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Abstract
A new oxygen isotope record is reported from a stalagmite collected in the Argentarola Cave located on the
Tyrrhenian coast of Italy. As shown from observations and numerical modeling of N18 O in modern precipitation, the
recorded N18 O variability for this zone is dominated by the amount of precipitation (so-called ‘amount effect’). The
N18 O profile measured in the stalagmite is characterized by a prominent negative excursion (ca. 2^3x) between 180
and 170 kyr BP. This paleoclimatic feature is interpreted as being due to a relatively wet period which occurred during
the penultimate glacial period, more precisely, during Marine Isotope Stage 6.5. This pluvial phase is shown to
correspond chronologically to the deposition of the sapropel event 6 (S6). Although this particular sapropel event
occurred during a cold phase, the N18 O excursion is similar to those corresponding to other sapropels (S4, S3 and S2).
The evidence for humid conditions during S6 in the western Mediterranean basin agrees with previous studies based
on deep-sea sediment cores. Taken collectively, the data suggest that during sapropel events dilution of ocean surface
waters was not restricted to the output of the river Nile but was rather widespread over the entire Mediterranean Sea
due to increased rainfall. < 2002 Elsevier Science B.V. All rights reserved.
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Marine records of paleoclimate variations of
the Mediterranean Sea are characterized by the
periodic occurrence of organic-rich layers called
sapropels (see the reference graphic in Fig. 1).
These events are thought to be due to either
increased biological production associated with
higher nutrient supply to the euphotic zone, or
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Fig. 1. Diagram summarizing the chronological relationship
between the nine most recent sapropel events (S1^S9), the
Late Quaternary glaciations (MIS 1^8) and the insolation
variations dominated by the 22-kyr orbital precession cycle.
(a) Reconstruction of the mean ocean N18 O from [34] (the
right axis gives N18 O in x relative to zero and the left axis
provides a sea level scale). (b) Summer insolation at 65‡N
from [55] often used to synchronize sapropel events (vertical
dashed lines). S2 is placed in parentheses because it is not always present and remains controversial.

increased organic matter preservation in the sediments linked to decreased ventilation and the
presence of anoxic deep waters [1]. The increased
nutrient supply may have been produced by increased £uxes from rivers, wind-transported dust,
nitrogen ¢xation by marine organisms or through
changes in the upwelling of deep and intermediate
waters. A few studies have also pointed out the
importance of discharge from the Nile [2] although recent work by Sachs and Repeta [3]
shows that this river did not supply appreciable

quantities of nutrients for phytoplankton growth.
The ultimate cause of sapropel deposition is probably linked to drastic changes in the water balance of the Mediterranean Sea, in particular the
evaporation^precipitation-runo¡ budget which
controls surface and deep convection [4,5]. In addition, oceanographic modellers have proposed
that several circulation patterns for the Mediterranean Sea could explain the formation of sapropels. These range from the anti-estuarine convection system to a hypothetical situation in which
there is a reversal towards estuarine type circulation leading to enhanced organic matter preservation [5^7].
A further complication is that several of the
proposed mechanisms are not mutually exclusive.
For example, because of remineralization, any increase in biological productivity could lead to a
decrease in the oxygen content of deep seawater,
which in turn would enhance organic matter preservation on the sea £oor. A hypothetical circulation reversal leading to low oxygen content in the
deep Mediterranean, would have brought up
more nutrients to the surface layers, thereby increasing biological productivity and further decreasing deep oxygen concentrations. In addition,
most sapropel studies are based on deep-sea sediment proxies that are inherently ambiguous : for
example organic matter maxima and redox-sensitive metal enrichments can both arise from the
separate or combined e¡ects of increased primary
productivity and anoxic conditions.
The identi¢cation of the freshwater inputs leading to changes in water density also remains a
matter of debate: some authors favor a pointsource from the Nile [2] while other invoke multiple sources [8] or a more widespread rainfall increase over the entire Mediterranean basin [5,9].
Deep-sea sediment proxies can be used to identify east^west gradients in salinity in order to separate the di¡erent scenarios. The approach is generally based on oxygen isotope records measured
in planktonic foraminifera. Therefore the isotope
data have to be corrected not only for a global
component linked to continental ice-sheets but
also for a local imprint due to sea surface temperature (SST) changes [5,8,9]. Most sapropels being
deposited during climatic warm phases or even
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Fig. 2. Location map showing the studied site (Argentarola Island) and the locations mentioned in the discussion and ¢gures
(GNIP^IAEA sites, deep-sea sediments cores, terrestrial pollen sequences and Soreq Cave in Israel).

interglacials (Fig. 1), the companion N18 O decrease can arise from a warming or freshening
of the surface. Both enhance water-column strati¢cation through a reduction in surface density.
Hence, SST proxies need to be particularly accurate when used for correcting N18 O records.
A further complication of deep-sea sediments is
the presence of diagenetic overprints that can
partly erase the sapropel signature, especially its
upper part where proxy records are often reoxidized or remobilized [10^13]. This diagenetic bias
can a¡ect almost all geochemical proxies measured in the organic and inorganic fractions of
the sediment. This is rather unfortunate, since
crucial information can be obtained by investigating the details of sapropel events that often exhibit multiple phases separated by the re-establishment of conditions similar to the present day
[12,13]. For the most recent S1 event, such a brief
interruption has been associated with a cold event
at 8.2 kyr BP which could have stimulated the
deep convection, thereby recharging the sub-thermocline waters with oxygen [12].
To improve our understanding of the Mediterranean climate during sapropel formation, we selected a completely di¡erent type of archive, speleothem calcite, from a site in the Tyrrhenian Sea
(western Mediterranean basin). This material is
thus very remote from the direct in£uence of the
Nile River discharge. To consider the in£uence of
the freshwater balance without the impact of
warming, we studied one of the few sapropels

deposited during a cold period. As an additional
criterion, the paleoclimatic archive should be datable in order to ensure its correlation with the
deep-sea record. The only candidate satisfying
the above criteria is the S6 event (Fig. 1) which
occurred during the penultimate glacial period,
i.e. Marine Isotope Stage (MIS) 6, broadly in
phase with substage MIS 6.5 [14,15]. Documenting paleohydrological conditions during S6 will
also be useful in discussing the climatic in£uence
of orbital precession at low and mid latitudes
under cold conditions [16,17].

2. Site location and modern climatology
The archive selected for stable isotope measurements is a stalagmite collected in a cave located
on Argentarola Island o¡ the coast of central
Italy, about 100 km north of Rome (42‡26P
30QN, 11‡07P15QE; see Fig. 2). The studied stalagmite is called ASI for Argentarola Stalagmite I
[18] and its studied section is shown in Fig. 3.
Argentarola Island is very small (200U 75 m)
reaching a maximum elevation of 44 m. Today,
there is almost no vegetation and the lack of soil
further suggests that such conditions applied during the recent past. The cave located on Argentarola Island is thus an ideal setting for recording
the isotopic variations of precipitation free from
any continental in£uences.
Over the last two centuries (1782^1996) the
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6-yr run with interannual variability and with the
GISS^GCM at a resolution of 4‡U5‡ [20]. The
mean temperature and precipitation of the grid
box corresponding to the Tyrrhenian Sea are
15.8‡C and 975 mm/yr, in agreement with observations.
The model indicates a strong local contribution: about 40% of the rainfall water originates
from evaporation over the Mediterranean Sea
surface. For the studied period (MIS 6) the Mediterranean SSTs were colder than those which prevailed during interglacial periods (e.g. [9,15]). This
temperature drop probably decreased somewhat
the evaporation over the Mediterranean basin
when compared to modern climate. However,
a similar cooling a¡ected the Atlantic surface
waters during MIS 6.5 (e.g. [21]) and it seems
unlikely that the ratio between moisture origins
did change dramatically.

3. Oxygen isotopes in modern and past
precipitation
Fig. 3. Photograph of Argentarola Stalagmite I showing the
pro¢le sampled for N18 O analyses and the positions of samples dated by U^Th. This typical stalagmite composed of inorganic calcite was found in situ embedded between two
layers of biogenic carbonate. These marine layers were synthesized by marine encrusting worms during interglacial periods when the Argentarola Cave was normally £ooded by the
Mediterranean Sea [32].

average annual precipitation was 795 P 176 mm
and the mean temperature about 15.8 P 0.6‡C
(mean and standard deviation based on the nearby station in Rome [19]). Most precipitation at
the site occurs during the winter and is associated
with eastward-moving frontal depressions originating from the North Atlantic. For the last two
centuries the monthly mean precipitation during
winter is 80 P 30 mm but only 30 P 20 mm during
summer months (mean and standard deviation for
December^January^February and June^July^August, respectively).
The General Circulation Model of the NASA
Goddard Institute for Space Studies (GISS^
GCM) was employed to study rain sources in
the Tyrrhenian Sea. We used the outputs from a

Origin of the modern oxygen isotope variability
can be studied using data from the Global Network for Isotopes in Precipitation of the International Atomic Energy Agency (GNIP^IAEA) for
the three closest available sites : Pisa, Genoa and
Palermo [22^24]. Fig. 4a shows the N18 O of
monthly precipitation (N18 Op ) plotted against atmospheric temperature. The plot is characterized
by a degree of scatter which is typical of monthly
data for mid and low latitudes [22^24]. However,
the data for all three sites clearly de¢ne a general
slope on the order of +0.2x/‡C. For Genoa, the
GNIP^IAEA database also enables us to study
the interannual variations of N18 Op and atmospheric temperature (record equivalent to about
17 yr detrended for seasonal variations following
techniques proposed by Rozanski et al. [23]).
N18 Op and temperature are again positively correlated, with a slope of +0.3x/‡C in broad agreement with values derived from the intra-annual
(monthly) data.
The N18 Op is also anticorrelated with the
amount of precipitation, a behavior usually referred to as the ‘amount e¡ect’ [25,26]. In the
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Fig. 4. N18 Op of modern precipitation observed at three sites
in the GNIP^IAEA database [24] closest to the Argentarola
Cave (crosses for Pisa, diamonds for Genoa, squares for Palermo). (a) Monthly mean N18 Op plotted vs. monthly mean
temperature. The general monthly slope is 0.20 P 0.02x/‡C
(r = 0.58, N = 411 months). The interannual variations for
Genoa give a slope of 0.30 P 0.04x/‡C (r = 0.77, N = 200
months). (b) Monthly mean N18 Op plotted vs. monthly mean
precipitation. The general monthly slope is 31.6 P 0.2x per
100 mm/month (r = 30.43, N = 528 months; some very rare
months with P s 300 mm have been excluded). The lines correspond to the prediction envelope at the 95% con¢dence level.

case of the studied zone, the slope of this e¡ect is
approximately of 32x per 100 mm/month (Fig.
4b). The scatter level is again rather high but this
is also a usual feature observed in monthly N18 Op
data from the GNIP^IAEA database.
To corroborate our study of N18 Op composition, we used the GISS^GCM which explicitly
includes the hydrological cycle for the di¡erent
water isotopes [27]. The isotopic GCM was ¢rst
run for 10 yr under modern boundary conditions
with seasonal and interannual variability, in the
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Fig. 5. Estimation of the ‘spatial slopes’ simulated with the
GISS^GCM in the closest fully oceanic Mediterranean box
(east box, see text), for modern conditions (crosses), conditions prevailing during the LGM (squares) and MIS 6.5
(called 175K, diamonds). LGM and 175K simulations were
run with full glacial boundary conditions, with the respective
insolation at 21 and 175 kyr BP. During the ¢rst month of
the 175K simulation, a short spin-up is responsible for the
low isotopic value of 313x. (a) Monthly mean N18 Op plotted vs. monthly mean temperature (N = 120 months). The
monthly slopes are: 0.18 P 0.06x/‡C (r = 0.53) for the modern climate, 0.26 P 0.06x/‡C (r = 0.69) for the LGM and
0.22 P 0.04x/‡C (r = 0.68) for 175K. (b) Monthly mean
N18 Op plotted vs. monthly mean precipitation (N = 120
months). The monthly slopes are: 32.0 P 0.6x per 100 mm/
month (r = 30.54) for the modern climate, 33.9 P 1.0x per
100 mm/month (r = 30.57) for the LGM and 33.3 P 0.8x
per 100 mm/month (r = 30.66) for 175K. Note the similarity
between modeled values for the three climates, and observed
data shown in Fig. 4. The lines correspond to the prediction
envelope at the 95% con¢dence level calculated for modern
conditions.

coarse resolution version (8‡U10‡). Each grid box
can contain oceanic and continental surfaces. Because of this heterogeneity, and of the coarse resolution, we focused on two grid boxes referred to
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as the west and east Mediterranean boxes. The
10-yr average values simulated by the isotopic
GCM for temperature (18.1 and 13.7‡C, for the
east and west box, respectively) and precipitation
(850 and 1250 mm/yr, for the east and west box,
respectively) are relatively close to mean climatological conditions observed in Rome (15.8‡C and
795 mm/yr). Table 1 summarizes all values simulated for the temperature and amount e¡ects for
both the east and west boxes. In order to complement Table 1, Fig. 5 shows the outputs from the
east box which contains mostly ocean. It is chosen
in order to capture the oceanic characteristics of
the hydrology over the Tyrrhenian Sea and because precipitation observed at our site (795
mm/yr) is closer to that calculated for the east
box (850 mm/yr) than that of the west box
(1250 mm/yr). Fig. 5 shows the modeled monthly
N18 Op plotted against temperature (Fig. 5a) and
precipitation (Fig. 5b). Signi¢cant correlations
are observed (at the 99.5% con¢dence level) which
agree with those based on the GNIP^IAEA data:
the temperature e¡ect is about +0.2x/‡C, while
the amount e¡ect is approximately 32x per 100
mm/month.
The climatic stability of the N18 Op sensitivity to

temperature and precipitation has been tested by
simulating di¡erent conditions with this isotopic
GCM. We used the outputs of 10-yr simulations,
run with seasonal boundary conditions corresponding to the Last Glacial Maximum conditions (called LGM in Table 1 and Fig. 5) and to
the same full glacial conditions with the strong
insolation characteristic of MIS 6.5 (called 175K
in Table 1 and Fig. 5). The paleoclimatic relationships compare well with the present-day ones: the
temperature e¡ect is about +0.22x/‡C and the
‘amount e¡ect’ ranges between 31 and 34x per
100 mm/month. If anything, there is a slight tendency for the precipitation sensitivity to increase
when climate gets colder: the absolute value for
this slope increases from modern to 175K and to
LGM climates, for both the east and west Mediterranean boxes (see Table 1).
At this point, it should be emphasized that the
studied paleoclimatic archive is a stalagmite composed of inorganic calcite. Precipitation of this
mineral is accompanied by a well-known isotopic
fractionation of 30.23x/‡C due to the temperature e¡ect [28]. By chance, this thermodynamic
fractionation quantitatively compensates for the
N18 Op ^temperature dependence observed in the

Table 1
Summary of the relationships between N18 Op , temperature and precipitation simulated with the GISS^GCM under di¡erent climatic boundary conditions (‘spatial’ relationships for Modern, 175 K and LGM and ‘temporal’ relationship 175^LGM; see text
for details). LGM and 175K simulations were run with full glacial boundary conditions, with the respective insolation at 21 and
175 kyr BP. Values for the slope, 2c and correlation coe⁄cient (r) are ¢rst provided for the west and east box separately, and
then for the combined dataset (entitled all). We used monthly averages from the 10 yr of simulation in order to sample the seasonal and interannual variability of each climate. The east box is probably best to represent the climatic conditions over the Tyrrhenian Sea (by contrast with the west box, the east box is close to be fully oceanic and its mean precipitation, 850 mm/yr,
agrees well with observations, 795 mm/yr [19]).
Modern
west
box
Temperature e¡ect
(x/‡C)
2c
r
Amount e¡ect
(x/100 mm)
2c
r

175 kyr BP
east
box

all

west
box

east
box

LGM
all

west
box

175 K^LGM
east
box

all

west
box

east
box

all

0.31

0.18

0.32

0.17

0.22

0.24

0.22

0.26

0.29

0.17

0.22

0.25

0.04
0.83

0.06
0.53

0.04
0.78

0.04
0.55

0.04
0.68

0.04
0.70

0.06
0.53

0.06
0.69

0.04
0.71

0.01
0.59

0.01
0.73

0.004
0.75

30.9

32.0

32.3

31.0

33.3

32.8

31.7

33.9

33.8

31.2

33.4

33.0

0.8
30.20

0.6
30.54

0.6
30.49

1.4
30.14

0.8
30.66

1.0
30.37

1.4
30.21

1.0
30.57

1.0
30.42

0.2
30.20

0.2
30.67

0.2
30.42

Each box N = 120 months, 5000 values; all boxes N = 240 months, 10 000 values.

EPSL 6317 29-8-02

E. Bard et al. / Earth and Planetary Science Letters 202 (2002) 481^494

Fig. 6. Estimation of the ‘temporal slopes’ simulated by the
GISS-GCM in the closest fully oceanic Mediterranean box
(east box, see text). a/ monthly N18 Op and surface temperature, b/ monthly N18 Op and precipitation. We applied a Bootstrap statistical technique to the monthly ouputs of both simulations (10 yr), by randomly re-sampling both outputs
5000 times. The correlations between these new samples give
an estimation of the temporal slopes: vN18 Op /vT = 0.22x/‡C
(r = 0.73); vN18 Op /vP = 33.4x per 100 mm/month (r =
30.67); where v stands for a climatic variation. A systematic
sampling of the di¡erences (120U120 = 14400 values) leads to
the same relationships without improving the correlation coe⁄cients. The lines correspond to the prediction envelope at
the 95% con¢dence level.

atmosphere (median of about +0.23x/‡C, see
discussion above). In other words, the N18 O measured in the calcite of the Argentarola Cave stalagmite is almost insensitive to temperature
change. This is very di¡erent from the case of
speleothems from higher latitudes which can be
sensitive to local temperature because the local
slope of the temperature-N18 Op is much larger
(see [29] for a recent study). By contrast the
N18 O variability in the Argentarola stalagmite is
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expected to be due to the amount of rainfall and/
or isotopic changes at the precipitation source.
To interpret quantitatively the measured isotopic £uctuations in terms of precipitation
change, a temporal relationship is needed that is
a correlation of the changes between di¡erent climates. The studied stalagmite section spans MIS 6
and there is thus a special interest in determining
the temporal relationship between full glacial climate (MIS 6.6 and MIS 6.4, see Fig. 1) and milder conditions during MIS 6.5. We estimated such
a relationship based on the LGM and 175K 10-yr
simulations. Each output of 120 months was randomly resampled 5000 times, assuming that they
truly represent the climate variability. Fig. 6
shows the correlations between the 175K^LGM
di¡erences from these new datasets. The temporal
sensitivity to the temperature for the east Mediterranean box is found to be 0.22x/‡C (Fig. 6a)
and the temporal ‘amount e¡ect’ 33.4x per
100 mm/month (Fig. 6b). Both values are quite
close to the observed and modeled spatial relationships (Figs. 4 and 5 ; Table 1). A systematic
sampling of the di¡erences (120U120 = 14 400 values) leads to the same relationships without improving the correlation coe⁄cients.
Masson et al. [17] demonstrated that high insolation can generate increased monsoon activity
even with surface glacial conditions. Although it
has a coarser resolution (8‡U10‡ vs. 4‡U6 for
[17]), the isotopic GISS^GCM also simulates an
increase of rainfall over the Mediterranean basin
for the 175K relative to the LGM conditions. For
the east box the model predicts a precipitation
di¡erence of about 25%, equivalent to 40^50
mm/month. This increase is much smaller for
the west box (5%, not really signi¢cant). However,
this box is not representative of the Mediterranean Sea as it contains a signi¢cant portion of
continental surface (see also the discussion
above).

4. Oxygen isotopes record and paleoclimatic
implications
Carbonate samples were drilled out every 1^
2 mm along the central axis of the stalagmite
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Fig. 7. Tests to check the validity of the N18 O record [30].
(a) N13 C vs. N18 O showing a lack of correlation. The dashed
line indicates the kinetic fractionation slope (vN13 C/vN18 O =
3.3) established by Desmarchelier et al. [31] by measuring
stable isotopes in actively growing straw-stalactite tips. Points
are connected according to their respective position on the
sampling pro¢le. The ellipse underlines the points corresponding to the low N18 O excursion. (b) N18 O values measured along two di¡erent growth layers (dots and triangles
for layers centered respectively at 92 and 106 mm from the
top). The lack of a signi¢cant N18 O increase points to the absence of a kinetic isotopic e¡ect. This con¢rms that the ca.
1x shift between the two di¡erent layers in (a) corresponds
to a genuine thermodynamic isotope fractionation (in other
words, the N18 O record obtained from the sampling pro¢le
shown in Fig. 3 would remain una¡ected if it had been
sampled o¡ the central axis). The residual variability seen in
(b) is probably due to the di⁄culty of sampling along thin
single laminae.

ASI (Fig. 3). Stable isotopes measurements were
performed at Harvard University with an OPTIMA mass spectrometer. The precision based on
replicates of an internal standard is better than
0.06x. The absence of artifacts linked to kinetic
fractionation was checked by means of conventional tests [30]. Indeed, Fig. 7a shows the absence
of any speci¢c correlation between N18 O and N13 C
such as observed by Desmarchelier et al. [31] (see
their ¢gure 4). Furthermore, there is no systematic

N18 O increase in synchronous samples taken in
two di¡erent layers along the side of the stalagmite (Fig. 7b).
The chronology of the 120-mm continuous section (Figs. 3 and 8a) is based on TIMS U^Th ages
[32]. Fig. 8a shows the N18 O time series which falls
entirely within MIS 6. The correspondence of this
section with the penultimate glacial period is further con¢rmed by the fact that ASI is today submerged at about 19 m below present mean sea
level (MSL). Indeed, calcite precipitation in Argentarola Cave was possible only during extended
periods of relatively low sea levels such as during
MIS 6 [32].
The N18 O record is characterized by a marked
decrease of 2^3x which occurred between 180
and 170 kyr BP. Based on the observed and modeled sensitivity of N18 Op to precipitation, we believe that this N18 O shift is related mainly to a very
humid phase. However, the N18 O lowering between 180^170 kyr BP may also be partly due
to N18 O changes at the sources of precipitation.
In fact, Kallel et al. [9] showed that the surfacewater N18 O of the Tyrrhenian Sea was lower by
about 1.2x at that time due to surface ocean
dilution (results based on deep-sea sediment core
ED87-08 in Fig. 2). More recently, Emeis et al.
[33] evaluated the N18 O decrease during the ten
most recent sapropel events by using alkenone
SST and planktonic foraminifera N18 O from several cores from the eastern and western basins.
For S6, these authors observed even larger seawater N18 O depletions (about 33x) in both the
western and eastern Mediterranean basins. Assuming that the Mediterranean contribution of
precipitation remained similar to modern values
(ca. 40%, see GCM results described above), a
N18 O decrease ranging between 0.5 and 1.2x
may thus be attributed to this Mediterranean
source e¡ect (40%U1.2x=0.5x; 40%U 3x=
1.2x).
Another small source e¡ect must be taken into
account because global sea level £uctuated during
MIS 6 which led to N18 O changes of the mean
ocean. In fact this global e¡ect is included in the
surface N18 O changes reconstructed for the Mediterranean Sea [9,33], but it must be taken into
account for the remaining part of the precipita-
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Fig. 8. (a) N18 O plotted vs. calendar age for the Argentarola Cave stalagmite. Triangles show the age control points based on
TIMS U^Th results. The 2c error bars ranging between 1 and 2 kyr are smaller than the plotted symbols (see details in [32]).
The period interpreted as humid occurred between 180 and 165 kyr BP. (b) The thick solid line shows the summer insolation at
65‡N according to Laskar et al. [55], used by Lourens et al. [14] to synchronize sapropel events. The other records show the variations of TOC (in wt%) in two well-studied marine cores: open squares are for MD84641 [9,53] and black dots for KC19C
(partly shown in [38]; updated TOC data from G.J. de Lange, pers. commun.).
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tion (ca. 60% as calculated with the GCM results).
Fig. 1a shows a recent N18 O reconstruction for the
global ocean [34] which amplitude for MIS 2 is
compatible with N18 O determinations in porewaters [35,36]. For MIS 6.5, the sea level scaled
to the N18 O record also agrees with a direct estimate of about 50 m below the present MSL [37].
In order to approximate the additional source effect, we calculated the di¡erence between the N18 O
value for MIS 6.5 (ca. +0.4x) and the average
value for the two glacial substages MIS 6.6 (ca.
+0.7x) and 6.4 (ca. +1x). The global ocean
N18 O during MIS 6.5 was thus about 0.5x lower
when compared to MIS 6.6 and 6.4. This e¡ect
thus caused a further N18 O depletion of the precipitation (60%U0.5x = 0.3x) at our site.
All together, the N18 O changes at the source of
precipitation could range between 0.8x (0.5+
0.3) and 1.5x (1.2+0.3). These changes remain
signi¢cantly smaller than the 2^3x shift observed in the ASI stalagmite. This means that approximately 1^2x of the measured N18 O decrease
could be linked to the ‘amount e¡ect’. In Section
3 we determined its most probable slope at about
2x per 100 mm/month. This implies that rainfall
during the isotopic excursion could have increased
by 50^100 mm/month. This large range would be
further widened to 25^200 mm/month by taking
into account upper and lower bound values for
the ‘amount e¡ect’ (1 and 4x per 100 mm/
month; see Table 1). This very large range illustrates the di⁄culty to quantify past rainfall from
N18 O measured in speleothems. Indeed, the largest
changes are probably unlikely because the modern
monthly precipitation is only 70 mm/month in
the vicinity of Argentarola Island and 70 and
100 mm/month, respectively, for the east and
west box of the GISS^GCM. Furthermore, it is
interesting to note that the lower part of the
range is compatible with the 40^50 mm/month
increase simulated by the GISS^GCM model
(175K^LGM di¡erence for the east box which is
most representative for our site ; see Section 3). In
any case, both amount and source e¡ects are cumulative and, taken together, form the qualitative
but clear N18 Op signature of a relatively humid
episode during MIS 6.5, unusual under cold conditions.

5. Implications for paleoclimatic conditions during
the sapropel 6 event
The U^Th ages for the inferred pluvial period
¢t well with other independent age determinations
[14,38] for the sapropel 6 event (S6) which occurred during MIS 6.5. The two organic carbon
records for S6 in Fig. 8b indicate that the humid
event corresponds chronologically with the
summer insolation maximum at 65‡N centered
at ca. 175 kyr BP. Insolation peaks linked to orbital precession variations are thought to be the
primary forcing factor in the formation of sapropels in the Mediterranean Sea. These peaks are
even used as chronological tuning targets to place
sapropels on absolute time scales (e.g. [14,15,
39,40]). Our work suggests there is little time lag
between orbital forcing and the onset of pluvial
conditions, which may even have started a few
millennia earlier than the insolation maximum.
The U^Th age for the end of the N18 O anomaly
is 165^170 kyr BP (Fig. 8a) which is compatible
with recent Ar^Ar ages performed on volcanic
layers located above S6 in marine sediments
(161 P 2 kyr BP for the W3 tephra [41] which originated from the Island of Kos).
The isotopic signature observed in ASI for the
S6 event is similar to those observed in speleothems from the Soreq Cave in Israel [42,43]. These
authors invoked pluvial conditions not only during the prominent interglacial sapropels (S1 and
S5) but also for sapropels deposited during interstadials (S3 and S4) and even colder periods (S2,
S6). The similarity between the N18 O shifts as observed for S6 in Italy and S6, S4, S3 and S2 in
Israel [42,43] clearly shows that both eastern and
western Mediterranean basins experienced wetter
conditions during these sapropel events.
These paleoclimatic conditions can be compared to those reconstructed from pollen counts
in sapropel layers [40,44]. S6 is usually characterized by relatively high percentages of the genus
Artemisia (sagebrush) and the Chenopodiaceae
family and low percentages of the genus Quercus
(oak). It is not easy to interpret the increased
percentages on pollen diagrams because of the
disappearance of trees (e.g. Quercus) during glacial periods (e.g. MIS 6) which leads to an auto-
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matic increase of non-arboreal pollen percentages
(e.g. Artemisia and Chenopodiaceae). Nevertheless, as explained by Ten Haven et al. [45], the
steppic signatures observed for S6 could be linked
to the widespread cooling which prevailed during
the penultimate glaciation (e.g. relatively cold
SSTs reconstructed with alkenones during the S6
event [15,33,45,46]). Although high abundances of
Artemisia are found in dry conditions, species belonging to this genus may also be found in a variety of environments with annual precipitations
ranging from 50 to 1100 mm/yr [47]. In any case,
it is noteworthy that Artemisia, Chenopodiaceae
and Ephedra percentages during S6 reported in
[48] are broadly similar to those observed for other sapropel events interpreted as humid periods
(e.g. S3, S4, S7 and S8).
Only a few long pollen sequences are available
for southern Europe allowing to consider the paleoenvironmental conditions during the entire
MIS 6. Tzedakis et al. [49] synchronized in detail
the records of Valle di Castiglione (Italy), Ioannina and Tenaghi Philippon (both in Greece) and
Bouchet^Praclaux (France). At each site there is
subtle evidence for vegetation changes (e.g. increase of temperate trees) suggesting some climatic improvement during MIS 6.5 when compared to MIS 6.6 and 6.4. However, it is still
di⁄cult to disentangle the e¡ects of drastic cooling from changes of moisture availability. Overall
the vegetation distribution during MIS 6.5 is reminiscent of interstadial periods of the early part of
MIS 3 (P.C. Tzedakis, pers. commun.).
The evidence for a relatively humid period in
the Tyrrhenian Sea area during S6 suggests that
this sapropel was caused mainly by a widespread
increase in rainfall. Additional inputs of freshwater to the Mediterranean Sea may have come
from rivers, both from fossil drainage systems in
North Africa (e.g. [50]) and from melting continental ice during the transition between MIS 6.6
and 6.5. This sapropel event was accompanied by
relatively cold temperatures as measured with alkenones [15,33,45,46] or planktonic foraminifera
[9]. Since cooling favors ocean convection, the
ocean strati¢cation during S6 must have been almost entirely due to the salinity decrease caused
by the dilution of ocean surface waters.
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Notably, our results imply that surface ocean
dilution probably occurred in the western Mediterranean basin and was thus not restricted to the
Nile discharge area. This conclusion agrees not
only with ocean studies [5,7,9,33] but also with a
recent comparison between lacustrine and marine
sequences from the central and western Mediterranean Sea [51]. One of the main conclusions by
these authors is indeed that sapropel formation
(S1 in their case) correlates with evidence in the
terrestrial records for major increase in precipitation levels that a¡ected the Italian mainland. Further con¢rmation comes from the study of discontinuous growth phases of a speleothem from the
south of France [52].
Another interesting aspect of the stalagmite
N18 O record is that the negative anomaly corresponding to S6 is in fact rather complex, being
composed of two minima at 178 and 172 kyr
BP followed by a smaller event at 168 kyr BP
(Fig. 8a). Isotopic data measured in stalagmites
from Israel also indicate that several sapropels
are characterized by multiple phases (e.g. S4, S3
and S3 in [42] and S6 in [43]). The isotopic signature observed for S6 in Israel closely resembles
the one in Italy with a large and abrupt N18 O
depletion at ca. 180 kyr BP followed by smaller
N18 O minima [43]. Although it is di⁄cult to separate the superimposed e¡ects of precipitation
amount and source composition on N18 O, we believe that these second-order structures are also
linked to precipitation £uctuations. This is supported by the fact that most sapropel events exhibit multiple phases when studied at su⁄cient
resolution in deep-sea sediments [8,11^13]. In particular, S6 is usually characterized by 2^3 peaks of
total organic carbon (TOC) in the eastern Mediterranean [4,10,38,53]. Moreover, S6 is also
present as a double TOC peak in cores from
ODP site 975 [54] even if the TOC concentrations
are typically low in the western Mediterranean
basin. Fig. 8b presents the TOC record available
for S6 in two deep-sea sediment cores with relatively high sedimentation rates and high TOC
content (data for MD84641 are from [53] ; data
for KC19C kindly provided by G.J. de Lange
were partly shown in [38]). The correspondence
between the TOC maxima in core KC19C and
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the N18 O minima in the stalagmite is impressive
especially because the chronologies of these records are completely independent (based on
U^Th dating for ASI and on a linear interpolation between the S5 and S7 events which occurred
during interglacial periods evidenced in core
KC19C).
Besides the main N18 O excursion corresponding
to the S6 event, a smaller N18 O anomaly is observed around 150 kyr BP which could be linked
to the 150-kyr-BP insolation maximum (Fig. 8).
No sapropel was deposited during that period but
several authors described a relatively large N18 O
depletion in the eastern Mediterranean Sea during
that time [33,43].
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