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Abstract
Hemipelagic intervals in four giant Calypso piston cores from the Balearic Abyssal Plain (western Mediterranean Sea) were
studied in order to determine fluctuations in the supply of terrigenous sediments to the basin during the last 130,000 years and
possible climatic modulation of terrigenous sediment and particle flux. Carbonate records from hemipelagic intervals in these
cores display distinct dAtlanticT type cycles, where glacial periods show, on average, 20% lower calcium carbonate contents
than interglacial period equivalents. The decrease in calcium carbonate seen during glacials may be the result of increased
dilution by terrigenous (aeolian and fluvial) particles derived from aeolian and/or fluvial sources. Higher glacial aeolian particle
fluxes to the western Mediterranean Sea may have been caused by changes in the prevailing atmospheric conditions, resulting in
drier and colder climatic conditions in the source areas and more frequent and intense outbreaks of dust transport. The colder
and drier climatic conditions in combination with a lowered sea level would allow rivers to dump their sediment load closer to
the shelf edge, promoting enhanced fluvial input into the basin. Besides significant calcium carbonate variations that correlate
with glacial/interglacial cycles, several short-term abrupt changes in the calcium carbonate content are recorded, which appear
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coincident with enhanced magnetic susceptibility values, especially the events within Marine Isotope Stage (MIS) 3. The timing
of these short-term events may be linked with cooling events in the North Atlantic, particularly Heinrich Events and cold events
within MIS 5. These short-term trends may possibly be explained by increased terrigenous particle transport, due to drier and
colder climate in the Mediterranean borderlands. Our results further show that about 90% of the sedimentary sequence of the
Balearic Abyssal Plain consists of turbidites. Generally, these appear not to have caused significant erosion, and an almost
complete continuous time stratigraphy is present in the intercalated hemipelagic intervals.
D 2004 Elsevier B.V. All rights reserved.
Keywords: dilution; terrigenous sediment; Western Mediterranean; last glacial cycle; calcium carbonate records

1. Introduction
The Mediterranean Sea is a semi-enclosed basin
(Fig. 1) with anti-estuarine circulation. Its general
circulation is of halothermal nature, controlled by the
strong excess of evaporation over freshwater input
and net cooling in the basin. The resultant net
buoyancy loss drives surface inflow and subsurface
outflow through the Strait of Gibraltar.
The major glacial/interglacial climatic oscillations
of the Pleistocene had a large influence on the western
Mediterranean environment (Rose et al., 1999). The
development of a fixed anticyclone over the north
European ice sheet and colder sea surface temperatures (SSTs) during glacial times resulted in colder
and drier conditions (Rognon, 1987) and increased
seasonality of precipitation over the Mediterranean
(Prentice et al., 1992). The present climate in the
western Mediterranean is characterised by a high
interglacial global sea level, a relatively dense
vegetation cover, relatively high infiltration rates,
and moderate river discharges (Rose et al., 1999).
The glacial western Mediterranean environment, in
contrast, was characterised by a low global sea level,
open vegetation with large areas of bare ground, and
unconsolidated sediments, with soils affected by high
physical stresses and highly peaked river discharge
regimes (Rose et al., 1999). SST estimates for the
Alboran Sea, based on the relative abundances of
planktonic foraminifera species, varied considerably
between glacial and interglacial periods, with interglacial maximum SST of 20–23 8C and glacial
maximum SST of 10–15 8C (González-Donoso et
al., 2000). Alkenone-based SST estimates give similar
values of ~19 8C during the Holocene and 11–13 8C
during the last glacial maximum (Cacho et al., 2001).
Recent research (Rohling et al., 1998; Cacho et al.,

1999, 2001; Paterne et al., 1999; Combourieu Nebout
et al., 2002) has shown that the western Mediterranean
basin was strongly influenced by the millennial–
centennial climatic and oceanographic variability in
the north Atlantic region during the last glacial period.
The composition of deep-sea sediments reflects the
climatic conditions affecting adjacent continental
regions, and/or the oceanic and atmospheric circulation at the time of deposition (McManus, 1970;
Kolla et al., 1979). For example, a higher proportion
of terrigenous material accumulated in the equatorial
and tropical Atlantic offshore of West Africa during
glacial times compared to interglacial times, due to
higher terrestrial influxes associated with higher trade
wind intensities (Diester-Haas, 1976). Changes in the
supply of terrigenous material to deep-sea sediments
can be estimated by determining the proportion of
calcium carbonate, since carbonate content in pelagic
sediments is inversely related to dilution with terrigenous material (Hays and Perruzza, 1972). Higher
carbonate contents in pelagic sediments of interglacial
times reflect a low terrestrial input due to reduced
trade wind intensities and a general decrease in aridity
(Hays and Perruzza, 1972). Conversely, low carbonate
contents in glacial pelagic sediments suggest enhanced terrestrial input associated with higher trade
wind intensity and enhanced aridity (Hays and
Perruzza, 1972). This scenario is supported by studies
by Parkin and Shackleton (1973) and Parkin (1974),
who showed that the Saharan desert belt expanded
southward during glacials.
Larrasoaño et al. (2003) obtained a high-resolution proxy record of northern Sahara dust supply into
the eastern Mediterranean for the last 3 Ma, based on
magnetic susceptibility measurements. They relate
dust flux minima, found at times of northern
hemisphere insolation/monsoon maxima, to the
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Fig. 1. Map showing the Balearic Abyssal Plain in the western Mediterranean Sea and location of the cores studied (LC01, LC02, LC04, and
LC06). The location of SL87 (Weldeab et al., 2003), K1, and K10 (Flores et al., 1997) is also shown.

northward penetration of the African summer monsoon front beyond the central Saharan watershed
(~218N). They also argue that such northward
penetration of the African summer monsoon correlates with expansion of savannah-like vegetation
cover (Claussen et al., 1998; Brovkin et al., 1998)
and an increase in the soil cohesiveness throughout
the northern Sahara, which resulted in decreased dust
production, similar to present conditions in the Sahel
(Middleton, 1985).

The western Mediterranean Sea is surrounded by
catchment areas subject to continental, alpine, and
Mediterranean climate regimes in the north, and
Mediterranean to semi-arid climates in the south.
During summer, the strong Azores anticyclone dominates the climate over the western Mediterranean
basin, whereas during winter, the incursion of north
westerlies becomes significant (Sánchez Goñi et al.,
2002). At present, northward transport of dust over
the Mediterranean is linked to the presence of cyclo-
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nes (Moulin et al., 1997) and most Saharan dust
deposition over southern Europe is through precipitation (Bücher and Lucas, 1984; Bergametti et al.,
1989a,b; Loye-Pilot et al., 1989; Guerzoni et al.,
1992). Major source areas of dust transport to Western
Europe are Algeria, the Western Sahara, and the
Moroccan Atlas (Molinaroli, 1996; Avila et al., 1997;
Goudie and Middleton, 2001). Weldeab et al. (2003)
use Si/Al and Ti/Al ratios as well as Sr and Nd
isotopes to show that the Saharan terrigenous input
into the western Mediterranean Sea is predominantly
from the southwest (Morocco/NW Algeria) and southeast (Tunisia/West Libya) during interglacial periods,
and from the southern Saharan/Sahelian region during
glacial times. The change in sediment source reflects
changes in the prevailing atmospheric circulation over
the basin (Weldeab et al., 2003). Their study also
found that glacial terrigenous input was much higher
than during interglacial times. A high-resolution
record of lithogenic fraction variability from the
Alboran Sea shows that millennial-scale to submillennial-scale marine oscillations, linked to Heinrich
Events (HEs) and Dansgaard–Oeschger (D/O) stadials, were characterised by increased northward
Saharan dust transport due to increased Saharan wind
intensity (Moreno et al., 2002).
Here, we discuss the calcium carbonate content of
hemipelagic sediment sequences in four giant piston
cores from the Balearic Abyssal Plain to determine
fluctuations in the supply of terrigenous particles
during the last 130,000 years. The derived calcium
carbonate records, supported by accelerator mass
spectrometry (AMS) radiocarbon dates, biostratigraphy, and oxygen isotope stratigraphy, are used to
calculate terrigenous accumulation rates that are
compared with accumulation rates reported by Weldeab et al. (2003).

2. Terrigenous particle input into the western
Mediterranean Sea
It has been suggested that more than 80% of the
total input of terrigenous material (excluding gravity
flow deposits) in the western Mediterranean is from
Saharan dust (Loye-Pilot et al., 1986; Martin et al.,
1989; Guerzoni et al., 1999). Based on 143Nd/144Nd
ratios, the study of Weldeab et al. (2003) shows that

the lithogenic dust fraction of core SL87/KL66 (for
location, see Fig. 1) consists mainly of European and
Saharan windblown dust. Apart from aeolian dust,
the four cores used in this study are likely to have
also received suspended matter originating from
rivers draining into the western Mediterranean Sea,
as they are located in the deeper parts of the Balearic
Abyssal Plain. Of these rivers, the Rhône, Ebro, and
Var have the largest catchment area and per year
they deliver around 16x106 tonnes of sediment to the
continental margin (Nelson, 1990; Pont, 1993;
Mulder et al., 1997). Minor rivers on Corsica,
Sardinia, the Balearic Islands, and North Africa only
carry small sediment loads, which are unlikely to
contribute significantly to the terrigenous input into
the basin. It may be possible to distinguish between
aeolian and fluvial derived clays in the hemipelagic
sediments based on clay mineralogy. Clay minerals
from the Rhône and Ebro contain high concentrations of illite and chlorite, both exceeding the
amount of kaolinite (Added et al., 1984; Alonso
and Maldonado, 1990). Aeolian dust, on the other
hand, may be dominated by smectite (if derived from
Morocco and western Algeria), or may be rich in
kaolinite (if sourced from eastern Algeria/Tunisia
and the Saharan area) (Bqcher et al., 1983; Bergametti et al., 1989b; Guerzoni et al., 1997).
Magnetic susceptibility measurements are useful in
sediment studies because they can be sensitive
indicators of temporal variations in the concentration
and grain size of terrigenous material deposited on the
sea floor (Verosub and Roberts, 1995). Fluctuations in
the concentration and size of magnetic grains in deepsea cores may be climatically modulated (e.g.,
Amerigian, 1974; Kent, 1982; Oldfield and Robinson,
1985; Bloemendal and DeMenocal, 1989; Robinson
et al., 1995). In the North Atlantic, for example,
glacial periods are characterised by high concentrations of magnetic minerals, in association with low
carbonate contents and increased amounts of icerafted detritus. In contrast, sediments from interglacial
periods have low magnetic mineral concentrations and
high carbonate contents (Robinson, 1986). To test
whether a similar relationship (low carbonate content
with high magnetic susceptibility intensity during
glacials versus high carbonate content with low
magnetic susceptibility intensity during interglacials)
exists in the western Mediterranean Sea as a result of
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variations in the terrigenous particle flux, we compare
the derived calcium carbonate and magnetic susceptibility data.
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tivity. Combined with the data from Flores et al.
(1997), this may indicate that carbonate (coccolith)
productivity was higher during interglacial times,
while non-carbonate (opal, diatoms) productivity
was elevated during glacial times.

3. Carbonate cycles in the western Mediterranean
The calcium carbonate (CaCO3) content of deepsea marine sediments is generally controlled by three
factors, assuming that marine plankton remains form
the main carbonate component. These factors include:
(i) dissolution, (ii) surface water productivity, and (iii)
dilution by terrigenous sediments and/or noncarbonate
productivity. Van Os et al. (1994) attributed distinctive
Pliocene CaCO3 cycles in the Mediterranean to
mainly variations in productivity, combined with
dilution by enhanced terrigenous input. Intervals
characterised by lower CaCO3 content showed high
organic carbon and Ba (Van Os et al., 1994) and
coincided with periods of abundant rainfall on the
Mediterranean borderlands (Foucault and Mélières,
2000). Intervals of higher CaCO3 content are more
likely a result of high carbonate productivity (Van Os
et al., 1994) formed during more arid conditions
(Foucault and Mélières, 2000). Concerning productivity during the Quaternary, Flores et al. (1997)
suggest that, after accounting for the dilution factor,
production of coccolithophores appears to have been
higher during interglacial periods. Weldeab et al.
(2003), on the other hand, propose that biomediated
barium accumulation rates were highest during glacial
periods, indicating enhanced surface water productivity. Bárcena et al. (2001) also suggest increased
glacial surface water productivity, as reflected in the
high abundance of diatoms found during glacial
periods. Both biomediated barium accumulation rates
(Weldeab et al., 2003) and diatom abundance (Bárcena et al., 2001) may reflect non-coccolith produc-

4. Location and material
The Balearic Abyssal Plain is the largest basin
plain in the Mediterranean Sea (Fig. 1) with an area of
approximately 77,000 km2 (Rothwell et al., 1998,
2000) and is defined by the 2800-m isobath. The Var,
Rhône, and Valencia fans bound the plain to the north
and northwest, the islands of Corsica and Sardinia to
the east, the Balearic rise to the southwest, and the
Algerian shelf to the south (Fig. 1). The basin plain’s
flat morphology is a result of turbidite ponding. These
turbidites have a mainly European (Rhône and Var
fan) provenance with minor turbidites originating
from the African margin (turbidite bases towards the
northern part of the basin are thicker and coarser in
grain size) (Vanney and Genneseaux, 1985; Bellaiche,
1993; Torres et al., 1997).
Four giant piston cores (LC01, LC02, LC04, and
LC06) were recovered from the Balearic Abyssal
Plain (Fig. 1, Table 1) during Marion Dufresne
Cruise 81 in 1995 (under the MAST II PALAEOFLUX Program), using a Calypso piston corer. The
cores, reaching 27–32 m in length, were taken about
100–120 km apart to form an approximate north–
south transect across the plain (Fig. 1). Thomson et
al. (2000) and Thouveny et al. (2000) have
demonstrated that the upper 10–15 m of some
Calypso cores can appear to be a factor of 1.5–2
times longer when compared with conventional
piston cores from the same site. This difference is
due to stretching, oversampling, and a microfabric

Table 1
Location and water depth of the four long piston cores (LC01, LC02, LC04, and LC06)
Core

Latitude

Longitude

Water depth
(m)

Core

Latitude

Longitude

Water depth
(m)

LC01
LC02
LC04
LC06

4085.82VN
39831.88VN
38839.01VN
38800.66VN

6853.23VE
6822.58VE
6806.64VE
7811.09VE

2845
2860
2855
2845

SL87/KL66
K1
K10

38859.34VN
38857.0VN
38803.0VN

4801.40VE
0850.0VE
1800.9VE

1900
750
1957

Also shown are details of cores SL87 (from Weldeab et al., 2003) and K1 and K10 (from Flores et al., 1997).
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rotation in the vertical direction (Thouveny et al.,
2000). The lithological units in the Calypso piston
cores that are used in this study appear to be
anomalously thick in the upper 15 m, and this
interval may have been stretched during coring. To
reduce this effect, we divided the length of the
intervals involved by the maximum stretch factor of
two in our study (after Thomson et al., 2000;
Thouveny et al., 2000).

All four cores are dominated by sequences of thick,
grey, and greyish olive structureless muds (some
grading down to basal sands and silts) intercalated
with thinner, commonly bioturbated foraminifer-rich
mud intervals. The structureless muds and associated
silts and sands are interpreted as turbidite deposits on
the basis of their organisation and textural character,
whereas the foraminifer-rich intervals are interpreted
as hemipelagic deposits (Fig. 2). Hemipelagic sedi-

Fig. 2. Turbidite (grey) and hemipelagic (red) intervals identified on sedimentological and textural criteria in the four long piston cores. White
intervals delineate voids (i.e., contain no sediment). In core LC06, two intervals occur with very thin (b0.5 cm) hemipelagic and turbidite
intervals shown as transitional light–dark grey. Mbct denotes metres below core top. Note that the top 15 m are not corrected for stretching
during the coring process. (For colours see online version of this article.)
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Table 2
Characteristics of turbidite beds and hemipelagic intervals (after Rupke and Stanley, 1974; Stow and Piper, 1984; Jones et al., 1992; Rothwell et
al., 1994; Stow and Tabrez, 1998)
Bed organisation
Colour

Bioturbation

Hemipelagic units

Turbidites

The upper boundary between turbidite beds and
hemipelagic interval is usually gradational.
Colours range from light olive brown (5Y 5/3)
to olive grey (5Y 2/2) with subtle variations in
hue and chroma over short segments of the core.
Minor to strong mottling occurs due to bioturbation.

The lower boundary between turbidite beds and
hemipelagic intervals is generally planar and sharp.
Colours range from uniform light olive brown to
olive grey.

Foraminifer distribution

Foraminifera occur scattered throughout the sediment.
Underhand lens sediment appears speckled.

Texture
Sedimentary structures

The cut core surface frequently appears pitted.
Apart from bioturbation, these are generally absent.

Physical properties
(wet bulk density,
P-wave velocity,
and magnetic
susceptibility)

Wet bulk density, P-wave velocity, and magnetic
susceptibility generally fall within a restricted range,
compared to turbidite intervals.

ments are clearly distinguished from turbidite deposits, based on: (1) lack of sharp/planar lower
boundaries with turbidite deposits; (2) subtle colour
variations; (3) lack of sedimentary structure apart
from minor to strong bioturbation; (4) scattered
distribution of foraminifera throughout the sediment;
and (5) pitted cut core surfaces due to cheese wire
drag on the scattered foraminifers when the cores are
split (Table 2).

Sediment is generally homogenous with bioturbation
only occurring in the top 10– 20 cm.
Foraminifera are generally rare or absent, except near
the base of the turbidite. Underhand lens sediment
appears featureless.
The cut core surface appears smooth for turbidite muds.
Various sedimentary structures may observed including
normal grading in sand-based turbidites, parallel and
wavy lamination (in turbidite mud and silt/sand),
cross-lamination, and convolute lamination (in turbidite
silt/sand, convolute lamination is normally restricted
close to base of turbidites).
Wide range of measurements for all three properties.
Sharp turbidite bases are generally characterised by
abrupt changes in all three properties. Grading is
commonly observed.

Hemipelagic intervals of the studied Balearic
Abyssal Plain cores only make up ~10% of the total
sediment thickness (Table 3). Turbidites account for
the other ~90% of the sediment column. The total
hemipelagic thickness recovered increases from the
most northerly core (LC01; 9% of the recovered
sediment column) to the southernmost core (LC06;
13% of the recovered sediment column) (Table 3).
After correcting the top 15 m for stretching, the total

Table 3
Core

Total sediment
thickness (m)

Total thickness of turbidites

Total thickness of hemipelagic intervals

m

m

Percent of total

2.1
2.3
3.4
3.9

9
7
11
13

Percent of total

(a) Summary of total thickness of the lithological units appearing in the four cores
LC01
24.3
22.2
91
LC02
32.5
30.2
93
LC04
31.1
27.7
89
LC06
29.6
25.7
87

(b) Summary of total thickness of the lithological units present in the four cores after correcting for stretching in the upper 15 m of the
sediment column
LC01
18.1
16.4
91
1.7
9
LC02
24.9
23.0
92
1.9
8
LC04
23.4
20.5
88
2.9
12
LC06
22.3
19.1
86
3.1
14
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true length of the cores (summed thickness of turbidite
and hemipelagic intervals) decreases (Table 3). However, the relative contributions of turbidites and
hemipelagic intervals to the total sediment thickness
remain unchanged after the correction (Table 3).
In core LC06, two intervals occur with very thinly
bedded (b0.5 cm) intercalated hemipelagic and
turbidite intervals (Fig. 2). The first interval occurs
around 20 m below core top (mbct) and the second at
the bottom of the core, up to 30.5 mbct. Because the
hemipelagic layers in these intervals are so thin, we
were unable to collect sufficient sample for CaCO3
analysis and the hemipelagic depths are not included
in Table 3. In the following sections, the abbreviation
THD is used to refer to total hemipelagic depth (i.e.,
total depth of summed hemipelagic intervals below
the core top; i.e., with the turbidites removed).
Hemipelagic accumulation rates measured in
nearby cores SL87/KL66 and K1 from the Balearic
Island slopes and core K10 from the Algero-Balearic
Sea (for location, see Table 1) are reported as around
3–4 cm/ka (Flores et al., 1997; Weldeab et al., 2003).

5. Techniques and methods
5.1. Time-stratigraphic framework
Our time-stratigraphic frameworks for LC01,
LC02, LC04, and LC06 are based on the highresolution nannofossil biozones of Weaver (1983),
AMS 14C dating, oxygen isotope stratigraphy (only
for LC01 and LC04), and correlation based on CaCO3
records. Turbidity currents that deposited on the
Balearic Abyssal Plain may have caused erosion of
the underlying sediments, thus creating chronostratigraphic discontinuities. In a sufficiently detailed timestratigraphic framework, major chronostratigraphic
discontinuities should show up as hiatuses and can
therefore be located. For the Madeira Abyssal Plain,
Weaver and Thomson (1993) found that turbidity
currents emplaced caused only little—or no—erosion
on the plain. Comparison of visual core description
with major element X-ray fluorescence (XRF) profiles (unpublished data) of lithological units in core
LC06 showed no discrepancies and rules out the
possibility of undetected turbidites within the cored
sequence.

The planktonic foraminifera Neogloboquadrina
pachyderma (right coiling or dextral variety) was
selected for the stable oxygen and carbon isotope
analysis using 15–20 specimens from the 250–400 Am
size fraction. N. pachyderma occurs virtually continuously throughout the hemipelagic intervals of cores
LC01 and LC04. Oxygen and carbon isotope ratios
were measured using a Europa GEO 20 20 stable
isotope ratio mass spectrometer, with individual acid
bath carbonate preparation. Analytical precision of
powdered carbonate standards is 0.06% for d 18O and
d 13C. The stable isotopes are expressed as d 18O and
d 13C (x) relative to the Vienna Pee Dee Belemnite
(V-PDB) standard. A total of 42 and 60 samples were
analysed for LC01 and LC04, respectively. The d 18O
records are initially divided into the standard d 18O
stages (MIS) following the nomenclature of Emiliani
(1955) and Shackleton and Opdyke (1973). The
oxygen isotope stages are then further subdivided
into substages or events based on Imbrie et al. (1984)
and Prell et al. (1986). The time scale of Martinson et
al. (1987) was applied for d 18O stages and events.
CaCO3 contents were measured by coulometry.
Samples were collected from hemipelagic intervals at
2- to 4-cm intervals when sufficiently thick. The top
12–13 m of LC06 appeared disturbed and were
therefore not sampled. Samples were thoroughly oven
dried at 100 8C. The dried samples were then
powdered and CaCO3 content was measured from
CO2 liberated by reaction with 10% phosphoric acid
for 6 minutes. A total of 376 samples were analysed.
The analytical precision (standard deviation) for
standard bulk sample is 1.50%.
5.2. Sediment mineralogical characteristics
A Bartington MS2EI magnetic susceptibility point
sensor was used to measure the magnetic properties of
the hemipelagic intervals in the four cores, at 1-cm
intervals. The composition of selected hemipelagic
intervals was determined by microscopic examination
of smear slides, using percentage estimation comparison charts, which allowed the assessment of the
relative abundance of detrital (terrigenous) and biogenic grains (Rothwell, 1989).
The clay mineralogy of hemipelagic sediments was
determined using X-ray diffraction (XRD). The carbonate fraction of the samples was removed using 1 M
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acetic acid. Samples were analysed using an X-ray
diffractometer (model Phillips Ultra-Pro) between 2h
angles of 2–178 (air-dried, 375 and 550 8C) and 2–408

29

(glycolated). Intensity peaks were measured using an
in-house computer-based mineral identification program (XRDv3; University of Southampton). Clay

Fig. 3. Time-stratigraphic framework for LC01 (A), LC02, (B), LC04 (C), and LC06 (D) with: (i) Biostratigraphy based on Quaternary
nannofossil intervals of Weaver (1983); (ii) calcium carbonate stratigraphy; and (iii) oxygen isotope stratigraphy (only for cores LC01 and
LC04) for the summed hemipelagic intervals in the four long piston cores. Nannofossil interval 1 (Weaver, 1983) is shown in black and interval
2 in white. Boundaries of MIS are delineated. Fractional numbers (e.g., 3.1) indicate the position of oxygen isotope events (after Imbrie et al.,
1984; Prell et al., 1986). Black boxes at the right side of each graph indicate the sample location of AMS radiocarbon dates. The box thickness
corresponds to the thickness of the sampled interval. Radiocarbon ages are reported for each sample (lower case letter) in Table 4.
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Table 4
Conventional and calibrated radiocarbon dates for 12 samples (three from each core)
Core

Sample depth
(mbct)

Sample
number

THD
(cm)

14

C age
(years BPF1r)

Calibrated age
(years BP)

LC01

6.95–7.03x
14.49–14.61y
23.52–23.63y
3.56–3.60x
8.72–8.88y
17.78–17.93y
1.97–1.99x
5.93–6.23y
16.96–17.08y
4.66–4.69x
14.46–14.65y
20.17–20.19y

a
b
c
d
e
f
g
h
j
k
l
m

26–29.5
71–77
79.5–85.5
26.5–30
70–80.5
86.5–97
29–31
~102
103–107.5
62–63.5
148–158
160.5–165.5

8066F47
17,580F120
20,340F150
9303F49
16,900F120
23,410F210
11,720F56
17,700F130
20,200F170
7991F43
17,730F190
34,380F660

8445–8573
19,994–20,674
23,092–23,928
9833–10,125
19,223–19,879
~26,760z
13,399–13,403
20,126–20,818
22,919–23,780
8381–8481
20,126–20,886
~37,230z

LC02

LC04

LC06

The reported conventional radiocarbon ages were calibrated using INTCAL98 (Stuiver et al., 1998).
x
New dates (this paper).
y
From Rothwell et al. (1998).
z
Samples calibrated using the magnetic curve of Laj et al. (1996).

minerals were identified on the position of their basal
spacings and the changes in these spacings after the
four treatments (air-dried, glycolated, 375 and 550 8C).
Identification was made on the basis of the first (usually
the most intense) peak after Brindley and Brown
(1980).

6. Results
6.1. Time-stratigraphic framework
A relatively well-constrained time-stratigraphic
framework was derived for each of the four cores

(Fig. 3) on the basis of Weaver (1983) nannofossil
intervals as identified in Rothwell et al. (1998), AMS
radiocarbon dates, and stable oxygen isotope data (for
LC01 and LC04 only) for hemipelagic intervals.
Coccolith assemblages in the cores are generally
abundant, well preserved, and diverse. The boundary
between the Weaver (1983) coccolith intervals 1 and
2, dated ~50,000 years BP, was determined in the
cores by Rothwell et al. (1998). Coccolith interval 1 is
defined as an interval dominated by Emiliania
huxleyi. This species is much rarer in interval 2 where
Geophyrocapsa muellerae becomes dominant. In
LC01, Rothwell et al. (1998) only identified the
coccolith stage 1 of Weaver (1983), giving this core a

Fig. 4. Linear relationship between d 18O and calcium carbonate content in hemipelagic intervals in cores LC01 and LC04.
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Table 5
Tie points used for the age models: oxygen isotope stages and
events derived from the CaCO3 and d 18O records in Fig. 3
Age control points

THD
(cm)

Age
(ka BP)

Core LC01
AMS radiocarbon date
Top Younger Dryas/
boundary MIS 1 and MIS 2
Base Younger Dryas
Oxygen isotope event 2.2
Oxygen isotope event 2.21
AMS radiocarbon date
AMS radiocarbon date
Boundary MIS 2 and MIS 3
Oxygen isotope event 3.1
Oxygen isotope event 3.13

28
43

8.5
12.05

53
66
68
74
83
95
108
181

12.75
17.85
19.22
20.33
23.51
24.11
25.42
43.88

Core LC02
AMS radiocarbon date
Boundary MIS 1 and MIS 2
Oxygen isotope event 2.2
Oxygen isotope event 2.21
Boundary MIS 2 and MIS 3
Oxygen isotope event 3.1
Oxygen isotope event 3.13
Oxygen isotope event 3.3
Oxygen isotope event 3.31
Boundary MIS 3 and MIS 4
Oxygen isotope event 4.22
Boundary MIS 4 and MIS 5
Oxygen isotope event 5.1

28
53
69
74
91
93
133
151
171
175
177
191
212

9.98
12.15
17.85
19.22
24.11
25.42
43.88
50.21
55.45
58.96
64.09
73.91
79.25

Core LC04
AMS radiocarbon date
Oxygen isotope event 2.2
Oxygen isotope event 2.21
AMS radiocarbon date
AMS radiocarbon date
Boundary MIS 2 and MIS 3
Oxygen isotope event 3.1
Oxygen isotope event 3.13
Oxygen isotope event 3.3
Oxygen isotope event 3.31
Boundary MIS 3 and MIS 4
Oxygen isotope event 4.22
Boundary MIS 4 and MIS 5
Oxygen isotope event 5.1
Oxygen isotope event 5.2
Oxygen isotope event 5.31
Oxygen isotope event 5.33
Oxygen isotope event 5.4

30
73
86
~102
105
122
142
172
195
211
221
244
261
279
298
307
320
337

13.40
17.85
19.22
20.47
23.35
24.11
25.42
43.88
50.21
55.45
58.96
64.09
73.91
79.25
90.95
96.21
103.29
110.79

63
153

8.43
20.51

Core LC06
AMS radiocarbon date
AMS radiocarbon date
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Table 5 (continued)
Age control points
Core LC06
AMS radiocarbon date
Oxygen isotope event 3.3
Oxygen isotope event 3.31
Boundary MIS 3 and MIS 4
Oxygen isotope event 4.22
Oxygen isotope event 4.23
Boundary MIS 4 and MIS 5
Oxygen isotope event 5.1
Oxygen isotope event 5.2
Oxygen isotope event 5.3
Oxygen isotope event 5.4
Oxygen isotope event 5.5
Boundary MIS 5 and MIS 6

THD
(cm)

Age
(ka BP)

163
184
205
210
257
281
300
321
330
338
357
375
388

~37.23
50.21
55.45
58.96
64.09
68.83
73.91
79.25
90.95
99.38
110.79
123.82
129.84

AMS radiocarbon dates were used where midpoints were taken
from hemipelagic depths and ages. Some AMS radiocarbon ages
were not used as they covered a too-long depth interval.

maximum age of ~50,000 years BP (Fig. 3). In LC02,
LC04, and LC06, coccolith intervals 1 and 2 were
identified, suggesting that these cores penetrate to
levels older than 50,000 years BP (Fig. 3).
Rothwell et al. (1998) reported eight radiocarbon
dates for hemipelagic intervals that bracket a Late
Pleistocene megaturbidite present in all four cores
(Table 4). We obtained four additional radiocarbon
dates (Table 4). All are based on clean handpicked
planktonic foraminifera and pteropods from the
N150-Am size fraction. The reported radiocarbon
convention ages were calibrated using INTCAL 98
(Stuiver et al., 1998). Two radiocarbon convention
ages of 23,410 and 34,380 were calibrated for
variations in geomagnetic field intensity using the
curve of Laj et al. (1996). Calibrated radiocarbon
dates (Table 4) are shown in Fig. 3 as black boxes,
where the thickness of the box illustrates the thickness of the hemipelagic sample for radiocarbon
analysis. Most samples were obtained from selected
hemipelagic intervals, except for dh,T where foraminiferal tests from bioturbated turbidite mud underlying
a hemipelagic interval (T8 bioturbated turbidite mud;
Stow and Shanmugam, 1980) were also used
(Rothwell et al., 1998). The THD used for this
sample corresponds to the dbottomT of the overlying
hemipelagic interval.
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Oxygen isotope measurements were made only for
LC01 and LC04 (Fig. 3). In LC01, Marine Isotope
Stage (MIS) 1, MIS 2, and (part of) MIS 3 are present.
LC04 covers the interval from MIS 5 to the base of
MIS 1. To establish a tight chronostratigraphy, we have
also indicated isotopic substages and events, based on
Imbrie et al. (1984) and Prell et al. (1986) (Fig. 3).
Calcium carbonate percentages are plotted against
THD in Fig. 3. The CaCO3 (%) and oxygen isotope
records of LC01 and LC04 show a strong correlation,
suggesting that CaCO3 (%) records recovered from
the Balearic Abyssal Plain mimic the oxygen isotope
records, with high CaCO 3 (~45–50%) intervals
correlating with interglacial stages (MIS 1 and MIS
5); intermediate-value CaCO3 (~35–45%) intervals
with MIS 3; and low CaCO3 (~25–35%) intervals
with glacial stages (MIS 2 and MIS 4) (Figs. 3 and 4).
The observed relationship between the CaCO3 and
oxygen isotope records suggests that CaCO3 variations can be used as a stratigraphic proxy for the
Quaternary hemipelagic sediments of the western
Mediterranean basin.
Depth–age profiles, based on variously defined age
control points (Table 5) for the four cores, indicate a
stable background sedimentation (Fig. 5). The
stretched upper 15 m of the four cores, involving
THDs of 0–0.74 m in LC01, 0–0.80 m in LC02, 0–1.02
m in LC04, and 0–1.58 m in LC06, were corrected by
dividing the respective hemipelagic intervals by the
maximum stretch factor of two, which resulted in a
slight decrease in the background sedimentation rates,

from 3.2 to 2.7 cm/ka after correction (Fig. 5). These
accumulation rates are broadly comparable to accumulation rates of 3–4 cm/ka measured in cores from
the Balearic Island slopes (Flores et al., 1997) and the
Algero-Balearic Sea (Weldeab et al., 2003). Our
combined stratigraphy results in an average sample
resolution of ~0.8 ka. Based on the various age control
points (Table 5), sample depths were converted to age
(ka BP) through linear interpolation, allowing records
to be presented against age (Fig. 6). We consider it
unlikely that turbidity currents caused large-scale
erosion of hemipelagic intervals in the four cores
studied here, but it cannot be excluded that small-scale
erosion features have gone undetected.
6.2. Sediment mineralogical characteristics
Magnetic susceptibility records are plotted alongside the CaCO3 percent records in Fig. 6. Interglacial
intervals, characterised by high CaCO3 contents,
generally have lower magnetic susceptibility values,
whereas glacial periods with low CaCO3 contents
show enhanced magnetic susceptibility values (Fig.
6). Apart from these long-term trends, several shortterm low CaCO3 content intervals can be identified,
which coincide with short-term increases in magnetic
susceptibility in the four cores (Fig. 6).
Smear slide examination of hemipelagic intervals
shows that all samples contain a substantial biogenic
component (mainly coccoliths, foraminifera, and
foraminifer fragments) as well as a terrigenous

Fig. 5. Depth–age profile through all age control points (Table 5). The linear regression indicates a stable background sedimentation, which
shows an overall slight decrease (from 3.2 to 2.7 cm/ka) after correction for stretching.
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Fig. 6. Calcium carbonate contents (%) and magnetic susceptibility plotted against age (ka BP) for LC01 (A), LC02 (B), LC04 (C), and LC06 (D). Also noted are conspicuous shortterm CaCO3 lows that coincide with enhanced magnetic susceptibility values (grey shading). The timing of these short-term events seems to correspond to the timing of cold events in
the North Atlantic: Hs indicates Heinrich events; Cs indicates cold events within MIS 5 (Johnsen et al., 1992; Bond et al., 1993; McManus et al., 1994; Bond and Lotti, 1995;
Chapman and Shackleton, 1999; Lehman et al., 2002).
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component [mainly quartz (silt and rare fine sand) and
clay, with rare calcite, dolomite, mica, and feldspar].
Most silt-sized quartz particles have chipped and/or
frosted surfaces, with some particles showing haematitic stains. Siliceous bioclasts (e.g., radiolarian and
diatoms) appear rare in all hemipelagic sediments and
commonly make up less than 2%.
The clay mineral composition of the b2-Am
fraction was determined for 22 hemipelagic samples.
All samples contained the following clay minerals:
illite, expandable clay minerals (smectite and illite–
smectite), chlorite, and kaolinite. Illite is the predominant clay (making up 32–51% of the total clay), and
chlorite and kaolinite contents are approximately
equal (both ~8% of the total clays). Some of the
expandable clay minerals show a broad superlattice,
indicating the presence of some illite–smectite mixedlayer clay mineral. No discrete secondary smectite–
illite peak was identified; therefore, the expandable
clay minerals are regarded as a mixture of smectite
and illite–smectite of variable composition. Palygorskite, a characteristic Saharan dust mineral (Chamley,
1971; Coudé-Gaussen and Blanc, 1985), may be
present in very small amounts, but dilution with other
clay minerals may mask its presence in Balearic
Abyssal Plain hemipelagic sediments.

7. Discussion
7.1. Glacial/interglacial CaCO3 cycles in the Balearic
Abyssal Plain
Hemipelagic CaCO3 records for the Balearic
Abyssal Plain show trends that are similar to those
found in the Atlantic, with low CaCO3 contents
(~30%) during glacial periods and high CaCO3
contents (~50%) during interglacials (Fig. 3). In the
Atlantic, these CaCO3 cycles are caused by increased
dilution with terrigenous wind-blown material
(Broecker et al., 1958; Ruddiman, 1971; Hays and
Perruzza, 1972). At other sites in the western
Mediterranean, CaCO3 changes have been attributed
to a combination of variations in productivity and
dilution with terrigenous sediments (Van Os et al.,
1994; Flores et al., 1997).
As discussed earlier, the CaCO3 content of deepsea sediments is generally controlled by three factors,

including dissolution, surface water productivity, and
dilution. Dissolution does not play a major role in the
four cores studied, as microscopic (light and scanning
electron microscopy) examination showed that that
the calcareous nannoplankton and foraminiferal
assemblages (from both glacial and interglacial
intervals) are generally abundant, well preserved,
and diverse. The d 13C values (not shown) throughout
the cores are relatively uniform, suggesting only a
limited impact of carbonate productivity. Dilution by
increased non-carbonate productivity (in the form of
opal) is probably of minor importance, as diatoms and
radiolarians make up less than 2% of the sediments
during all periods studied. The terrigenous fraction of
the hemipelagic intervals studied contains varying
proportions of both clay and silt with some very fine
sand-sized material (Fig. 7). Glacial intervals have a
1.5–2 times higher total terrigenous contribution
(mainly silt and clay+some very fine sand) compared
to interglacial intervals (Fig. 7). The clay contribution
varies between 2.5% and 22% and lower values are
observed during cold intervals (Fig. 7). On the other
hand, the terrigenous silt/very fine sand contribution
proportion seems generally higher (10–26%), and this
size fraction is especially enhanced during cold
intervals (Fig. 7).
Enhanced magnetic susceptibility values (Fig. 6)
and increased influx of terrigenous particles during
glacial periods (Fig. 7) suggest that the Balearic
Abyssal Plain carbonate cycles are most likely the
result of changes in dilution with terrigenous materials. Thus, elevated hemipelagic accumulation rates
recorded during low to intermediate CaCO3 intervals
coincident with MIS 2, MIS 3, and MIS 4 may result
from increased dilution with terrigenous particles,
with the highest rates recorded for MIS 2 and MIS 4
(Figs. 6 and 8). Weldeab et al. (2003) observed similar
trends on the southern flank of Menorca, and found
that terrigenous sediment accumulation rates were
three to six times higher during glacial periods (MIS 2
and MIS 4) than during interglacial periods (MIS 1
and MIS 5).
In Saharan dust, kaolinite commonly exceeds the
amount of chlorite (Chester et al., 1977; Guerzoni et
al., 1997); thus, a kaolinite/chlorite ratio N2 in clay
minerals may indicate a dominance of Saharan dust,
whereas a ratio b2 may indicate input from other
sources areas (Fig. 9). The kaolinite/chlorite ratio of
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Fig. 7. (A) Relationship between CaCO3 content (%), measured by coulometry, and the total terrigenous particle contribution (clay and silt to
fine sand) in hemipelagic intervals in the four cores. The terrigenous content was estimated using percentage estimation comparison charts
(Rothwell, 1989) and has not been scaled to make 100%. (B) The average terrigenous contribution (%) of clay and terrigenous silt to very fine
silt in hemipelagic interval as estimated for the Holocene, Younger Dryas (YD), and oxygen isotope events 2.2, 2.21, 3.31, 4.22, 5.1, 5.2, 5.3,
5.4, and 5.5, and the low CaCO3 interval following event 3.31 (see Fig. 3).

clays in hemipelagic samples from the Balearic
Abyssal Plain is generally 1 or less, and is similar to
that found in European-sourced atmospheric background dust and in most Balearic Abyssal Plain
turbidite muds (Fig. 9). (In turbidite mud, samples
with a kaolinite/chlorite ratio N1 may reflect a North
African source area.) European-derived dbackgroundT
dust lacks appreciable smectite (Guerzoni et al.,
1997). Hemipelagic clay samples from the Balearic
Abyssal Plain, however, contain some form of

smectite and/or illite/smectite, and their (illite/smectite+smectite)/illite ratio (0.5–1) is similar to those of
turbidites muds (Fig. 9).
The uniformity of clay minerals in the hemipelagic
intervals and their similarity to clay minerals found in
the turbidite muds (Fig. 9) suggest that the majority of
the clays are derived from a common non-aeolian
dsource area.T The presence of aeolian-derived clays in
the basin is most likely masked as a result of dilution
with these non-aeolian clays. The basin turbidites
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Fig. 8. Calculated hemipelagic accumulation rates for the summed hemipelagic intervals in the four long piston cores. Corrected hemipelagic
depths were used for this calculation. MIS (MIS 1–5) are also indicated. The average hemipelagic accumulation rate (~2.5 cm/ka) is indicated by
a thick grey line.

mainly originate from the southern European margin
(turbidite bases towards the northern part of the basin
are thicker and coarser in grain size), which receives
large amounts of fluvial sediment from the rivers
Ebro, Rhône, and Var. Suspended fluvially derived

material can be transported offshore by surface and/or
deep currents. Surface currents are unlikely to carry
suspended material into the open western Mediterranean, as surface circulation is mainly in an anticlockwise direction along the continental slope (Beckers et

Fig. 9. Kaolinite/chlorite and (smectite+illite–smectite)/illite ratios for hemipelagic and turbidite clay minerals from the Balearic Abyssal Plain.
Similar ratios are also shown for Saharan dust measured in Sardinia (a) and the NE Mediterranean (b), European background dust (c), and deepsea sediments from the southern Tyrrhenian (d) and the south Adriatic (e) (Chester et al., 1977; Guerzoni et al., 1997).
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al., 1997; Millot, 1999). Tyrrhenian Deep Water
(between 600 and 1600–1900 m water depth) and
Western Mediterranean Deep Water (b1900 m), on the
other hand, may flow in a southerly direction (Rhein
et al., 1999; Cacho et al., 2000) and could provide
transport mechanisms capable of delivering suspended sediment to the open sea from the southern
European margin. Bryden and Stommmel (1982) and
Wu and Haines (1998) suggest that Western Mediterranean Deep Water contributes to the Strait of
Gibraltar outflow (Bryden and Stommmel, 1982; Wu
and Haines, 1998), perhaps as a result of large-scale
spreading by eddy circulation (Testor and Gascard,
2003).
At present, there is only limited information on the
presence and strength of deep-sea currents flowing
southward from the southern European margin, and it
is unclear whether they are capable of transporting
coarser terrigenous particles (up to very fine sand) to
the open western Mediterranean. The presence of rare
calcite, dolomite, and felspar in this size fraction
could be indicators of southern (North African)
aeolian dust (Tomadin and Lenaz, 1989). However,
these minerals are also present in the Rhône terrigenous load (Chamley, 1971). Some of the quartz
grains in the silt/very fine sand fraction show
haemititic stains and/or frosted and surfaces, which
may be indicators of aeolian transport.
During cold intervals, the silt/fine sand fraction
appears much higher proportionately than the clay
fraction, whereas during warm intervals, they
appear approximately equal (Fig. 7). Although it
cannot be completely excluded, it seems unlikely
that the increased coarser terrigenous fraction
recorded during glacial intervals is transported
southward by deep-sea currents from the southern
European margin. Winnowing due to increased
Mediterranean deep water formation and circulation
during glacials seems unlikely, as this requires
fairly high bottom current speed. Furthermore, there
are no indicators of winnowing throughout the
studied cores. Planktonic foraminifera appear well
preserved with only a few fragments, benthic
foraminifera are very rare (b1% of total sediment),
and benthic shallow water species are absent. The
increase in the coarser fraction seen in hemipelagic
intervals during cold periods, therefore, may be best
explained by enhanced aeolian sediment input to
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the basin (Fig. 7). This suggests that a glacial
increase in fine terrigenous sediment (clay to fine
silt) could be from both aeolian and fluvial sources,
whereas any coarser material is more likely of an
aeolian origin.
The increase in aeolian sediment input during
glacial periods may result from intensified and more
frequent dust input into the western Mediterranean
Sea. Higher aridity and/or high wind speeds during
glacials can be attributed to a more southward
migration of the average location of the intertropical
convergence zone (ITCZ) (Matthewson et al., 1995;
Weldeab et al., 2003). Further evidence for changes in
the prevailing atmospheric circulation over the basin
is reflected in changes in the predominant aeolian
sediment source area; from Morocco/western Algeria
and Tunesia/western Libya during interglacials to the
Sahara/Sahelian region; and an unknown sediment
source during glacials (Weldeab et al., 2003). Based
on the abundance of Cedrus pollen in marine cores
located north of Morocco, Magri and Parra (2002)
show that winds frequently were northern over North
Africa during the last glacial period, which were likely
to carry dust. Pollen sequences from western and
central Mediterranean countries and marine sites show
dramatic changes during interglacial/glacial cycles
(Combourieu Nebout et al., 2002; Magri and Parra,
2002). Interglacial forest-dominated flora, reflecting
warm and moist climatic conditions, were replaced by
open or open forest-type vegetation characteristic of a
steppe/semidesert environment during glacial intervals, suggesting drier and colder climatic conditions
(Combourieu Nebout et al., 2002; Magri and Parra,
2002). As climate in the western Mediterranean
borderlands became more arid during the last glacial
(Elenga et al., 2000), soil erosion and enhanced
aeolian transport would have contributed to the
increased dust flux to the western Mediterranean.
Apart from enhanced aeolian sediment transport, it
is likely that the colder and drier glacial conditions
would have caused increased erosion and fluvial
sediment transport, combined with a highly peaked
river discharge. In addition, low sea level would result
in continental shelves being exposed as subareal
coastal plains, allowing rivers to dump their sediment
loads closer to the shelf edge, thus promoting
increased fluvial input of fine terrigenous sediment
into the basin.
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The two cold MIS substages (MISs), 5d and 5b,
within MIS 5, also show reduced CaCO3 contents
and higher magnetic susceptibility values compared
with the warmer MISs 5e, MISs 5c, and MISs 5a
(see Fig. 3), suggesting they may have increased
terrigenous sediment input. Clay and silt to fine
sand-sized terrigenous contributions are generally
similar during MISs 5e and MISs 5a, whereas the
silt to very fine sand contributions are higher
compared to contribution of the clay fraction during
MISs 5d, MISs 5c, and MISs 5b (Fig. 7). Higher
contributions of terrigenous sediment during cold
MISs 5d and MISs 5b confirm that the recorded
lower CaCO3 contents may be the result of increased
dilution (Fig. 7). The increase in the coarser fraction
(coarse silt to very fine sand) during MISs 5d and
MISs 5b is likely the result of increased aeolian
sediment input into the basin. Locally, sediment and
soil sequences along the northeastern coast of
Mallorca record aeolian deposition during MISs 5d
and MISs 5b due to drier climate regimes and low
biomass, whereas MISs 5e and possibly MISs 5c and
MISs 5a are characterised by soil formation associated with high moisture regimes and an extensive
vegetation cover (Rose et al., 1999).
7.2. Short-term CaCO3 trends in the western Mediterranean pelagic sediments
As discussed earlier, several short-term (duration
~500–2000 years) CaCO3 lows can be identified
coincident with elevated magnetic susceptibility values within hemipelagic intervals (Fig. 6). Many of
these short-term CaCO3 fluctuations record the lowest
CaCO3 values, suggesting that they represent episodes
of most pronounced dilution with terrigenous sediment in the Balearic Abyssal Plain (Fig. 6). These
pronounced dilution dmaximaT may be the result of
very severe (dry and cold) climatic conditions in the
Mediterranean borderlands, causing increased aridity
and dramatic increases in aeolian and fluvial sediment
transport. The timing of these events appears coincident with short-term cooling phases that have been
recorded in North Atlantic deep-sea sediments (Johnsen et al., 1992; Bond et al., 1993; McManus et al.,
1994; Bond and Lotti, 1995; Chapman and Shackleton, 1999; Lehman et al., 2002), such as the Younger
Dryas, HEs, some D/O stadials, and abrupt cooling

events within MIS 5. Most D/O stadials, however, are
not obvious from the records (Fig. 6). These events
may either not be recorded (signals may have been
smoothed due to only moderate sedimentation rates
combined with bioturbation, or the hemipelagic
substrate may have been eroded by turbidity currents),
or climate during D/O stadials in the western
Mediterranean Sea may not have been as severe as
in the Atlantic.
Elevated aeolian input into the basin during these
short-term cold events may be explained by intensified high-latitude circulation and a weakened monsoonal circulation causing greater Saharan wind
intensities, resulting in increased northward dust
transport (Moreno et al., 2002; Rohling et al., 2003).
Fluvial sediment input (clay to very fine silt) was
probably also increased during HEs. Expansion of the
polar vortex may have resulted in cooling of the NE
Mediterranean due to more frequent and intense
outbreaks of polar/continental air (Rohling et al.,
1998, 2003), causing increased deep-water formation
(Cacho et al., 2000) that could promote the southward
transport of fine (clay and very fine silt) terrigenous
sediment.
Pollen records from terrestrial lacustrine sequences at various sites in the Mediterranean confirm
that continental climatic conditions in the Mediterranean during HEs and D/O stadials were dry and
can be linked to climatic conditions in the North
Atlantic (Allen et al., 1999, 2000; Tzedakis, 1999;
Allen and Huntley, 2000; Brauer et al., 2000). In the
Alboran Sea, pollen records show vegetation
changes that are indicative of rapid environmental
changes between cold–dry (D/O stadials) and mild–
humid conditions (D/O interstadials) (Combourieu
Nebout et al., 2002), which occur in parallel with
SST oscillations and indicate an almost perfect
coupling between continental and marine conditions
(Sánchez Goñi et al., 2002). The coldest and driest
conditions in the Alboran Sea occurred during HEs
(Combourieu Nebout et al., 2002; Sánchez Goñi et
al., 2002) and similar conditions may have prevailed
in the Balearic Basin, as HEs-related trends seem
more apparent than D/O stadials in our cores (Fig.
6). Less pronounced decreases in precipitation
during D/O stadials may be explained by switches
between the influence of moister Atlantic (dominant
during D/O stadials) and colder/drier Scandinavian

B.A.A. Hoogakker et al. / Marine Geology 211 (2004) 21–43

Mobile Polar Highs (dominant during HEs) (Sánchez Goñi et al., 2002). Mobile Polar Highs are
considered to be the key factor of meridional air
exchange (Leroux, 1993) and the development of a
substantial Scandinavian Mobile Polar High during
HEs may have resulted in prolonged wintertime
anticyclonic activity, causing increased aridity and
desertification in the Mediterranean region (Combourieu Nebout et al., 2002).

8. Conclusions
Although late Quaternary sediments on the Balearic Abyssal Plain are dominated by turbidite deposits,
an almost continuous record of hemipelagic sedimentation covering the last 130,000 years is preserved in the intercalated intervals. Analysis of
calcium carbonate content of these hemipelagic
sediments reveals distinct cycles similar to
dAtlanticT-type carbonate cycles; with interglacial
periods showing relatively higher CaCO3 contents
(~50%) and glacial periods showing lower CaCO3
contents (~30%). AMS radiocarbon dating, biostratigraphy (based on coccolith intervals), and oxygen
isotope stratigraphy support the time relationship
inferred from this climatic pattern in the calcium
carbonate contents. Enhanced magnetic susceptibility
values and increased contributions of terrigenous
material during glacial periods suggest that the
Balearic Abyssal Plain carbonate cycles are most
likely the result of changes in dilution with terrigenous particles. Clay mineral analyses show that
clays in the hemipelagic intervals are mainly derived
from the southern European margin and are most
likely transported to the open western Mediterranean
Sea by deep currents and/or eddy advection. Coarsergrained terrigenous particles (coarse silt and very fine
sand), on the other hand, may be too heavy to be
transported in a similar manner; instead, it is
suggested that aeolian processes may be responsible
for their delivery to the basin plain.
The increases in aeolian sediment transport to the
western Mediterranean Sea may result from changes
in the prevailing atmospheric conditions, causing
colder and drier climatic conditions in the source
areas and more frequent and intense outbreaks of
aeolian dust transport. In addition, glacial conditions
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probably also caused an increase in fluvial sediment
transport with a highly peaked river discharge. Lower
sea level would have facilitated delivery of this
sediment to the deep sea, as rivers would have
discharged close to the present shelf edge.
Several dshort-termT CaCO3 lows can be identified
in the four cores that appear coincident with elevated
magnetic susceptibility values. The timing of these
short-term trends can be linked with cooling events in
the North Atlantic, and can also be explained by
increased terrigenous dilution. They are interpreted as
possibly reflecting more drier and colder climatic
conditions in the Mediterranean borderlands, resulting
in increased aeolian and fluvial sediment transport.
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Méditerranée. Thèse, Univ. Aix-Marseille. 401 pp.
Chapman, M.R., Shackleton, N.J., 1999. Global ice-volume
fluctuations, North Atlantic ice-rafting events, and deep-ocean
circulation changes between 130 and 70 ka. Geology 27,
795 – 798.
Chester, R., Baxter, G.G., Behairy, A.K.A., Connor, K., Cross, D.,
Elderfield, H., Padgham, R.C., 1977. Soil-sized eolian dust from
the lower troposphere of the eastern Mediterranean Sea. Mar.
Geol. 24, 201 – 217.
Claussen, M., Brovkin, V., Ganopolski, A., Kubatzki, C., Petoukhov, V., 1998. Modelling global terrestrial vegetation–climate
interaction. Philos. Trans.-R. Soc. Lond. 353, 53 – 63.
Combourieu Nebout, N., Turon, J.L., Zahn, R., Capotondi, L.,
Londeix, L., Pahnke, K., 2002. Enhanced aridity and atmospheric high-pressure stability over the western Mediterranean
during the North Atlantic cold events of the past 50 ky. Geology
30, 863 – 866.
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