacial indicate that d18O values from Zalmon Cave speleothems
deviate from the “source effect” much more than the other caves.
Why is the “source effect” less pronounced in Zalmon Cave? Can the
southern shift of the glacial storm tracks explain this deviation? A
possible scenario is an increase in rainfall in Zalmon cave area,
resulting in lower d18O due to “amount effect”. Indeed, the pro-
posed southward shifts of the storm direction during the last glacial
period (Enzel et al., 2008) accord with the proposed wind di-
rections (Fig. 7), implying more rainfall in the northern DSRV
relative to central and northern Israel, and resulting in higher
Dd18Osea-Zalmon differences.

5. Conclusions

Growth periods and isotopic composition of speleothems from
the newly discovered Zalmon Cave, located in the northern
segment of the DSRV, on the boundary between Mediterranean
climate region and the ‘rain-shadow’ desert region, offer a new
insight into the hydrological conditions of the DSRV during last
glacial. Speleothems from the Mediterranean climate zone grew
continuously throughout several glacial/interglacial cycles, indi-
cating that water was always available in the unsaturated zone.
Their d18O variations match global and regional climate changes,
with the Eastern Mediterranean Sea being the major control on
their d18O values, as evident from the similarity between the spe-
leothems and the planktonic foraminifer G. ruber records. However,
unlike speleothems from central and the southern DSRV, Zalmon
Cave speleothems grew both during glacial and interglacial periods,
as in the Mediterranean climate region. Nevertheless, during last
glacial their d18O values were shifted to lower values by ~1e2‰
relative to speleothems from central Israel (Soreq Cave). The largest
difference in d18O values between Zalmon Cave speleothems and
G. ruber from offshore marine cores also occurred during most of
the last glacial period. The data are consistent with a suggested
southward shift of thewesterlies' storm tracks that occurred during
this period, and resulted in increased rainfall in the northern DSRV,
providing freshwater input during the otherwise relatively ‘drierʼ
glacial.
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