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Abstract

The last deglaciation and its climatic events, such as the Bølling–Allerød (BA) and the Younger–Dryas (YD), have been clearly

recorded in the d13C profiles of three stalagmites from caves from Southern France to Northern Tunisia. The three d13C records, dated by

thermal ionization mass spectrometric uranium–thorium method (TIMS), show great synchroneity and similarity in shape with the

Chinese cave d18O records and with the marine tropical records, leading to the hypothesis of an in-phase (between 15.5 and 16 ka

�70.5 ka) postglacial warming in the Northern Hemisphere, up to at least 451N. The BA transition appears more gradual in the

speleothem records than in the Greenland records and the Allerød seems warmer than the Bølling, showing here close similarities with

other marine and continental archives. A North–South gradient is observed in the BA trend: it cools in Greenland and warms in our

speleothem records. Several climatic events are clearly recognizable: a cooler period at about 14 ka (Older Dryas (OD)); the Intra-Allerød

Cold Period at about �13.3 ka; the YD cooling onset between 12.7 and 12.970.3 ka. Similar to the BA, the YD displays a gradual

climate amelioration just after its onset at 12.7570.25 ka, up to the Preboreal, and is punctuated by a short climatic event at 12.15 ka.

Even though the Southern Hemisphere stalagmite records seem to indicate that the postglacial warming started about �3 ka71.8 ka

earlier in New Zealand (�41 1S), and about �1 to �2 ka earlier in South Africa (24.1 1S), large age uncertainties, essentially due to slow

growth rates, make the comparison still perilous. The overall d13C speleothem record seems to follow a baseline temperature increase

controlled by the increase in insolation and punctuated by cold events possibly due to the N-America freshwater lake discharges.
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1. Introduction

The last deglaciation is punctuated by several climate
events (i.e. transitions toward warm periods like the
Bølling–Allerød or abrupt cooling such as the OD and
YD), whose timing, amplitude, and distribution on the
Earth are of primary importance if we want to understand
their causes. It is certainly the best documented period of
major climatic changes due to high resolution records from
the ice core records (Alley et al., 1993; Dansgaard et al.,
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1993; Thompson et al., 1995; NorthGRIPmembers, 2004;
EPICA, 2004), the ocean core records (Flower et al., 2004;
Hendy et al., 2002; Hughen et al., 1995; Waelbroeck et al.,
2001), the continental marine records (Turon et al., 2003)
and the lake records (Allen et al., 1999; Grafenstein Von et
al., 1999; Magri and Sadori, 1999; Stager et al., 2002;
Zolitschka, 1992). Despite all these, there are still some
uncertainties about the exact origin of the climate events of
this period (i.e. the abrupt YD onset, the Older Dryas, the
Inter Allerød Cold Period), the difference in the onset of
deglaciation between the Northern and Southern Hemi-
spheres, the occurrence and amplitude of the YD in the
Southern Hemisphere, the climate variability during events
such as the BA or the YD, etc. Difficulties in obtaining
accurate absolute ages is certainly the main obstacle to
resolving these questions : 14C ages are complicated by the
occurences of 14C plateaus during the deglaciation and by
dead carbon fraction uncertainties ; ice core layer counting
appears difficult during cold and low accumulation periods
like the YD; and finally, climatic signals are extremely
various, from water stable isotopes to pollen in marine
cores, that any comparison has to seriously consider the
complexity of each proxy. It is likely that, depending on
geographical location, latitude, and distance from the
ocean, the deglaciation generated different imprints in
palaeoclimatic records. Consequently, in order to get a
better pattern of this period, the study of many geogra-
phically widespread records is necessary. Indeed, the goal
behind an improved understanding of the BA/YD events is
also to improve our understanding of the Dansgaar-
d–Oeschger events that occurred during the last glacial
period and whose origin might be similar (Blunier et al.,
1998; Bond et al., 2001; Rahmstorf, 2003). In both cases,
there are still questions about the origin of such sudden
climatic shifts. Although the idea that large inputs of fresh
water due to the melting of ice caps and discharge of water
stored in huge North American lakes strongly reduced the
North Atlantic ocean circulation is still the consensual
hypothesis for events such as the YD, other hypotheses,
involving a bipolar seesaw of a complex ocean-ice-atmo-
sphere system (Blunier and Brook, 2001), stochastic
resonance in an ocean-atmosphere climatic model (Gano-
polski and Rahmstorf, 2002) or external forcing like solar
activity variation are also evoked (Bond et al., 2001; Goslar
et al., 1999; Hughen et al., 2000; Rahmstorf, 2002; Renssen
et al., 2000; van Geel et al., 2003). The uncertainty in the
causes is essentially due to the lack of accurate and
absolute dated records, and to the uneven distribution of
these records, especially on the continent (besides polar ice
core archives), in the Southern Hemisphere and in low
latitudes.

Well dated records of the last deglaciation on the
European continent are rare, especially those whose dating
is absolute thanks to annual layers counting or ura-
nium–thorium dating and which possess a continuous
record. Among them, there is the Lake Monticchio record
where varve counting coupled with 14C measurements on
organic matter allowed pollen–climate reconstructions of
the last 102 ka (Allen et al., 1999). The last deglaciation and
the YD are clearly recorded in this record, although with a
low resolution due to pollen sampling constraints. Some
stalagmites from Germany and Austria have partly
recorded the last deglaciation period, but there was either
a hiatus during the glacial-interglacial transition (Sauer-
land caves, western Germany) (Niggemann et al., 2003), or
low resolution which prevented a good time constraint
through this period (Hölloch Cave stalagmite where the
Younger-Dryas and the Bølling Allerød occupy a few
millimeters and where only two U/Th dated points could
be made; (Wurth et al., 2004). The continuous Soreq Cave
record (Israel) has brought precious information about the
millennial scale climatic variation of the last 250 ka, as well
as the Sapropel events linked to changes in the humidity
and temperature of the Mediterranean Sea; the last
deglaciation period was also recorded here in a composite
record but the resolution for this particular period needs to
be improved (Bar-Matthews et al., 2000; Bar-Matthews et
al., 1999, 2003b). A very recent study shows that the last
deglaciation was recorded in a 16.5 ka continuous stable
isotopic record of a stalagmite from the Savi Cave (South-
Eastern Alps of Italy) (Frisia et al., 2005). But here too, the
transition from glacial to the beginning of the warming is
not recorded and the transitions to the BA and to the YD
are not clear because of a very slow growth rate during this
period and very few U–Th ages (no age between 13.5 and
10.7 ka).
Outside of Europe there are also few speleothem records

that cover the last deglaciation or a part of it : a stalagmite
from the Onondaga Cave (Missouri, US) recorded a part of
the Allerod-YD period in its stable isotopic profiles. Its
very short growing period, about 0.8 ka long, and the
uncertainties in the chronology do not allow any solid
comparison with other records (Denniston et al., 2001).
Chinese caves have recently brought well U/Th dated
speleothem records: Hulu Cave (or Tangshan Cave) in East
China and Dongge Cave in South China which both show
striking similarities with the Greenland ice core records
(Dykoski et al., 2005; Wang et al., 2001; Zhao et al., 2003).
In the Southern Hemisphere, the New Zealand speleothems
(�41 1S) have recorded the last deglaciation linked with
changes in the convergence of subtropical and sub-
Antarctic waters (Hellstrom and McCulloch, 2000; Hell-
strom et al., 1998; Williams et al., 2004). South Africa
speleothem records also display a clear pattern of the last
deglaciation in an area where other palaeoclimate proxies
are very rare; they have shown that the temperature
changed by about 6 1C during this period (Holmgren et al.,
2003; Talma and Vogel, 1992). From the above examples,
it appears that speleothems can unravel the timing and the
climatic structure of the last deglaciation in specific areas
and thus help to better understand them: the chronology
that relies on the U–Th analyses avoids the problems
inherent to the 14C dating methods and the climatic signal
extracted from the calcite stable isotopes is relatively well
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understood. But, up to now, there have been no such
speleothem records in Europe that allow to decipher
climatic events in the BA or YD periods, the timing of
the beginning of the warming following the pleniglacial.
The results we present in this study show a continuous
speleothem record of the last deglaciation, and of the
associated events such as the YD and the BA) on a NW-SE
transect, in three different sites (Fig. 1): Villars Cave (SW-
France, 45.30 1N, 0.50 1E, 175m asl; Vil-stm11 stalagmite),
Chauvet Cave (S-France, 44.23 1N; 4.26 1E; 240m asl;
Chau-stm6 stalagmite) and La Mine Cave (Central Tunisia
, 35 1N, 9.5 1E, 1000m asl; Min-stm1 stalagmite) (Fig. 1).
The chronology was constructed through 29 thermal
ionisation mass spectrometric uranium-thorium datings
and climatic variations were characterized by 418 d13C and
d18O measurements made along the growth axis of the
stalagmites. All these sites are situated relatively close to
the North Atlantic bassin and thus have likely been
influenced by any changes in this key area (i.e. ocean
circulation, ice-sheet flooding dynamics, ocean–atmosphere
interactions). The novelty of this study is also the use of the
calcite d13C instead of the calcite d18O as a palaeoclimatic
signal, which here appears much less variable from one site
to another and also much more coherent when compared
with the other records.

2. Site and sample descriptions

2.1. Villars Cave (45.30 1N, 0.50 1E, 175 m asl)

Villars Cave is located in a low porous Bajocian
limestone at a depth of between 10 and 40m. It is formed
by a complex network of small galleries (1–3m large) with
some rare decametric chambers; the whole length of the
cave is about 10 km and there are now only 2 small natural
Fig. 1. Sites studied: 2 ¼ Villars Cave (45.30 1N, 0.50 1E); 3 ¼ Chauvet Cave (4

ice cores; 5: Soreq Cave, Israel (Bar-Matthews et al., 2003b) ); 6 ¼ Hulu Cave, C

et al., 1999); 8 ¼Monticcio Lake, Italy (Allen et al., 1999).
entrances, far from each other, which explains why there is
no noticeable air movement in the cave. Only during very
cold periods can one occasionally observe a slight vapour
plume at the small upper entrance. The present day
vegetation above the cave consists of a deciduous forest
of oak and hornbeam and the soil is between 0 and 20 cm
thick, typical of an oceanic climate with mild winters (snow
is rare) and relatively humid summers. Since 1993, the
Villars Cave has been monitored for the hydrology (drip
rate under stalactites; rainfall), temperature, air pressure
and other environmental factors with automatic stations.
Monthly seepage sampling, for the stable isotopes and
geochemistry analyses, has also been done since this date,
as well as modern calcite deposition experiments (Baker
et al., 1998; Genty et al., 2001b). Averaged temperature in
the upper galleries is 12.370.2 1C, and 11.370.1 1C deeper
in the cave. This difference might be due to the different
orientation of the hill flanks that receive the rainfall feeding
the stalagmites. Mean annual temperature from the nearby
meteorological station (Nontron, 15 km far) is 12.270.7 1C
(15 years) which is close to the upper galleries cave
temperature (Table 1). While the annual cave temperature
is very stable, there is a high seasonality in the outside air
temperature with a mean summer (months JAS) tempera-
ture of 18.771.2 1C and a mean winter (JFM) temperature
of 6.871.1 1C. Mean annual rainfall is 1031mm and it
may vary by 4500mm from year to year. Note that the
rainfall is distributed throughout the year (Fig. 2a). As a
consequence, it is the seasonal temperature variations that
control the water balance: the evapotranspiration is high in
summer months leading to a negative theoretical water
excess (rainfall minus evapotranspiration from the
Thornthwaite calculation; Baker et al., 2000 and Fig. 2a)
between about May and October. Water excess is positive
in Villars from November to about April, which should
4.23 1N, 4.26 1E); 4 ¼ La Mine Cave (35 1N, 9.5 1E). 1 ¼ GRIP and GISP2

hina (Wang et al., 2001); 7 ¼ Ammersee Lake, Germany (Grafenstein Von
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Table 1

Meteorological settings of the studied sites (see Fig. 2 legend)

Cave Rann., sep-
aug. (mm)

Rnov-4apr,

(mm)

Rmay-4oct,

(mm)

Tann., sep-
aug.(1C)

Winter Tjfm

(1C)

Sum. T jas

(1C)

ETPann.,

(mm)

WE ann.40,

(mm)

Villars 45.44 1N,

0.78 1E (Nontron,

1984-2004)

1031 (194) 586 (181) 102 (5) 12.2 (0.7) 6.8 (1.1) 18.7 (1.2) 720 (38) 535 (197)

Chauvet 44.23 1N,

4.26 1E (Orgnac,

1999-2001)

849 527 555 13.2 7.2 21.2 764 397

La Mine (Tunisia)

36.03 1N,9.68 1E

(Kairouan)

306 150 84 19.5 12.8 26.6 975 17

ETP ¼ evapotranspiration deduced from the Thornwaite formula (Thornthwaite, 1954). The annual water excess is the sum of the monthly water excess

that is positive. Numbers in brakets indicate 1 sigma interannual variability for Villars where we have enough yearly data.
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Fig. 2. Meteorological records from the closest meteorological stations from the caves studied : Nontron E 15 km from Villars Cave, Orgnac E 15 km

from Chauvet Cave and Kairouan E 25 km from La Mine Cave. The water excess is the rainfall minus the evapotranspiration deduced from the

Thornhwaite formula (Thornthwaite, 1954); it corresponds to the theoretical quantity of water that infiltrates in a karstic terrain.
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correspond to the period when the karst recharge occurs.
Monitoring in the Villars Cave for about 10 years had
shown that the drip rate in the cave displays a seasonal
behaviour, with an abrupt increase in November, which
coincides with the beginning of the recharge. However, first
results of stable isotope monitoring of the seepage water
and of the rainfall at Villars indicates that the dripping
water feeding the stalagmite (�6.33%70.18 (1s), n ¼ 93;
Table 2) is very close to the annual rainfall d18O weighted
by the quantity of rain during the entire year (�6.2%70.5
(1s), from 1997 to 2002 AD; Fig. 3) and not only by the
quantity of rain when the water balance is in excess
(positive water excess, between November and April, which
is theoretically the water that infiltrates). This result would
signify that the summer rains also participate in the seepage
water d18O signal, which is usual in karstic terrains where
the runoff is very limited and microfissures of the host rock
allow rapid infiltration.
The Vil-stm11 stalagmite (Fig. 4) was found more than

200m from the entrance, in the deep part of the cave about
40m below the surface. It is 23.3 cm long and is essentially
made of columnar calcite crystals that are coalescent
(Kendall and Broughton, 1978), which makes the polished
section appear dark and compact (Genty et al., 1997). The
first 3 cm show an opalescent calcite (compact and
‘‘milky’’) that coincides with the first stages of the growth
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Table 2

Isotope composition of the seepage water (sw) and of the rainfall (r) of the three studied sites

Cave d18Osw dDsw d18Or dDr

Villars (Le Mas) �6.3 ðn ¼ 93Þ �38.3 ðn ¼ 93Þ �6.2 (1997-2002) �32.5 (1997-2002)

Chauvet (Orgnac) �6.8 ðn ¼ 27Þ �42.3 ðn ¼ 27Þ �6.5 (2000-2001) �40.9 (2000-2001)

La Mine (Tunis/Sfax) �6.2 ðn ¼ 1Þ �32.8 ðn ¼ 1Þ �6.7a (1992–2001, IAEA) �39.7a (1992–2001, IAEA)

All the data have been weighted by the rainfall and come from in situ or nearby monitoring except for the rainfall above La Mine Cave where we used the

IAEA data of Tunis and Sfax corrected by an altitudinal gradient of �0.3%/100m.
aThe rainfall isotopic composition of the La Mine site is not accurate due to the interpolation between two stations of Tunis and Sfax and also because

of the altitudinal correction.
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three sites studied.
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between 16 and 14 ka. We already observed such a fabric
on the coldest periods in other stalagmites from the Villars
Cave, just before their natural stop around 30 ka ago
(Genty et al., 2003); it is certainly linked with specific
environmental conditions but still not yet well understood.
Four visible discontinuities made of infra-millimetric
detrital layers occur at 7.1, 10.6, 20 and 21.9 cm from the
base.

2.2. Chauvet Cave (L ¼ 44.23 1N; l ¼ 4.26 1E; 240 m asl)

Chauvet Cave, more than 200m long, overlooks the
Ardèche River canyon at a height of about 100m. Its
galleries developed in lower Cretaceous limestone whose
permeability, like for Villars Cave, is mainly due to the
microfissure network. There is more than 50m of limestone
above the ceiling of the cave, which explains the 2- to 4-day
lag between any strong rainfalls and flooding in some parts
of the cave. Chauvet Cave consists of a succession of very
large chambers (450m) whose present day entrance is a
small passage (originally less than 1m). The latter opens at
the base of the limestone cliff and arrives at the ceiling of a
large chamber, about 10m in height. But the original
entrance, about 10m below, was certainly larger in order to
allow the passage of cave bears and prehistoric humans for
millenia; it collapsed, probably abruptly, between about
26 ka and 11.5 ka (Delannoy et al., 2001; Genty et al.,
2004b). Present day ventilation in the cave is poor and the
CO2 concentration high (Bourges et al., 2001). Its recent
discovery, in December 1994 (Chauvet et al., 1995), was a
revolution for prehistoric art history, especially because of
its very old (i.e.430 ka) and elaborate paintings (Clottes
et al., 1995; Valladas et al., 2001). The surface above the
cave is covered by a typical Mediterranean vegetation
composed of small bushes and sparse green oaks. As at the
Villars site, the soil is very thin (i.e. between 0 and 20 cm
thick). The climatic condition above the Chauvet Cave is
mainly due to Atlantic storm tracks, like for the Villars site,
but it has some Mediterranean influences with slightly
warmer temperatures and lower annual rainfall (Table 1).
Mean cave temperature is 13.070.2 1C, which is close to
the annual outside temperature (13.2 1C, Table 1 ). Average
annual rainfall is 849mm; it is very variable (47100mm)
from one year to the next and there is no marked humid
season. The average seepage water d18O is �6.84%70.14
(1s), (n ¼ 27) which is slightly lower than the weighted
mean annual rainfall d18O at Orgnac (�6.5 % for the year
2000–2001; Fig. 3), but because we have only two years of
measurement, this difference might not be significant. Note
that the seepage water d18O value is slightly lower than in
Villars Cave, possibly because of the higher altitude and
because of its more continental position (Fig. 3).
The Chau-stm6 stalagmite is 67.2 cm long and has no

visible hiatuses. The calcite is made of typical coalescent
columnar fabric crystals (dark and compact on the polished
sections) in the first 15 cm and in the last 10 cm, while the
rest of the sample is slightly porous (mostly small
intercrystalline porosity with occasionally visible growth
lamina). It is interesting to note that Chau-stm6 grew on the
archaeological soil of Chauvet Cave where charcoal
particles brought in by humans have been found. The
U–Th age of the first layers of the Chau-stm6 stalagmite,
dated by U–Th at 328707625 yr, confirmed the ancient age
of the nearby charcoal particles dated by 14C AMS at 30550
7370 yr BP uncalibrated 14C age; (Genty et al., 2004b).

2.3. La Mine Cave (36.03 1N, 9.68 1E, 975 m asl)

La Mine Cave is located in the North of Tunisia, in
Aptian Cretaceous limestone. Its small entrance, which is
in fact an abandoned mine, opens on the flank of a
mountain whose peak is 1305m high. The main chamber,
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Fig. 4. Polished sections of the sample studied. Black circles indicate the U–Th samples.
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where the stalagmite was sampled, is situated at the
extremity of a narrow mine gallery about 250m long,
plunging 50m deep. The mean annual rainfall at the nearby
Kairouan meteorological station is 306mm, which is
significantly lower than at the two previous sites (Table
1) with a minimum during the summer (May-Sept.). Such
a low rainfall associated with higher temperatures yields a
very low water excess (Table 1). The average cave
temperature is between 13 and 14 1C, which is much lower
than the Kairouan average temperature (19.5 1C) because
of the altitude. Winters are relatively mild with less than 10
days below freezing/year, which allows the growth of some
green oak, Alep pine and Montpellier maple. Above the
cave the soil is thin and the vegetation mostly composed of
sparse trees and bushes. Most of the precipitation at this
latitude in Northern Africa is linked with north-west winter
storm track pathways and is not influenced by the
monsoon (Gasse, 2000). The seepage isotopic composition
made on only one sample (�6.2%) appears higher than the
rainfall composition (�6.7%) (Table 2, Fig. 3). However
the large uncertainties of the latter due to the interpolation
between the Tunis and Sfax stations and to the altitude
correction prevent any conclusion about a possible
seasonal effect on the seepage water (i.e. more infiltration
during winter).

Min-stm1 stalagmite was found in a large chamber
(about 100� 70m), situated 50m below the surface and
about 300m from the entrance. Along its 28 cm height it is
composed of a typical columnar fabric which appears very
homogeneous, light brown in colour, compact and
translucent on polished section (Fig. 4). Except at the very
bases, no hiatus is visible on the stalagmite.

3. Methods

3.1. Stable isotope measurement

Samples were taken at the centre of the growth axis with
a micro-drill (0.5mm diameter). Calcite d18O was analysed
with a VG OPTIMA mass spectrometer (LSCE, Gif-sur-
Yvette) after orthophosphoric acid reaction at 90 1C. The
data are expressed in the conventional delta notation
relative to the V-PDB and the analytical error is 70,08%.
In order to check the isotopic equilibrium of speleothems,
we used the classical Hendy’s test (Hendy, 1971) that
should indicate the existence of kinetic fractionation due to
evaporation or rapid CO2 degassing: (1) a significant
correlation between the d18O and the d13C; (2) an
enrichment in the d13C or d18O toward the edges of the
stalagmite. We also tested the present day isotopic
equilibrium by comparing the measured cave temperature
with the theoretical equilibrium fractionation temperature
estimated with the present day water and calcite d18O
(O’Neil et al., 1969).
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3.2. Uranium-series methods

The Vil-stm11 and Chau-stm6 were analysed at the
GEOTOP (UQAM, B.G.). Samples were dissolved with
nitric acid and spiked with a mixed 229Th–236U–233U.
Uranium and thorium fractions were separated on anion
exchange columns using standard techniques (Edwards
et al., 1987). Both uranium and thorium were loaded onto
graphite-coated Re filaments and analyses carried out
using a VG Sector mass spectrometer. The latter is
equipped with an electro-static analyser and an ion-
counting Daly detector. Errors were propagated from the
in-run statistics and the uncertainties on the spike isotopic
composition. Ages were calculated using the standard
equation and the decay constants used for 234U, 238U,
230Th and 232Th were 2.835� 10�6, 1.55125� 10�10,
9.1952� 10�6 and 4.9475� 10�11 yr�1, respectively. The
unusually low 234U/238U ratio of the Chau-stm6 sample
(�0,55 instead of �1) is due to a seepage water already
depleted in 234U as the 234U/238U of 0,883870,0054
measured in the modern water of Chauvet Cave about
5m from the stalagmite shows. This demonstrates that the
local seepage water has passed through soil and rock in
which the available uranium has been strongly depleted in
234U due to preferential leaching and recoil effects over
time.

The La Mine Cave stalagmite (Min-stm1) samples were
analysed at the LSCE (Gif-sur-Yvette ; V.P., Ch.C.).
Samples were combusted at 900 1C for 1 h to oxidize the
organic and mineral compounds of the speleothem matrix.
Then, samples were dissolved by HCl (6N) in Teflon
beakers containing a measured amount of mixed
233U–236U–229Th spike. The sample-spike mixture (with
carrier FeCl3) was then left on a hot plate overnight to
ensure complete ionic equilibration with the spike solution.
Coprecipitation with NH4OH (pH 7) separates U and Th
from Ca. U and Th were separated using Dowex anion
exchange resin conditioned with 6N HCl. U and Th were
purified using Eichrom resins conditioned by 3N HNO3. U
and Th fractions were loaded onto pre-outgassed single
rhenium filaments with graphite coating and the isotope
ratios were measured on a Finnigan Mat 262 mass
spectrometer.

Detrital Th correction was performed on only two
samples where the 230Th/232Th activity ratio is 450 (two
top samples of Vil-stm11; Table 1). The correction was
undertaken with the hypothesis of an initial ratio
230Th/232Th ¼ 1 (Causse and Vincent, 1989). The detrital
Th contamination for all the other samples is considered
negligible (Table 1).

4. Results

4.1. Chronology and growth rate results

The chronology is secured by twenty nine 230Th ages that
were determined on the three stalagmites (Table 3; Fig. 5).
Average 2s error on the final absolute age is 2%, with a
maximum at 4.7% (basis of Chau-stm6) and a minimum at
0.7% (top of Min-stm1). The key factor is to estimate the
age error of the climatic transitions that are located
between any two dated points and whose timing is
controlled by both the analytical errors and by the growth
rate of the sample. Median growth curves and their
associated 1- and 2-sigma uncertainty envelopes were
constructed in two stages by following the method
described in Drysdale et al (2004). Ages and uncertainties
(including the effect of uncertainty of the initial
230Th/232Th value, which are significant for only the two
top samples of Vil-stm11 stalagmite; Table 3) were
calculated for each age determination using the Monte
Carlo simulation in which those ages with overlapping
uncertainties were constrained using a Bayesian approach
(Ludwig, 2003). The outputs of the Monte Carlo simula-
tion were then used to construct continuous curves using a
repeated random walk, in which the growth rate between
any two age determinations was allowed to vary randomly
over one order of magnitude (2-sigma) for each iteration of
the simulation. Note that should growth rate have varied
over more than one order of magnitude between any two
age determinations, then the true growth history for that
interval might lie outside the curve depicted. For the
beginning of the deglaciation (i.e. �15–16 ka), average
measured 2s age error is from 175 to 350 yrs for Vil-stm11,
from 130 to 400 yrs for Min-stm1 and from 255 to 460 yr
for Chau-stm6. However, age errors at the base and near
hiatuses of Vil-stm11, and for the first calcite layers of the
Chau-stm6 stalagmite after the �24–15 ka hiatus, are
difficult to estimate because of the absence of continuous
growth, and consequently of dated points exactly at the
beginning of deposition. We did not use, therefore, the
Monte Carlo simulation for these periods in the growth
rate curves (Fig. 5). For the Min-stm1 sample, the slow
growth rate of this period also explains the relatively high
age error for the �15 ka climatic transition. From growth
rate curves (Fig. 5), the 2s errors for this period can be
reasonably estimated between 500 and 1000 yrs (Fig. 5b).
Interpolated 2s errors for the Younger–Dryas onset are
slightly better: 600 yr (Vil-stm11), 500 yr (Min-stm1), 350 yr
(Chau-stm6), all of which are still much higher than
individual dating errors (Table 3; Fig. 5a). A decrease, or
cessation of growth in the Vil-stm11 stalagmite during
these periods prevented a good sampling resolution (made
even more difficult by the low uranium content of the
calcite, Table 1) which explains the relatively higher error
for the YD period for this sample (Fig. 5b).
Among the four discontinuities observed on the Vil-

stm11 stalagmite, one certainly corresponds to a deposition
hiatus around �9.3 ka (Fig. 5). As shown by the growth
curve, another hiatus likely occurred during the Young-
er–Dryas or, at least, the growth rate was extremely low,
but here there is no obvious visible discontinuity on the
polished section. The three other discontinuities do not
show any significant stop in the growth rate (checked
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Fig. 5. (a) Growth rate curves of the Vil-stm11 (vill11; Villars Cave, SW-France), Min-stm1 (Min1; La Mine Cave, N-Tunisia), Chau-stm6 (Chau6;

Chauvet Cave, S-France) and MD3 (New Zealand, (Hellstrom et al., 1998). Point error bars are at 2s blue lines are 2s envelop, pink lines ¼ 1s envelop

(see text for details). Note the high growth rate of the Chau-stm6 stalagmite even during the cold Younger–Dryas period, while it slowed down or stopped

in the Villars stalagmite. (b) 2s age uncertainty envelope taking into account isotope ratio measurement error, initial Th correction error, sample depth

error and interpolation error (Drysdale, 2004; Ludwig, 2003).
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thanks to AMS 14C measurements) and are likely short
local events that brought clay on the stalagmite surface. An
interesting feature of this sample is that just after the
�9.3 ka hiatus, the calcite fabric is slightly more porous
than below (brighter on the polished section because of the
light reflection on crystal faces) and very regular lamina,
about 0.8mm thick, appear, testifying to a very fast growth
rate during that period (�8.7 ka).

Mean vertical growth rate for the last 16 ka is much
higher on the Chau-stm6 stalagmite (0.144mm/yr) than
for Vil-stm11 (0.022mm/yr) and Min-stm1 (0.019mm/yr)
(Fig. 4). Note also the high growth rate of Chau-stm6
during the YD (�0.18mm/yr; where it is contained within
�20 cm) while it is slowed too0.01mm/yr in the Villars
Cave stalagmite during this period, with possible hiatus(es)
as suggested by a few brown layers observed on this
sample. After 10 ka and until 8.5 ka, the Vil-stm11 growth
rate increased to the very high rate of �1mm/yr, with
visible growth lamina between 11 and 15 cm/base, which
are about 1mm thick (Fig. 5). The La Mine sample does
not show a significant slowing in growth rate during the
Younger–Dryas, but rather maintains a constant growth
rate, suggesting that any climate change at this time did not
affect the processes determining stalagmite growth.
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4.2. Stable isotopic results

4.2.1. Isotopic equilibrium

For Vil-stm11 and the majority of Chau-stm6 stalag-
mites, the low correlation between d13C and d18O (along
the growth axis or on single layers) and the absence of a
significant trend toward the edge, suggest that isotopic
equilibrium was reached during the calcite deposition of
these two samples (Figs. 6,7). Only at 5 cm from the base
does the Chau-stm6 sample display a significant enrich-
ment in d13C that might be the consequence of a rapid
degassing (Fig. 7). On the other hand, the significant
correlation between d13C and d18O along the growth axis
for the Min-stm1 suggests that kinetic effects might be
important (r2 ¼ 0.80; po0:01; Fig. 6). However, measure-
ments made along individual growth layers do not show
any enrichment, suggesting that any 18O and 13C correla-
tion is externally (climatically) driven and not a fractiona-
tion effect (Fig. 7). In all cases, the calculated temperature
using equilibrium fractionation temperature estimated with
the present day water and calcite d18O (O’Neil et al., 1969)
is lower than or equal to that measured (Table 4). For the
Chauvet and La Mine Caves the difference almost falls
within the error margin but, in the Villars Cave, the
difference is much more pronounced (�2 1C), which
suggests that the modern calcite d18O is about 0.5% higher
than that which would have precipitated under isotopic
equilibrium. This appears surprising because the lower
galleries, where the modern calcite and the water come
from, are probably among the most humid of the Villars
Cave, as shown by the numerous pools and the absence of
significant air flow. We would conclude that the isotopic
equilibrium criteria, as defined by the classical Hendy tests,
y = 1,708

R2 =

-8 -7 -6 -5

δ δ 18O

Vil11,∂13CPDB

Chau6,∂13CPDB

Min1,∂13CPDB

Fig. 6. Correlation between calcite d13C and calcite d18O for the three studi

suggesting that a common factor, possibly kinetic fractionation, might have c

layers do not confirm this hypothesis.
are not entirely satisfactory: d13C and d18O correlate at
least in one sample and most modern deposits are a little
enriched in 18O, as was observed in the first publications on
speleothems (Fantidis and Ehhalt, 1970; Fornaca-Rinaldi
et al., 1968). Anyway, despite these uncertainties concern-
ing the isotopic equilibrium of both paleo and modern
calcite deposits, we will see that an isotopic climatic signal
is still preserved in all the stalagmites, especially in the d13C
signal. One possible reason is that the kinetic fractionation
due to an eventual evaporation or degassing effect would
modify the d13C in the same direction as the climatic signal:
for example, evaporation is likely to occur during dry and
cold events, when the drip rate is lower, but during such
climatic conditions, the vegetation and soil activity will
slow, both phenomena leading to an increase in the calcite
d13C. Indeed, in such conditions, the d13C might also be
enriched by prior calcite precipitation in the unsaturated
zone (Baker et al., 1997). Replicate samples that cross
cover a part of the record have been analysed from the
Villars and Chauvet Caves (Fig. 8); no other samples were
available from the La Mine Cave. They show that during
the Holocene and the BA, both d13C and d18O signals are
coherent: variations between contemporaneous samples
that are within margins of modern sample variations and
Holocene average values are very distinct than those from
the BA. There is, however, a noticeable isotope event
recorded on the Vil-stm6 sample, at the end of the
Holocene, that was not recorded on the contemporaneous
Vil-stm11 sample. This is possibly due to a local effect and
time resolution differences.

Carbon isotope record—In all three samples, a large
decrease is observed in d13C during the deglaciation period
(E5%; Figs. 8a and 9, Table 5; note the inverted scale on
1x + 3,0161
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ontrolled both isotopes. However, double measurements made on single
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Fig. 7. Double isotope measurements on single layers on (a) Vil-stm11 (Villars Cave); (b) Min-stm1 (La Mine Cave); (c) Chau-stm6 (Chauvet Cave). Note

that, except layer 5 on Chau-stm6, there is no significant isotopic trend toward the edges suggesting isotopic equilibrium everywhere.

Table 4

Present day equilibrium test (O’Neil, 1969)

Cave Modern calcite d18O, %
PDB7 0.1

Modern water d18O, %
VSMOW, 70.1

Measured temperature.

(1C), 70.1

Theoritical temperature.

(1C), 70.9

Villars (lower galleries) �5.05 (top Vil#1A

stalagmite)

�6.39 ðn ¼ 45Þ 11.3 8.95

Chauvet �6.1 (top Chau4 and Chau1

stalagmites)

�6.81 ðn ¼ 24Þ 13.0 11.7

Chauvet �5.34 (3 stalactites) �6.81 ðn ¼ 24Þ 13.0 8.5

La Mine �6.7 (top Min1 stalagmite) �7.0 ðn ¼ 2Þ 13.5 13.5

Note that the Villars Cave theoretical temperature is significantly lower than the measured one suggesting that isotopic equilibrium is not reached today

despite the high humidity of the cave and the distance of this measurement from the cave entrance. Note also that we have very few measurements for the

La Mine Cave and that the equilibrium test must be taken with caution.
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Y axis). The cold YD period is clearly visible on the
Chauvet and La Mine samples with an abrupt d13C
increase of 1.5% to 2.5% (Fig. 8a). It is less visible in the
Villars sample, principally because of a very slow growth
rate during this period which prevented a good temporal
resolution (see growth curves, Fig. 5). In all samples, d13C
displays a gradual decrease upon which smaller amplitude
events are visible (i.e. 1% amplitude) during the BA period
(Fig. 8). An optimum is reached between 9.5 and 9.9 ka
with the lowest d13C values on the Villars and La Mine
stalagmites (d13CE�10 to �10.5%). It is followed by a
slight d13C increase of about d13C 1.5% until �6 ka.

Oxygen isotope record—In contrast to the d13C signal,
where there is a quite good agreement between stalagmite
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isotope profiles, the calcite d18O records of our samples
display significant differences between samples and also
different features (Fig. 8; Table 5): (1) the deglaciation is
not visible in the Villars stalagmite where the d18O remains
relatively stable within a 1% variation; (2) the d18O does
not clearly show the YD in the Villars and La Mine
samples. However, the d18O record of the Chau-stm6
sample is very similar to the d13C: it recorded the BA
transition, the cold episode during the BA period and the
YD. This raises the question of why the stalagmite d13C
records climate change in all three stalagmites while the
d18O displays a marked climatic signal only in the Chauvet
Cave sample.
5. Discussion

5.1. Interpretation of the stable isotopic signals

5.1.1. Understanding the d13C signal

Carbon in speleothem calcite has two main sources: (1)
soil CO2 which is controlled by atmospheric CO2, plant
respiration, and organic matter degradation; (2) bedrock
carbonate (CaCO3) that is dissolved during seepage. It has
been demonstrated, by the detection of the 14C bomb-peak
(produced by nuclear tests in the atmosphere) on modern
stalagmites, that in most temperate caves (among them
Villars Cave) between 80 and 90% of the speleothem
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carbon comes from the soil CO2 (Genty et al., 2001a;
Genty and Massault, 1999; Vogel and Kronfeld, 1997).
These studies also demonstrated that the carbon isotope
(12C, 13C, 14C) transfer from the atmosphere to the soil and
to the stalagmite calcite is relatively quick (i.e. 5–15 years)
leading to a rapid response in the d13C of modern calcite.
The high proportion of soil CO2, can be explained by the
fact that, during seepage, dissolution takes place in most
cases under an ‘‘open system’’ where continuous exchanges
occur between the gas, solid and liquid phases (Drake,
1983; Ford and Williams, 1992). For all these reasons,
stalagmite d13C must be very sensitive to any changes in the
soil (microbial activity) and vegetation (plant root respira-
tion) above the cave. Some authors have interpreted the
speleothem d13C signal as the result of changes in the
vegetation types (C4/C3 plant ratio; Denniston et al., 2001;
Dorale et al., 1998, 1992; Salomon and Mook, 1986), which
is reasonable for specific areas but not in these sites. No
evidence of C4 plants has been found during the last
Glacial (Paquereau, 1980) in Southern-France and they are
unlikely in Northern-Tunisia. The most likely explanation
for the d13C variation is that previously suggested for the
Dansgaard–Oeschger events recorded in a stalagmite from
the Villars Cave (Genty et al., 2003) and in a stalagmite
from New Zealand where the last deglaciation was
observed (Hellstrom et al., 1998): the d13C is mainly
controlled by the soil biogenic production (plant root
respiration and microbial activity of the soil and the
epikarst zone), which is linked to climatic factors such as
temperature and humidity. Consequently, a climate ame-
lioration triggers the microbial activity in the soil above the
cave allowing vegetation to develop, both phenomena
producing a CO2 depleted in 13C and leading to a decrease
in the speleothem d13C. Conversely, a climate degradation
like the one observed at the onset of the Younger–Dryas
considerably reduced the plant and soil activity mainly
because of the temperature decrease. As a consequence, the
d13C of the dissolved CO2 will be much less influenced by
biogenic CO2 and more by atmospheric CO2, leading to an
increase in the speleothem d13C. During extreme climatic
events, when the climate becomes too cold and dry, the
d13C increase is followed by a hiatus in the stalagmite: this
is the case for the Villars sample which did not grow before
15925 yr7350 yr; and for the Chauvet sample that did
not grow between 15160 yr7250 yr and 24260 yr7570 yr
(Genty et al., 2004b). If the Southernmost sample,
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Min-stm1 stalagmite, does not show a hiatus during the
pleniglacial, it is likely because the climate of North
Tunisia was less severe than in France, similar to the Soreq
Cave records (Israël) where continuous growth occurred
(Bar-Matthews and Ayalon, 2002; Bar-Matthews et al.,
1997). In contrast, in stalagmite records to the north of
those studied here, climate conditions were too severe for
stalagmite growth and deposition before 10,000 yrs is rare
(Baker et al., 1993).

The abruptness and synchronism of the d13C transitions
seem to indicate that these changes happened quickly.
Studies of the 14C bomb-peak on modern stalagmites
suggest that this is possible, without significant lag with
climatic changes, highlighting a difference with pollen
records where changes in taxa due to the plant colonization
from refuges may have a significant inertia. The agreement
between our d13C records is much more apparent when we
compare our new deglaciation d13C records to the
published last glacial d13C record of a Villars stalagmite
(Fig. 9): the warm Dansgaard-Oeschger episodes are
characterised by low d13C (�10.4%, �11%, �8.8% for
the DO]19, ]12, ]8, respectively), whilst on the other hand,
the d13C is quite high for the periods coinciding with the
Heinrich events (�5.3%, �7.5%, �5.4% for the H6, H5
and H4, respectively; Fig. 9). As in the pleniglacial in the
Villars and Chauvet samples, the extreme cold phase,
between 67.4 and 61.2 ka, is marked by a hiatus coinciding
with MIS 4 and the H6 event.

Even if we favour the biogenic control for the observed
calcite d13C variations, other environmental factors might
have been superposed and played a significant role: the
effect of temperature on equilibrium fractionation pro-
cesses, kinetic fractionation due to fast CO2 degassing,
prior calcite precipitation due to dry conditions and
changes in atmospheric d13C and CO2 concentration
changes (Baker et al., 1997; Dulinski and Rozanski, 1990;
Mickler et al., 2004). Among the different processes that
might influence the d13C variations there is:
(1)
 a slow soil–water residence time which will prevent
complete soil CO2 equilibration with the water due to
the slow CO2 hydration rate (Liu and Dreybrodt,
1997); as a consequence, a larger imprint of the
atmospheric CO2 will cause an enrichment of the
carbon isotopic composition of the calcite. In that case,
the high d13C of the calcite would be associated with
humid periods, like observed for example in the Soreq
and Peqiin Cave records for stage 5e (Bar-Matthews et
al., 2003a). However, this process is not likely in our
records because warmer and more humid periods (BA,
Holocene) are associated with lower d13C;
(2)
 a kinetic effect due to fast CO2 degassing: because the
light carbon atoms escape more quickly than heavy
carbon atoms precipitate (during the calcite precipita-
tion), the remaining DIC d13C will increase and will
produce an enrichment in the carbon isotopic signal.
But this effect should be small because only about 10%
of the DIC is lost during degassing (Clark and Lauriol,
1992; Hendy, 1971); and
(3)
 drier periods that will favour the prior calcite pre-
cipitation and consequently will enrich the calcite d13C
(Baker et al., 1997); there is no argument against this
phenomenon, since we do not yet have trace element
analyses that would confirm or not the importance of
this effect (Hellstrom and McCulloch, 2000).
Consequently, it is likely that processes 1 and 2 have
little importance in our stalagmite d13C record. For the last
process (3), its effect goes in the same direction as the
climatic changes and, as explained before, will likely be
superimposed on climatic effects. But more investigations
appear necessary to determine their relative influence as
stated by McDermott (McDermott, 2004).

5.1.2. Understanding the d18O signal

The calcite d18O value of a stalagmite is controlled by
several factors that can act in opposite directions: (1) the
isotopic equilibrium fractionation, which is controlled by
cave temperature (usually assumed to be close to the mean
annual external temperature, but as the cave temperature
can vary significantly within a cave—i.e. there is a
difference of 1.1 1C between low and high galleries in the
Villars Cave—this assumption should be more frequently
discussed in speleothem-based palaeoclimate studies) and
whose value is about �0.24%/1C (Kim and O’Neil, 1997;
O’Neil et al., 1969); (2) the seepage water d18O, which is
similar to the average d18O of the rain above the cave and
which depends on the cloud condensation temperature of
the site studied; (3) changes in rainfall storm track
pathways; and (4) variations in the ocean water d18O, the
main source of vapour. In Villars, there is a significant
seasonal correlation (R2

¼ 0.41) between the rainfall d18O
and the air temperature of +0.36%/1C (monthly monitor-
ing since 1997). If this value is considered close to the inter-
annual d18O/T gradient (which might have changed
between the YD and the Holocene), then it will cancel at
least in part the fractionation due to equilibrium calcite
precipitation. This, and other complex interactions be-
tween changes in rainfall source and d18O changes, could
explain why in the Villars stalagmite, the calcite d18O signal
does not show clearly the last deglaciation temperature
change. The difference in the average calcite d18O values
between each sample is also due to their geographical
location: Villars is closest to the ocean (less than 200 km)
and at the lowest altitude (175m asl), hence its average
d18O for the Holocene part of the record (from �10 to
�5 ka) is much more enriched compared to the more
continental caves (mean Vil-stm11 d18O is �4.48% against
�6.96% for the higher, 975m asl, La Mine Cave
stalagmite). The Chauvet Cave sample displays much more
d18O variability, and despite the fact that it recorded all the
climatic events much better than the two other stalagmites
we can not explain this contrasting behaviour in a
satisfactory manner. Meteorological and isotopic settings
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are close to those of Villars Cave (Tables 1 and 2), the
depth of the rock formation above the samples studied is
also very similar. The differences between Chauvet and
Villars may be due to the slightly more ‘‘continental’’
position of the Chauvet Cave where the seepage water and
the rainfall isotopic composition are lower (Table 2) and
possibly more sensitive to any change in the storm track
pathways (Rozanski et al., 1993), but here too more
measurements of rainfall and seepage cave isotopic
composition are necessary to be affirmative.

5.2. Timing of the lateglacial warming and transition toward

the Bølling–Allerød

The exact timing of the beginning of the post-glacial
warming can not be accurately dated on the Vil-stm11 and
Chau-stm6 samples because of the absence of deposition
during the full glacial period, which makes it difficult to see
the beginning of the transition. For the Min-stm1 sample,
it is the slow growth rate during this period that prevents a
small error in the age estimate (Fig. 5). However, both Vil-
stm11 and Chau-stm6 samples started to grow synchro-
nously, probably because in both cases the climate passed a
threshold (temperature/humidity) allowing the growth of
speleothems. Vil-stm11 started to grow at 159257�500 yr
ago, as soon as the climate allowed water infiltration, soil
CO2 production and limestone dissolution (Figs. 5 and 8).
Its d13C started to decrease at the same time, demonstrat-
ing that the biological activity of the soil and epikarst
above the cave had begun. Synchronously within the 2s
error bars, the Chau-stm6 stalagmite started to grow at
15160 7�500 yrs, after a hiatus of about 8 ka (the base
of this stalagmite grew between 342337625 and
242557550 yr). All other dated stalagmites in this cave
grew after this cold period, i.e. o16 ka (Genty et al.,
2004a). Similar to the Villars stalagmite, the Chau-stm6
d13C started to decrease immediately after the commence-
ment of growth, but the transition toward the Bølling is
much more abrupt than in Villars and occurred in less than
�150 yr (interpolated value; Fig. 8). On the other hand, the
Tunisian stalagmite (Min-stm1) displays a continuous
record which started much earlier, at 232007�500 yr.
This is likely due to the southernmost location of the La
Mine Cave where the climate was not too cold or dry to
prevent drip water seepage; this is similar to what is
observed in the Soreq Cave record, which is at a slightly
lower latitude. The Min-stm1 d13C started its decrease
163707�780 yr ago, which is synchronous with the Vil-
stm11 stalagmite and slightly earlier than the Chau-stm6
one, but still within the 2s error (Fig. 8).

Surprisingly, the shape of both the Hulu Cave (China,
32.3 1N, Wang et al., 2001; also called the Tangshan Cave
in Zhao et al., 2003) and of the Dongge Cave d18O records
(China, 25.17 1N, Dykoski et al., 2005), both several
thousands km east and with a climate mainly influenced
by the monsoon, can be superimposed almost perfectly on
our d13C records (Fig. 8). The climate improvement,
marked by a decrease in d18O, starts at the same time as
in our samples: 157807�200 yr for the PD stalagmite,
16073760 yr for the YT stalagmite (Wang et al., 2001)
(Fig. 8), and �15 ka for the 996182 stalagmite which is less
well time constrained (Zhao et al., 2003). Despite its
extremely well constrained chronology, the beginning of
the deglaciation is more difficult to see on the Dongge Cave
stalagmite because it seems to coincide with the beginning
of its growth, about �16 ka ago (Dykoski et al., 2005). For
these Chinese cave samples, the ratio of summer to winter
precipitation is the main factor that controls the calcite
d18O; its decrease implies that a more intense East Asia
Monsoon occurred, probably because of warmer tempera-
tures. Because the Hulu Cave record is continuous over the
last glacial period and recorded the entire climatic
transition (see Wang et al., 2001), we are sure that these
dates correspond to the first noticeble warming phase of
the deglaciation.
At a more eastern location than Europe or Tunisia, and

at a slightly lower latitude (31.6 1N) than the La Mine
Cave, the Soreq Cave speleothem d18O record, mainly
controlled by the rainfall amount, also recorded not only
the Sapropel events during the last glacial period, but also
recorded the last deglaciation and the YD (Bar-Matthews
et al., 2000, 2003b)) (Fig. 10). Except for the early
Holocene event, likely due to extremely high precipitation,
the d13C record of Soreq Cave displays changes during the
last deglaciation which are very similar to those found in
our samples and in Hulu Cave: a gradual d13C decrease
4�4 % until the onset of the YD (Fig. 10). As in our
records, the gradual d13C decrease observed at Soreq could
be due to the development of soil activity and vegetation,
linked to climate change as demonstrated by the synchro-
nous d18O variations. However, the very beginning of the
post glacial warming occurred much earlier in the Soreq
Cave record, at 197�0.5 ka, and the most pronounced
climatic change started at �16.77�0.5 ka, which is slightly
earlier than in our records but still within errors. As we will
see, the YD appears also about �0.7 ka earlier compared to
the other N-hemisphere records, but this might be due to
limited U–Th dates around this period.
Comparison with Southern Hemisphere records shows

that, from both isotope profiles (calcite d13C and d18O), the
first sign of warming (recommencement of surface biolo-
gical activity) seems to have begun earlier in the Southern
Hemisphere speleothems than in those from the Northern
Hemisphere (except at Soreq) (Fig. 10): 19.071.6 ka for
the two high altitude cave samples (Hellstrom et al., 1998),
and between 20 and 18 ka for the coastal stacked samples
record (Williams et al., 2004). But, the main climatic
change, as shown by more abrupt isotope changes (and
especially in the d13C signal of the MD3 stalagmite; red
line, Fig. 7c) occurred at 16.77�0.45 ka, which coincides
with the rapid return to dense forest cover in this part of
New Zealand, and which is slightly earlier to the 15.5–16 ka
transition observed in our samples, but still within the 2s
error margin for the Min-stm1 stalagmite. Both New
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Zealand speleothem studies highlight the synchronism of
the �15 ka rapid transition with the BA transition
observed in the Greenland. But, considering the fact that:
(1) the analytical error at 2s is variable: between 0.1 to 1 ka
for the last 15 ka and sometimes reaching 1.8 at 20 ka
(Hellstrom et al., 1998); (2) the interpolation of the 2s age
errors increases these errors (see MD3 growth curves
envelops, Fig. 5); (3) ice core chronology errors also
increase significantly between 15 and 20 ka (where it is close
to 72 ka; Schwander et al., 2001), efforts to improve N–S
ice core chronologies are still topical (Blunier and Brook,
2001; Jouzel et al., 2001; Stocker and Johnsen, 2005).
Consequently, there are no means to accurately detect any
leads and lags for these short climatic transitions at the
moment.
On the T8 stalagmite of Cold Air Cave (South Africa),

the beginning of the deglaciation is dated on the d18O
record around 17–18 ka (Holmgren et al., 2003). But
because of the slow growth rate during the lg period,
dating precision is relatively poor (between 0.5 and 3 ka;
Holmgren, 2002). In this relatively arid and warm area, the
d13C is interpreted by the authors as a change in the relative
proportion of C4 grasses: low values indicate sparse grass
cover associated with dry conditions while high values are
linked with a better grass cover; as a consequence, the d13C
cannot be reasonably compared to our d13C record.
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As a first conclusion, it appears that the Northern
Hemisphere U–Th dated speleothem records (at least
between �30 1N and �45 1N: Villars, Chauvet, La Mine,
Hulu and Dongge Caves) show a relatively rapid,
synchronous, postglacial warming within �70.5 ka, be-
tween 15.5 and 16 ka, that is in agreement with the first sign
of warming in the Greenland ice cores records (i.e. at the
end of the H1 event), which is not the abrupt BA
transition, which occurred later, �14.5 ka ago (Grootes
et al., 1993; NorthGRIPmembers, 2004) (Fig. 10).
A common feature of all these North Hemisphere
speleothem records is that the BA transition appears
gradual up to the Allerød warm period (Figs. 8, 9). In the
Southern Hemisphere, the timing of the first warming
following the last glacial period seems to be earlier by
�3 ka71.8 ka in New Zealand speleothems compared to
the continuous North Hemisphere speleothems of La Mine
Cave (Tunisia), Hulu Cave (China), but because of large
age errors at this period where speleothem growth rate is
low, this time offset must be considered with caution.

Comparison with marine records—Comparison with 14C
dated marine cores must be careful because of the variable
reservoir effect (from 400 to 1500 yr) which could possibly
increase the age errors (Siani et al., 2000; Waelbroeck et al.,
2001). However, very similar features to our records are
observed in several marine records from both the Northern
and Southern Hemispheres. First, the d18O seawater and
SST records of the Orca Basin, Gulf of Mexico (26.56 1N)
(Flower et al., 2004) shows the following: (1) the beginning
of the warming occurred around 16 ka, significantly earlier
than the abrupt Greenland BA transition (Fig. 3 in Flower
et al., 2004); and (2) the transition toward the BA is
gradual until the abrupt onset of the YD. These authors
have suggested that this tropical record warming preceded
Greenland by �2 ka, leading to the important conclusion
that heat was retained in the tropics during the H1 event,
and thus giving the Atlantic thermohaline circulation a
major role. However, we show here that there is no
significant difference between our northern records (Villars
Cave is at 45.3 1N) and this tropical one, neither in the
chronology within the 2s error margin, nor in the shape of
the climatic variations. This implies the following: (1) the
mid-latitudes in Western Europe and North Africa were
also under the influence of the tropical heat store during
the H1 event, which seems unlikely; or (2) the abrupt
�14.5 ka BA transition is possibly partly amplified by a
local effect due to abrupt changes in the sources of the
precipitation over Greenland or local atmospheric circula-
tion effects (Landais et al., 2005; Masson-Delmotte et al.,
2005a; Severinghaus et al., 2004; Wunsch, 2004), and
consequently is more or less pronounced in the other
records, depending on their link with the d18O sources and
their localization.

Second, the south-eastern Atlantic marine core RC11-83
from South Africa (42 1S; Piotrowski et al., 2004) has
shown that the global overturning circulation began
between 16 and 17 ka, significantly earlier than the abrupt
Greenland 14.5 ka BA transition, but close to the beginning
of the warming we observe in the North Hemisphere and
New Zealand speleothems. Moreover it seems from the
relatively continuous trend observed in the neodymium
isotope profile of this record that changes in the thermoha-
line circulation were progressive and did not switch
between distinct glacial and interglacial modes. The
authors explained this by a possible progressive northward
shift of the sea ice edge in response to the increase of the
insolation. Such a mechanism could be responsible for a
progressive temperature increase over most of the North-
ern Hemisphere, bringing a gradual increase in the soil
microbial and vegetation activities as indicated by the d13C
records of our stalagmites. The fact that the CH4 changes
observed in ice core records (Chappellaz et al., 1997, 1993)
display a similar trend and shape to our records during this
period may also be related to changes in both ecosystem
primary production in wetlands (van Huissteden, 2004)
and terrestrial ecosystems where it was recently found that
plants emit methane (Keppler et al., 2006).

5.3. The Bølling–Allerød: trend and events

A unique feature of the stalagmites studied here is the
gradual d13C change observed during the BA transition,
and during the BA itself, until the abrupt cooling of the
onset of the YD (Figs. 8 and 10). While the La Mine d13C
decrease is very regular, a small plateau around 14 ka is
observed on the Vil-stm11 stalagmite (Fig. 8). The Chauvet
Cave stalagmite, Chau-stm6, is slightly different because
the BA transition, which occurred 151607250 yrs ago, is
more abrupt but still within the error margin of the start of
the d13C change observed on the Villars sample (Fig. 8).
However, the full transition is not recorded and it might
have started earlier. After this transition, the Chauvet Cave
d13C decreases fairly regularly until the YD, similar to the
other two stalagmites. Thanks to the high resolution
sampling on this stalagmite, several climatic events are
observed on the two isotope profiles (d13C and d18O
increase) which can be correlated with Greenland ice core
events (Figs. 8,10):
(1)
 the first one, at �15.1 ka, only visible on the Chau-stm6
d18O record, consists of a short excursion separating a
first warming phase that occurred at the beginning of
the BA transition; this cooling event could mark the
limit of the Pre-Bølling warming observed in Greenland
records and Santa Barbara Basin records (Grootes
et al., 1993; Hendy et al., 2002), but, because the
transition here is incomplete, this could also be another
event of the transition; a similar pattern is found on the
Hulu and Dongge Cave records (Fig. 8);
(2)
 the second one, visible on both isotopes, shows an
amplitude maximum at �14.15 ka and coincides with
the small d13C plateau observed on the Vil-stm11
sample. This well marked event is synchronous with the
Older Dryas (OD) already observed in many archives
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and dated around 14 ka B.P. (Grootes et al., 1993;
Hendy et al., 2002; Hughen et al., 1998); note that the
climatic deterioration of this event started about 0.3 ka
earlier;
(3)
 the third one, distinct on the d13C profile at �13.8 ka by
a 1.3% increase, is only recorded by a small increase in
the d18O profile;
(4)
 the fourth event consists of a smoother d18O increase
between �13.14 and 13.33 ka which could be attributed
to the Intra-Allerød Cold Period (IACP; Fig. 11); it is
recorded in the d13C by a step in the general warming
trend.
It is impressive to see how well the Hulu and Dongge
Cave d18O records match our d13C profiles, especially the
Villars and La Mine records: the former display the same
regular climate amelioration trend until the YD onset and
the three main events observed in the Chau-stm6 stalagmite
(possibly correlated with the Pre-Bølling warming, the OD
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a relatively stable condition during the BA (Hughen
et al., 2004; Hughen et al., 2000);
(3)
 the Ammersee Lake d18O record (481010N; S-Germany)
which displays a similar but less pronounced trend
(Grafenstein Von et al., 1999); and
(4)
 the Monticchio Lake (401560N, South-Italy) pollen
record, where the woody taxa display a gradual
transition to the BA until the onset of the YD (Allen
et al., 1999).
All these records suggest that, during the BA period, the
temperature decreased in Greenland, while it remained
stable or increased on the continent in Southern France
and North-Africa, and possibly in several other places in
the world. Thus, a pattern of a N–S gradient in the BA
trend seems to occur, at least between Greenland,
Ammersee and Chauvet Cave records (Fig. 11) which
may be closely linked with the North-Atlantic ocean and
atmospheric circulations and with sea ice cover extension.

5.3.1. The abrupt Younger–Dryas onset and the transition

toward the Preboreal

The beginning of the YD is marked by an extremely
rapid change in the d13C at 12700 7350 yr ago (error taken
on the 2s envelope; Fig. 5) for the Chauvet Cave
stalagmite, 129007600 yr ago for the La Mine stalagmite
and 129607580 yr ago for the Villars stalagmite, which
is in agreement with Greenland ice core records
128807260 yr and with the Hulu Cave record
12823760 yr (Figs. 8, 10 and 11). The onset of the YD is
not only synchronous (within the 2serror margin) between
these North Hemisphere records, but also very rapid in
most records: the abrupt d13C increase observed in the
Chauvet and La Mine samples occurred within about 75
and 80 yr, respectively (by linear age interpolation between
U/Th dated points), in good agreement with the duration
estimated in the Greenland records. The YD onset appears
smoother on the Dongge cave record; it is nevertheless
marked by a 0.6% d18O abrupt change at 12.7 ka (Dykoski
et al., 2005). The Soreq Cave YD onset seems to have
occurred earlier, at �13.4 ka7�0.2, but the fact that
between 11.9 and 15.6 ka, the record is constrained by only
three dated points could explain this difference. An
interesting feature is that the abruptness of the YD onset
is followed, in the La Mine and Chauvet samples, by a
relatively regular d13C decrease, suggesting a climatic
improvement and vegetation development occurring im-
mediately after the cooling, up to an optimum that was
reached between 9500 and 10 000 yr ago (Figs 8,11). This is
also visible, in the Hulu Cave d18O record, and to a lesser
extent, in the Greenland ice cores where the d18O increases
by �2% between 12.5 and 11.6 ka (Fig. 10). The abrupt
transition toward the Pre-Boreal, �11.6–1.4 ka, that is
visible in the GRIP, NGRIP and GISP2 ice cores, is not
observed in our samples which instead display a gradual
transition, similar to the former BA transition (Figs 8, 10
and 11).
Consequently, it appears that the onset of the YD in
Southern France and Northern Tunisia was so cold and/or
dry at its beginning that the decline in vegetation and soil
activity occurred within a few decades leading to drastic
increase in the d13C signal. This is in agreement with pollen
records from the Alboran Sea where the YD is well marked
by a sudden increase in semi-desertic taxa (Combourieu
Nebout et al., 2002). The hypothesis of a dryer climate
could explain the slower growth rate and hiatus in the
Villars Cave sample during the YD, but an extremely cold
climate that would have prevented water seepage by
recurrent freezing is also a possibility. This can be
explained by the proximity of the Villars Cave to the
Atlantic Ocean: the cooling due to the cold marine streams
of the North Atlantic circulation possibly controlled not
only the atmospheric temperature but also the development
of the vegetation and the seepage above the Villars Cave.
But, for the Tunisian and the Chauvet Cave samples, a
dryer climate is unlikely because the stalagmite growth rate
curves do not show any substantial changes during this
period (Fig. 5). There is no doubt that a part of the YD was
wetter in some places : a sudden and strong increase
precipitation in lake level from Switzerland, a few hundred
kilometres east of the Chauvet Cave, has been observed
(Magny and Bégeot, 2004); a south-western United States
speleothem record shows a wetter climate soon after the
onset of the YD possibly because of a more southern
position of the North Hemisphere jet stream (Polyak and
Güven, 2004). In a synthetic work about the last
deglaciation, Walker (1995) notes that, in many northwest
European records, there are indications of a climate
amelioration during the last part of the YD (Walker,
1995). Not too far from our sites, a two fold division of the
YD was recently observed in the Meerfeld Maar sediments,
western Germany (Lucke and Brauer, 2004): a snowmelt
discharge layer appears in the sediments suddenly after
12 240 varve years BP. This micro-facies change was
interpreted as the possible consequence of higher winter
(snow) precipitation. Such conditions, if they prevailed
near the Chauvet Cave, could explain the unexpected high
growth rate of the stalagmite during this period and also
the observed d18O decrease. Consequently, it seems that
there was a change in the rainfall pattern during the YD
but regional differences modulated the speleothem records:
the Villars Cave area was too dry or too cold during the
YD to allow a continuous growth; this could be explained
by its proximity to the Atlantic ocean but, on the other
hand, the climate above the Chauvet and the La Mine
Caves was likely to be as humid as the preceding Allerød
period.
The debate over the existence of a YD in the Southern

Hemisphere is still topical. Oscillations in the thermohaline
circulation have been evoked in order to explain the
apparent opposition between Southern and Northern
temperature ice core records: the BA appears to be in
phase with the Antarctic Cold Reversal and the YD with
the second Antarctic warming. However, this N–phase
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opposition is not certain. Firstly, (Bard et al., 1997) found
synchronism in the Alkenone temperature reconstructions
of 20 1N and 20 1S marine cores: the abrupt warming
started at 15100 yr BP in phase with the GRIP record
(14900 yr BP). Secondly, when examining the Dome
Concordia ice core record EPICA it appears that the
ACR has a similar timing and similar decreasing trend (the
cooling after 14 ka) than that observed in the BA period
recorded in the GRIP ice core record, the only difference
resides in the later warming, which appears earlier in the
Southern records while the YD is still visible in the
Northern records (Stenni et al., 2001).

From the New Zealand speleothem records, the isotope
cold reversals observed between 13.8 and 11.7 ka on
stalagmites from the Nettlebed and Exhaleair Caves
(Hellstrom and McCulloch, 2000), and between 13.5 and
11.1 ka, on the stalagmites from the Paturau and Punakaiki
coastal limestone areas (Williams et al., 2004), span the
Northern Hemisphere YD. But the timing, the length, and
the typical shape characterised in the northern records by
the abrupt onset, are different in these samples. The New
Zealand Late Glacial Reversal (NZLGR) (Williams et al.,
2004) which occurred between 13.53 and 11.14 ka in the
New Zealand coastal stalagmite record, started earlier than
the YD by about 0.83 ka but continued later by about
0.36 ka (values from Williams et al., 2004). Because the
NZLGR has a similar timing to the Southern Hemisphere
marine core reversal of the Great Australian Bight
(32–4 1S) (Andres et al., 2003) and to the glacial advance
in South America (Hulton et al., 2002), it could be a
specific cold event of the Southern Hemisphere, close to the
ACR (Jouzel et al., 1993), but slightly delayed (Williams
et al., 2004).

On the South Africa T8 stalagmite, the YD coincides
with a hiatus which suggests that the YD cooling
significantly influenced the climate at this 21 1S latitude.
The fact that the climate at this location is mainly under
the influence of the southern Indian Ocean moisture, far
from the north Atlantic freshwater discharges, suggests
that a strong atmospheric link occurred during this period
that was also shown by the Hulu Cave record.

However, as explained before, it seems to us that if we
consider all the dating errors: the 2s analytical, the
interpolation between dated points for the U–Th ages,
and the age models for the ice cores, it is still difficult to
assert any significant time difference between these South-
ern Hemisphere records.

5.3.2. The 12.2 ka event

On the Chauvet Cave stalagmite, the middle of the YD is
marked by a short d18O decrease event with a maximum at
�12150 yr ago and amplitude of almost �0.7%. From the
d18O interpretation of the Chau-stm6 sample, this would be
a warm event whose amplitude was almost half that of the
YD onset. A similar event has already been noted by von
Grafentsein in the d18O record of the Ammersee Lake
record (Fig. 11) (Grafenstein Von et al., 1999), and
interpreted as a short, but distinct climatic event that left
its imprint on the isotopic composition of the rainfall. It is
also visible in the GRIP ice core where a short 2% d18O
increase occurred at 12.2 ka (Fig. 11). A small d18O event
can be seen on the La Mine stalagmite at the same time,
but it is not visible in the Villars sample, probably due to
the lower sampling resolution or to the rainfall d18O signal
being obscured by isotopic fractionation during calcite
precipitation. The sudden changes observed in the Meer-
feld Maar that appeared precisely at 12240 varves years BP
(Lucke and Brauer, 2004) coincides with the d18O decrease
event observed in the Chauvet Cave. Although the sudden
sedimentation change in this record might be due to a
morphological and hydrological threshold, it might have
been triggered by an unusual climatic event.
The middle YD event does not appear clearly in other

records, however, it seems to have been recorded in the
high resolution Santa Barbara basin core by a short 0.4%
d18O increase in the N. Pachyderma record at �12.3 ka
(Fig. 4 in Hendy et al., 2002). It is not visible in the Cariaco
basin palaeoclimate records, but there is a slight d14C
excursion clearly visible in the middle of the YD (Fig. 4 in
Hughen et al., 2000) that could be correlated with this
event. In this case it could be linked with a change in
the oceanic circulation or in solar activity, but more
evidence is needed in order to understand it. Slightly
before the 12.15 ka Chauvet d18O peak, the d13C record
shows an increase at �12190 yr suggesting, as in the d13C
excursion observed during the BA, that a cold period
occurred just before the warm one (Fig. 8). It is followed by
a decrease of almost �2%, which occurred slightly after the
d18O peak.

5.3.3. The �9.3 ka event

Another remarkable event is visible at the climatic
optimum of the beginning of the Holocene (Figs. 8,11). It is
marked, in Tunisia, by a �1% d13C increase in the Min-
stm1 stalagmite between 9.5 and 9.670.65 ka and, in
Southern China, by a �1.4% d18O increase between 9.2
and 9.47�0.15 ka. This event could be correlated with a
small negative d18O excursion in the NGRIP record at
about 9.2 ka (Masson-Delmotte et al., 2005b) and coincides
with a deposition hiatus in the Villars record that occurred
between 9.9 and 8.7 ka (Figs. 8, 10). The fact that the
Vil-stm11 sample stopped during this period could be
the consequence of a fresh water discharge in the
North Atlantic that modified drastically the environment
around the Villars Cave, which is the site closest to
the ocean, in a similar way to what happened during
the YD, but other causes might also be considered. Right
after this event, between �8.0 and �8.7 ka, stalagmite
growth rates are maximum for the Dongge Cave sample,
where it increases by a factor of 10, and also in the Villars
sample where it reached 0.8mm/yr as shown by the visible
lamina. The fact that the known 8.2 ka event is not
recorded in our stalagmites raises questions about its
strength in the studied areas and also about its duration;
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effectively, a few decades long event might have been
missed in our record, especially if it is recorded by a growth
hiatus.

6. Conclusion

The isotopic carbon signal of three stalagmites from
Southern France and Northern Tunisia recorded the last
deglaciation: the d13C variations are attributed to changes
in soil and vegetation activity induced by temperature and
humidity changes; the rapid response to well known
climatic changes like the YD; the good synchroneity
between the three d13C records; and the agreement with
other records like the Chinese Cave d18O records demon-
strate the relevance of the d13C signal as a global mid-
latitude palaeoclimatic signal.

From the d13C profiles of the three studied stalagmites,
we reconstructed the following Last Deglaciation climate
events:
o
 the BA transition started synchronously in all our
samples from Southern France and Northern Tunisia
between 15.5 and 16 ka; it is synchronous, within error
margin �0.5 ka, with the Hulu Cave record (China) and
also with well dated marine and lake records from the
Atlantic and Europe;
o
 despite the global resemblance with the Greenland
records, our speleothem records display marked differ-
ences with the ice core records: (1) the BA transition is
gradual and only the incomplete Chauvet Cave stalag-
mite record displays an abrupt BA transition as in
Greenland, but in this case, the transition is not
completely recorded; (2) in all our records, the Allerød
is warmer than the Bølling, which is also the case for
several other well dated palaeoclimatic archives;
o
 the YD onset is synchronous in all our records and
occurred between 12.7 and 12.97�0.5 ka; the cooling is
extremely abrupt (i.e. �70–80 years) and synchronous
with the Chinese caves and Greenland ice core records;
as soon as the YD onset occurs, a climatic amelioration
trend appears, and similar to the BA transition, the
Preboreal transition is gradual until an optimum at
9.5–10 ka is reached;
o
 during the YD, the climate was so cold at the Villars
Cave, that the growth rate slowed down drastically,
likely due to the strong influence of the North Atlantic
ocean circulation on this site. In the more continental
Chauvet site, the stalagmite growth was as fast as the
previous warm Allerød period, demonstrating that the
YD was humid in this Southern part of the French
Massif-Central, but not cold enough to prevent seepage;
the same is observed, although less clearly, in the
Northern Tunisia sample;
o
 an abrupt event is recorded in the Tunisian and in
the Villars records during the climatic optimum of
the beginning of the Holocene at �9.5 ka; it is
synchronous, within error margin, with a well marked
event recorded event in the Dongge cave stalagmite,
S-China;
The d13C and d18O high resolution isotopic profiles of
the Chau-stm6 stalagmite from the Chauvet Cave identify
several climatic events: (1) cold events during the BA: at
�14 ka (possibly the OD) and at �13.3 ka (possibly the
IACP); (2) a warm event in the middle of the YD at
�12.15 ka which was also observed in the Ammersee Lake
and in the Greenland d18O records, and which seems to be
preceded by a few years by a cold event at about �12.19 ka.
The comparison with the few Southern Hemisphere

speleothem records available, also dated with U–Th TIMS
methods, is still difficult because of large dating errors that
occur where the growth rate is low; it seems to indicate that
the first warming following the full glacial period seems to
have occurred �371.8 ka earlier in the New Zealand
speleothems at a latitude close to the Villars and Chauvet
Caves, but in the Southern Hemisphere. A more pro-
nounced warming, clearly visible on the d13C isotope
profile and on the growth curve of one stalagmite from
New Zealand, appears at �16.770.5 ka, slightly earlier
than our NH samples. However, it is difficult to attribute
any time leads or lags between the Southern Hemisphere
cold reversals observed on the NZ speleothems with the
north-YD cold period, principally because of the uncer-
tainties in the U–Th ages of the transitions due to the 2s
analytical errors and the interpolation between dated
points.
A simple explanation for the d13C deglaciation features

observed in our stalagmite records can be proposed: the
gradual increase of the 65 1N insulation due to orbital
changes moved the sea ice edge continuously northward
since �20 ka (as suggested by Piotroswki et al., 2004;
Fig. 10) leading to a progressive temperature increase over
the continents. During this ‘‘baseline temperature in-
crease’’, several events possibly due to greater or lesser
discharges of the North American continental lakes
(Donnelly et al., 2005) and to the Scandinavian ice sheet
too, punctuated this ‘‘baseline’’ by cold events: OD, IACP,
YD, and eventually the middle YD and the 9.3 ka events.
But, what our continental records suggest is that the
temperature continued to increase right after each of these
events, which explains the warming trends clearly visible
during the BA and YD (Fig. 11). The opposite Greenland
d18O trend (i.e. during the BA and YD) could thus be
explained by the fact that the ice d18O over Greenland was
controlled not only by the local temperature but possibly
also by a changes in the source d18O due to these large fresh
water discharges of lower d18O values (Mazaud et al., 2000;
Werner et al., 2001, 2000). The fact that the Hulu Cave
d18O did not follow the Greenland d18O trend changes
during the BA, and that it is so similar to the d13C signal of
our samples, can then easily be explained by the fact that
the large part of the rainfall sources of Hulu Cave are much
too far from the Atlantic discharge area.
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J.F.W., Nowaczyk, N.R., Oberhänsli, H., Watts, W.A., Wulf, S.,

Zolitschka, B., 1999. Rapid environmental changes in southern Europe

during the last glacial period. Nature 400, 740–743.

Alley, R.B., Meese, D.A., Shuman, C.A., Gow, A.J., Taylor, K.C.,

Grootes, P.M., White, J.W.C., Ram, M., Waddington, E.D.,

Mayewski, P.A., Zielinski, G.A., 1993. Abrupt increase in snow

accumulation at the end of the Younger-Dryas event. Nature 362,

527–529.

Andres, M.S., Bernosconi, S.M., McKenzie, J.A., Rölh, U., 2003.

Southern Ocean deglacial record support global Youger Dryas. Earth

and Planetary Science Letters 216, 515–524.

Baker, A., Genty, D., Dreybrodt, W., Barnes, W.L., Mockler, N.J.,

Grapes, J., 1998. Testing theoretically predicted stalagmite growth rate

with Recent annually laminated samples: implications for past

stalagmite deposition. Geochimica et Cosmochimica Acta 62, 393–404.

Baker, A., Ito, E., Smart, P.L., McEwan, R.F., 1997. Elevated and

variable values of 13C in speleothems in a British cave system.

Chemical Geology, 263–270.

Baker, A., Smart, P.L., Ford, D.C., 1993. Northwest European

palaeoclimate as indicated by growth frequency variations of

secondary calcite deposits. Palaeogeography, Palaeoclimatology,

Palaeoecology 100, 291–301.

Bar-Matthews, M., Ayalon, A., 2002. Climate reconstruction from

Speleothems in the Eastern Mediterranean region. In: First ESF-

HOLLVAR Workshop, Combining Climate Proxies. Lammi Biologi-

cal Station, Finland, April 17–20th, 2002.

Bar-Matthews, M., Ayalon, A., Gilmour, M., Matthews, A., Hawkes-

worth, C.J., 2003a. Sea-land oxygen isotopic relationships from

planktonic foraminifera and speleothems in the Eastern Mediterranean

region and their implication for paleorainfall during interglacial

intervals. Geochimica Et Cosmochimica Acta 67, 3181–3199.

Bar-Matthews, M., Ayalon, A., Kaufman, A., 1997. Late Quaternary

paleoclimate in the eastern Mediterranean region from stable isotope

analysis of speleothems at Soreq Cave, Israel. Quaternary Research 47,

155–168.
Bar-Matthews, M., Ayalon, A., Kaufman, A., 2000. Timing and

hydrological conditions of Sapropel events in the eastern Mediterra-

nean, as evident from speleothems, Soreq cave, Israel. Chemical

Geology 169, 145–156.

Bar-Matthews, M., Ayalon, A., Kaufman, A., Wasserburg, G.J., 1999.

The Eastern Mediterranean paleoclimate as a reflection of regional

events: Soreq cave, Israel. Earth and Planetary Science Letters 166,

85–95.

Bar-Matthews, M., Ayalon, A., M., G., A., M., and Ch. J., H., 2003b. Sea-

Land oxygen isotopic relation ships from planktonic foraminifera and

speleothems in the Eastern Mediterranean region and their implication

for paleorainfall during interglacial intervals. Geochimica Cosmochi-

mica Acta 67, 3181–3199.

Bard, E., Rostek, F., Sonzogni, C., 1997. Interhemispheric synchrony of

the last deglaciation infered from alkenone palaethermometry. Nature

385, 707–710.

Beaulieu de, J.L., Reille, M., 1992. Long Pleistocene polen sequences from

the Velay Plateau (Massif Central, France). Veget. Hist. Archaeobot.

1, 233–242.

Berger, A., Loutre, M.F., 1991. Insolation values for the climate of the last

10 million years. Quaternary Sciences Review 10, 297–317.

Blunier, T., Brook, E.J., 2001. Timing of Millenial-Scale Climate Change

in Antarctica and Greenland During the Last Glacial Period. Science

291, 109–112.

Blunier, T., Chappellaz, J., Schwander, J., Dälenbach, A., Stauffer, B.,
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