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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 8'%0 in modern precipitation, the
recorded 8'30 variability for this zone is dominated by the amount of precipitation (so-called ‘amount effect’). The
8'80 profile measured in the stalagmite is characterized by a prominent negative excursion (ca. 2-3 %o ) 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 '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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1. Introduction

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
! Also at Collége de France. 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 8'SO from [34] (the
right axis gives 8'%0 in %o 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 al-
ways present and remains controversial.

increased organic matter preservation in the sedi-
ments linked to decreased ventilation and the
presence of anoxic deep waters [1]. The increased
nutrient supply may have been produced by in-
creased fluxes from rivers, wind-transported dust,
nitrogen fixation 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] al-
though 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 prob-
ably linked to drastic changes in the water bal-
ance of the Mediterranean Sea, in particular the
evaporation—precipitation-runoff budget which
controls surface and deep convection [4,5]. In ad-
dition, oceanographic modellers have proposed
that several circulation patterns for the Mediter-
ranean Sea could explain the formation of sapro-
pels. These range from the anti-estuarine convec-
tion system to a hypothetical situation in which
there is a reversal towards estuarine type circula-
tion leading to enhanced organic matter preserva-
tion [5-7].

A further complication is that several of the
proposed mechanisms are not mutually exclusive.
For example, because of remineralization, any in-
crease in biological productivity could lead to a
decrease in the oxygen content of deep seawater,
which in turn would enhance organic matter pres-
ervation on the sea floor. A hypothetical circula-
tion reversal leading to low oxygen content in the
deep Mediterranean, would have brought up
more nutrients to the surface layers, thereby in-
creasing biological productivity and further de-
creasing deep oxygen concentrations. In addition,
most sapropel studies are based on deep-sea sedi-
ment proxies that are inherently ambiguous: for
example organic matter maxima and redox-sensi-
tive metal enrichments can both arise from the
separate or combined effects of increased primary
productivity and anoxic conditions.

The identification of the freshwater inputs lead-
ing to changes in water density also remains a
matter of debate: some authors favor a point-
source from the Nile [2] while other invoke multi-
ple sources [8] or a more widespread rainfall in-
crease over the entire Mediterranean basin [5,9].

Deep-sea sediment proxies can be used to iden-
tify east-west gradients in salinity in order to sep-
arate the different scenarios. The approach is gen-
erally 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 temper-
ature (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 figures
(GNIP-TAEA sites, deep-sea sediments cores, terrestrial pollen sequences and Soreq Cave in Israel).

interglacials (Fig. 1), the companion 8"%0 de-
crease can arise from a warming or freshening
of the surface. Both enhance water-column strat-
ification through a reduction in surface density.
Hence, SST proxies need to be particularly accu-
rate when used for correcting 8'80 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 reoxi-
dized or remobilized [10-13]. This diagenetic bias
can affect almost all geochemical proxies mea-
sured in the organic and inorganic fractions of
the sediment. This is rather unfortunate, since
crucial information can be obtained by investigat-
ing the details of sapropel events that often exhib-
it multiple phases separated by the re-establish-
ment 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-ther-
mocline waters with oxygen [12].

To improve our understanding of the Mediter-
ranean climate during sapropel formation, we se-
lected a completely different type of archive, spe-
leothem calcite, from a site in the Tyrrhenian Sea
(western Mediterranean basin). This material is
thus very remote from the direct influence of the
Nile River discharge. To consider the influence 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 dat-
able 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]. Document-
ing paleohydrological conditions during S6 will
also be useful in discussing the climatic influence
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 measure-
ments is a stalagmite collected in a cave located
on Argentarola Island off the coast of central
Italy, about 100 km north of Rome (42°26’
30"N, 11°07"15"E; see Fig. 2). The studied stalag-
mite is called ASI for Argentarola Stalagmite I
[18] and its studied section is shown in Fig. 3.
Argentarola Island is very small (200X 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 dur-
ing the recent past. The cave located on Argenta-
rola Island is thus an ideal setting for recording
the isotopic variations of precipitation free from
any continental influences.

Over the last two centuries (1782-1996) the
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Fig. 3. Photograph of Argentarola Stalagmite I showing the
profile sampled for §'®0 analyses and the positions of sam-
ples dated by U-Th. This typical stalagmite composed of in-
organic calcite was found in situ embedded between two
layers of biogenic carbonate. These marine layers were syn-
thesized by marine encrusting worms during interglacial peri-
ods when the Argentarola Cave was normally flooded by the
Mediterranean Sea [32].

average annual precipitation was 795+ 176 mm
and the mean temperature about 15.8%0.6°C
(mean and standard deviation based on the near-
by station in Rome [19]). Most precipitation at
the site occurs during the winter and is associated
with eastward-moving frontal depressions origi-
nating from the North Atlantic. For the last two
centuries the monthly mean precipitation during
winter is 80 + 30 mm but only 3020 mm during
summer months (mean and standard deviation for
December—January—February and June-July-Au-
gust, 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

6-yr run with interannual variability and with the
GISS-GCM at a resolution of 4°X5° [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 obser-
vations.

The model indicates a strong local contribu-
tion: about 40% of the rainfall water originates
from evaporation over the Mediterranean Sea
surface. For the studied period (MIS 6) the Med-
iterranean SSTs were colder than those which pre-
vailed 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 affected 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

Origin of the modern oxygen isotope variability
can be studied using data from the Global Net-
work for Isotopes in Precipitation of the Interna-
tional Atomic Energy Agency (GNIP-IAEA) for
the three closest available sites: Pisa, Genoa and
Palermo [22-24]. Fig. 4a shows the §'%0 of
monthly precipitation (§'%0,) plotted against at-
mospheric 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 define a general
slope on the order of +0.2 %0 /°C. For Genoa, the
GNIP-TAEA database also enables us to study
the interannual variations of 80, and atmo-
spheric temperature (record equivalent to about
17 yr detrended for seasonal variations following
techniques proposed by Rozanski et al. [23]).
880, and temperature are again positively corre-
lated, with a slope of +0.3 %0 /°C in broad agree-
ment with values derived from the intra-annual
(monthly) data.

The 80, is also anticorrelated with the
amount of precipitation, a behavior usually re-
ferred to as the ‘amount effect’ [25,26]. In the



E. Bard et al. | Earth and Planetary Science Letters 202 (2002) 481494 485

2 1 1 1 1 1 1
0 4.a GNIP/TAEA E °
= T e B
. . P o .
§ -2 © 09__“.04?«3 """""" B o 000 °q 2T
b e TEG Lo 00 o B & ant
24 T R §iRess o T ¥ e
7 So” 100 g P2 TS o B
° oo 2 8o 8 T o > QO rweeme™
S -6+ ooe B e g0 §+o D P of | AE T B o
N OO&}?O = “o”_ﬁ 44444444 5
00 W L g Toe T Ol
= -8 % g %op *O.Zw o0y N
i 00 o .owg o
= PR
< 104 IR A % L
10 & LS ® + Pisa
212 ¢ o Genoa B
° O Palermo
-14 T T T T T T
0 4 8 12 16 20 24
Monthly temperature (°C)
2 1 1 1 1 1
poo 4.b GNIP/IAEA + Pisa
0+ o < Genoa B
[rgo G e O Palermo
E -2 D° 3‘% Lo e . o
oo &S 00 G0 08 e
=] -4—£%&%f§°owo o o*oo 008 ------- S |
> o BodB oo ° Sl 6 0G0 00 o T
b CBEAL Y, 0o R E 0 J L o % 9 9 oS
P PSS S o Se 5 O’ o
S 01T g n's o F o 9% % o o + -
= N ° @J& o= Z 0o O o Lo oo o N
=~ .8 Sop 0. dfrg 88 o ® i3 0 ot too @ L
wo 0o 00 T Z--;;-.._ * o - AP
w10 R & T Wit °
104 ¢ ° . N + + e — o
+ o+ ° + + ¢ """""""
124 - L
R +
-14 T T T T T
0 50 100 150 200 250 300

Monthly precipitation (mm/month)

Fig. 4. B]ROP 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 Pa-
lermo). (a) Monthly mean §'®0, plotted vs. monthly mean
temperature. The general monthly slope is 0.20£0.02 %0 /°C
(r=0.58, N=411 months). The interannual variations for
Genoa give a slope of 0.30+0.04%0/°C (r=0.77, N=200
months). (b) Monthly mean 830, plotted vs. monthly mean
precipitation. The general monthly slope is —1.6£0.2%0 per
100 mm/month (r=-—0.43, N=1528 months; some very rare
months with P>300 mm have been excluded). The lines cor-
respond to the prediction envelope at the 95% confidence lev-
el.

case of the studied zone, the slope of this effect is
approximately of —2%o per 100 mm/month (Fig.
4b). The scatter level is again rather high but this
is also a usual feature observed in monthly 830,
data from the GNIP-IAEA database.

To corroborate our study of 80, composi-
tion, we used the GISS-GCM which explicitly
includes the hydrological cycle for the different
water isotopes [27]. The isotopic GCM was first
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), condi-
tions 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 first month of
the 175K simulation, a short spin-up is responsible for the
low isotopic value of —13%o. (a) Monthly mean §'*0, plot-
ted vs. monthly mean temperature (N=120 months). The
monthly slopes are: 0.18 £0.06 %0 /°C (r=0.53) for the mod-
ern climate, 0.26+0.06%0/°C (r=0.69) for the LGM and
0.224£0.04 %0 /°C (r=0.68) for 175K. (b) Monthly mean
6'80p plotted vs. monthly mean precipitation (N =120
months). The monthly slopes are: —2.0+0.6 %0 per 100 mm/
month (r=—0.54) for the modern climate, —3.9% 1.0%o0 per
100 mm/month (r=—0.57) for the LGM and —3.3%0.8 %0
per 100 mm/month (r=—0.66) 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% confidence level calculated for modern
conditions.

coarse resolution version (8° X 10°). Each grid box
can contain oceanic and continental surfaces. Be-
cause of this heterogeneity, and of the coarse res-
olution, 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 climato-
logical conditions observed in Rome (15.8°C and
795 mm/yr). Table 1 summarizes all values simu-
lated for the temperature and amount effects for
both the east and west boxes. In order to comple-
ment 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 be-
cause 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
8180, plotted against temperature (Fig. 5a) and
precipitation (Fig. 5b). Significant correlations
are observed (at the 99.5% confidence level) which
agree with those based on the GNIP-TAEA data:
the temperature effect is about +0.2 %0 /°C, while
the amount effect is approximately —2 %o per 100
mm/month.

The climatic stability of the §'30, sensitivity to

Table 1
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temperature and precipitation has been tested by
simulating different conditions with this isotopic
GCM. We used the outputs of 10-yr simulations,
run with seasonal boundary conditions corre-
sponding to the Last Glacial Maximum condi-
tions (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 relation-
ships compare well with the present-day ones: the
temperature effect is about +0.22%0/°C and the
‘amount effect’ ranges between —1 and —4 %o per
100 mm/month. If anything, there is a slight ten-
dency 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 Medi-
terranean boxes (see Table 1).

At this point, it should be emphasized that the
studied paleoclimatic archive is a stalagmite com-
posed of inorganic calcite. Precipitation of this
mineral is accompanied by a well-known isotopic
fractionation of —0.23 %0 /°C due to the temper-
ature effect [28]. By chance, this thermodynamic
fractionation quantitatively compensates for the
8'80,-temperature dependence observed in the

Summary of the relationships between 8'80,, temperature and precipitation simulated with the GISS-GCM under different cli-
matic 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, 26 and correlation coefficient (r) are first 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 sea-
sonal and interannual variability of each climate. The east box is probably best to represent the climatic conditions over the Tyr-
rhenian 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 175 kyr BP LGM 175 K-LGM

west east all west east all west east all west east all

box box box box box box box box
Temperature effect 0.31 0.18 0.32 0.17 0.22 0.24 0.22 0.26 0.29 0.17 0.22 0.25
(%o I°C)
2c 0.04 0.06 0.04 0.04 0.04 0.04 0.06 0.06 0.04 0.01 0.01 0.004
r 0.83 0.53 0.78 0.55 0.68 0.70 0.53 0.69 0.71 0.59 0.73 0.75
Amount effect —0.9 -2.0 —-2.3 —1.0 —33 —-2.8 —-1.7 -39 —-338 —1.2 —-34 -3.0
(%0 /100 mm)
26 0.8 0.6 0.6 1.4 0.8 1.0 1.4 1.0 1.0 0.2 0.2 0.2
r -0.20 —-0.54 -049 —-0.14 —-0.66 —0.37 —0.21 —-0.57 —-042 —0.20 —0.67 —0.42

Each box N =120 months, 5000 values; all boxes N =240 months, 10000 values.
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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 880, and surface tempera-
ture, b/ monthly 8180p and precipitation. We applied a Boot-
strap statistical technique to the monthly ouputs of both sim-
ulations (10 yr), by randomly re-sampling both outputs
5000 times. The correlations between these new samples give
an estimation of the temporal slopes: A8'*0,/AT =0.22 %0 /°C
(r=0.73); A3BO,/AP=—-34% per 100 mm/month (r=
—0.67); where A stands for a climatic variation. A systematic
sampling of the differences (120X 120 = 14400 values) leads to
the same relationships without improving the correlation co-
efficients. The lines correspond to the prediction envelope at
the 95% confidence level.

atmosphere (median of about +0.23 %0 /°C, see
discussion above). In other words, the §'%0 mea-
sured in the calcite of the Argentarola Cave sta-
lagmite is almost insensitive to temperature
change. This is very different from the case of
speleothems from higher latitudes which can be
sensitive to local temperature because the local
slope of the temperature-3'0, is much larger
(see [29] for a recent study). By contrast the
8'%0 variability in the Argentarola stalagmite is

expected to be due to the amount of rainfall and/
or isotopic changes at the precipitation source.

To interpret quantitatively the measured iso-
topic fluctuations in terms of precipitation
change, a temporal relationship is needed that is
a correlation of the changes between different cli-
mates. The studied stalagmite section spans MIS 6
and there is thus a special interest in determining
the temporal relationship between full glacial cli-
mate (MIS 6.6 and MIS 6.4, see Fig. 1) and mild-
er 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 ran-
domly resampled 5000 times, assuming that they
truly represent the climate variability. Fig. 6
shows the correlations between the 175K-LGM
differences from these new datasets. The temporal
sensitivity to the temperature for the east Medi-
terranean box is found to be 0.22 %0 /°C (Fig. 6a)
and the temporal ‘amount effect’” —3.4%0 per
100 mm/month (Fig. 6b). Both values are quite
close to the observed and modeled spatial rela-
tionships (Figs. 4 and 5; Table 1). A systematic
sampling of the differences (120X 120 = 14400 val-
ues) leads to the same relationships without im-
proving the correlation coefficients.

Masson et al. [17] demonstrated that high inso-
lation can generate increased monsoon activity
even with surface glacial conditions. Although it
has a coarser resolution (8°X10° vs. 4°X6 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
difference of about 25%, equivalent to 40-50
mm/month. This increase is much smaller for
the west box (5%, not really significant). However,
this box is not representative of the Mediterra-
nean Sea as it contains a significant 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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sured along two different growth layers (dots and triangles
for layers centered respectively at 92 and 106 mm from the
top). The lack of a significant §'%0O increase points to the ab-
sence of a kinetic isotopic effect. This confirms that the ca.
1%o shift between the two different layers in (a) corresponds
to a genuine thermodynamic isotope fractionation (in other
words, the 8'%0 record obtained from the sampling profile
shown in Fig. 3 would remain unaffected if it had been
sampled off the central axis). The residual variability seen in
(b) is probably due to the difficulty of sampling along thin
single laminae.

ASI (Fig. 3). Stable isotopes measurements were
performed at Harvard University with an OPTI-
MA mass spectrometer. The precision based on
replicates of an internal standard is better than
0.06 %0 . The absence of artifacts linked to kinetic
fractionation was checked by means of conven-
tional tests [30]. Indeed, Fig. 7a shows the absence
of any specific correlation between §'*0 and §'3C
such as observed by Desmarchelier et al. [31] (see
their figure 4). Furthermore, there is no systematic

8'80 increase in synchronous samples taken in
two different layers along the side of the stalag-
mite (Fig. 7b).

The chronology of the 120-mm continuous sec-
tion (Figs. 3 and 8a) is based on TIMS U-Th ages
[32]. Fig. 8a shows the §'30 time series which falls
entirely within MIS 6. The correspondence of this
section with the penultimate glacial period is fur-
ther confirmed by the fact that ASI is today sub-
merged at about 19 m below present mean sea
level (MSL). Indeed, calcite precipitation in Ar-
gentarola Cave was possible only during extended
periods of relatively low sea levels such as during
MIS 6 [32].

The 880 record is characterized by a marked
decrease of 2-3 %o which occurred between 180
and 170 kyr BP. Based on the observed and mod-
eled sensitivity of 80, to precipitation, we be-
lieve that this 8'3O shift is related mainly to a very
humid phase. However, the §'80 lowering be-
tween 180-170 kyr BP may also be partly due
to 880 changes at the sources of precipitation.
In fact, Kallel et al. [9] showed that the surface-
water 380 of the Tyrrhenian Sea was lower by
about 1.2%o0 at that time due to surface ocean
dilution (results based on deep-sea sediment core
EDg7-08 in Fig. 2). More recently, Emeis et al.
[33] evaluated the 3'80 decrease during the ten
most recent sapropel events by using alkenone
SST and planktonic foraminifera §'0 from sev-
eral cores from the eastern and western basins.
For S6, these authors observed even larger sea-
water 8'%0 depletions (about —3 %o ) in both the
western and eastern Mediterranean basins. As-
suming that the Mediterranean contribution of
precipitation remained similar to modern values
(ca. 40%, see GCM results described above), a
880 decrease ranging between 0.5 and 1.2%o
may thus be attributed to this Mediterranean
source effect (40% X 1.2%o0 =0.5%o; 40% X 3 %o=
1.2 %0 ).

Another small source effect must be taken into
account because global sea level fluctuated during
MIS 6 which led to 8'®0 changes of the mean
ocean. In fact this global effect is included in the
surface 3'80 changes reconstructed for the Medi-
terranean Sea [9,33], but it must be taken into
account for the remaining part of the precipita-
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(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 §'80 reconstruction for the
global ocean [34] which amplitude for MIS 2 is
compatible with 8'®0 determinations in pore-
waters [35,36]. For MIS 6.5, the sea level scaled
to the 8'0 record also agrees with a direct esti-
mate of about 50 m below the present MSL [37].
In order to approximate the additional source ef-
fect, we calculated the difference between the §'80
value for MIS 6.5 (ca. +0.4%o0) and the average
value for the two glacial substages MIS 6.6 (ca.
+0.7%0) and 6.4 (ca. +1%0). The global ocean
8'30 during MIS 6.5 was thus about 0.5%o lower
when compared to MIS 6.6 and 6.4. This effect
thus caused a further 8'*O depletion of the pre-
cipitation (60% X 0.5%0 =0.3 %0 ) at our site.

All together, the 8'%0 changes at the source of
precipitation could range between 0.8 %o (0.5+
0.3) and 1.5%0 (1.2+0.3). These changes remain
significantly smaller than the 2-3%o shift ob-
served in the ASI stalagmite. This means that ap-
proximately 1-2 %o of the measured 8'30 decrease
could be linked to the ‘amount effect’. In Section
3 we determined its most probable slope at about
2%o0 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 effect” (1 and 4%o. per 100 mm/
month; see Table 1). This very large range illus-
trates the difficulty to quantify past rainfall from
8'%0 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 difference for the east box which is
most representative for our site; see Section 3). In
any case, both amount and source effects are cu-
mulative and, taken together, form the qualitative
but clear §'%0, signature of a relatively humid
episode during MIS 6.5, unusual under cold con-
ditions.

5. Implications for paleoclimatic conditions during
the sapropel 6 event

The U-Th ages for the inferred pluvial period
fit well with other independent age determinations
[14,38] for the sapropel 6 event (S6) which oc-
curred 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 or-
bital precession variations are thought to be the
primary forcing factor in the formation of sapro-
pels 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 8'®0 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 £2 kyr BP for the W3 tephra [41] which or-
iginated from the Island of Kos).

The isotopic signature observed in ASI for the
S6 event is similar to those observed in speleo-
thems from the Soreq Cave in Israel [42,43]. These
authors invoked pluvial conditions not only dur-
ing the prominent interglacial sapropels (S1 and
S5) but also for sapropels deposited during inter-
stadials (S3 and S4) and even colder periods (S2,
S6). The similarity between the §'30 shifts as ob-
served 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 com-
pared to those reconstructed from pollen counts
in sapropel layers [40,44]. S6 is usually character-
ized 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 gla-
cial 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). Neverthe-
less, 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 be-
longing to this genus may also be found in a va-
riety 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 oth-
er 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 pa-
leoenvironmental conditions during the entire
MIS 6. Tzedakis et al. [49] synchronized in detail
the records of Valle di Castiglione (Italy), Ioanni-
na and Tenaghi Philippon (both in Greece) and
Bouchet-Praclaux (France). At each site there is
subtle evidence for vegetation changes (e.g. in-
crease of temperate trees) suggesting some cli-
matic improvement during MIS 6.5 when com-
pared to MIS 6.6 and 6.4. However, it is still
difficult to disentangle the effects of drastic cool-
ing from changes of moisture availability. Overall
the vegetation distribution during MIS 6.5 is rem-
iniscent 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 fresh-
water to the Mediterranean Sea may have come
from rivers, both from fossil drainage systems in
North Africa (e.g. [50]) and from melting conti-
nental ice during the transition between MIS 6.6
and 6.5. This sapropel event was accompanied by
relatively cold temperatures as measured with al-
kenones [15,33,45,46] or planktonic foraminifera
[9]. Since cooling favors ocean convection, the
ocean stratification during S6 must have been al-
most entirely due to the salinity decrease caused
by the dilution of ocean surface waters.

Notably, our results imply that surface ocean
dilution probably occurred in the western Medi-
terranean 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 Mediter-
ranean 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 precipita-
tion levels that affected the Italian mainland. Fur-
ther confirmation comes from the study of discon-
tinuous growth phases of a speleothem from the
south of France [52].

Another interesting aspect of the stalagmite
8'80 record is that the negative anomaly corre-
sponding 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 sig-
nature observed for S6 in Israel closely resembles
the one in Italy with a large and abrupt 3'%0
depletion at ca. 180 kyr BP followed by smaller
8'80 minima [43]. Although it is difficult to sepa-
rate the superimposed effects of precipitation
amount and source composition on 880, we be-
lieve that these second-order structures are also
linked to precipitation fluctuations. This is sup-
ported by the fact that most sapropel events ex-
hibit multiple phases when studied at sufficient
resolution in deep-sea sediments [8,11-13]. In par-
ticular, S6 is usually characterized by 2-3 peaks of
total organic carbon (TOC) in the eastern Medi-
terranean [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 rela-
tively 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 KCI9C and
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the 8'80 minima in the stalagmite is impressive
especially because the chronologies of these re-
cords are completely independent (based on
U-Th dating for ASI and on a linear interpola-
tion between the S5 and S7 events which occurred
during interglacial periods evidenced in core
KC19C).

Besides the main 8'0 excursion corresponding
to the S6 event, a smaller 8'*0 anomaly is ob-
served 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 8'%0
depletion in the eastern Mediterranean Sea during
that time [33,43].

6. Conclusions

(1) In the Tyrrhenian Sea area, the period be-
tween 180 and 170 kyr BP was relatively wet com-
pared with the rest of the penultimate glacial
stage (MIS 6). This period is in phase with a
summer insolation maximum at 65°N, which
also corresponds to the deposition of sapropel 6
in the Mediterranean Sea.

(2) These results provide a further geochrono-
logical test on the direct influence of orbital var-
iations on the hydrology of the mid to low lati-
tudes zone.

(3) The complex fine structure of the stalagmite
8130 record is also compatible with detailed stud-
ies performed on sapropels, further suggesting a
direct link between pluvial conditions and Medi-
terranean sea surface stratification.

(4) The evidence for wetter conditions during
S6 in the western Mediterranean basin agrees
with several previous studies based on planktonic
foraminifera and alkenones. Surface ocean dilu-
tion due to increased rainfall was probably not
restricted to the Nile discharge area.

(5) The speleothem record suggests that pluvial
conditions during S6 were similar to those during
other sapropel events such as S4, S3 and S2. By
contrast, more extreme hydrological conditions
are associated with sapropel events (S5 and S1)
when these took place during warm interglacial
periods (MIS 5.5 and MIS 1).
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