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a b s t r a c t

The Eastern Mediterranean (EM) - Levant region is the eastern borderland of the Eastern Mediterranean
Sea (EMS). The EMS brings Mediterranean climate zones to the immediate coastal region and hinterland,
but away from the influence of the EMS, the region rapidly becomes a desert. Paleoclimate evidence
derived from a large number of studies on speleothems from caves located along sharp climatic gradients
enables deep insight into the climate in the EM-Levant region. Growth periods and isotopic composition
of speleothems from the various climate regimes capture the regional signals of temperature, rainfall
amount and vegetation.

Speleothems from northern and central Israel grew continuously in areas where present-day annual
rainfall is ~400e500mm and show that water was always available during glacials and interglacials.
These speleothems display a well-defined d18O orbital modulation of glacial and interglacial marine
isotope stages (MIS) and show good correlations with the EMS marine records, pointing to strong direct
sea-land links. The climatic record indicates relatively drier and cooler glacials but extreme wet peaks
during interglacials, mainly MIS 5e between 128e120 ka BP. Pluvial conditions penetrated to the
northern, central and southern Negev Desert.

The present-day climatic gradient between the different climatic regions existed through interglacials.
However, growth periods of speleothems from the northern Negev Desert, from the “rain shadow’ desert,
and the Dead Sea Basin, suggest that during last glacial the desert boundary moved from its interglacial
and present-day position ~30 km farther south and ~60 km farther east, due to positive water balance.

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

1.1. Present-day climatic conditions

This review presents a summary of the hydro-climate of the
Eastern Mediterranean (EM) - Levant region based on speleothems
records during glacial and interglacials, with particular emphasis
on Marine Isotopic Stage (MIS) 5e.

The EM - Levant region (Fig. 1) lies at the geographical meeting
point of Eurasia, Africa, the Mediterranean Sea, and the Indian
Ocean. The region is located along the Eastern Mediterranean Sea
(EMS), which defines the Mediterranean climate zones. Away from
hews).
the climatic influence of the EMS, the region rapidly becomes a
desert.

The review emphasizes the importance of studying several
caves in rather small area, along sharp climatic gradient, in order to
establish the full range of paleoclimate conditions that prevailed in
mid-low latitude regions located under the influence of the EMS on
one hand, and to the larger Saharo-Arabian Desert on the other
hand.

The caves studied are located along NeS and W-E transects of
the EMS-Levant region. The NeS transect (Fig. 1) starts from Mt.
Lebanon and Mt Hermon in the northern Levant with present-day
annual rainfall of more than 800mm, across northern and central
Israel with annual rainfall ranging from ~800mm to ~500mm,
through the northern Negev Desert with annual rainfall of
~300mm to the central and southern Negev Desert with ~100 to
less than 50mm annual rainfall. This latter region links the Levant
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Fig. 1. Regional maps (A and B, C) with locations of the Levant study sites described in the text (B and C are enlargements of the green rectangular area in A). Caves are shown as
filled circles, marine drilled core sites as yellow triangles, and lakes as stars. Study sites are color-coded: blue e “wet” during glacial periods, red e “wet” during interglacial periods.
The dashed blue line in B marks the highest stand of Lake Lisan (modified after Torfstein et al., 2013). In A, the following caves are numbered: 1-Jeita and Kanaan caves (Cheng et al.,
2015; Nehme et al., 2015; Verheyden et al., 2017) 2-Mizpe Shelagim Cave (Ayalon et al., 2013), 3-Peqi'in (Bar-Matthews et al., 2003) and Zalmon caves (Keinan et al., 2019), 4-Soreq
(e.g. Bar-Matthews et al., 1997) and Jerusalem caves (Frumkin et al., 1999), 5-Hoti Cave (e.g., Burns et al., 1998), 6-Qunf and Defore caves (Fleitmann et al., 2007), 7-Mukallah Cave
(Fleitmann et al., 2011), 8-Dimarshim Cave (Fleitmann et al., 2007). B shows a number of caves and geographical features described in the text. C. indicates the present-day isohyets.
Mizpe Shelagim, Peqi'in and Soreq caves are shown as MS, PQ and SQ respectively. The Central Mountain Ridge of Israel is marked as CMR in B and C.

M. Bar-Matthews et al. / Quaternary Science Reviews 221 (2019) 1058722
with North Africa and defines the northeastern corner of the Sahara
Desert. The W-E transect is based on speleothems from caves
located both on the western flanks and the “rain shadow” desert on
the eastern side of the Central Mountain Ridge (CMR) of Israel,
along the Dead Sea Basin (DSB), with present-day annual rainfall
varying from ~500mm in the northern segment, to less than
50mm in the southern segment (Fig. 1).
1.2. Origin and isotopic composition of rainfall

Rain is the source of water for speleothem growth and therefore
the rainfall patterns play an important role in the occurrence of
speleothems. The main rainfall precipitating atmospheric patterns
in the northern Levant-EM region are extratropical winter (Octo-
bereApril) EM cyclones, the Cyprus Lows, with rainfall fronts that
originate in the North Atlantic Ocean and the Mediterranean Sea



M. Bar-Matthews et al. / Quaternary Science Reviews 221 (2019) 105872 3
and their storm tracks frequently pass over Europe and the Medi-
terranean Sea (Rindsberger et al., 1983; Sharon and Kutiel, 1986;
Kushnir et al., 2017). December to February are the wettest months.
The cold dry air masses originating in the Atlantic Ocean take up
their moisture from the warm EM sea surface. The humidity
gradient in this process defines a unique relationship between the
isotopic composition of hydrogen (dD) and oxygen (d18O) in rainfall
referred to as the Mediterranean Meteoric Water Line (MMWL).
The MMWL features high d-excess values (d excess ¼ dD e 8*d18O)
of 20e30‰ relative to the global d-excess of 10‰ (Rindsberger
et al., 1983; Gat and Carmi, 1987; Rozanski et al., 1993; Gat, 1996;
Ayalon et al., 1998; Matthews et al., 2000; McGarry et al., 2004).
Locally, the variations in the stable isotope composition of precip-
itation depend on temperature, distance from the sea (continental
effect), elevation, precipitation amount, and air mass trajectory
(Rindsberger et al., 1983; Bar-Matthews et al., 1997, 2003 Ayalon
et al., 2004). The amount of precipitation is generally higher in
northern Israel and in the west-facing mountain slopes. The cor-
relation between rainfall amount and its mean annual d18O based
on empirical studies shows a decrease of ~1‰ for ~250mm (Ayalon
et al., 1998, 2004: Bar-Matthews et al., 2003; Orland et al., 2009).

The main moisture source to the Israeli deserts is currently the
EM low-pressure system. Sometimes this system is pulled south by
EM lows related to the Active Red Sea Troughs (e.g., Kahana et al.,
2002; Sharon and Kutiel, 1986; Tsvieli and Zangvil, 2007). These
smaller southern sources are unrelated to the summer southwest
Indian and East African monsoons. These rainfall tropical plumes
(TPs) usually do not precipitate rain across the entire eastern
Sahara, but only where they interact with the south-westerly
subtropical jets over eastern Egypt, Sinai, northern Arabia, and
the Negev Desert (Ziv, 2001; Kahana et al., 2002; Rubin et al., 2007).
They are responsible for some of the largest floods in the area
(Kahana et al., 2002).

Water availability for recharge and runoff in the region, reflects
the balance between precipitation, evaporative loss to the atmo-
sphere, and runoff into the sea. The calculated portion of the
available water budget in the EM climate region recharging the
aquifers is ~25e30% (Ayalon et al., 2004; Gvirtzman, 2002), while
the remaining 70% is lost by runoff, evaporation and evapotrans-
piration. Most recharge and runoff follow periods of heavy rainfall,
when the available water exceeds the capacity of soil and epikarst
to store the water. Predicting future rainfall precipitation amounts
in the Middle East and North Africa is difficult because of the high
natural variability of modern precipitation, which is mainly due to
global climate change but also reflects topographic variations and
distance from the Mediterranean coastline (e.g., Lionello et al.,
2006; Enzel et al., 2008; Terink et al., 2013).

2. Paleoclimate-paleohydrology of the EM e Levant region
based on the speleothems record

Speleothems are important archives for the reconstruction of
continental paleoclimates, paleoenvironment and paleohydrology.
They can be accurately dated by the uraniumethorium isotopic
method; thus it is possible to accurately determine their growth
and non-growth (hiatus) periods as indicators of water availability
on land. Speleothems grow in caves when water reaches the un-
saturated zone, but they do not grow in the water-depleted con-
ditions of arid/hyperarid deserts, and under freezing conditions
(e.g., Fleitmann et al., 2003; Vaks et al., 2003, 2007; 2010, 2014;
Ayalon et al., 2013). In semi-arid and arid environments, speleo-
them deposition indicates positive effective precipitation (i.e., the
difference between precipitation and evaporation-runoff), thus
enabling precise tracing of past humid episodes in the present-day
desert region. Together with the isotopic compositions of oxygen
(d18O) and carbon (d13C) of each dated laminae, it is possible to
reconstruct the regional paleoclimate (e.g., Bar-Matthews et al.,
2000, 2003; 2017; Vaks et al., 2003, 2007; 2010; Fleitmann et al.,
2011; Frumkin et al., 2011; Verheyden et al., 2017). The relatively
large number of studies made on speleothems from caves in the
EM-Levant region, allow us to achieve a deep insight into the
climate of the land region; covering almost the entire climatic
transect from the relatively wet EM region receiving >800mm
annual rainfall, to the extremely dry region of Northeast Africa.

This review is based on the following cave sites (Fig. 1):

2.1. Caves location

2.1.1. Caves from the Northern Levant

� Jeita and Kanaan caves (Jeita Cave located ~15 km north of Beirut
and Kanaan Cave ~5 km south of Jeita Cave) located on the
western flank of central Mount Lebanon at ~100m above sea
level and 2e5 km from the EMS coastline. The caves sites are
strongly influenced by the maritime Mediterranean climate
receiving ~800mm of annual rainfall (Cheng et al., 2015; Nehme
et al., 2015; Verheyden et al., 2017).

� Mizpe Shelagim (MS) Cave in Mt Hermon, 2224 masl, receives
annual precipitation of 1000e2000mm, primarily as snowfall in
DecembereMarch. This region is the southernmost point of the
Alpine-type karst that extends from Turkey to Syria and
Lebanon (Ayalon et al., 2013).
2.1.2. Cave from northern and central Israel

� Peqi'in Cave is located in the Upper Galilee, northern Israel, at
650 masl and 25 km from the EMS. The climate is semi-arid to
sub-humid Mediterranean, average annual precipitation
~650mm with rain occurring only in the winter months (Bar-
Matthews et al., 2003).

� Soreq and Jerusalem caves in the JudeaMountains (at 400m and
730 masl, respectively) are on the west-facing slope of the
Central Mountain Ridge (CMR) of Israel, which runs roughly
parallel to the EMS coastline, approximately 40e60 km inland.
Average annual precipitation ~500e600mm (Bar-Matthews
et al., 1997, 1998; 2003; Ayalon et al., 1998, 1999; 2002;
Frumkin et al., 1999).
2.1.3. Cave from the northern Negev Desert

� Two caves from the mildly arid northern Negev Desert: an
approximately 40 km wide belt between the 350 and ~150 mm
isohyets. The northern Negev Desert is the southern boundary of
the Mediterranean climate zone (Vaks et al., 2006).
2.1.4. Caves from central and southern Negev Desert

� Nine caves in the Negev Desert from the arid and hyper-arid
central and southern Negev, along north-south transect from
150 mm to less than 50 mm annual rainfall.

The southern Negev Desert defines the North-East corner of the
Sahara Desert, with 150e25mm annual rainfall (Vaks et al., 2010).

2.1.5. Caves from the Dead Sea ‘rain shadow’ region
The region lies east of the mild Mediterranean climate and de-

fines a 15e30 km wide northesouth strip along the DSB and the



Fig. 2. Depositional periods at the cave sites described in the text. Lebanon (Cheng et al., 2015; Nehme et al., 2015; Verheyden et al., 2017); Mizpe Shelagim (Ayalon et al., 2013)
Peqi'in and Soreq (Bar-Matthews et al., 2003), Zalmon (Keinan et al., 2019), Ma'ale Efrayim (Vaks et al., 2003), Dead Sea Escarpment (Lisker et al., 2010); Northern Negev (Vaks et al.,
2006), South and Central Negev (Vaks et al., 2010), Arabia including Northern and Southern Oman, and Socotra Island, Yemen (Fleitmann et al., 2007, 2011). Light blue/pink fields
represent glacial/interglacial periods. MIS periods are taken from Lisiecki and Raymo (2005). MIS 5e is shown as a grey rectangle. The brighter red line for South and Central Negev
marks intensive speleothem deposition (after Vaks et al., 2010).
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Jordan Valley.

� Zalmon Cave, located in the northern part of the DSB, approxi-
mately 8 kmwest of the Sea of Galilee, ~23m above sea level and
is ~35 km east of the EMS. The climate in the region is Medi-
terranean, with average annual precipitation of ~550mm and an
annual temperature average of 21 �C (Keinan et al., 2019).

� Ma'ale Efrayim (ME) Cave, located 250 masl near the Jordan
Valley, and 60 km inland from the EMS. Average annual rainfall
200e300mm and mean annual temperature of 21e22 �C (Vaks
et al., 2003).

� Relict karstic caves along the Dead Sea Fault Escarpment (Lisker
et al., 2009, 2010).
2.1.6. Caves from southern Arabia and Yemen

� Four caves from southern Arabia Peninsula in present-day semi-
arid e arid conditions receiving rainfall from the Indian Ocean
monsoon system (e.g., Burns et al., 1998, 2001; Fleitmann et al.,
2003, 2007, 2011).
Fig. 3. d18O (A) and d13C (B) records of speleothems from central (Soreq Cave black, 0e180 k
from Bar-Matthews et al., 2003; Grant et al., 2012). The vertical bars in A indicate the Mar
2.2. Glacial and interglacial conditions in central and northern
Israel (Judea and Galilee mountains)

Speleothems deposition in northern and central Israel was
continuous during both glacials and interglacials (Ayalon et al.,
1998, 1999; 2002; Bar-Matthews et al., 1997, 1998; 2000, 2003;
Frumkin et al., 1999; and Figs. 2 and 3). This continuity implies that
annual rainfall during interglacial was always more than ~300mm
and during glacials more than ~250mm (Vaks et al., 2006, 2010).

The detailed speleothemsworkmade on Soreq and Peqi'in caves
in central and northern Israel respectively, show important features
that characterize their d18O and d13C values during two glacial pe-
riodsMIS 6 andMIS 4e2 and two interglacial periodsMIS 5 andMIS
1 (Fig. 3) that emphasize the fact that the speleothems capture the
regional signal of temperature, rainfall and vegetation isotopic
composition (Bar-Matthews et al., 2003) as described below.

Soreq and Peqi'in caves speleothems d18O display awell-defined
orbital modulation between and among glacial and interglacial
marine isotope stages (MIS) (Fig. 3) and show good correlationwith
the EMS foraminiferal records (Fig. 4). Superimposed on the glacial
e interglacial cycles are repeated oscillations on millennial and
even shorter time scales. The speleothems d18O records have been
a) and northern Israel (Peqi'in Cave blue, 180e240 ka) during the last 240 ka (modified
ine Isotope Stages (MIS).
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compared with the d18O record of the G. ruber from several cores in
the EMS (Fig. 1): marine core 9501, taken SE of Cyprus, representing
the northern Levantine Basin, marine core 9509, located ~380 km
farther south, represents the southeastern Levantine Basin in an
area influenced by the River Nile plume (Almogi-Labin et al., 2009),
marine core LC-21 from the southeast Aegean Sea (Grant et al.,
2012, 2016) and this review, and marine core ODP 967, south of
Cyprus, at the base (2550 masl) of the northern slope of the Era-
tosthenes Seamount (Emeis et al., 1998). The d18O G. ruber records
from all these sites display a well-defined orbital modulation of
glacial and interglacial MIS events and also show good correlation
with some shorter scale climatic events, such as Heinrich events
and Dansgaard- Oeschger (D- O) cycles and North Greenland Ice
Core Project (NGRIP) temperatures (Emeis et al., 1998, 2000a, b,
2003; Rohling et al., 2002; Almogi-Labin et al., 2009; Grant et al.,
2012, 2016). These correlations emphasize the link between
Northern Hemisphere climate change and the climate of the EMS
(Marino et al., 2009). However, although the EMS marine record
follows the global pattern, it is characterized by larger d18O varia-
tions (Fontugne and Calvert, 1992; Kallel et al., 1997a,b; Almogi-
Labin et al., 2009). The large glacial - interglacial shift in d18O
values reflects not only the ice-volume effect and sea level changes,
but to a considerable extent, the amplification of climate change
effects in the semi-enclosed continental conditions of the EMS. This
amplification is due to the contribution of significant inflow of 18O-
depleted water carrying monsoonal signal into the EMS during
peak interglacial through the Nile River and other rivers fromNorth
Africa (e.g., Rossignol-Strick, 1985; Fontugne and Calvert, 1992;
Emeis et al., 1998; Osborne et al., 2008; Almogi-Labin et al., 2009)
together with enhanced hydrological conditions in the entire EM
basin (e.g. Kallel et al., 1997a; b; Bar-Matthews et al., 2000; Bar-
Matthews, 2014). This is evident from the 5.0‰ shift in the d18O
values of G. ruber, surface-dwelling planktonic foraminifera which
is widely used for reconstructing ice volume, sea level changes,
temperature, and salinity, in the EMS. G. ruber d18O values range
from ~-2‰ during peak interglacial to about þ3.0‰ during peak
glacials, compared with 2‰ variations in the western Mediterra-
nean Sea. The speleothems show similar large d18O variations. The
overall good matching of d18O between the speleothems and the
EMS marine record, and the similar differences between the spe-
leothems and the Globigerinoides ruber (G. ruber) (Dd18O sea-land)
between marine cores LC21, 9501 and d18O of Soreq Cave speleo-
thems, with an average of 5.7± 0.7‰ (Fig. 4), establishing a robust
link between the land and sea, demonstrating the importance of
the source effect on the speleothems d18O (Bar-Matthews et al.,
2000, 2003; Kolodny et al., 2005; Almogi-Labin et al., 2009; Grant
et al., 2012).

It follows that interpretation of the d18O speleothems record of
central and northern Israel must take into consideration the EMS
surface record. Dd18Osea-land would have remained constant if the
source effect were the only control of rainwater d18O. However, the
short time oscillation super-imposed on the glacial-interglacial
modulation (Fig. 4), most probably reflects local and regional cli-
matic variations (Almogi-Labin et al., 2009; Grant et al., 2016). The
influence of temperature change, rainfall amount, sea-land dis-
tance, and elevation changes must therefore be taken into consid-
eration. The most positive Dd18Osea-land values found during peak
glacial periods were suggested to reflect bigger sea-land d18O
fractionations due to enhanced Rayleigh distillation processes in
the cloud-rainfall system resulting from the larger sea and land
distance and elevation differences at low glacial sea levels (Almogi-
Labin et al., 2009). In order to deconvolve the local EM climate
signal from any bias related to monsoon/riverine runoff, Grant et al.
(2016) calculated the ‘Soreq excess d18O’ (d18O SOREQ XS) by sub-
tracting the LC21 d18O G.ruber record from the Soreq Cave
speleothems d18O record. They eliminated glacial cycles from their
calculations. In this review we applied the same approach for the
last 140 ka BP including glacial intervals (Fig. 4C). Throughout most
of last glacial the residual (d18O SOREQ XS) is positive (Fig. 4C), sup-
porting much colder and dryer conditions during most of last
glacial in the region. Very frequent alternations between positive
and negative values characterize the deglaciation.

The combined d18O-d13C record of the speleothems together
with other proxies such as their petrographic characteristics, fluid
inclusions, and D47 (‘clumped isotopes’), enable to better construct
the regional climatic conditions and how the land record adjacent
to the EMS response to changes in the EMS source variations.

2.2.1. Glacial conditions in central and northern Israel
During the previous glacial MIS 6 (185e135 ka BP) d18O values

fluctuate between ~ -6.0‰ and ~-3.0‰ (Fig. 3). Despite the large
d18O variations, d13C values remain almost constant between ~ -
12.0‰ and �10.0‰ suggesting domination of C3 type vegetation
throughout the entire time interval (Ayalon et al., 2002). A more
complicated pattern characterizes most of the last glacial, MIS 4e2
(78e19 ka BP), with d18O fluctuations between ~ -5.0‰ and �2.0‰
and d13C values varying between ~ -11.0‰ and �7.0‰, implying
that there were changes in vegetation type fromMediterranean C3
type vegetation to a mixed C3 and C4 type. However, such rises in
d13C values may be also explained by dominance of C3 type vege-
tation under conditions of enhanced stress due to colder temper-
atures and/or reduced rainfall (Bar-Matthews et al., 2003). The
relatively higher d18O and d13C values during most of last glacial,
compared with MIS 6, suggest that climate conditions during the
last glacial generally were colder. There is evidence to indicate that
the last glacial was cold: the relatively high d18O and d13C values
combined with calculated temperatures in Soreq Cave area of
~10 �C during the Last Glacial Maximum (LGM) and up to 14e16 �C
throughout most of the glacial. These values are based on fluid
inclusions (dD) of water trapped in the speleothems (Matthews
et al., 2000; McGarry et al., 2004), and the D47 temperatures
(Affek et al., 2008).

Similar ranges of temperatures were calculated also for the EM
Sea Surface Temperatures (SST) based on alkenones and Mg/Ca
ratios of foraminifera. Such calculated temperatures during the
LGM are 11e12 �C (compared to present-day mean annual tem-
perature of 18 �C), and temperatures throughout most of the last
glacial period varied between 13 �C and 16 �C (Emeis et al., 1998,
2000b; 2003; Essallami et al., 2007; Almogi-Labin et al., 2009).
These cool periods are associatedwith lowArboreal Pollen (AP) and
with high values of semi-desert and desert vegetation (Cheddadi
and Rossignol-Strick, 1995a, 1995b; Langgut et al., 2011).

A significantly warmer and wetter interval occurred during the
last glacial between ~55e52 ka BP, which coincides with the
insolation maximum in the Northern Hemisphere and the D - O
interstadial 14. This time period is characterized by relatively low
d18O and d13C values of the speleothems (Fig. 3), which is also
evident in the EMS marine record in lower values of G. ruber d18O
(Almogi-Labin et al., 2009 and Fig. 4) and higher percentage of
Arboreal Pollen and evergreen oak that points to increased hu-
midity (Fig. 5) (Langgut et al., 2011, 2018). This time interval also
coincides with increased low-latitude hydrological activity when
the EMS experienced marked pluvial conditions (Rossignol-Strick
et al., 1982; Rossignol-Strick, 1985; Hilgen, 1991; Cheddadi and
Rossignol-Strick, 1995a, 1995b; Lourens et al., 1996; Bar-Matthews
et al., 2000; Langgut et al., 2011, 2018), possibly associated with
the missing sapropel “S200 whose existence is controversial (Cita
et al., 1977). Interestingly, in Manot Cave (north-west Israel) there
is evidence for the expansion of modern humans of African origin
dated at 54.7± 5.5 ka BP that most probably reflects the last main



Fig. 4. A. Comparison of Soreq Cave d18O isotopic profile (red) and EM planktonic
foraminiferal (G. ruber) d18O record from marine core LC21 (black; Grant et al., 2012,
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‘out of Africa’ migration due to warmer and wetter climatic con-
ditions over the Northern Sahara and the Mediterranean
(Hershkovitz et al., 2015).

The overall paleoclimate picture is derived also from lacustrine
sediment sequence, the Yammoûneh paleolake (Fig. 1), a small
karstic basin in Lebanon, located at 1360m above sea level on the
eastern flanks of Mt. Lebanon, 37 km from the Mediterranean
shoreline (Develle et al., 2010, 2011). Although the record suffers
from chronological uncertainties, a combination of proxies
including pollen, sediment properties, and isotope record point to
generally colder and dry last glacial conditions (Develle et al., 2010,
2011), apart from two pluvial episodes that may be correlative
within error to the pluvial period between 55e52 ka BP. The
Yammoûneh data also show also that the previous glacial, MIS 6,
was wetter than the last glacial, similar to the conclusions derived
from the speleothems record (Ayalon et al., 2002).
2.2.2. Interglacial conditions central and northern Israel
The transition from glacial MIS 6 to MIS 5 occurs in two major

steps (Fig. 3). The first step from ~141e134 ka BP occurs when d18O
decreases from ~-3.4‰ to ~ -4.7‰ and the second step from 134 to
128.5 ka BP with a further d18O decrease to ~ -5.5‰ and d13C
decrease from ~-10.5‰ to ~ -12.5‰. The entire MIS 5 period is
characterized by large d18O fluctuations (Fig. 3). The lowest values
occur during three sub-stages, 128 and 120 ka BP (MIS 5e), between
109e100 ka BP (MIS 5c) with a short three ka period with less
negative values, and between 86-83 ka BP (MIS 5a). The very low
d18O values coincide with the low EMS G. ruber d18O values and
with the timing of the deposition of sapropel layers, which are
unique organic-rich sediments. The lowest d18O G. ruber values
typically found in sapropel layers are indicative of surface fresh-
water contribution. The sapropel layers indeed were deposited
during cycles of extreme wet periods with enhanced rainfall over
the Mediterranean basin (Kallel et al., 1997a; b), and large amounts
of freshwater input from North African Monsoon (Rodríguez-Sanz
et al., 2017). Rodríguez-Sanz et al. (2017) argue that during early
MIS 5, between ~134e128 ka BP, the additional freshwater was
mainly derived from the North Atlantic source, whereas between
~128e120 ka BP monsoon-driven flooding originated from Nile
River flow and from freshwater originating in the central Saharan
mountain ranges (e.g., Scrivner et al., 2004; Osborne et al., 2008,
2010; Rodríguez-Sanz et al., 2017). ‘Clumped isotope’ (D47)-based
temperatures of marine core ODP967 and LC21 indicate that EMS
surface temperatures were consistently higher by ~7± 4 �C than
late-Holocene temperatures (Rodríguez-Sanz et al., 2017), due to
30% thinning of the summer mixed layer at the S5 onset.

The interglacial pollen assemblage points to the dominance of
evergreen and deciduous trees, with Mediterranean vegetation and
temperate trees (Fig. 5) indicating warm and wet conditions (e.g.,
Rossignol-Strick, 1983, 1985; Cheddadi and Rossignol-Strick, 1995a,
1995b; Kotthoff et al., 2008; Langgut, 2008; Langgut et al., 2011).
Rohling et al. (2015 their Fig. 7) calculated the residuals, (i.e., dif-
ference between Soreq Cave values and LC21 values) for each of the
well-expressed sapropels and found negative offsets that broadly
indicate warmer/wetter conditions at Soreq Cave. They also noted
increases in regional humidity to be more pronounced during S5
and mainly in the later portion.

Winter climate modelling of the interglacial insolation maxima
2016). B. Dd18Oseaeland values, documented by the difference between d18O of the
planktonic foraminifera Globigerinoides ruber d18O values from marine core LC21in red
and marine core 9501 in blue (Almogi-Labin et al., 2009) and Soreq Cave speleothems.
Superimposed is the three point moving average. The horizontal gray line marks the
average of the Dd18Oseaeland of 5.7‰. C. Soreq Cave ‘excess’ (d18O Soreq xs ‰) for the last
140 ka (see Grant et al., 2016). Sapropel periods are marked in grey rectangles. ‘



Fig. 5. Representative paleoenvironmental records with emphasis on the southern part of the EM-Levant region: a) Core MD-9509 sedimentation rates (Langgut et al., 2011); b)
Core MD-9509 tropical elements (Langgut et al., 2018); c) Core MD-9509 dinoflagellate cysts (Langgut et al., 2018); d) Core MD-9509 total arboreal pollen (AP) excluding bisaccate
coniferous pollen; e) Core MD-9509 evergreen oak (Quercus calliprinos type); f) d18O values of Mount Hermon speleothems (Mizpe Shelagim Cave; Ayalon et al., 2013); g) d18O
values of the planktonic foraminifera Globigerinoides ruber of core MD-9509 (Almogi-Labin et al., 2009); h) d18O values of Soreq Cave speleothems (Bar-Matthews et al., 2003); i)
Insolation (65oN July): peaks are associated with North African humid periods and the accumulation of sapropels S1 and S3 in the Eastern Mediterranean Basin. Shaded vertical bar
corresponds to the ~56e44 ka wetter and warmer climate period. Abbreviations: BA¼ Bolling-Allerød; HE5¼Heinrich Event 5; LGM¼ Last Glacial Maximum; MIS¼Marine Isotope
Stage; S1¼Sapropel 1; S3 ¼ Sapropel 3; YD ¼ Younger Dryas. Note the different percentage/values of vertical scales (after Langgut et al., 2018).
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Fig. 6. The d18O and d13C records of speleothems from central segment of the DSB (ME Cave), Northern Negev (Tzavoa TZ cave e Vaks et al., 2006) and central and southern Negev
caves (Vaks et al., 2010) superimposed on the d18O and d13C records of the Soreq and Peqi'in caves speleothems (Bar-Matthews et al., 2017).
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indicated a major change from strong seasonality at ~125 ka BP
(Torfstein and Enzel, 2017) with strongMediterranean storm tracks,
to weaker seasonality at 115 ka BP (Kutzbach et al., 2014). The
enhanced winter contribution of rainfall was suggested to track
from tropical Africa via tropical plumes as far north as the southern
watershed of the DSB (Ziv et al., 2006; Kutzbach et al., 2014).

The speleothems d13C values show complicated features. During
most of the interglacials, d13C values range between ~ -13.0‰ and
~-10.0‰, which is typical of dominant C3 type vegetation, but be-
tween 128 and 120 ka BP during MIS 5e, values rise to ~0‰. The
minimum d18O values between 128.5-122 ka BP together with
maximum d13C values were interpreted by Bar-Matthews et al.
(2000, 2003) to reflect deluge events in which the dominant car-
bon sourcewasweathering of the dolomitic host rock. This model is
supported by the highest paleo pool levels in the cave (Bar-
Matthews et al., 2003) and by the petrography and Sr isotopic
composition of the speleothems, which point to increased host rock
weathering (Ayalon et al., 1998). It is estimated that rainfall amount
during this period could have been 20e70% higher compared to
present-day (Bar-Matthews, 2014). High annual rainfall over the
entireMediterranean Basin is also interpreted from the speleothem
record in the northern Levant, based on speleothems from Lebanon
(Nehme et al., 2015; Verheyden et al., 2017), and also in distal
regions, such as speleothems record from central Italy, Corchia and
Renella caves (Zanchetta et al., 2007; Zhornyak et al., 2011), and the
northern rim of the Alps (Sp€otl et al., 2010).

Frumkin et al. (2000) suggest that the high d13C between 128
and 120 ka BP could reflect unstable irregular high water flushing
events with dry and warm conditions, loss of vegetation, and
erosion of the soil cover. The flushing-floods must have been
frequent enough to keep the pools full, and long enough for calcite
deposition. Thus, we suggest that the deluge period was also
characterized by increased frequency of rain events.

Less extreme conditions developed during the time between
109e100 ka BP and between 86-83ka BP, coinciding with the for-
mation of sapropels S4 and S3. In between these sub-stages there is
increase aridity in the region (e.g., Almogi-Labin et al., 2004) and
d18O of speleothems are higher by 1e2‰ (Fig. 3), favoring increased
aridity. Increased aridity is also indicated by the fact that speleo-
thems from the northern Negev Desert ceased to grow (Figs. 2 and
6).

The Yammoûneh record indicates that forested landscapes
developed in the Northern Levant with intense groundwater cir-
culation. Here the wettest phases coincide with peak interglacial
MIS 5e at 130e120 ka BP, MIS 5 b between 100 and 95 ka BP, and
during MIS 5a between 85 and 73 ka BP (Develle et al., 2010, 2011).



Fig. 7. Comparison between speleothems d18O record of Soreq Cave during the last 175
ka (Bar-Matthews et al., 2017) (top figure) and the Holocene Dead Sea and glacial Lake
Lisan (Black line). The age normalized facies curve (marked in red) bottom figure
(Torfstein et al., 2015).
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2.2.3. Glacial conditions in the Northern Levant
Speleothem deposition in Jeita and Kannan caves did not occur

during last glacial (Fig. 2) and even during deglaciation from 20 ka
BP to 15 ka BP depositionwas slow (Cheng et al., 2015; Nehme et al.,
2015; Verheyden et al., 2017). OnMt Hermon (Mizpe Shelagim (MS)
Cave, 2224 masl) at the southern end of the EM Alpine karst range,
speleothem deposition was episodic (Figs. 2 and 5). Thus, the lack
and/or episodic glacial speleothem deposition in the Northern
Levant, suggests that the soil was frozen for most of the time,
preventing water from infiltrating through the unsaturated zone.
The short intervals of speleothems growth at the Mizpe Shelagim
site occurredwhen average annual temperatures increased to >3 �C
(Ayalon et al., 2013). These short intervals coincidewith some of the
Dansgaard-Oeschger events (Ayalon et al., 2013), with warming in
the north eastern basin of the EMS (Almogi-Labin et al., 2009) and
central and northern Israel, and with relatively humid glacial
phases recorded in the Yammoûneh karstic Basin, northern
Lebanon (Develle et al., 2010, 2011; Gasse et al., 2011).
2.2.4. Glacial conditions in the northern Negev Desert
In the northern Negev Desert, with present-day average annual

rainfall amounts of ~200e300mm, and no present-day deposition,
speleothems were mainly deposited during glacial intervals, with
deposition during peak interglacials (Figs. 2 and 6). Deposition
during glacial periods suggests that the water balance in the
northern Negev Desert was more positive compared to part of the
interglacials and present-day. This observation is taken to indicate
that the desert border migrated ~30 km southward from its
present-day position (Fig. 8 in Vaks et al., 2006; Bar-Matthews
et al., 2017). Comparison between the d18O and d13C values of the
northern Negev Desert speleothems with central Israel speleo-
thems show similar trend, but the absolute d18O values of the
former are significantly lower and d13C values are higher (Fig. 6).
The lower d18O values of the northern Negev speleothems most
probably reflect Rayleigh distillation processes resulting from
longer southward travel distance of rainfall (Vaks et al., 2006; Bar-
Matthews et al., 2017). The higher d13C values in the northern
Negev indicate that even during periods of increased northern
Negev rainfall, the amounts were not enough to allow expansion of
C3 type vegetation (Bar-Matthews et al., 2017). Thus, although
speleothems were deposited during last glacial, the average
amount of rainfall was lower compared to central and northern
Israel.

2.2.5. Glacial conditions in the central and southern Negev Desert
A different picture emerges from central and southern Negev

Desert speleothems, compared to the northern Negev Desert. In
this part of the Negev Desert, which is the north-eastern extension
of the large Saharo-Arabian Desert, no speleothems deposition
occurred during last glacial, and only minor deposition occurred
during MIS 6 (Figs. 2 and 6). Thus, while rainfall penetrated the
northern Negev during glacial periods, the central and southern
Negev remained dry.

2.2.6. Glacial conditions in the Dead Sea Basin
Before exploring the information derived from speleothems in

this region, it is important to note that the very detailed study of
Lake Lisan, the precursor of the Dead Sea, show that its highest
stand occurred during the last glacial. It is argued that the existence
of the larger Lake Lisan during glacial period compared with the
Holocene Dead Sea requires significantly more rainfall (e.g., Zak,
1967; Begin et al., 1974; Bartov et al., 2003; Kolodny et al., 2005;
Enzel et al., 2008). Begin et al. (2004) suggested that an additional
southern rainfall source was more active during the last glacial,
although this model has been not supported by additional evi-
dence. The lake reached its highest stand and areal extent between
~27 ka BP and 23ka BP (Bartov et al., 2002, 2003; 2006, 2007;
Haase-Schramm et al., 2004). However, this time interval is one for
which a sediment core from the south-western shore of the Sea of
Galilee shows that the predominant vegetation in northern Israel
was steppe vegetation with grasses together and other herbs and
dwarf shrubs, suggesting semi-arid conditions (Miebach et al.,
2017). Thus, there is an apparent conflict between the pollen
data, which call for relatively dry conditions during last glacial on
one hand, and the high lake levels on the other hand, apparently
pointing to much wetter conditions.

This raises the question of how the speleothems record from
this relatively arid region responds to this duality.

Growth and non-growth patterns of speleothems present a
picture of differences between the northern, central and southern
segments of the DSB. In the northern section of the DSB, speleo-
thems continuously deposited during glacial and interglacials, as
evident from newly discovered Zalmon Cave speleothems (Fig. 1),
where present-day annual rainfall is ~500mm (Keinan et al., 2019,
and Fig. 2). Their d13C values range for most of the time interval
between �9 and �12‰, suggesting C3 type vegetation, similar to
speleothems from central and northern Israel. However, their d18O
values during the last glacial are lower by ~1e2‰ compared to
central Israel caves (Keinan et al., 2019).

The offset to lower d18O values during glacials is interpreted to
reflect two factors: Warmer temperatures coupled with increased
rainfall amounts in the northern DSB relative to Soreq Cave area.



Fig. 8. d18O (A) and d13C (B) records of speleothems from Soreq Cave during the last 12 ka (Bar-Matthews et al., 2003, 2011; Grant et al., 2012).
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The latter could be the result of the funneling of storm tracks from
the Mediterranean Sea directly eastward across the Levant toward
the northern DSB area (Keinan et al., 2019).

Farther south along the DSB where annual average amount of
rainfall is below 250mm, in ME Cave (Fig. 1), where no present-day
speleothems deposition occurs, speleothems were mainly depos-
ited during glacial periods, with only minor deposition during
interglacial (Fig. 2). As with the northern Negev Desert, speleo-
thems deposition during the last glacial suggests higher water
availability in the central segment of the DSB relative to in-
terglacials. However, unlike the northern Negev Desert speleo-
thems, there is strong match between the d18O and d13C values of
ME and Soreq Cave speleothems (Fig. 6), despite their being located
60 km apart, on the different sides of the CMR, and under very
different present-day climates. This similarity indicates that during
last glacial, the climate and vegetationwere similar on both sides of
the CMR, and rainfall that originated from the EMS source reached
further east across the CMR (Vaks et al., 2003; Bar-Matthews et al.,
2017). The similarity in climate and vegetation during glacials im-
plies that the rainfall belt migrated at least 60 km farther east
during last glacial and the amount of rainfall in both sides of the
CMRwas similar (Goldsmith et al., 2017), and with probably similar
temperatures (McGarry et al., 2004).

Farther south, along the southern segment of the DSB, where
annual rainfall is ~150-50mm, speleothems deposition was very
limited during last glacial with only very thin laminae, but their
presence in this arid region during last glacial, indicates that more
water was available relative to present (Lisker et al., 2010) (Fig. 2).

We therefore suggest that the high Lake Lisan stand during last
glacial, mainly between 27 and 23 ka BP is not necessarily a good
indicator for rainfall as the water balance. During last glacial
climate conditions were much colder with average annual tem-
peratures dropping to ~10 �C. The colder conditions, different
relative humidity (Gat, 1996), and lower evaporation/precipitation
ratio (Lisker et al., 2010; Vaks et al., 2003) in combination with
short warm events that induced significant snow melting in the
northern Levant during last glacial, would have drained large
amounts of water into the DSB and recharged the ground water
(Ayalon et al., 2013). All these most probably resulted in higher lake
stand. Thus, the ‘apparent’ contradiction between ‘wet’ Dead Sea
region, evident from the high Lake Lisan Stand (e.g. Torfstein et al.,
2015 and Fig. 7), duringmost of last glacial on one hand, and a ‘drier
Mediterranean’ based on the isotopic composition of the speleo-
thems (Fig. 3), the EMS marine records (Fig. 3), and the pollen re-
cords (Fig. 5 and Langgut et al., 2011, 2018., Miebach et al., 2017;
Chen and Litt, 2018) on the other hand, does not necessarily require
greatly increased rainfall. It can be viewed as a different response of
the lake system (Leng and Marshall, 2004; Roberts et al., 2008) to
the combined effects of lower temperature, higher precipitation/
evaporation ratio and additional water supply from the rainfall
penetration farther east, additional rainfall to the northern DSB,
and from snow melting from the northern Levant and possibly the
high mountain area east of the DSB watershed (Bar-Matthews,
2014).
2.2.7. Interglacial conditions in the central and southern Negev and
the sources of rainfall to the southern and eastern Levant

Evidence for wet peak interglacials, mainly MIS 5e in the Negev
Desert, come from the timing of depositional periods of speleo-
thems (Figs. 2 and 4) and from fossil corals in the elevated reef
terraces along the Gulf of Aqaba which were extensively altered to
calcite (Lazar and Stein, 2011; Yehudai et al., 2017). There is also
evidence for wet conditions from freshwater deposits in the Arava
Valley, Israel (Livnat and Kronfeld, 1985), and further south in Egypt
from fossil groundwater carbonate spring deposits in oases in the
Western Desert (Sultan et al., 1997), and secondary uranium in ores
and carbonates, which indicate extreme ground water movement
during Egyptian Sahara pluvial periods (Osmond and Dabous,
2004).

The view that emerges from central and southern Negev Desert
speleothems (Vaks et al., 2010) is that this part of the Negev, which
is the north-eastern extension of the large Saharo-Arabian Desert
that became arid to hyperarid at ~1.0Ma (Vaks et al., 2010; Amit
et al., 2006; Enzel et al., 2008), experienced short pluvial periods
during interglacials. The main evidence for this is the episodic
deposition of speleothemswith very thin laminae in dispersed sites
(Figs. 2 and 4). The ages of their outermost layers show that
deposition occurred mostly during interglacials.

The periods of speleothems deposition in the Negev Desert have
been referred to as Negev Humid Periods (NHP) and must reflect
intervals when rainfall amount was high enough to allow water to
infiltrate the cave (Vaks et al., 2010; Bar-Matthews, 2014). High d13C
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values (Fig. 6) of these speleothems indicate that vegetation cover
was not well established during these NHPs (Vaks et al., 2010; Bar-
Matthews et al., 2017). Thus, it was proposed that these NHP's were
clusters of short wet events during otherwise long droughts, suf-
ficient to deposit a thin layer of carbonate in caves. This proposal is
supported by the lack of calcic soil horizons in the southern Negev,
which imply that these episodic wet events were neither intense
nor prolonged (Amit et al., 2006).

Are the origin, amounts, and high frequency of rainfall during
peak MIS 5e in the Negev Desert and in the Dead Sea Basin asso-
ciated with increase intensity of EM cyclones and/or potentially
associated with summer monsoonal rainfall, or both? Whereas
Waldmann et al. (2009) and Torfstein et al. (2015) argue for
enhanced rainfall associated with the African monsoon with mid
subtropical latitude climate systems, Vaks et al. (2010) argue for
increase intensity of EM cyclones that resulted in penetration of
rainfall farther south. The latter argument was based on the
reduced frequency of depositional episodes and thickness of indi-
vidual speleothems laminae southwards, implying a decrease in
rainfall from north to south, similar to the present-day precipita-
tion gradient (Vaks et al., 2010). As in the Negev Desert, the most
intensive speleothems deposition in Southern Arabia (Fig. 1) occurs
during peak interglacials (Fig. 2). Fleitmann et al. (2011) argue that
MIS 5ewas thewettest interval with the main rain events being the
African-Indian monsoon system.

Pluvial intervals recorded along the north-south transects from
the Levant to southern Arabia (Fig.1) may shed light on the origin of
moisture. Rosenberg et al. (2013) show pluvial periods in the Nafud
Desert Northern Arabia to be in phase with southern Negev spe-
leothems (Vaks et al., 2010) and southern Arabia speleothems
(Fleitmann et al., 2011). This temporal connection indicates inten-
sive hydrological cycles over the entire Arabian Peninsula, but how
far north the monsoonal storm track could reach is not clear.
Whereas in southern Arabia the strengthening of the Indian
monsoon was attributed to its intensification, the northern limit of
the monsoonal migration is unknown, since currently, there is no
current evidence for speleothems deposition in central Arabia
(Fleitmann et al., 2003; Rosenberg et al., 2013).

The ability of monsoon-related southern-derived rains to
directly impact the Negev Desert and the Dead Seawatershed is not
trivial, considering the relatively high latitude of the DSB and
southern and central Negev Desert caves and the distance from
tropical Africa (Fig. 1). However, recent general circulation models
(e.g., Herold and Lohmann, 2009) show significant northern ex-
cursions of summermonsoon rainfall, suggesting that the influence
of the African monsoon could have reached as far north as the
northern Arabian Peninsula. Other model results indicate that the
enhanced winter contribution from tropical Africa via tropical
plumes could have also affected the southern watershed of the
Dead Sea (Kutzbach et al., 2014). However, enhanced precipitation
from southern sources to the Levant during MIS 5e is still not well
understood.

2.2.8. The Holocene (MIS 1)
The transition from the LGM, ~19 ka BP to MIS 1 is gradual and

characterized by d18O decrease from ~-2.0‰ to �6.0‰ and d13C
decrease from ~-7.00‰ to ~ -13.0‰ (Fig. 3), with several short
peaks coinciding with the Heinrich 1, Bolling-Allerod and the
Younger Dryas events. The Early Holocene, between 9.4 and 7.0 ka
BP, is characterized by low speleothem d18O values coupled with
the very high d13C values (Fig. 8) that coincide with the deposition
of sapropel S1 (e.g., Bar-Matthews et al., 2000), and points to a very
wet early Holocene. There is no speleothems deposition in the “rain
shadow” desert or in the entire Negev Desert, Israel (Fig. 2), sug-
gesting that rainfall did not penetrate during the very wet early
Holocene to these desert areas, and the overall present-day climate
zones of the EM - Levant region were already established during
early Holocene. The Dead Sea level dropped to �400mbsl (Fig. 7).

Early Holocene wet conditions also characterize the northern
Red Sea and it was suggested by Arz et al. (2003) that Mediterra-
nean moisture source reached this far south. Penetration of Medi-
terranean moisture source is not evident from the Negev Desert,
since there is no speleothems deposition. However, the combined
records of speleothems from Oman and Yemen show continuous
growth during the Holocene (Fleitmann et al., 2007 and Fig. 2)
suggesting that the contribution of moisture source to the northern
Red Seamay derive from southern source. The d18O record of Arabia
and Yemen speleothems show northward displacement of the ITCZ
during early Holocene, and during middle-late Holocene, the
summer ITCZ gradually migrated southward and monsoon pre-
cipitation decreased (Fleitmann et al., 2007).

Whereas the early Holocene is considered to be very wet, the
mid-late Holocene period is characterized by the present-day cli-
matic seasonality pattern of wet winters and dry summers
(Orland1 et al., 2009; 2012), and also by significant rapid climate
changes (Mayewski et al., 2004) that are mainly associated with
changes in rainfall amount between average annual precipitation of
~800mm and ~300mm (Bar-Matthews and Ayalon, 2011). Several
short-lived decadal-to centennial-scale climatic events were iden-
tified during the mid-Holocene. Dry events occurred at 6.65e6.60
ka BP, 6.25e6.18 ka BP, 5.70e5.6 ka BP, 5.25e5.17 ka BP and
4.2e4.05 ka BP. The last two events coincided with the cultural
collapse of the Uruk society in Mesopotamia and the Akkadian
Empire. Short climatic wet events occurred at 6.70e6.68 ka BP,
6.17e6.10 ka BP, 5.76e5.74 ka BP, and 5.50e5.45 ka BP (Bar-
Matthews and Ayalon, 2011).
3. Conclusions

The climate system of the mid-latitude EM - Levant region is
linked to the North-Atlantic climate system on one hand and the
African subtropical monsoon system on the other hand. This results
in a unique climate response to regional and global climate
changes. The speleothems researchmade on numerous caves in the
region show that most of last glacial was relatively cold and dry, but
that the rainfall system from the EMS penetrated further east by
about 60 km, and about 30 km further south.

During peak interglacials, mainly MIS 5e, central and northern
Israel experienced deluge rainfall conditions. High frequency
rainfall events also associated with the westerlies penetrated
farther south to the northern Negev Desert during peak in-
terglacials. The central and southern Negev Desert, and to some
extent the Dead Sea Basin experienced clusters of short wet events
during otherwise long drought periods. A still remaining important
issue that is not clearly resolved is the importance of Monsoon-
derived rainfall in the Levant. Speleothem records tell us that the
main rainfall source in the EMS - Levant region was moisture
derived from the EMS surface. This conclusion appears to hold in
the southern parts of the Negev Desert, where thinning and
increased scarcity of speleothem favors a northward rainfall source.
In this case, the monsoon only contributes indirectly to EMS -
Levant rainfall d18O source through the input of monsoonal
generated freshwater from River Nile. Studies of the DSBDDP core
have, however, suggested that the Monsoon rainfall may move
north into the Dead Sea Basin. Thus, the relative importance of
these two rainfall sources still needs to be resolved through further
studies. The overall present-day climate zones of the EM - Levant
region were established during mid-late Holocene.
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