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Abstract

Dated oxygen and carbon isotopic profiles from a Holocene stalagmite (11.9–1.1 ka) from the Jeita cave, Lebanon, are compared to variations
in crystallographic habit, stalagmite diameter and growth rate. The profiles show generally high δ18O and δ13C values during the late-glacial
period, low values during the early Holocene, and again high values after 5.8 ka. On the basis of the good correlation between the morphological
and crystallographic aspect of the stalagmite and its isotopic records, as well as the isotopic response of speleothems from central and northern
Israel, we relate high δ18O and δ13C values to drier conditions. Between 6.5 and 5.8 ka an increase in isotopic values, a decrease in growth rate
and stalagmite diameter suggest a transition from wet conditions in the early Holocene towards drier conditions in the mid-Holocene. The
transition occurred in two steps, first a progressive change to drier conditions started at 6.5 ka but was interrupted by a short (∼100 years) return to
wetter conditions, followed by an equally rapid (b200 years) change to drier conditions.
© 2008 University of Washington. All rights reserved.
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Introduction

Secondary chemical cave deposits (e.g. calcite speleothems)
may provide high-resolution proxy tools for paleoclimate
reconstruction (Genty et al., 2001; Verheyden, 2001; Verheyden
et al., 2006). Recent contributions highlight the significance of
speleothem studies, in particular for achieving precise chron-
ologies of continental climate changes (Bar-Matthews et al.,
1999; Wang et al., 2001; Dykoski et al., 2005; Fairchild et al.,
2006; Genty et al., 2003, 2006).

TheLevant region (Lebanon, Israel/Palestine, Syria, and Jordan;
Fig. 1) witnessed important glacial–interglacial (G–IG) climate
changes as well as a shift of varying climate belts (Robinson et al.,

2006 and references therein). This region currently lies very close to
the modern arid/semi-arid boundary and has a long history of
human settlement and habitation. Hence, the Levant is believed to
be an ideal region for the study of climate and societal changes.

Previously constructed δ18O and δ13C curves from Israel/
Palestine – e.g. Soreq, West Jerusalem and Peqiin caves – all
show similarities for the last ∼250,000 years, with changes in
δ18O and δ13C corresponding to changes in precipitation and soil
activity, respectively. The curves therefore have demonstrated the
high potential of speleothems for regional paleoclimate recon-
struction (Bar-Matthews et al., 1997, 1999, 2003; Frumkin et al.,
2000). Several papers discuss results of speleothems from Israeli
caves (Bar-Matthews et al., 1996, 1999; Frumkin et al., 2000;
Vaks et al., 2003) and recent contributions on speleothems from
Oman (Neff et al., 2001; Burns et al., 2003; Fleitmann et al., 2003,
2007) and Soqotra Island, Yemen (Fleitmann et al., 2007; Shakun
et al., 2007) provide evidence for rapid and large climatic changes
during the last G–IG cycle there as well.
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Figure 1. (A) Simplified topographic map of Lebanon showing the main physiographic units (Mounts Lebanon and Anti-Lebanon, and the Bekaa Plain) – the inset map shows the location of Lebanon and the Levant
(striped area) in the Middle East. (B) Simplified precipitation map of Lebanon – from UNDP (1970). The position of the Jeita cave is indicated with an arrow on both maps.
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In this study, a stalagmite from the Jeita cave (central
Lebanon) is dated and investigated for its petrographic
characteristics and its stable oxygen and carbon isotopic
composition. This paper attempts to reconstruct the Holocene
paleoclimatic and environmental evolution of Lebanon, which is
an important step for discussing the regional climate changes
and vegetation dynamics in that region in order to evaluate
climatic predictive approaches for the future. Furthermore,
Lebanon is situated in the northern part of N-S transect joining
the eastern Mediterranean region–i.e. western coastal Syria,
Lebanon, Israel/Palestine–and the Indian Ocean–i.e. Yemen and
Oman. Therefore, the complementary data presented in this
paper may offer further insight in the shifts of the climate belts.
The particularity of Lebanon with respect to recorded prehistoric
human settlements and trades makes this study an attractive
approach for further multidisciplinary research projects aiming
to investigate the impact of climate on socioeconomic develop-
ments during the Holocene.

Climatological and paleoclimatological settings

Lebanon stretches along the central-eastern coastline of the
Mediterranean Sea between latitudes 32°34′N and 34°41′N
(Fig. 1A). It is characterized by a Mediterranean climate close to
the arid/semi-arid climate boundary (in Israel/Palestine). The
average annual precipitation at the Jeita cave site today is
around 1000 mm (Fig. 1B; UNDP, 1970; Edgell, 1997). The
climate is seasonal, with rainy winters (between November and
February) and dry, relatively hot summers (usually the period
from May to October).

Speleothem records, among other paleoclimatic proxies, have
contributed to the reconstruction of Quaternary climate evolu-
tion in the Levant region with reasonable precision (Robinson et
al., 2006). These climate characteristics are highlighted below
and summarized in Table 1. Just after the end of the last glacial
maximum (∼17.0 ka), the region experienced an intense short
dry period with reduced soil activity. The subsequent recovery
towards wetter conditions was interrupted by a drier period as
suggested by a short increase in δ13C values obtained from a
speleothem from the West Jerusalem cave, probably represent-
ing the cold Younger Dryas stage at∼12.0 ka BP (Frumkin et al.,
2000). The multiple dataset review of Robinson et al. (2006)
demonstrates that this period (∼12.7–11.5 ka) was very arid and
most likely cold compared to the Bolling-Allerod and the
Holocene. At Soreq cave (central Israel), all studied speleothems
older than 7.0 ka show deposition conditions different from
those of today, mainly attributed to higher rainfall in the early
Holocene (Bar-Matthews et al., 1997). Awetter period between
∼9.0 and ∼7.0 ka is also suggested by other proxies, such as
pollen, lake levels and sapropels (Robinson et al., 2006).
Whether a cold event correlated with the 8.2 ka cold event that
was observed in Greenland ice cores occurred in the Levant
remains undetermined. This event was not clearly recognized
from proxies such as marine records, lake sediments or pollen. A
short decrease in δ13C within a period of extremely high δ13C
values in the Soreq cave record was associated by Bar-Matthews
et al. (1999) to the 8.2 ka cold event but because no similar signal
was observed in the record from West Jerusalem cave (Frumkin
et al., 1994), it has been suggested that the δ13C changes in Soreq
records may have been due to local soil denudation.

Table 1
Summary of previous studies presenting the paleoclimatic conditions prevailing in the Levant region (Frumkin et al., 2000; Robinson et al., 2006, and references
therein)

Present mid-Holocene Early Holocene Younger Dryas Bolling-Allerod Heinrich event H1

0–5.0 ka ∼5.0 ka 7.9–9.5 ka 11.5–12.7 ka 13.0–15.0 ka ∼16.0 ka

Rainy winters/
dry summers

Wet Warm extreme wet Cold extreme arid Warm rainy Atmospheric cooling
dry

Precipitation rate
1000 mm/yr (Jeita, Lebanon) N1000 mm/yr a N1100 mm/yr a b500 mm/yr a 900–1100 mm/yr a

– Higher lake levels – Very high lake levels – Lowest lake levels
(Lisan lake)+massive
salt deposition

– High lake levels – Low lake levels

– Gradual enrichment in
δ13C: ?shift to lower
vegetation cover

–Slightly wetter
climate (paleosols)

– Increased C3 vegetation.
Abundant Pisticia and oak

– Increased C4 vegetation
(Chenopodiaceae and
Artemisia)

– Increased C3
vegetation
and oak forests

– Small δ18O (+) excursion
(Soreq cave speleothem
record; Palestine/Israel)

–Increased humidity
(6.5 to 5.1 ka; corals)

– Anoxic conditions
(9.5 to 7 ka)

– Glacial O-/C-isotope
values

– Sea temp.: ∼18°C
at ∼16.5 ka

– Sharp drop in SST–small
decrease in salinity

– Sea temp.: 20–22°C – Sea temp.: ∼13°C
at ∼11.0 ka

– Atmospheric cooling?

– Sal.: 2–4‰bpresent – δ18Orain was more (+)
consistent with lower
rainfall (Soreq cave)

– ‘8.2 ka’ cooling event
Levant: 7.9–7.7 ka.
Sudden cooling and a drop
in precipitation

a Precipitaion rates estimated by comparisons to other studies and extrapolations.
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In themid- to late-Holocene, the transition to drier conditions is
suggested from Israeli speleothems showing a gradual enrichment
in δ13C values towards modern times. This is thought to reflect a
decrease in vegetation cover due to either a natural drying or an
increasing impact of grazing and deforestation (Frumkin et al.,
2000), whereas an increase in δ18O values is thought to reflect
principally a decrease in precipitation (Bar-Matthews et al., 1999,
2003).

Location

TheLebanesemountainsmainly consist of carbonate rocks and
contain numerous caves rich with speleothems. The Jeita cave
(Fig. 1) is the longest and most well-known cave in Lebanon
(Nader, 2004). It is located within the western flank of central
Mount Lebanon (Figs. 1A, B). The natural entrance of the cave is
situated at N32°56.616′; E035°38.516′ about 100 m above sea
level. It is∼5 km east of theMediterranean coastline and∼15 km
north of Beirut (Figs. 1A, B). The cave system is entirely
developed inMiddle Jurassic greyish fossiliferous limestone rocks
(the Nahr Ibrahim Member; Figs. 2A–C), a part of the Kesrouane
Formation, which has an average stratigraphic thickness of
1000 m (Dubertret, 1975; Walley, 2001; Nader et al., 2004).

In the 1950s, a tunnel was dug to make a part of the Jeita cave
more easily accessible to tourists. The cave was also subjected to
various hydrogeological studies, because it hosts a major
underground river with a discharge of about 2.3 m3/s during
the dry, summer season (UNDP, 1970). The cave contains
numerous speleothems in large underground halls, especially in
an upper gallery that is located in the touristic part of the cave
(Fig. 3A). In many places, the ceiling is more than 15 m high
(Fig. 3B) and most speleothems are characterized by a ‘pile
d'assiettes’ or ‘dish-stacks’ structure (Hill and Forti, 1997,
p. 109). The stalagmite JeG-stm-1 was retrieved from the upper
gallery of the Jeita touristic cave in October 2005. The stalagmite
was collected from N32°56.629′; E35°38.649′, ∼200 m from
the entrance of the upper gallery (Fig. 3). The ceiling of the cave
at this location is situated at 16.45 m high, and the thickness of
the overburden rock (mainly micritic limestone) is estimated to
be around 100 m (Fig. 3B). Water dripping from the high ceiling
occurs in the stalagmite site during winter and spring seasons,
while possible short-term dryness prevails during the summer.
Cave temperature at the stalagmite location is 22.0±0.5°C and
remains constant throughout the year, according to the touristic-
cave director who, five years ago, installed a measurement
station less than 100 m away from the location of the stalagmite.

Methods

The stalagmite was cut along its growth axis after retrieval
from the cave. One longitudinal section was used for the present
study while the other is displayed inside the touristic cave for
educational purposes and to increase public awareness. The
investigated section was polished and crystallographic observa-
tions were performed with a binocular microscope.

U-series age determinations were performed at the University
of Minnesota (USA), using the procedures for chemical

separation and purification of uranium and thorium of Edwards
et al. (1986) and Cheng et al. (2000). Eleven powdered samples
of 100 to 400 mg, collected with a dental drill were dated.
Measurements were performed on a Finnigan ELEMENT
ionization coupled plasma mass spectrometer (ICP-MS)
equipped with a double-focusing sector magnet in reversed
Nier–Johnson geometry and a single MasCom multiplier,
following procedures modified from Shen et al. (2002).
Corrected 230Th ages assume the initial 230Th/232Th atomic
ratio of 4.4±2.2×10−6. Those are the values for a material at
secular equilibrium, with a bulk earth 232Th/238U value of 3.8.
The errors are arbitrarily assumed to be 50%. All ages are given
in years before AD 2006. Except for the dating results
themselves (given with their 2σ uncertainty), the ages given
are interpolated or extrapolated ages. Their uncertainty is
typically between 50 and 110 years (2σ) and depends strongly
on how they are constrained by surrounding ages. For the
periods between 10.5 and 9.0 ka, between 8.0 and 6.0 ka and
between 4.0 and 3.0 ka, the uncertainties are close to the dating
uncertainties because the ages are constrained by a relatively
high number of dating measurements, while for the periods
between 11.9 and 10.5 ka, between 5.9 and 4.0 ka, and after
3.0 ka, the uncertainties can increase to several hundred years.

A total of 150 samples were taken along the longitudinal axis
of the stalagmite for δ18O and δ13C stable isotope analyses
performed at the University of Erlangen –Germany (Institute of
Geology and Mineralogy). The carbonate powders were
subjected to reaction with phosphoric acid (density N1.9;
Wachter & Hayes, 1985) at 75°C in an online carbonate
preparation line (Carbo-Kiel – single sample acid bath)
connected to a Finnigan Mat 252 mass spectrometer. All values
are reported in per mill (‰) relative to Vienna Pee Dee
Belemnite (VPDB). Reproducibility based on replicate analysis
of laboratory standards is better than ±0.02‰ for δ13C and
±0.03‰ for δ18O. Isotopic equilibrium, tested at five different
heights of the stalagmite (Hendy, 1971), indicated the
occurrence of kinetic processes towards the border of the
stalagmite, especially towards the “wings” (see below).
However, no indication for out-of-equilibrium deposition was
detected in the central part of the stalagmite, which is where the
samples for isotope analysis were collected from.

Results

Petrographic aspects

The sampled part of the JeG-stm-1 stalagmite is 121.5 cm
long. The lowermost 6 cm of the base of the stalagmite could
not be sampled. The longitudinal inner profile of the stalagmite
(Fig. 4) displays a regular deposition of dense calcite, ranging in
colour from dark grey to light yellow-beige. A regular
lamination with very thin layers (b0.2 mm) is present but
generally only visible at the sides of the speleothem. In the
central part of the section, the calcite is denser and mainly
displays uniform, grey translucent texture. The stalagmite
diameter is variable, thickened in its middle part, with a
maximum diameter of 18 cm. It becomes thinner towards the
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Figure 2. (A) Geological map of the Jeita region (western flank of central Mount-Leban) showing the cave underground development (Dubertret, 1955; Karkabi, 1990). (B and C) Cross-sections intercepting the Jeita
cave and displaying the relationship of the cave development and the various geological aspects (e.g. western Lebanon flexure, overburden rocks; Nader et al., 2003).
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top with a diameter of 7 cm at its topmost part. The stalagmite
along its whole length displays the typical ‘dish-stacks’
structure.

Between 89.5 and 121.5 cm from the top of the stalagmite (all
interval values were measured from the top of the stalagmite),
regular deposition of dish-stacks structure prevailed (segment 1,
Fig. 4). Grey translucent euhedral crystals of calcite are observed
in the central part of the stalagmite, and clear beige calcite forms
the inter-fingering ‘wing’ which is characterized by abundant
fluid inclusions. In this segment, the stalagmite shows relatively
clear, yet discontinuous layering, that is most visible in the wings
(Fig. 5). Between 86.3 and 89.5 cm (segment 2; Fig. 4), dark
grey calcite is deposited without ‘wings’, indicating a change

towards more classical candle-shaped morphology. Above that,
the previous dish-stacks morphology tends to develop and at
79.9 cm a clear dish-stacks structure was observed. Generally,
the stalagmite presents a regular vertical deposition structure
except around 53.0 to 52.0 cm (between segments 3 and 4)
where a horizontal shift of ∼2 cm was observed in the
longitudinal (growth) axis. The dish-stacks stalagmite ends at
∼29.0 cm and is followed by the deposition of a much thinner
candle-shaped stalagmite of whitish calcite (up to ∼21.5 cm;
segment 5), becoming more greyish and translucent up to
∼17.8 cm (segment 6). A clear brown-red translucent layer
marks the return to a slightly thicker stalagmite tending towards
a dish-stacks structure (segment 7). The uppermost part of the

Figure 3. (A) Topographic survey of the Upper showcave (Galerie Supérieure) modified from Karkabi (1990), showing the location of the sampled stalagmite JeG-
Stm-1. (B) Composite cross-section showing the location of JeG-Stm-1.
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stalagmite (segment 8; Fig. 4) is thinner featuring a whitish
candle-shaped stalagmite growth structure.

Age and growth rates of the stalagmite

U-series dating (Table 2) indicates that the sampled stalag-
mite (JeG-stm-1) was deposited between 11.9±0.1 (2σ) ka and
1.1 (extrapolated) ka (Fig. 6), when the stalagmite stopped
growing.

Growth rate varied between 0.50 and 2.62 cm/100 yr (Fig.
6). No important growth hiatus was detected. The horizontal

shift in growth axis at 52.1 cm from the top of the stalagmite
occurred at 6.7 ka (Fig. 4) without measurable hiatus. Five to
ten red brown calcite layers were deposited around 4.0 ka,
without a major change in growth rate (cf. Figs. 4 and 6). The
highest growth rates are observed in the parts of the stalagmite,
where the diameter is the largest and where the dish-stacks
structure prevails (segments 1, 3 and 4 in Fig. 4). The lowest
growth rates are observed in parts of the stalagmite with smaller
diameter (Fig. 7) and where the dish-stacks structure disappears,
e.g. around 85 cm (segment 2 in Fig. 4) and above 35 cm from
the top of the stalagmite (segments 5 to 8 in Fig. 4).

Figure 4. Cut face of the JeG-Stm-1 and a sketch showing the U/Th dating values – rectangle shows the location of Fig. 5.
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δ18O and δ13C records

The δ18OVPDB values from JeG-stm-1 ranged from −6.5 to
−3.9‰ (Fig. 8) with an overall mean of −5.2‰ (Fig. 9). From
11.9 to 10.3 ka the stalagmite displayed δ18OVPDB values
slightly greater than that of the mean. The values decreased
rapidly to around −5.5‰ at 10.0 ka with a minimum at 8.6 ka
(−6.1‰). The relatively low δ18O values (generally between
−6.0 and −5.5‰) remained until 6.5 ka. After this date, the
δ18O values began to increase and from 6.0 ka, surpassed the
overall mean of −5.2‰. A first increase of 0.5‰ occurred in
∼500 years and was interrupted by a return to lower values
(−5.4‰) at 5.9 ka. Hereafter, a second increase of 0.6‰
occurred. The high δ18O values prevailed until 1.1 ka, at the top
of the stalagmite. Accordingly, the JeG-stm-1 may be
subdivided into three parts based on oxygen isotope analyses.

The δ13CVPDB values range between −11.2 and −8.7‰ with
an overall mean of −10.2‰ (Figs. 8 and 9). The δ13C record
roughly follows the same trend as the δ18O record. Relatively

high values (∼−9.8‰) are observed between 11.9 ka and
11.2 ka, and at 10.3 ka. Lower δ13C values (∼−10.5‰) occur
from 11.2 ka onwards and, with exception of the high values
around 10.3 ka, the δ13C values decrease more progressively
than the δ18O record with the lowest δ13C values occurring
between 7.1 and 6.5 ka (Fig. 8). At 6.5 ka, an increase in δ13C of
0.6‰ starts progressively, and, after a short return to lower
values (−10.7‰ at 5.9 ka), is followed by a sharp increase of
1.2‰, reaching carbon isotopic values of −9.5‰. The δ13C
values remain relatively high until the top of the stalagmite (at
1.1 ka) except for a short return to the mean δ13C value
(approximately −10‰) between 3.5 and 3.0 ka. Consequently,
the stalagmite shows a tripartite partition with a base featuring
relatively high carbon signature (with somewhat varying
values), a middle part showing decreasing values, and an
upper part characterized with relatively higher δ13C values
(including the highest values at the top with respect to the whole
stalagmite record; Fig. 8).

The δ18OVPDB versus δ13CVPDB diagram for the samples
drilled out of the JeG-stm-1 stalagmite (along its growth axis)
shows the evolving stable isotopic trends during the stalagmite
growth (Fig. 9). Three major periods have been recorded by the
stalagmite growth. A first period (from 12.0 to 10.3 ka) shows
relatively high δ18O values (average: −4.5‰) coupled with
similarly higher δ13C values (average: −10.0‰). This is
contrasted with the middle part of the stalagmite (between
10.3 and 5.8 ka) which shows more depleted oxygen and carbon
isotopic values (about −5.5‰ and −11.0‰, respectively). The
upper part of the stalagmite (from 5.8 to 1.1 ka) exhibits a return
to the relatively high isotopic values (both for oxygen and
carbon) including the highest δ13C values (∼−8.7‰; Fig. 9).

Discussion

Comparison of the isotopic profiles of the Jeita, Soreq and
West Jerusalem cave records reveals similarities during the

Figure 5. Photomicrograph showing the ‘wings’ pattern at the sides of the
stalagmite (location of photo is shown in Fig. 4).

Table 2
U-series dating results of JeG-stm-1 stalagmite

Sample number 238U (ppb) 232Th
(ppt)

230Th/232Th
(atomic×10−6)

δ234U a

(measured)

230Th/238U
(activity)

230Th age (yr)
(uncorrected)

230Th age (yr)b

(corrected) b
δ234UInitial

c

(corrected)

J1 158.9±0.3 265±7 1065±28 31.4±1.8 0.1074±0.0008 11996±98 11949±101 32.4±1.8
J2 158.5±0.3 160±7 1471±69 29.0±1.9 0.0897131±0.00081 9957±96 9929±97 29.8±2.0
J3 172.6±0.3 117±7 2033±131 29.2±1.8 0.0834±0.0007 9226±84 9207±85 30.0±1.9
J4 148.5±0.2 126±7 1387±79 30.2±1.8 0.0710±0.0007 7800±82 7776±83 30.9±1.9
J5 171.4±0.3 157±8 1150±60 25.2±1.8 0.0636687±0.00058 6999±67 6973±68 25.7±1.8
J6 146.7±0.3 82±8 1763±173 28.3±1.9 0.0599±0.0009 6556±105 6540±106 28.8±2.0
J7 183.1±0.3 168±7 981±43 23.3±1.7 0.0545±0.0005 5970±61 5944±63 23.7±1.8
J8 126.2±0.2 410±8 194±5 23.5±2.0 0.0383±0.0007 4165±73 4073±86 23.7±2.0
J9 114.6±0.2 352±8 185±5 23.9±1.9 0.0345±0.0006 3738±62 3651±76 24.2±1.9
J10 129.0±0.2 146±7 402±21 19.9±1.9 0.0276±0.0004 2992±47 2960±50 20.0±1.9
J11 177.9±0.3 1323±9 28±1 18.6±1.8 0.0128±0.0003 1384±37 1172±113 18.7±1.8
230Th dating results. The error is 2σ.
λ230=9.1577×10

−6 y−1, λ234=2.8263×10
−6 y−1, λ238=1.55125×10

−10 y−1.
Corrected 230Th ages assume the initial 230Th/232Th atomic ratio of 4.4±2.2×10−6. Those are the values for a material at secular equilibrium, with the bulk earth
232Th/238U value of 3.8. The errors are arbitrarily assumed to be 50%.
a 234U=([234U/238U]activity−1)×1000.
b Ages are relative to 2006 (or year before 2006).
c δ234Uinitial was calculated based on 230Th age (T), i.e., δ234Uinitial=δ

234Umeasured×e
λ234×T.
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Holocene period (Fig. 10). Similar to the Soreq cave record, the
Jeita stalagmite record, displays high δ18O values during the
Late Glacial period and the mid- to late-Holocene, compared to
lower δ18O values for the Early Holocene. Regarding the δ13C
profiles, the Jeita stalagmite profile closely matches the West
Jerusalem cave record, but discrepancies exist in comparison
with the Soreq cave record (Fig. 10). The extremely high δ13C
values (−2.5‰) occurring in the mid-Holocene in the Soreq
cave speleothems were however ascribed to a localised intense
soil degradation due to deluvial events at the Soreq cave site
(Frumkin et al., 2000). The average seawater temperature (SST
°C) profile as estimated for the Eastern Mediterranean at the

ODP Site 967 for the period between 17 ka BP and the present
day – i.e. covering the time span recorded by the investigated
Jeita stalagmite – is also presented in Fig. 10. A general
warming of the eastern Mediterranean seawater appears to
prevail from 7 ka and until the last millennium where seawater
temperatures reached 24°C; today the average seawater
temperature is around 19°C (Emeis et al., 2000).

Based on a good understanding of the present-day isotopic
response at the Soreq cave, Bar-Matthews et al. (1997, 1999)
interpreted the δ18O variations in the speleothems from this
cave as mainly linked to variations in amount of rainfall.
Accordingly, the lower δ18O values have been associated with

Figure 6. Growth rate of the stalagmite with respect to distance (in cm) from the top, assuming linear growth rates between two consecutive datings.

Figure 7. Stalagmite diameter (in classes of cm) with respect to age (U/Th years before 2006). The corresponding δ18O profile is also included (values are in
‰ VPDB).
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rainy years and 18O-enriched values with dry years. The
similarity of the δ18O records of the last IG–G cycle (marine
oxygen isotope stages 2–5) between the Soreq and Peqiin caves
in northern Israel was interpreted by Bar-Matthews et al. (2003)

Figure 8. δ18O and δ13C profiles (values are in ‰ VPDB) of the JeG-stm-1
stalagmite (Jeita cave, Lebanon).

Figure 9. Oxygen versus carbon stable isotopic composition (values are in‰ VPDB) of samples microdrilled along the growth axis of the JeG-stm-1 stalagmite (Jeita
cave, Lebanon).

Figure 10. Correlation charts from various speleothem records and proxies, see
text for details (Bar-Matthews et al., 1997; Frumkin et al., 2000; Migowski et al.
2006; Robinson et al., 2006).
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as a similar response to climate change, despite the Peqiin cave
being located in a more humid and slightly higher region. In
addition, the 170,000-year-long δ18O record from the West
Jerusalem cave (Frumkin et al., 2000) and the 6000-year-long
record from the Nahal Qanah cave in central Israel, (Frumkin et
al., 1999a) suggested a similar sensitivity to dry–wet conditions
during the Holocene. Frumkin et al. (1999b) interpreted
glacial–interglacial δ18O variations in the speleothem as mainly
due to changes in δ18O of the source waters. This interpretation
was shared by Kolodny et al. (2005) and Enzel et al. (in press)
for the G–IG changes. However, short-term changes (annual or
close to annual) in δ18O of Lisan Lake sediments, were
interpreted by Kolodny et al. (2005) as mainly due to changes in
evaporation to precipitation (E/P) ratios rather than to
temperature changes or source δ18O variations. They therefore
are more directly linked to humidity or dry/wet conditions.

The changes in carbon isotopic composition (δ13C) of
speleothems in central and northern Israel are interpreted as
mainly reflecting changes in contribution of the soil CO2 (Bar-
Matthews et al., 1997, 1999; Frumkin et al., 1999a, 2000) and
thus linked to changes in precipitation with periods of low
rainfall inducing sparse vegetation and a lower contribution of
“light” organic carbon in the speleothem resulting in higher
δ13C value (Frumkin et al., 2000).

The Jeita cave and the West Jerusalem, Soreq and Pequin
caves are located in the present-day semi-arid Mediterranean-
type climatic regions of Lebanon and Israel, both situated at less
than 50 km from the East Mediterranean coast in the west-
facing flanks of their respective mountain systems. The Jeita
cave is at a distance of 115 km from the Peqiin cave, 240 km
from the West Jerusalem cave, and 260 km from the Soreq cave.
The present day similar climate – although central Lebanon
receives more rainfall during the winter season – and close
geographical location of the four caves invoke a common
isotopic response to climate and subsequent vegetation changes
(Bar-Matthews et al. 1997, 1999, 2003; Frumkin et al., 2000).
The δ18O signature of JeG-stm-1 is generally more enriched
than the Soreq cave speleothem δ18O while the amount of
rainfall is twice that at Soreq cave. The difference in δ18O
between Jeita cave speleothems and Soreq cave speleothems
can be partly due to the higher location of the Soreq cave (400 m
asl), to a different source δ18O or to differences in storm tracks
(McDermott, 2004). However, the similarity of the Jeita δ18O
changes to those of the Soreq cave, and of the Jeita δ13C
changes to those of the West Jerusalem cave confirm that the
studied speleothems reflect similar responses to regional
climatic variations. Such climatic changes as invoked from
the Jeita stalagmite isotopic record and compared to the records
from the nearby caves are grouped into three major time periods
discussed below. We also briefly discuss the 8.2 ka event.

11.9–10.1 ka

According to the review of multiple datasets of Robinson et
al. (2006) the Younger Dryas (YD), between 12.7 and 11.5 ka,
was a regional event with extremely arid and cold conditions. A
relative increase in the δ18O record was observed in the Soreq

cave speleothems between 13.2 to 11.4 ka, and was subse-
quently inferred as the most arid period of the Late Glacial
period, correlated with the YD event (Bar-Matthews et al.,
1999). The Jeita cave record starts at 11.9±100 (2σ) ka with
high δ18O values consistent with higher aridity during the YD.
The Jeita δ18O record begins to decrease at 11.2 ka, at about the
same time compared to the δ18O decrease in Soreq cave
speleothems (Fig. 10). The end of the YD and the transition to
more humid conditions of the pre-Boreal (PB) seems to cover at
least 500 years in the Jeita and Soreq speleothems and
resembles more the gradual transition observed in the Dongge
cave record from China (Dykoski et al., 2005) rather than the
rapid transition (only a few decades) observed in Greenland ice
cores (Alley, 2000). Shakun et al. (2007) showed that deglacial
events are more gradual away from the North Atlantic region,
which is consistent with an Atlantic origin for these climate
events.

Similar to the δ18O record, the carbon record starts (at
the base of the studied stalagmite) with relatively high
values (−9.8‰) in agreement with a less favourable period
for soil activity, associated with the drier conditions of the
YD, however not dry enough to significantly decrease
speleothem deposition as suggested by a still relatively high
growth rate (1.65 cm/100 yr; Fig. 6) and thick speleothem
diameter (10–18 cm; Fig. 7).

At 10.3 ka a short-term increase in δ13C values in the Jeita
cave record indicates poorer soil activity. It coincides with a
positive oscillation in the δ18O record. The West Jerusalem
stalagmite recorded a similar increase in δ13C between 10.8 and
10.2 ka (Frumkin et al., 2000) which was related to the dry
event called the Preboreal oscillation (occurring at 11.3 ka in the
Greenland ice core record and lasting ∼200 years, Johnson et
al., 1992; Bjorck et al., 1996, 1997; Shakun et al., 2007).

The continuous growth of the JeG-stm-1 stalagmite during
the relatively dry Late Glacial inferred from the isotopic
composition (Fig. 9) is probably caused by lower evaporation
rates linked to colder temperatures during this period. The
stalagmite growth is not only governed by the water supply
(Kaufmann and Dreybrodt, 2004) but also by the CaCO3

saturation of the depositing water and thus initially, the CO2

content, which is inherently related to soil activity (Baker and
Smart, 1995; Genty et al., 2001; Kaufmann and Dreybrodt,
2004). Therefore, soil activity during this time period, as
indicated by the only slightly higher δ13C values compared to
those in the Early Holocene, might have contributed to the
continuous growth.

10.0–5.8 ka

During the period 10.0–5.8 ka, the Jeita stalagmite displays
particular low δ18O and δ13C values compared to the rest of the
stalagmite. This is clearly observed when displaying δ18O
versus δ13C values (Fig. 9). The isotopic data from the JeG-stm-
1 stalagmite indicate that during the Holocene, the most humid
conditions in western Lebanon occurred between 9.2 and 6.5 ka.
This period corresponds to a segment of the stalagmite with
particularly high growth rates (between 1.17 and 2.62 cm/
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100 yr; Fig. 6) and in general the largest stalagmite diameter
(Fig. 7) giving further evidence for a high water availability and/
or a high CaCO3 saturation of the depositing water linked with
an active vegetation above the cave. The change to lower δ18O
and δ13C values occurs simultaneously with the onset of clear
dish-stacks stalagmite morphology; which needs a high ceiling
(Hill and Forti, 1997), but also a high water supply with an
important “splash effect” and high carbonate supersaturation for
the development of the “wings” (cf. Fig. 5). Only a short part of
the stalagmite around 6.7 ka displays a slightly lower growth
rate (0.92 cm/100 yr). Since the δ18O and δ13C records are
remarkably stable during this period, the observed change in
growth rate is believed to have no regional climatic or
environmental cause. It is more probably related to local
changes in the water supply system, as also suggested by the
horizontal shift in growth axis occurring at 6.7 ka (Fig. 4).

A warm and wet Early Holocene is evidenced in several
proxy data in the Levant region (e.g. Frumkin et al., 1994;
Rossignol-Strick, 1995, 1999; Goodfriend, 1999; Gvirtzman
and Wieder, 2001; Bar-Matthews et al., 2003; McLaren et al.,
2004). Recently, Robinson et al. (2006) compiled most of the
previously published datasets including various proxy data (e.g.
higher lake levels, vegetation and pollen records, migration of
the Negev Desert boundary, palaeosols records, speleothem
studies, meandering streams). Accordingly, the data compila-
tion suggested that the Early Holocene (9.5–7.0 ka) could have
been the wettest phase of the last 15,000 years across much of
the Levant and Eastern Mediterranean (e.g. Frumkin et al.,
1994; Rossignol-Strick, 1995, 1999; Goodfriend, 1999; Gvirtz-
man and Wieder, 2001; Bar-Matthews et al., 2003; McLaren et
al., 2004). Frumkin et al. (1994) showed that the same period
witnessed higher lake levels of the Lisan and Dead Sea lakes
(Fig. 10). The lake-level record was further refined by
Migowski et al. (2006), who dated this period between 10 and
8.6 ka (Fig. 10).

A sudden increase in δ18O and, even more important, in
δ13C values in the JeG-stm-1 stalagmite suggests a decline from
wet to drier conditions at around 6.0 ka. The transition occurred
in two steps with a progressive decline from 6.5 to 5.9 ka
interrupted at 5.9 ka by a short return to wetter conditions and
followed by an equal rapid decline from 5.8 to 5.7 ka (Fig. 8).
The change to dry conditions indicated by the δ18O and δ13C
profiles is supported by the decrease in diameter (Fig. 7), the
drop in growth rate between segments 4 and 5 (Fig. 6) and a
progressive change towards a matt white porous calcite (Fig. 4).
As indicated by the change in growth rate as well as by the
change in speleothem aspect, the growth rate probably
decreased continuously between 5.944±0.063(2s) ka and
4.073±0.086 ka (ages in segments 4 and 5 in Fig. 4; Fig. 6;
Table 2). Since a constant growth rate is assumed between two
subsequent ages in the presented time series (Fig. 8), the growth
rate between 5.9 and 5.7 ka is probably underestimated. Given
that the precision of the closest age is ∼63 yr; Table 2), the
absence of visible hiatus and the underestimation of the growth
rate, the duration of the last rapid δ13C and δ18O change
between 5.82 and 5.76 ka can reasonably be estimated as having
occurred in a minimum of 60 yr and, probably (with no growth

hiatus detected), not more than 200 yr. The corresponding
climate change may have started before as suggested by the
shifts in δ18O and especially δ13C (indicating a change in soil
activity) since 6.5 ka. Speleothems from both the Soreq and
West Jerusalem caves also recorded a wet Early Holocene
followed by a dry mid-Holocene. Yet, the δ18O record in the
Soreq cave stalagmites indicate a change towards values close
to present day values; starting with a rapid increase in δ18O
around 7.0 ka (Bar-Matthews et al., 1997, 1999) followed by a
more progressive increase until 2.0 ka. TheWest Jerusalem cave
δ13C record (Frumkin et al., 2000) suggests a progressive
drying since 8.0 ka and a more intense drying at 3.0 ka.
Similarly, a wet Early Holocene was recorded in speleothems
from Oman: an abrupt end of the wet Holocene period at 6.1 ka
in northern Oman has been suggested by Neff et al. (2001) and
Fleitmann et al. (2007), while a more gradual transition to
present-day dry conditions since 8.0 ka in southern Oman was
proposed by Fleitmann et al. (2003). For an interesting
discussion on the occurrence of a wide-scale wet Early
Holocene and on a possible explanation to similarities and
differences between recorded Middle East climate (mainly the
Levant region) and that of the southernmost part of the Arabian
Peninsula, we refer to the paper of Staubwasser and Weiss
(2006). They discuss the relative influence of the Asian
monsoon system and that of the North Atlantic Oscillation.

The 8.2 ka event

The JeG-stm-1 stalagmite displays no clear evidence for the
8.2 ka cold event recorded in Greenland ice cores (Alley et al.,
1997). The significant decrease in δ18O between 7.8 and 8.0 ka
may be related to this worldwide recognized event but without
important influence on the soil activity since no important peak
is observed in the δ13C record.

5.8–1.1 ka

The JeG-stm-1 stalagmite displays indications for relatively
dry conditions until the end of stalagmite deposition at 1.1 ka
through smaller stalagmite diameter, as well as changes to a
more whitish porous stalagmite without dish-stacks morphol-
ogy (Fig. 5) and high δ18O and δ13C values (Figs. 8 and 9).

The Soreq cave record (Bar-Matthews et al., 1997, 1999) and
other terrestrial data such as lake levels (Frumkin et al., 1994;
Migowski et al., 2006) (Fig. 10), suggest wet conditions for the
period from 4.5 to 5 ka, while according to the JeG-stm1
stalagmite record, a wetter period occurred only between 3.0
and 4.0 ka, as suggested by a small decrease in δ18O and δ13C
values. At about 4.0 ka, a brown layering suggests the
occurrence of a flood event often responsible for the rapid
transfer to the cave of impurities like oxides or clay particles
with incorporation in the stalagmite. The absence of a drastic
change in petrography as well as in δ18O and δ13C values
confirms that the brown layering is not due to a regional climate
event. Instead, a slight regular decrease in δ18O and δ13C values
indicates a gradual change towards less dry conditions to 3.0 ka.
The relatively wetter period between 4.0 and 3.0 ka seems
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contradictory with the evidences from other proxies for severe
drought during the so-called 4.2 ka climate event brought in
relation with the decline of the Accadian empire (deMenocal,
2001) and several other civilizations of the Indus Valley
(Staubwasser and Weiss, 2006). Perhaps due to the low time
resolution (one sampling point every 180 yr) of this part of the
JeG-stm-1 stalagmite, the short-term 4.2 ka event and other
climatic instabilities, well recorded by the Soreq cave
speleothems between 4.1 and 4.0 ka (Bar-Matthews et al.,
1999), could not be observed. After the 4.2 ka event, entire
regions of northern Mesopotamia, Syria and Palestine were
intensively resettled (Staubwasser and Weiss, 2006), suggesting
a return to relatively wetter conditions in agreement with the
indications of JeG-stm-1 in the present study (see above).

Between 3.0 and 1.1 ka, soil activity progressively
decreased, as indicated by increasing δ13C values. δ18O values
present more variability and it is therefore less clear if the δ13C
increase is due to a progressive dryer climate (in which a δ18O
increase would be expected) or if it is to be ascribed to a
decrease in soil activity linked with increasing agriculture and/
or grazing.

Conclusions

Based on the petrographic and geochemical investigations as
well as U/Th dating of a Holocene stalagmite (JeG-stm-1; 11.1
to 1.1 ka) from the Jeita cave (central Mount Lebanon), and the
data-correlation with speleothem records from several nearby
caves in Israel, the following points can be concluded:

1. The wettest period in western central Lebanon occurs
between 9.2 and 6.5 ka.

2. A two-step transition in the δ18O and the δ13C values,
indicating a change from wet early Holocene to drier mid-
Holocene conditions is observed between 6.5 and 5.8 ka. A
first step of the transition occurs within ∼500 years and is
interrupted by a short (∼100 year) return to wetter
conditions. A second transition of equal intensity occurs
more rapidly, seemingly in less than 200 years at 5.9 ka.

3. The JeG-stm-1 stalagmite registered a dry mid- to late-
Holocene until the end of stalagmite deposition at 1.1 ka,
with the exception of a relatively wetter period between 4.0
and 3.0 ka.

4. This study provided complementary data that help in
understanding the Holocene paleoclimate of the Levant
area in the eastern Mediterranean region.
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