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[1] The detailed analysis of the International Marine Past Global Changes Study core MD99-2343 recovered
from a sediment drift at 2391 m water depth north of the island of Minorca illustrates the effects of climate
variability on thermohaline circulation in the western Mediterranean during the last 12 kyr. Geochemical ratios
associated with terrigenous input resulted in the identification of four phases representing different climatic and
deepwater overturning conditions in the Western Mediterranean Basin during the Holocene. Superimposed on
the general trend, eight centennial- to millennial-scale abrupt events appear consistently in both grain size and
geochemical records, which supports the occurrence of episodes of deepwater overturning reinforcement in the
Western Mediterranean Basin. The observed periodicity for these abrupt events is in agreement with the
previously defined Holocene cooling events of the North Atlantic region, thus supporting a strong Atlantic-
Mediterranean climatic link at high-frequency time intervals during the last 12 kyr. The rapid response of the
Mediterranean thermohaline circulation to climate change in the North Atlantic stresses the importance of
atmospheric teleconnections in transferring climate variability from high latitudes to midlatitudes.
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1. Introduction

[2] The Holocene (last �10 kyr) has been classically
considered a climatically stable episode, especially when
compared with climate changes of the last glacial period.
However, there is increasing evidence of significant climate
variability at orbital and suborbital scales during the present
interglacial [Bianchi and McCave, 1999; Bond et al., 2001;
Magny et al., 2002; Kuhlmann et al., 2004; Mayewski et al.,
2004; Alley and Agustsdottir, 2005].
[3] Orbitally induced differences in seasonal insolation

have determined the long-term climatic evolution of the
Holocene with a warm Climate Optimum during the early-
to-mid Holocene and a transition to colder conditions
around 5 ka [COHMAP Members, 1988; Cheddadi et al.,
1997, 1998; Prentice et al., 1998; Claussen et al., 1999;
Magny et al., 2002; Davis et al., 2003; Sbaffi et al., 2004].
Superimposed on this pattern are events of rapid climate
change with periods of 2800–2000, 1500 and 900 years

[Mayewski et al., 2004]. While solar flux variability has
been proposed to be the main forcing of these Holocene
events [O’Brien et al., 1995; Bond et al., 2001; Rohling et
al., 2002; Mayewski et al., 2004], oscillations in the
production rates of the North Atlantic Deep Water (NADW)
and in the poleward heat transport could also have triggered
or amplified such instabilities [Bond et al., 1997; Bianchi
and McCave, 1999; Schulz and Paul, 2002; Oppo et al.,
2003]. In any case, the direct causative mechanism remains
unknown.
[4] Paleoclimatic records have demonstrated the high

sensitivity of the western Mediterranean region to rapid
climate changes during the last glacial interval, including
Dansgaard/Oeschger and Heinrich events, thereby support-
ing the view of a strong link between the Mediterranean and
the North Atlantic climate [Rohling et al., 1998, 2002;
Cacho et al., 1999, 2000, 2001; Moreno et al., 2002,
2004; Martrat et al., 2004; Sierro et al., 2005]. This rapid
connection between both regions has been interpreted to
result from the entrance of cold surface waters into the
Mediterranean Sea through the Strait of Gibraltar, but also
from the intensification of the atmospheric circulation. A
strengthened westerly system enhanced the marine overturn-
ing cell in the Gulf of Lion leading to a more efficient
formation of Western Mediterranean Deep Water (WMDW)
and to the enhancement of deep circulation [Cacho et al.,
2001; Sierro et al., 2005].
[5] In contrast to the glacial period, information about

Holocene rapid variability in the western Mediterranean
region and its links to North Atlantic climate is compara-
tively scarce. One of the most useful proxies for the study of
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WMDW formation and circulation during glacial periods,
carbon and oxygen isotopic records from Cibicidoides spp
foraminifera, is lacking during the Holocene because of
poor ventilation and oxygenation conditions of deep waters
that caused the disappearance of this species [Caralp, 1988;
Reguera, 2004]. Core MD99-2343 was recovered from the
deepwater Minorca sediment drift in the path of the south-
ward branch of the WMDW. In this study, we use grain size
distributions and bulk geochemical ratios of terrigenous
material down this core to reconstruct Holocene changes
in WMDW.

2. Study Area

2.1. Climate and Physical Oceanography Setting

[6] The climate regime of the Mediterranean region is
transitional between the temperate maritime type and the
arid subtropical desert climate [Barry and Chorley, 1998].
The Icelandic low–Azores high system controls present-day
meteorology and climate in western Europe including the
western Mediterranean region. Summers in the western
Mediterranean are usually hot and dry because of the
influence of the expanded Azores anticyclone. The south-
ward displacement of the anticyclone during winter allows
Atlantic depressions to enter the western Mediterranean
region bringing high atmospheric instability and wetter
conditions. At decadal scale, this pattern is known as the
North Atlantic Oscillation (NAO), which modulates much
of the present-day climate variability in this region [Rodó et
al., 1997]. The NAO system and the strong influence of the
Mediterranean Sea expose the region to large-scale climate
changes [Bolle, 2003]. The western Mediterranean region is
also influenced by Saharan air masses that transport con-
siderable amounts of dust toward the Mediterranean Sea and
farther north [Prospero, 1996]. This short overview high-
lights the complexity of the climatic behavior of the western
Mediterranean region and evidences its high sensitivity to
heat and moisture flux variations.
[7] Because of winter southward displacement of the

Azores high, Atlantic depressions follow southern trajecto-
ries coming into the Mediterranean region more frequently
[Barry and Chorley, 1998]. This process leads to the
formation of strong and cold northerly and northwesterly
winds in the Rhône and Ebro valleys funneling the airflow
into the western Mediterranean (i.e., Mistral and Cierzo
winds, respectively). These winds cause strong evaporation
and cooling offshore in the Gulf of Lion thus increasing
surface water density until it sinks to greater depths
[MEDOC, 1970; Lacombe et al., 1985; Millot, 1999]. This
process gives birth to the formation of the Western Medi-
terranean Deep Water (WMDW), which fills the deepest
part of the Western Mediterranean Basin (Figure 1). Deep
water formation in the Gulf of Lion depends on wind stress
variability but is also affected by the amount and depth of
the Levantine Intermediate Water (LIW) before WMDW
formation events [Pinardi and Masetti, 2000]. As conse-
quence of the negative balance of water created by the
excess of evaporation over fresh water input in the Medi-
terranean Sea a compensating surface Atlantic water layer
enters through the Strait of Gibraltar as Modified Atlantic

Water (MAW) (Figure 1) [Millot, 1999]. The dense LIW and
WMDW leave the Mediterranean Basin through the Strait
of Gibraltar forming the deep Mediterranean Outflow Water
(MOW) [Millot, 1999].
[8] In the northwestern Mediterranean Sea the Balearic

Promontory influences the circulation acting as a topo-
graphic barrier. The dense WMDW that forms and sinks
in the Gulf of Lion flows south and southwestward into the
Valencia Trough at depths closer to 2000 m [Millot, 1999]
(Figure 1). When the deep current encounters the Balearic
Promontory it shifts direction eastward and southeastward
bordering the Minorca base of slope. The abruptness of the
Balearic slope and the topographically induced change in
the current direction likely result in an intensification of the
current, as this process has been described for the North
Atlantic deep sediment drifts [McCave and Tucholke, 1986].
Off Minorca this has led to the formation of the Minorca
peripheral depression and associated sediment drift [Velasco
et al., 1996] (Figure 2a) where our core MD99-2343 was
recovered.

2.2. Particle Sources and Sedimentary Setting

[9] Sediment is supplied to the northwestern Mediterra-
nean Sea mainly by fluvial discharge from the north, by
aeolian inputs form the south, and by primary production
from surface waters. The two main rivers are the Rhône and
the Ebro (Figure 1) with estimated historical pre-damming
sediment fluxes of 30 � 106 t yr�1 and 17–25 � 106 t yr�1,
respectively [United Nations Environment Programme,
2003]. However, only 10% of the fluvial discharge reaches
the deep basin while the remaining 90% is deposited in
deltaic and inner continental shelf areas [Martin et al.,
1989]. Saharan dust fluxes account for 10–20% of present-
day deep-sea sedimentation in the western Mediterranean
[Loyë-Pilot et al., 1986; Zuo et al., 1991; Guerzoni et al.,
1997] although this contribution may have changed sub-
stantially through time [Moreno et al., 2002; Weldeab et
al., 2003]. The contribution of local pelagic, mostly
carbonate particles is limited by the oligotrophic character
of most of the western Mediterranean Sea [Bethoux et al.,
1998]. In any case, at the location of the studied sediment
core, carbonate may also have been contributed by shelf
edge spillover processes from the nearby Balearic Prom-
ontory [Maldonado and Stanley, 1979; Maldonado and
Canals, 1982].
[10] High-resolution seismic reflection profiles across the

Minorca drift show a reflector configuration that is typical
of contourite drifts (Figure 2b) [Vanney and Mougenot,
1981; Stow, 1982; Stow et al., 2002]. While the peripheral
depression is filled with coarse sediment [Canals, 1980] it is
assumed that the fine fraction escaped out of the depression
and contributed to the development of the sediment drift in
its way toward the basin centre. The MD99-2343 site on the
Minorca drift, and the drift itself, occupy a relatively
shallower position [Alonso et al., 1995] that is beyond the
direct influence of turbidite sedimentation (Figure 2a).
However, it is likely that suspended particles escaping from
the turbidite systems to the west (Ebro margin) and north
(Gulf of Lion margin) may have been caught by the near-
bottom circulation and added to the background sedimen-
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tation of the Minorca drift (Figure 2a). Large-scale bed
forms found in the deep northwestern Mediterranean Basin
further indicate that bottom currents likely played a signif-
icant role in the shaping of the seafloor, and thus in
sediment particle transport, winnowing and sorting in the
recent past [Mauffret et al., 1982; Maldonado et al., 1985;
Palanques et al., 1995; Acosta, 2005]. Although no current
meter data exist for the vicinity of the core site, near-bottom
current measurements during a 3-month period at 1800 m
water depth in the Gulf of Lion deep margin, where
WMDW formation takes place, gave maximum values of
50 cm s�1 and mean values of 20 cm s�1 [Millot and
Monaco, 1984].

3. Material and Methods

[11] Sediment core MD99-2343 was recovered with a
Calypso piston corer north of Minorca at 40�29.840N,
04�01.690E and 2391 m of water depth in the northwestern
Mediterranean Sea (Figure 1), during Leg 5 of the R/V
Marion Dufresne expedition within the International Marine
Past Global Changes Study (IMAGES) programme. From
the total 32.44 m of core length, only the top 4 m

corresponding to the last 12 kyr are discussed in this paper.
The top 4 m consists of grey nannofossil and foraminifer
silty clay. Layers with high content of pteropod and gastro-
pod shell fragments have been also observed all along the
upper core section. As a general rule, one centimeter thick
sediment samples were taken every 4 to 6 cm for oxygen
and carbon isotope analyses of foraminifer shells, and grain
size and major element composition analyses of the bulk
sediment. Additional samples for grain size analyses were
collected at 2 cm resolution over selected intervals.
[12] Samples for isotope analyses were washed over a

63-mm sieve and the retained fraction was dried and dry-
sieved again using a 150-mm sieve. About 10 mg of
Globorotalia inflata and Globigerina bulloides were
hand-picked for radiocarbon isotope analyses. The AMS
14C analyses were performed in the U.S. National Ocean
SciencesAcceleratorMass Spectrometry Facility (NOSAMS).
The ages were calibrated with the standard marine correc-
tion of 408 years and the regional average marine reservoir
correction (DR) for the western Mediterranean Sea by
means of the Calib 5.0.1 programme [Stuiver and Reimer,
1993] and the MARINE04 calibration curve [Hughen et al.,
2004].

Figure 1. Bathymetric map of the study area showing the general surface and deepwater circulation
patterns and the position of core MD99-2343. The box in the main map shows the location of Figure 2a,
while the solid line illustrates the location of the seismic reflection profile in Figure 2b. WMDW is
Western Mediterranean Deep Water; MAW is Modified Atlantic Water.
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[13] Approximately 5 to 10 specimens of Globigerina
bulloides from the 300–350 mm size fraction were picked to
measure stable isotope ratios. Foraminifer tests were soaked
in 15% H2O2 to remove organic matter and sonically
cleaned in methanol to remove fine-grained particles. The
foraminifer calcite was loaded into individual reaction
vessels and each sample was reacted with 3 drops of
H3PO4 (specific gravity = 1.92) using a Finnigan MAT

Kiel III carbonate preparation device. Isotope ratios were
measured online using a Finnigan MAT 252 mass spec-
trometer. Analytical precision was estimated to be ±0.08%
for d18O and ±0.03% for d13C (1s) by measuring 8 stand-
ards (NBS-19) with each carousel containing 38 samples.
All isotope results are reported in standard delta notation
relative to V-PDB [Coplen, 1996].

Figure 2. (a) Detailed bathymetric map showing the main seafloor features nearby core MD99-2343.
Shaded area roughly delimits the Minorca sediment drift. The abrupt step on the NE Minorca slope is the
result from the merging of the high-resolution swath bathymetry data set with the General Bathymetric
Chart of the Oceans (GEBCO) digital database [Intergovernmental Oceanographic Commission et al.,
2003]. (b) Very high resolution seismic reflection profile across the Minorca sediment drift and peripheral
depression (modified from Velasco et al. [1996]). The cross within a circle represents the direction of the
contour current that is normal to the image. Equivalent position of core MD99-2343 is also shown.
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[14] Grain size was measured on the total fraction and the
noncarbonate fraction after removing organic matter and
carbonates by treatment with excess H2O2 and HCl, respec-
tively. A Coulter LS 100 Laser Particle Size Analyser
(CLS), which determines particle grain sizes between 0.4
and 900 mm, was used to determine grain size distributions
as volume percentages. The laser diffraction size analyzer
principle is based on the measurement of the diffraction
angle produced by the particles when a laser beam goes
through the sample in an aqueous solution. The correlation
between diffraction angle and particle size is opposite
[McCave et al., 1986]. Since diffraction is assumed to be
given by spherical particles, the resulting particle size is that
diameter (known as equivalent spherical diameter). Subse-
quently, laser diffraction methods are claimed to underesti-
mate plate-shaped clay mineral percentages. To correct such
effect we have followed the method proposed by Konert
and Vandenberghe [1997]. CLS precision and accuracy is
tested by systematic control runs using latex microspheres
with predefined diameters. The high precision (reproduc-
ibility) of the measurements was demonstrated by small
variations in the mean diameter (0.97% of variation) and in
the standard deviation (1.37% of variation). The accuracy of
the measurements, as indicated by the relative departure
from the nominal mean diameter is 0.30%, corresponding to
absolute deviations between 0.09 and 0.34 mm. Additional
test runs were performed using microsphere assemblages
with mixed grain sizes to ensure that CLS accurately
determined polymodal grain size distributions.
[15] We discuss grain size results as the median of each

sample since it represents the distribution midpoint and it
usually constitutes a more representative value of the grain
size distribution than the mean. In order to extract palae-
oclimate information from a mixture of sediments with
different sources numerical-statistical modeling of large
grain size data sets provides the best results [Weltje and
Prins, 2003]. However, core MD99-2343 was recovered on
a contouritic drift built by the influence of near bottom
currents where minor or no changes in sediment sources are

expected (see below). Subsequently, instead of statistical
modeling of end-members, we have considered the UP10
fraction, which composes the volume percentage of the
fraction coarser than 10 mm, a good indicator of deep
currents variability at this site. The UP10 integrates the
sortable silt fraction (SS, 10–63 mm), defined as the coarser
fraction of the silt with noncohesive behavior during trans-
port and deposition [McCave et al., 1995], while taking also
into account the influence of the fine sand subpopulation
(>63 mm) that could be reworked by strong contour cur-
rents. Finally, the silt/clay ratio has also proven to be useful
for the study of deepwater currents intensity [Hall and
McCave, 2000].
[16] The percentages of major elements in sediment

samples were determined by means of X-ray fluorescence
using a Philips PW 2400 sequential wavelength X-ray
spectrometer. Prior to the analyses, samples were dried at
100�C, and then ground and homogenized in an agate
mortar. 0.3 g of homogenized bulk sediment with lithium
tetraborate at a 1:20 dilution factor were fused at 1150�C in
an induction oven Perle’X-2 to 30-mm-diameter glass discs.
The content of major elements Si, Ti, Al, K, Ca, Fe, Mn,
Mg, P and Na was calculated as oxide percentages. Ana-
lytical accuracy was checked by measuring international
standards (GSS-1 to GSS-7) being better than 1% of
certified values. Precision of individual measurements was
better than 0.9% as determined from replicate analyses of
sediment samples (repeatability). Precision over the period
of measurement was better than 3.4% (reproducibility) for
all elements analyzed in this work. Spurious correlations
between elements due to closure effect to 100% are avoided
by discussion of element/Al ratios [Rollinson, 1993].
[17] X-ray diffraction (XRD) analyses were carried out in

selected samples using a Siemens D-500 X-ray diffractom-
eter on untreated, glycolated and heated (550�C) samples.
Prior to the analysis, samples were mounted on smear slides
after clay separation by decantation.

4. Chronostratigraphy

[18] Sierro et al. [2005] provided an age model for core
MD99-2343 based on four 14C AMS dates and several tie
points with the Greenland ice core GISP2. This age model
has been modified to account for six additional monospe-
cific foraminifer 14C AMS dates of which four lie within the
0–12 ka interval (Table 1). A mid Termination Ib (TIb)
additional tie point has been added by correlating the
Minorca G. bulloides oxygen isotopic record to the one
from the Alboran Sea core MD95-2043 [Cacho et al., 1999]
(Table 1). Both oxygen isotopic profiles for the last 12 kyr
are plotted in Figure 3.
[19] Sedimentation rates for the upper 4 m of core MD99-

2343 range between 18 and 73 cm kyr�1 with an average
value of 37 cm kyr�1 (Figure 3). These rates are much higher
than those determined for nearby sites (e.g., 4 cm kyr�1 in
core SL87 south of Minorca [Weldeab et al., 2003]), even
accounting for potential core stretching [Skinner and
McCave, 2003]. The high rates likely reflect local en-
hancement of particle deposition associated with the build-
ing of the Minorca sediment drift, as illustrated by seismic

Table 1. Age Model for Core MD99-2343a

Isotope Event or Radiocarbon
Sample/Foram Type

Depth,
cm

14C Age,
years

Calendar
Years

AMS 14C/multispecific 28 790 (±40) 386 ± 55
AMS 14C/G. inflatab 88 3,110 (±30) 2,816 ± 50
AMS 14C/multispecific 118 3,390 (±50) 3,225 ± 80
AMS 14C/G. inflatab 208 5,720 (±40) 6,091 ± 70
AMS 14C/multispecific 238 6,210 (±50) 6,601 ± 70
AMS 14C/G. inflatab 308 7,700 (±40) 8,110 ± 60
T1b, onset of the Holocene 354 10,696c

AMS 14C/G. bulloidesb 398 10,650 (±50) 11,883 ± 230
AMS 14C/G. inflatab 418 11,200 (±50) 12,811 ± 30
AMS 14C/G. bulloidesb 568 13,850 (±40) 15,912 ± 190
AMS 14C/multispecific 604 14,550 (±110) 16,822 ± 240

aNew and previous 14C AMS dates after Sierro et al. [2005] calibrated
with the Calib 5.0.1 programme [Stuiver and Reimer, 1993]. Linear
interpolation between dated points was performed with the AnalySeries
Version 1.1 [Paillard et al., 1996].

bNew 14C AMS dates.
cTie point used for the age model of core MD99-2343 by correlation with

the oxygen isotopic record from core MD95-2043 in the near Alboran Sea.
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reflection profiles (Figure 2b). Because of the variation in
sedimentation rates as a consequence of the sedimentary
environment and because of the number of available dates,
the final age model was constructed by linear interpolation
between calibrated ages instead of using other age-depth
extrapolation models [Telford et al., 2004]. The age model
accuracy and the sampling interval result in a mean time
resolution of 135 years for the top 4 m section of core
MD99-2343.

5. Results

5.1. Oxygen Isotopic Record

[20] The heaviest values in the G. bulloides d18O record
from core MD99-2343 during the last 12 kyr correspond to
the late Younger Dryas (12–11.5 ka) (Figure 4). During the
deglaciation (11.5–9 ka), the d18O record shows a contin-
uously decreasing trend that ends at 9 ka when the lightest
d18O values were reached. The Holocene is characterized by
a long-term rising trend punctuated by nine centennial to
millennial-scale oscillations (Figure 4a). Some of the d18O
increases are significant, e.g., >0.5% from 6.5 to 5.8 ka, or
>0.9% from 9 to 7.8 ka. Moreover, as discussed below,
these oxygen isotopic anomalies (arrows in Figures 4, 5,
and 6 and Table 2) correlated with changes in other proxies
(see below). We name these events as ‘‘Minorca abrupt
events’’ with M8 being the oldest and M0 the youngest. M0
is not very well expressed in the d18O record but we have

also labeled this event considering the other studied proxies.
The duration and intensity of these d18O shifts are similar to
those recorded during some of the glacial period Dansgaard/
Oeschger cycles [Sierro et al., 2005] and only M0 may fit
within the d18O analytical error. Following previous results
[Cacho et al., 1999; Shackleton et al., 2000; Skinner and
Shackleton, 2003; Sierro et al., 2005] these d18O fluctua-
tions would be driven by SST coolings of about 2� to 3�C.
However, the influence of other properties (i.e., salinity) on
the isotopic signal cannot be discarded with the available
information.

5.2. Grain Size Distribution

[21] Down-core trends in median grain size are similar for
bulk sediment and the noncarbonate fraction (Figures 4b
and 4c). The median grain size ranges between 5 and 8 mm,
thus pointing to the same processes controlling the deposi-
tion of the two fractions. Only a small number of samples
from the noncarbonate fraction have median grain sizes
coarser than 10 mm. Since the carbonate fraction integrates
biological production plus detrital carbonate particles, it is
considered that the fraction better representing the intensity
of bottom currents is the noncarbonate one [McCave et al.,
1995]. This noncarbonate fraction displays seven median
grain size peaks at 8.4, 7.2, 6.2, 5, 4.1, 3.2 and 2.5 ka, which
are coincident with isotopic enrichment events, i.e., M8 to
M2 (Figures 4a and 4c).

Figure 3. Comparison of the G. bulloides oxygen isotopic records from (a) MD95-2043 (Alboran Sea)
and (b) MD99-2343 (this study) cores for the last 12 kyr. (c) Sedimentation rates along MD99-2343
sediment core calculated linearly among calendar years from 14C accelerator mass spectrometry (AMS)
dates (triangles) and tie points (cross) utilized in the age model (see text for details and Table 1). The
mean sedimentation rate of 37 cm kyr�1 is represented by a dashed line.
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Figure 4. (a) G. bulloides oxygen isotopic record from core MD99-2343 for the last 12 kyr. Grain size
records of the (b) total and (c) noncarbonate fraction of the sediment, expressed as the median (mm) of
each sample. The image is a plane light photograph of the noncarbonate fraction coarser than 63 mm from
304-cm core depth. Asterisks indicate bimodal samples. (d) Examples of unimodal (solid line, sample
between M5 and M6) and bimodal (dotted line, from one M7 sample) grain size distributions. (e) UP10
fraction (>10 mm) and (f) silt/clay ratio for the noncarbonate fraction (solid line) and the total fraction
(dashed line). Arrows and bars indicate the position of the Minorca abrupt events M8 to M0 as defined in
the text. The 14C AMS dates (triangles) and tie point (cross) are also shown.
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Figure 5. (a) G. bulloides oxygen isotopic record from core MD99-2343 for the last 12 kyr. (b) Si, (c) Ti,
(e) K, and (f) Ca geochemical records from core MD99-2343 normalized to Al. (d) Summer insolation
curve at 40�N for the last 12 kyr. A dashed line between Si/Al and Ti/Al ratios represents the four distinct
phases described in the general trend (see text). Arrows and grey bars indicate the Minorca abrupt events
M8 to M0 as defined in the text. The 14C AMS dates (inverted triangles) and tie point (cross) are also
shown.
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Figure 6. (a) Continuous and (b) 300-year running mean records of the oxygen isotopic profile from the
GISP2 ice core [Grootes et al., 1993; Meese et al., 1997]. (c) G. bulloides oxygen isotopic record
from core MD99-2343 for the last 12 kyr. (d) UP10 fraction (>10 mm) record for the noncarbonate
fraction. (e) Si/Al profile with an indication of the four phases identified (I–IV). The arrows and the grey
bars represent the nine Minorca abrupt events M8 to M0. Dashed lines represent an attempt to correlate
the Minorca events with the oxygen isotopic record from the GISP2 ice core. The 14C AMS dates
(inverted triangles) and tie point (cross) are also shown.
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[22] A detailed study of grain size distributions from the
noncarbonate fraction reveals that most of the samples within
the Holocene are unimodal, with mode values around 8–
10 mm (Figure 4d). Few samples show bimodal distributions
with a second mode around 150–200 mm (Figure 4d), which
is given by the presence of coarser grains, mainly quartz
and mica packets, as observed by microscope (see photo-
graph in Figure 4c). Such bimodal samples (marked with
an asterisk in Figure 4c) correspond, with rare exceptions,
to the samples with high median grain size values in the
noncarbonate fraction and hence to the Minorca abrupt
events M8 to M2.
[23] The UP10 general trend mimics the median grain size

records and highlights additional features (Figures 4b, 4c,
and 4e), for example a marked decrease from 11.5 to 10 ka,
and a better expression of M4 (Figure 4a). From 9 ka to
present, the UP10 fraction oscillates between 30 and 35%,
except for M8 to M2 events. In the M8 to M2 peaks the
UP10 fraction may represent as much as 50% of the
sample (Figure 4e). The UP10 peaks are consistent with
the above mentioned median grain size increases (Figure 4c),
and correlative with the oxygen isotopic enrichments of the
Minorca abrupt events (Figure 4a). A slight increase in the
UP10 fraction is recognized in the last millennium.
[24] Silt/clay ratio (Figure 4f) complements the informa-

tion gathered from grain size parameters. Like UP10, this
ratio also illustrates a marked fall of silt accumulation
during the deglaciation, displays relatively high values dur-
ing the early Holocene and shows a decreasing trend during
the last 9 kyr ending with relatively low values during the late
Holocene (Figure 4f). The overall record is again punctuated
by a number of peaks linked to the Minorca abrupt events
identified from previous proxies. These long-term trends and
short-lived events are visible in both the bulk (dashed lines
in Figure 4) and the noncarbonate fraction (solid lines in
Figure 4), where they are more obvious.

5.3. Geochemical Record

[25] The Si/Al, Ti/Al, K/Al and Ca/Al geochemical
profiles of core MD99-2343 are plotted in Figures 5b,
5c, 5e, and 5f. Four main phases or trends are identified
through the last 12 kyr: I, a decreasing trend in Si/Al and

Ti/Al ratios (Figures 5b and 5c) during the deglaciation
that leads to a minimum at 10.5 ka that coincides with
minimum values in grain size proxies (Figure 4) and
maximum values of summer solar insolation at 40�N
(Figure 5d); II, an increasing trend in both Si/Al and Ti/Al
ratios coincides with the end of the second phase of
Termination (TIb) and the early Holocene (10.5–7 ka); III,
high Si/Al and Ti/Al ratios with moderate oscillations during
the mid-Holocene (7–4 ka); and IV, a gradual decreasing
trend in Si/Al and Ti/Al during the late Holocene (4–0 ka),
which parallels the decrease in the insolation curve
(Figure 5d). Interestingly, the K/Al record (Figure 5e)
presents a distinctive pattern during TIb and the early
Holocene (phases I and II), therefore suggesting the operation
of differentiated controlling factors on K/Al. The Ca/Al ratio
(Figure 5f) shows a rather distinct pattern with an almost
continuous increasing trend across the Younger Dryas, TIb
and early and mid-Holocene, with maximum values between
4 and 2.4 ka that drop abruptly after 2.4 ka (Figure 5f).
[26] The above described general trends are punctuated by

oscillations lasting from centuries to millennia. The Si/Al
record shows eight abrupt events during the Holocene that
are centered at 8.4, 7.2, 6.2, 5, 4.1, 3.2, 1.6 and 0.5 ka
(Figure 5b). Most of these events can be identified in the
Ti/Al and Ca/Al records as well (Figures 5c and 5f).
However, they are not noticeable in the K/Al record
(Figure 5e). The abrupt events in the geochemical records
coincide with the Minorca abrupt events identified in the
G. bulloides oxygen isotopic record and the grain size
proxies. The only exception to the described overall
pattern is M2, which is represented by one of the largest
isotopic excursions (Figure 5a), and a Ca/Al peak but
lacks of expression in the Si/Al record (Figures 5f and 5b).
[27] The main mineralogical components obtained from

the clay size XRD analysis confirm the high percentage of
calcite and illite within all the analyzed samples, with
chlorite, kaolinite, quartz and very low percentages of
feldspars. The lack of major changes in the mineralogical
composition of the clay fraction shows that geochemical
variability is dominated by the composition of the coarser
fraction. This enhances the value of the geochemical

Table 2. Timing of Holocene Abrupt Climate Eventsa

Event
Central
Age, ka

Time Since
Previous
Event, ka

Age
Interval,

ka
Duration,

ka

Cold Events in the North Atlantic and Mediterranean Regions
Global

Compilation
of Events

SST
Alboran

Lakes and
Rivers Mediterranean

IRD
North Atlantic

Salt and Dust
Greenland

M0 0.5 1.1 0.8–0.2 0.6 - 0.8 - 0.6–0 0.6–0.15
M1 1.6 0.9 1.8–1.4 0.4 1.4 2 1.4 - 1.2–1
M2 2.5 0.7 2.6–2.3 0.3 - - - 3.1–2.4 –
M3 3.2 0.9 3.4–3.1 0.3 - 3 2.8 3.5–2.5
M4 4.1 0.9 4.2–4 0.2 - 4 4.2 - 4.2–3.8
M5 5 1.2 5.3–4.7 0.6 5.4 - - 6.1–5 6–5
M6 6.2 0.9 6.5–5.8 0.7 - - 5.9 - -
M7 7.2 1.5 7.4–6.9 0.5 - 7 - - -
M8 8.4 - 9–7.8 1.2 8.24 9 8.1 8.8–7.8 9–8

aTimings of the Holocene Minorca abrupt events found in core MD99-2343 and tentative correlation with abrupt events recorded from SST in the
Alboran Sea [Cacho et al., 2001], in lakes and rivers from the Mediterranean region [Magny et al., 2002], in ice-rafted detritus (IRD) from the North
Atlantic region [Bond et al., 1997], in salt and dust from Greenland ice [O’Brien et al., 1995], and the compilation of Holocene rapid climate change events
from Mayewski et al. [2004].
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records for the interpretation of processes controlling
coarse particle release, transport and accumulation.

6. Discussion

6.1. Particle Sources

[28] Sediment particles resulting from riverine influx,
aeolian transport and sea surface biogenic production (see
section 2.2) form a mixed population that is expected to
settle in the water column where it is advected by water
mass movements before final deposition on the seabed. The
proxies used in our study allow identifying the ultimate
factors controlling sediment deposition in the MD99-2343
core site.
[29] The location of the core MD99-2343 on a sediment

drift off the carbonate shelf of the Balearic Islands points to
a mixed signal in our Ca/Al ratio resulting from carbonate
productivity [Rühlemann et al., 1999] and resedimented
carbonate particles [Van Os et al., 1994]. Surface produc-
tivity and subsequent particle settling in such an oligotro-
phic area [Bethoux et al., 1998] can contribute only partly to
the carbonate flux and to the relatively high sedimentation
rates of core MD99-2343.
[30] Most of the samples within the Minorca abrupt

event layers display a characteristic bimodal distribution
(Figures 4c and 4d) that could be tentatively attributed to
pulses of enhanced aeolian transport. The relatively low
rates of Saharan dust deposition and the high sedimentation
rates measured in our core lead us to consider the aeolian
contribution as largely diluted within particle populations
from other sources. In addition, the coarser grains from
these layers yield a 150–200 mm mode that is much coarser
than the one found in modern and glacial Saharan dust
samples in the western Mediterranean [Guerzoni et al.,
1997; Moreno et al., 2002]. Furthermore, microscope
inspection of the coarse grains observed within the
Minorca event layers shows quartz grains with moderate
angularity and undisturbed mica packets (sea photograph
in Figure 4c), an uncommon feature in aeolian dust
particles [Guerzoni et al., 1997]. Those observations point
to a rather proximal source for these coarse grains whose
release and transport did not involve particularly aggressive
physical or chemical weathering processes as would be the
case for the aeolian transported particles.
[31] Core MD99-2343 was recovered from a contourite

drift and the occurrence of this coarse grain population may
be related to the formation of the drift itself. The building of
the contourite drift demonstrates the efficiency of deepwater
circulation in the area to rework, winnow, transport and
accumulate originally fluvial terrigenous particles from the
Valencia Valley and therefore explains the relatively high
sedimentation rates observed in core MD99-2343. We
interpret changes in the grain size distribution as mostly
governed by the strength of such deep currents as previ-
ously observed in other contourite systems [McCave and
Tucholke, 1986; Llave et al., 2006; Voelker et al., 2006].
Intervals of enhanced currents resulted in a more efficient
transport of coarse particles from both far fluvial sources
and local sources as pointed out by the presence of coarse
quartz and mica grains with minimal alteration. A promi-

nent volcanic ridge [Maillard and Mauffret, 1999] at the
very head of the Minorca peripheral depression (Figure 2a),
to the west of the Minorca drift, is a firm candidate as
source area for such unaltered particles. Therefore the
coarse particles deposited during the Minorca abrupt events
accumulated during intervals of near-bottom current
strengthening able to vigorously erode seafloor relieves
and transport to the sediment drift location the coarse
particles thus released.
[32] K/Al, Si/Al and Ti/Al ratios are associated with

terrigenous inputs [Krom et al., 1999; Wehausen and
Brumsack, 1999, 2000; Moreno et al., 2001, 2002;
Martı́nez-Ruiz et al., 2003; Weldeab et al., 2003; Moreno
et al., 2005], probably from the Ebro and Rhône rivers
north of the study site. Si mostly comes from alumino-
silicates and quartz as biogenic opal is a minor sediment
component in the region [Weldeab et al., 2003], as further
confirmed by our microscopic examinations. Ti resides
within heavy minerals such as ilmenite and rutile, and Al
and K are associated with clay minerals. In particular, the
K/Al ratio is considered a good indicator for clay inputs
(mainly illite) from river runoff. The presence of notice-
able amounts of illite at the study site has been confirmed
by peaks in XRD diffractograms. Consequently, the K/Al
ratio can be interpreted as an indicator of illite entrance
by river discharge and hence may provide a diagnosis of
humidity conditions in the northwestern Mediterranean
region. The parallelism between the K/Al record and
the insolation curve at 40�N not only for the Holocene
(Figures 5d and 5e) but also for the last glacial period
(J. Frigola et al., Evidences of abrupt changes in
Western Mediterranean Deep Water circulation during
the last 50 kyr: A high-resolution marine record from
the Balearic Sea, submitted to Quaternary International,
2006) reinforce the view that precipitation controls long-
term K/Al ratio oscillations. The differences observed
between Si/Al and Ti/Al, and the K/Al record (Figures 5b,
5c, and 5e) are attributed to grain size geochemical segrega-
tion processes since K is mostly associated with clay particles
while Si and Ti relate to coarser grains. Parallel increases of
the median grain size and the Si/Al and Ti/Al ratios support
the view that grain size distribution controls the variability of
these geochemical ratios rather than changes in source area.

6.2. Holocene Onset and General Trends

[33] The decrease in the oxygen isotopic record from 12 to
9 ka (Figure 4a) embraces the end of the Younger Dryas, the
second phase of Termination (TIb), and the onset of the
Holocene. The variations observed in both grain size and
geochemical records during this time interval (Figures 4 and 5)
reflect the strong changes in the sedimentary dynamics driven
by the shifting climatic conditions. Diminutions in grain size
parameters and Si/Al and Ti/Al ratios (phase I), which reached
minimum values between 10 and 11 ka (Figures 4 and 5), are
consistent with a slowdown of deepwater circulation in the
western Mediterranean. Accordingly, the glacial benthic iso-
topic record from our core ends at 12 kawhenC. pachydermus
disappears from the benthic assemblage [Reguera, 2004;
Sierro et al., 2005], likely replaced by species inhabiting
poorly oxygenated environments [Caralp, 1988; Reguera,
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2004]. Reduced deepwater ventilation conditions for this time
interval (12–9 ka) are also suggested by the preservation of an
Organic Rich Layer in the Alboran Sea [Cacho et al., 2002]. In
parallel, TIb sedimentation rates were minimal (Figure 3c)
because of the combined effect of the reduction in the input of
terrigenous particles forced by the inshore migration of the
coastline caused by the postglacial sea level rise, and to
a lowered transport of particles into weakened deepwater
currents.
[34] The weakening of the deep overturning cell could

also result (or be amplified) from more humid conditions in
the western Mediterranean region during the time of max-
imum summer insolation (Figure 5d) as suggested from
maximum values of the K/Al record (Figure 5e) and
supported by other studies [Harrison and Digerfeldt,
1993; González-Sampériz et al., 2006]. A more pronounced
stratification in the upper water column favored by an
enhanced freshwater input due to increased precipitation
during summer insolation maxima, and higher atmospheric
stability associated with the retreat of the Northern Hemi-
sphere ice sheet, would have lead to the slowdown of the
deepwater overturning cell in the Gulf of Lion and to a
reduction of contour current activity in the Minorca sediment
drift. After 10.5 ka both grain size and geochemical records
show a steady increasing trend (phase II in Figures 5 and 6),
which points to the recovery of the deepwater overturning
cell in the Gulf of Lion coincident with the decreasing trend
in the summer insolation at 40�N (Figure 4d).
[35] The relative stabilization of grain size parameters

(Figures 4e and 4f) and the Si/Al ratio around 7 ka
(phase III in Figure 6e) is synchronous with the end of the
postglacial sea level rise [Fleming et al., 1998] and suggests
the reestablishment of deepwater circulation and a stable
supply of fluvial material. Such a synchronicity illustrates
how significant was the sea level rise control on the western
Mediterranean thermohaline circulation and, consequently,
on the outbuilding of the Minorca sediment drift. The
essentially stable conditions found for the mid-Holocene
(7–4 ka) in the Minorca deep sea site contrast with marked
changes reported in many locations worldwide [Steig, 1999]
and, in particular, in the Mediterranean borderlands
[COHMAP Members, 1988; Cheddadi et al., 1997; Prentice
et al., 1998;Magny et al., 2002] and the North African region
[Vernet and Faure, 2000] associated with the end of the
African Humid Period [deMenocal et al., 2000]. This mid-
Holocene climate variability is attributed to the reduction of
seasonal insolation differences after 5.5 ka, which lead to an
abrupt transition from humid to arid conditions in North
Africa and in the western Mediterranean region.
[36] This well-known mid-Holocene variability does not

seem to influence our proxies until 4 ka when an evident
decrease in the silt/clay ratio and the Si/Al points to a
slowdown of the deepwater overturning cell and to a reduc-
tion of fluvial inputs due to drier conditions (Figure 4f and
phase IV in Figure 6e). These drier conditions would be also
consistent with the d18O stabilization at high values during
the late Holocene. A southward displacement of the ITCZ
and the subsequent decrease in the atmospheric pressure
gradient due to reduced seasonal insolation differences likely
favored the establishment of drier conditions [McDermott

et al., 1999; Jalut et al., 2000]. Accordingly, the lessening in
the activity of the northwesterlies would account for the
reduction of deepwater circulation during the late Holocene.
Our results stress the high sensitivity of the western Medi-
terranean thermohaline circulation to both the atmospheric
(i.e., northwesterlies variability that induced changes in the
deepwater overturning in the Gulf of Lion) and the hydro-
logic systems (i.e., orbitally induced precipitation variability
and meltwater pulses).

6.3. Holocene Abrupt Events

[37] The nine Holocene d18O enrichment events had an
average duration of 500 years and an observed periodicity
close to 1000 years (Table 2 and Figure 6). Most of the
Holocene increases in the oxygen isotopic record parallel
increases in the UP10 fraction and the Si/Al ratio (Figure 6),
therefore suggesting that relatively cold surface conditions
coexisted with more energetic deepwater conditions. An
intensification of the northwesterly winds in the western
Mediterranean would account for the conditions described
during the Holocene Minorca events, similarly to the
mechanism proposed for the glacial Dansgaard-Oeschger
variability [Cacho et al., 2000; Sierro et al., 2005]. These
cold and dry winds enhanced the deepwater overturning in
the Gulf of Lion by cooling of the surface waters and,
consequently, they steered the activity of bottom currents on
the Minorca rise. Such vigorous currents were able to
transport coarser particles to the Minorca rise as shown by
the accumulation of quartz grains and mica packets coarser
than 63 mm. This resulted in the increase of the UP10
fraction (Figure 6d) and the apparition of bimodal samples
(Figure 4c). In parallel, higher values in the silt/clay ratio
are interpreted as resulting from the winnowing effect of the
finest particles (Figure 4f).
[38] While events M8 to M3 are consistently represented

in both grain size and geochemical proxies, M0, M1 and M2
are not always well represented. For instance, M2 is not
recorded by the Si/Al ratio while it forms one of the larger
peaks in the UP10 fraction and, in contrast, M1 and M0 do
not show a clear expression in the UP10 ratio but they
present significant increases in the Si/Al record (Figure 6).
Interestingly, this distinctive sensitivity between the differ-
ent proxies occurs during the phase IV, late Holocene,
related to the establishment of drier conditions due to
reduced seasonal insolation differences (section 6.2). Over-
all, reduced deep overturning is interpreted to occur because
of the weakening of northwesterlies and more stable con-
ditions. Furthermore, the expression of the Minorca events
in the studied proxies seems to become weaker through the
Holocene in parallel to the relative stabilization of the
oxygen isotopic signal. These different climatic boundary
conditions may have determined a lower sensitivity of the
system to millennial-centennial-scale climatic variability
toward late Holocene and, consequently, provided an am-
biguous signature in the studied records.
[39] The fact that Holocene cooling events have been

reported elsewhere all around the globe [Mayewski et al.,
2004] demonstrates their global extent and the lack of
stability of the Holocene climate. There are, however,
disagreements about the precise timing, the character and
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the impact of these Holocene abrupt events. Some of the
cooling events recorded in the Atlantic and Mediterranean
regions are summarized and tentatively correlated to our
Minorca cold events M0 to M8 for the last 9 kyr (Table 2).
Furthermore, a correlation attempt between the Minorca
events and the 300-year running mean of the GISP2 isotopic
curve (Figure 6b) results in fairly good agreement, even
considering the uncertainties of our age model. This sup-
ports the hypothesis of a highly efficient climatic coupling
between the North Atlantic and the western Mediterranean
region during the last 10 kyr.
[40] The UP10 fraction of our core MD99-2343 displays a

periodic oscillation close to 900 years in between 9 and 2 ka
(Figure 6e and Table 2), which is in agreement with those
obtained from the GISP2 ice core oxygen isotopic record
[Schulz and Paul, 2002], from a Saharan dust record
[Kuhlmann et al., 2004], and from varved sediments in
California [Nederbragt and Thurow, 2005]. Several hypoth-
eses aim at explaining the periodicity of about 900 years.
Though it may be triggered by insolation changes or result
from internal feed back mechanisms [Schulz and Paul,
2002], the recorded climatic oscillations are better linked
to the temperature signal from the North Atlantic climate
system, in agreement with other records from the Northern
Hemisphere [Cacho et al., 2001; Kuhlmann et al., 2004].
[41] The most pronounced Holocene abrupt event, M8,

occurred at 9–7.8 ka, therefore embracing the well-known
8.2 ka cold North Atlantic event [Mayewski et al., 2004;
Alley and Agustsdottir, 2005; Rohling and Pälike, 2005].
The intensification of the atmospheric circulation during M8
led to good ventilation conditions in the Western Mediter-
ranean Basin thus stopping the formation of the ORL in the
Alboran Sea [Cacho et al., 2002], synchronously with the
middle interruption of sapropel S1 in the Eastern Mediter-
ranean Basin [Rohling et al., 1997; Mercone et al., 2000].
We propose that the atmospheric teleconnection between
high latitudes and the Mediterranean region through the
westerly winds system was the main control over the
western Mediterranean thermohaline circulation through
the Holocene. This atmospheric forcing of the climate
variability for the last 10 kyr is quite similar to the present
pattern of the North Atlantic Oscillation (NAO) that exerts a
first-order control at decadal scales [Rodó et al., 1997].
Positive NAO years are associated with Iberian dryness and
cold temperatures in Greenland, and more persistent and
stronger winter storms crossing the Atlantic Ocean [Hurrell,
1995]. Consequently, the Minorca abrupt events could be
associated with periods of persistent positive NAO index,
which would strengthen the northwesterlies over the north-
western Mediterranean Basin and hence reinforce deepwater
overturning. Although we do not exclude a pervasive solar
influence or instabilities inherent to the North Atlantic
thermohaline circulation [Bond et al., 2001; Schulz and
Paul, 2002] as main precursors of the Holocene climate
oscillations recorded in the core MD99-2343, we suggest
that the rapid transmission of these changes from high
latitudes to the Mediterranean region was mainly driven
by the northwesterly wind system variability modulated by
a NAO-like mechanism. A similar atmospheric linkage
mechanism, though acting at a millennial scale, was pro-

posed to explain the Dansgaard/Oeschger variability in the
deepwater ventilation and Saharan dust input during the last
glacial period in the Alboran Sea [Cacho et al., 2000;
Moreno et al., 2002; Sánchez-Goñi et al., 2002].

7. Conclusions

[42] The sedimentary record from core MD99-2343
recovered from a deepwater contourite drift reveals the
effects of Holocene climate variability over the thermoha-
line circulation in the Western Mediterranean Basin during
the last 12 kyr. Geochemical proxies associated with
terrigenous inputs like Si/Al, Ti/Al and K/Al display a
decreasing trend through the Holocene that parallels the
summer insolation curve at 40�N showing the marked
influence of the precipitation pattern over the region. Four
different phases have been identified in the Si/Al and Ti/Al
ratios from the last 12 kyr. The first from 12 to 10.5 ka
shows a slowdown of deepwater circulation due to the
combined effect of the increasing sea level and the
relatively humid conditions installed on land which both
favored the stratification of water masses. The second
phase (10.5–7 ka) is associated with the recovery of
deepwater circulation until the end of the postglacial sea
level rise at 7 ka. The third phase (7–4 ka) corresponds to
a plateau with high values of the terrigenous proxies
translating the good functioning of deepwater circulation
during a progressive orbitally driven change toward dryer
conditions in the westernMediterranean borderlands. Finally,
the fourth phase (4–0 ka) indicates a progressive decrease of
the terrigenous contributions because of reduced fluvial
inputs during drier conditions induced by lower seasonal
insolation differences, also modulated by the thermohaline
circulation weakening because of more stable atmospheric
conditions.
[43] Superimposed on this general Holocene pattern,

marked oscillations have been noticed and related to abrupt
climate changes. The new grain size parameter presented in
this work that represents the fraction coarser than 10 mm
(UP10) has been tested as a convenient proxy for paleo-
current intensity in the study area for Holocene sediments.
The UP10 record presents a 900-year cycle oscillation,
which is consistent with the geochemical record of terrig-
enous input between 9 and 2 ka and the surface cooling
events uncovered by the oxygen isotopic record. Such
periodicity fits with temperature oscillations from the Holo-
cene d18O record in Greenland and points to the pressure
gradient system as a direct teleconnection mechanism for
climate variability transfer from the North Atlantic to the
Mediterranean region. The centennial to millennial-scale
Holocene oscillations observed in our records reveal a
coupled atmospheric/oceanographic forcing equivalent to
the present-day NAO and sustains the hypothesis of a rapid
fitting with Mediterranean climate conditions. Furthermore,
our results demonstrate the high sensitivity of deepwater
overturning in the Gulf of Lion to the transfer of climate
oscillations from high latitudes to midlatitudes.

[44] Acknowledgments. Funding by the European Commission Fifth
and Sixth Framework Programmes to projects ADIOS (EVK3-2000-
00035), PROMESS 1 (EVR1-CT-2002-40024), EUROSTRATAFORM

PA2209 FRIGOLA ET AL.: HOLOCENE CLIMATE VARIABILITY

13 of 16

PA2209



(EVK3-2002-00079), and HERMES (GOCE-CT-2005-511234-1) sup-
ported the research effort behind this paper. The Spanish-funded
BTE2002-04670 and REN2003-08642-C02-02 projects are equally ac-
knowledged. We are especially grateful to the Marion Dufresne and the
IMAGES programme that enabled the collection of cores MD99-2343 and
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