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Abstract

Astronomically tuned high-resolution climatic proxy records across marine oxygen isotope stage 100 (MIS100) from the

Italian Monte San Nicola section and ODP Leg 160 Hole 967A are presented. These records reveal a complex pattern of climate

fluctuations on both Milankovitch and sub-Milankovitch timescales that oppose or reinforce one another. Planktonic and

benthic foraminiferal d18O records of San Nicola depict distinct stadial and interstadial phases superimposed on the saw-tooth

pattern of this glacial stage. The duration of the stadial–interstadial alterations closely resembles that of the Late Pleistocene

Bond cycles. In addition, both isotopic and foraminiferal records of San Nicola reflect rapid changes on timescales comparable

to that of the Dansgard–Oeschger (D–O) cycles of the Late Pleistocene. During stadial intervals winter surface cooling and deep

convection in the Mediterranean appeared to be more intense, probably as a consequence of very cold winds entering the

Mediterranean from the Atlantic or the European continent.

The high-frequency climate variability is less clear at Site 967, indicating that the eastern Mediterranean was probably less

sensitive to surface water cooling and the influence of the Atlantic climate system. Concomitant changes in the colour

reflectance of ODP Site 967 and the calcium carbonate record of San Nicola probably indicate that part of the high-frequency

climate variability (3–5 kyr) in the eastern Mediterranean is related to changes in Saharan dust supply. Evidently, enhanced dust

deposition in the Mediterranean correlates with the cold intervals of the millennial-scale D–O oscillations suggesting that the

Atlantic pressure system may have played a critical role in varying the wind strength and/or aridification of northern Africa.
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1. Introduction

Much work has been done in describing and

modelling natural variability of the Earth’s climate

system. While it has been demonstrated that varia-

tions in the Earth’s climate system at Milankovitch

timescales (20 to 400-kyr) are caused by variations

in the solar insolation and, hence, are orbitally

induced, the origin of climate variability at sub-

Milankovitch timescales (periodsb20-kyr) is still

under debate. Possible forcing mechanisms that

have been proposed for these high-frequency climate

variations include non-linear response to harmonics

or combination tones of the main orbital cycles

(Pestiaux et al., 1988; Hagelberg et al., 1994; Ortiz

et al., 1999), twice-yearly overhead passage of the

sun across the equator (Short and Mengel, 1986;

Short et al., 1991), variation in solar output (Van

Geel et al., 1999; Perry and Hsu, 2000; Bond et al.,

2001) or periodic motion of the Earth and Moon

(Keeling and Whorf, 2000).

From sedimentary and ice-core data it became

evident that the Earth’s climate system is extremely

instable, especially during the last glacial. Rapid cold–

warm fluctuations in North Atlantic sea surface and

Greenland air temperature are associated with fluctua-

tions in global thermohaline circulation and occasion-

ally with ice rafting events from Northern Hemisphere

ice sheets (Heinrich, 1988; Bond, 1992; Bond et al.,

1993, 1999; Dansgaard et al., 1993). The occurrence

of high-amplitude millennial-scale climate variations

during full glacial conditions in contrast to relatively

low-amplitude millennial-scale variability during

interglacial times (e.g., Holocene) suggests that

Northern Hemisphere ice sheets are important. How-

ever, the role of large ice sheets is still controversial,

because some models propose ice sheets to be the

trigger for tropical climate variability (MacAyeal,

1993), whereas others argue that rapid oscillations

of the northern climate are a response to rather than

the cause of low latitude climate variability (McIntyre

and Molfino, 1996; Curry and Oppo, 1997). Proposed

mechanisms are those including changes in the equa-

torial wind system equivalent to long-term changes in

El Niño- Southern Oscillation (ENSO) and changes in

the intensity of the Inter Tropical Convergence Zone

(ITCZ) and monsoon variability (Stott et al., 2002).

Moreover, older records show that high-frequency
variability is a significant component of high-latitude

and low-latitude climate prior to the onset of Northern

Hemisphere glaciations (Ortiz et al., 1999; Steenbrink

et al., 2003). Although the interpretation of these

records is not straightforward they strengthen the

idea that high-frequency components are persistent

in the EarthTs climate and independent from the

large ice sheets of the Late Pleistocene. But it is

generally accepted that northern Hemisphere ice

sheets (or possibly even southern Hemisphere ice

sheets) act as amplifiers (Raymo et al., 1992; McIn-

tyre et al., 2001) or a resonating system (Wara et al.,

2000).

Most studies on millennial-scale climate variabil-

ity have focussed on the Late Pleistocene time inter-

val when glacial–interglacial alternations were

primarily paced by the 100-kyr periodicity (Imbrie

et al., 1993), of which the origin has been intensively

debated (Le Treut and Ghil, 1983; Imbrie et al., 1984,

1992; Saltzman and Sutera, 1984; Liu, 1992, 1995;

Clemens and Tiedemann, 1997; Rial, 1999; Shackle-

ton, 2000). In contrast, it is generally accepted that

the glacial–interglacial cycles of the Late Pliocene

and Early Pleistocene are controlled by the obliquity

cycle (Shackleton et al., 1984; Ruddiman et al., 1986;

Raymo et al., 1989). Hence studying these glacial–

interglacial cycles in high resolution may shed new

light upon the relation between millennial-scale and

astronomically-driven climate cycles. Here, we pre-

sent a high-resolution multi-proxy study of the Late

Pliocene marine oxygen isotope stage 100 (MIS100)

from the Mediterranean to unravel millenial-scale

climate variability in a region that is well known to
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be dominated by the EarthTs precession and obliquity

cycles throughout the Late Neogene (i.e. Lourens et

al., 1992, 1996; Hilgen et al., 1995). MIS100 was

chosen as case study, because in the first place it

revealed characteristic high-frequency changes in

sediment colour in both the land-based marine suc-

cession Monte San Nicola (Sicily, Italy) and ODP

Site 967 (Figs. 1 and 2). Secondly, both sequences

have been astronomically calibrated, independent of

global ice volume chronologies (Lourens et al., 2001,
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2004). Finally, MIS100 is one of the first pronounced

obliquity-controlled glacial periods at the onset of

Northern Hemisphere glaciations (Shackleton et al.,

1984; Raymo et al., 1989). Evidence for occasional

massive discharge of icebergs during these first full

glacial cycles comes from ice rafted debris (IRD)

records in DSDP/ODP cores from the North Atlantic

(Raymo et al., 1992; Carter and Raymo, 1999). Rapid

changes in the size of the continental ice-sheets at

that time are confirmed by major shifts in benthic
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foraminiferal oxygen isotope records (Raymo et al.,

1989, 1992).
2. Material and methods

Monte San Nicola is situated 10 km north of the

coastal town Gela in southern Sicily (Italy) (for

detailed location map and description see (Rio et al.,

1994)). A succession of ~160 m of rhythmically

bedded marly limestones and marls from the Trubi

and Monte Narbone Formation are well exposed. The

sapropels of the O, A, B and C clusters (Verhallen,

1987; Zijderveld et al., 1991) are visible in the section

(Fig. 2). The sedimentary sequence was estimated to

be deposited at a water depth of 800–1000 m (Bona-

duce and Sprovieri, 1984; Rio et al., 1994) with an

average sedimentation rate of ~8 cm/kyr (Sprovieri et

al., 1986). The section presents the Gelasian stratotype

(Rio et al., 1994) with the base of the Gelasian being

defined at the top of the A5 sapropel (Fig. 2).

Monte San Nicola has been used to establish the

astronomically calibrated (polarity) timescale by Hil-

gen (Hilgen, 1991a,b). The position of marine oxygen

isotope stages (MIS) 96–100 is well constrained in

this section (Sprovieri, 1993). These stages are visible

as grey-white alternations on a metre scale in-between

the A5 sapropel and the B sapropel group with grey

layers reflecting glacial stages 100, 98 and 96 (Fig. 2).

Light-coloured decimetre thick bands are visible

within the dark glacial stages. The base of MIS101

is characterised by a dark layer which is a not fully

developed sapropel (ghost sapropel) corresponding to

i-cycle 246 (Lourens et al., 1996).

The MIS101 to MIS99 interval was sampled every

3 cm. The sampling trajectory was chosen carefully to

ensure a continuous and undisturbed record. The

weathered surface was cleaned and only dfreshT mate-

rial was sampled. Generally, two cores of 2.5 cm

diameter were drilled per sample level using an elec-

tric water-cooled drill. Samples for foraminiferal

counts and stable isotope analysis were dried at 50

8C in an oven and were washed through 63, 125 and

600 Am sieves. Samples for geochemical analysis

were dried and homogenised in an agate mortar.

ODP Leg 160 Site 967 (34804VN, 32843VE) was

drilled in the eastern Mediterranean near the Era-

tosthenes seamount at a water depth of 2554 m. The
palaeodepth was estimated to be 1800–2500 m (Emeis

et al., 1996). Three holes were drilled in order to gain a

continuous succession. A composite depth profile was

constructed by correlating colour reflectance records

between different holes (Sakamoto et al., 1998). The

top 125 m consist of Lower Pliocene to Holocene

hemipelagic sediments containing 80 sapropels.

Sapropels occur in clusters and correlate to the large-

scale sapropel groups O, A, B and C as exposed in the

land-based marine successions of the Vrica, Singa,

Punta Piccola and San Nicola sections (Kroon et al.,

1998; Lourens et al., 1998). The interval between the

A5 sapropel and the B sapropel group is marked by a

reddish colour and glacial stages 100, 98 and 96 are

visibly darker in the core (Fig. 2). Hole A on Site 967

was sampled every centimetre in the interval 8H4–6

(hereafter referred to as Site 967). Core photographs

and colour reflectance data of all holes (A–C) were

used to check the stratigraphic completeness and un-

disturbance of the core section. Additionally, colour

reflectance was measured on the half core every centi-

metre and on the individual samples using a hand-held

Minolta CM 503i spectrophotometer. Samples for for-

aminiferal stable isotope analysis were freeze-dried

and washed through 63, 125 and 600 Am sieves.

For stable isotope analysis of the San Nicola sam-

ples about 20 specimens of the benthic foraminifer

Uvigerina peregrina and 50 specimens of the plank-

tonic foraminifer Globigerinoides ruber were hand

picked from a split of the N212 Am size fraction in

the size range 300–400 Am. The analysis was carried

out at Utrecht University stable isotope facility where

an ISOCARB common bath carbonate preparation

device linked on-line to a VG SIRA24 mass spectro-

meter is operated. Isotope values were calibrated to

the PeeDeeBelemnite (PDB) scale. Analytical preci-

sion was determined by replicate analyses and by

comparison to the international (IAEA-CO1) and in

house carbonate standard (NAXOS). Replicate ana-

lyses showed standard deviations of b0.06x and

b0.1x for d13C and d18O, respectively.

For benthic stable isotope analysis of Site 967 3–5

specimens of Cibicidoides kullenbergi were hand

picked from the N212 Am fraction in the size range

300–400 Am. Measurements were carried out at Bre-

men University stable isotope facilities where a

CARBO-KIEL automated carbonate preparation

device linked on-line to a FINNIGAN MAT 251
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mass spectrometer is operated. Replicate analyses and

calibration to the international carbonate standard

NBS19 and in-house standard (shk_br; carrara)

revealed an analytical precision better than 0.03x
and 0.05x for d13C and d18O, respectively. The

d18O results of C. kullenbergi were adjusted by add-

ing 0.64x to be in equilibrium with Uvigerina and

ambient sea water (Shackleton, 1974).

Carbon weight percentages were measured before

and after removal of carbonates with 1 M HCl on a
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micro-splitter. All specimens were picked, mounted

on Chapman slides and identified. The juvenile forms

of the planktonic species Globigerina falconensis and

Globigerina bulloides were counted together because

of their close morphological similarity. The adult

forms are predominantly specimens of G. falconensis

and very few specimens of G. bulloides and, there-

fore, plotted together. Sinistrally and dextrally coiled

forms of the Neogloboquadrina sp. group were

counted separately. In the benthic foraminiferal

group of the non-costate buliminids Bulimina acu-

leata s.s., Bulimina marginata s.s. and intermediate

morphotypes are counted together. Groups like mili-

olids, discorbids, nodosariidae and Elphidium spp. are

not specified any further.

2.1. Age model

The studied interval of ODP Site 967 has been

astronomically dated by correlating the Ti /Al to the

La90–93(1,0.5) 658N summer insolation curve (Lou-

rens et al., 2001). The Ti /Al ratio has been inter-

preted in terms of changes in the relative

contribution of aeolian versus fluvial material. For

statistical purposes Lourens et al. (2001) assumed an

in-phase relationship between Ti /Al and 658N sum-

mer insolation. Therefore, ages of i-cycle 246 and

244 differ by 3 kyr from the lagged ages given by

Lourens et al. (1996). Here, we apply a new astro-

nomical solution, La04(1,1) with present-day values

for the EarthTs tidal dissipation and dynamical ellip-

ticity (Laskar et al., 2004) in stead of the older

La90–93 solution (Laskar et al., 1993), although

both solutions reveal the same ages within the stu-

died interval.

The age model for San Nicola is based on the

graphical correlation between the benthic oxygen

isotope record of San Nicola and Site 967 (Fig.

3a). Tie-points were set at the MIS101/MIS100 and

MIS100/MIS99 transitions and within MIS99 and

MIS101. Ages in between the tie-points are interpo-

lated linearly resulting in a duration of ~20 kyr for

MIS100 and average sedimentation rates of ~6 and

~8.6 cm/kyr equivalent to a time resolution of ~500

and ~350 yr in the interglacials and the glacial of San

Nicola, respectively. Sedimentation rate at Site 967 is

on average 2.5 cm/kyr, resulting in a sample resolu-

tion of ~400 yr.
3. Results

3.1. Oxygen isotopes

San Nicola d18O values for U. peregrina

(d18Obenthos) and G. ruber (d18OG.ruber) are highest

during MIS100 with maximum values being 2.8x
and 0.8x, respectively (Fig. 3b,c). Lowest values

(�1.2x for d18OG.ruber and 1.6x for d18Obenthos)

are reached during the ghost sapropel. Average inter-

glacial d18Obenthos values (MIS99 and MIS101 aver-

aged) are 1.8x resulting in a glacial–interglacial (G–

I) difference (maximum–average interglacial) of

~1.0x for d18Obenthos. Interglacial d18OG.ruber values

are ~�0.6x during MIS101 except for the ghost

sapropel and decrease from maximum glacial values

of �1.2x to minimum interglacial values of �0.6x
during MIS99. The d18OG.ruber values decrease later

and slower than d18Obenthos values (Fig. 3b). At the

MIS100/MIS99 transition d18Obenthos is already ~3 /4

the interglacial value, whereas d18OG.ruber is still at

one third the interglacial value. Assuming a minimum

interglacial d18OG.ruber value of ~�0.6x, a value that

is reached at the beginning of MIS101, before the

MIS101/100 transition and at the top of the record

in MIS99 results in a G–I difference (maximum gla-

cial–assumed interglacial) of ~1.4x for d18OG.ruber.

Benthic oxygen isotope values of Site 967 are

generally ~0.5x heavier than at San Nicola, except

during the onset of MIS100, averaging to 2.2x in the

interglacial and ~3.2x in the glacial. This implies that

the glacial–interglacial d18Obenthos difference of Site

967 is like at San Nicola 1.0x. This is in close

agreement with G–I amplitudes of North Atlantic

records (Ruddiman et al., 1986; Raymo et al., 1989;

Lisiecki and Raymo, 2005). Lowest d18OG.ruber values

(�1.0x) of Site 967 are associated with the ghost

sapropel, being ~�0.3x before and after the sapro-

pel, a value that is also reached at the top of MIS99

and during the following interglacials (unpublished

data). Therefore, interglacial d18OG.ruber values of

Site 967 are assumed to be in the range of �0.3x
and thus heavier by 0.3x than interglacial d18OG.ruber

values of San Nicola. This results in a G–I (maximum

glacial–assumed interglacial) d18OG.ruber difference of

~1.1x for Site 967 compared to 1.4x for at San

Nicola. Furthermore, d18OG.ruber values of Site 967

decrease also much slower after the MIS100/99 tran-
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sition than associated d18Obenthos. Planktonic and

benthic oxygen isotope records of both sites show a

remarkable good correlation (Table 1) revealing an

overall distinct saw-tooth pattern characterised by a

gradual increase during the early glacial towards max-

imum values during full glacial conditions and a

sudden decrease at the termination. A time lag of ~8

kyr can be observed between the midpoint of MIS100

(~2.519 Ma) and the minimum in obliquity at 2.527

Ma (Fig. 3e).

The d18Obenthos record of San Nicola is furthermore

characterised by three sub-cycles. Each sub-cycle

shows a saw-tooth pattern, starting with a gradual

increase in isotope values that takes about 4–5 kyr

followed by a sudden decrease to lighter values.

Values remain low for another 2–3 kyr so that the

average duration of each sub-cycle is 6–8 kyr. We

labelled the San Nicola sub-stages according to the

nomenclature established for Late Pleistocene glacials

where even numbers refer to stadial phases and odd

numbers refer to interstadial phases (Imbrie et al.,

1984; Martinson et al., 1987). San Nicola sub-stages

are also observed in the d18OG.ruber, but are generally

noisier. Benthic and planktonic d18O values correlate

except for the stadial MIS100.4 where the relation is

partly inversed. Sub-stages have amplitudes of about

0.4–0.5x. Partitioning into an early and a full glacial

is also evident in the d18Obenthos of Site 967, but sub-

stages as defined in San Nicola are not clear. Millen-

ial-scale (2–3 kyr) variations in the order of 0.2–0.4x
can be recognised in both d18Obenthos records.
Table 1

Correlation coefficients between selected parameters of SN and Site

967

r Site 967

d18Obenthos

SN

d18OG.ruber

SN

d18Obenthos

SN

CaCO3

Site 967 0.85 0.94 0.88 n.s.

d18OG.ruber (0.58)1 (0.76) (0.67) (�0.37)

Site 967 0.86 0.91 �0.29

d18Obenthos (0.55) (0.63) (�0.42)

SN 0.88 n.s.

d18OG.ruber (0.61) (�0.30)

SN �0.26

d18Obenthos (�0.44)

Site 967 �0.58 �0.37 �0.49 0.64

CR (�0.85) (�0.47) (�0.53) (0.36)

1) Numbers in brackets are coefficients for MIS100 only.
3.2. Calcium carbonate

CaCO3 weight percentages of SN are maximal

(50%) in the interglacials except during the ghost

sapropel and low in the glacial and the ghost sapropel

(minimal 36%) with values fluctuating between 36–

44% during MIS100 (Fig. 3d). Total organic carbon

weight percentages (not shown) are 0.6% in the ghost

sapropel and ~0.16% in the remaining part of the

record. Maximum colour reflectance (550 nm) values

(36%) at Site 967 are reached at the beginning of

MIS101, minimum values (20%) during the ghost

sapropel and MIS100 and intermediate values (28–

24%) in the rest of the interval.

The CaCO3 of San Nicola and the colour reflec-

tance of Site 967 show an overall similar pattern

during MIS101-99. Correlation during MIS100 is

modest (r =0.36, Table 1) as we abstained from insert-

ing additional age control points within MIS100. It

was shown, that the colour reflectance of Site 967 is

associated with the calcium carbonate content of the

bulk sediment (Wehausen and Brumsack, 1999) so

that dark intervals (MIS100 and ghost sapropel) cor-

relate with low carbonate percentages and light inter-

vals (interglacials) with high carbonate percentages.

This indicates that sedimentary calcium carbonate

content varied with a similar pattern at both Sites

during MIS100.

3.3. Planktonic foraminifers

The interglacial stages 101 and 99 are charac-

terised by high percentages of G. ruber, Globorotalia

puncticulata, Globigerinoides obliquus and Globor-

otalia crassaformis (Fig. 4). All these species are

indicative of warm water and oligotrophic conditions

(Bé and Hutson, 1977; Hemleben et al., 1989; Hil-

brecht, 1996) with the exception of G. puncticulata,

which is assumed to be a mixed layer species that

profilerates in temperate regions during winter similar

to its living relative Globorotalia inflata (Bé and

Hutson, 1977; Rohling et al., 2004). However, the

occurrence of G. puncticulata in association with the

warm water species G. ruber and G. obliquus sug-

gests that G. puncticulata throve under slightly

higher temperatures than modern G. inflata as sug-

gested by Kennett and Srinivasan (1983) and Loubere

and Moss (1986).
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The warm water species are almost totally absent

during the glacial. MIS100 is characterised by the

occurrence of Globorotalia scitula and Neogloboqua-

drina atlantica with maximum relative abundance

being 8% and 29%, respectively, during the full gla-

cial. G. scitula and N. atlantica are generally asso-

ciated with cool water (Bé and Hutson, 1977;

Hemleben et al., 1989; Zachariasse et al., 1990). G.

scitula is wide-spread in the Mediterranean through-

out the Plio–Pleistocene during glacial times (Zachar-

iasse et al., 1990; Lourens et al., 1992; Rohling et al.,

1993). N. atlantica is an extinct species that is ende-

mic to high latitudes in Late Miocene to Pliocene

times (Poore and Berggren, 1975; Meggers and Bau-

mann, 1997). Morphological studies and biometric

measurements indicate that the test size of N. atlantica

decreased with the Late Neogene global temperature

decline (Meggers and Baumann, 1997). Typical sinis-

trally-coiled N. atlantica invaded the Mediterranean

first during MIS110 (Lourens et al., 1996) and suc-

cessively during the following glacial periods asso-
ciated with MIS108 to MIS96 (Zachariasse et al.,

1990) after which it became extinct. Since the appear-

ance of N. atlantica is exclusively related to glacial

periods this species is clearly associated with surface

water cooling in the Pliocene Mediterranean (Zachar-

iasse et al., 1990).

The transition between the interglacial and glacial

fauna assemblages is marked by high relative abun-

dances (30%) of Globoturborotalita apertura, G. bul-

loides/falconensis and Turborotalita quinqueloba.

These latter two species are cool water species that

proliferate in the Mediterranean winter mixed layer

(Rohling et al., 1993, 2004). G. apertura probably

occurred in warm to temperate waters similar to its

living successor G. rubescens. G. apertura dominates

the Mediterranean faunal assemblage of the Early–

Late Pliocene but becomes less important towards the

end of the Pliocene (Lourens et al., 1992). Lourens et

al. (1992) inferred a similar habitat as G. ruber but a

presumably larger temperature tolerance for G. aper-

tura might be suggested from the slightly different
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abundance pattern during MIS100. The relative

increase in the temperate to cool water species indi-

cates a gradual cooling of the sea surface layer across

the glacial boundaries.

The distribution pattern of Neogloboquadrina sp.

(dex) and Globigerinita glutinata seems not related to

the glacial–interglacial variability. The distribution of

these species shows opposite patterns in accordance

with similar observations at the nearby Singa section

(Calabria, Italy) for the Late Pliocene time interval

(Lourens et al., 1992). Relative abundance of G. glu-

tinata is around 15% in the interglacial and the Early

and Middle Glacial and rises to 30% at the MIS100.2/

MIS100.3 transition. Vice versa, relative abundance of

N. sp. (dex) is around 30% in the interglacial and Early

to Middle Glacial and decreases to 15% at the

MIS100.2/MIS100.3 transition. G. glutinata lives in

the upper 200 m of the Mediterranean water column

and is probably more prolific during spring (Rohling et

al., 2004). Compared to other species G. glutinata has

a different feeding strategy as it feeds mainly on

diatoms associated with a later stage in productivity

blooms (Hemleben et al., 1989; Hilbrecht, 1996). In

the Atlantic, high abundance of G. glutinata is related

to the entrainment of nutrients into the deeper layers by

storms (Schiebel et al., 2001). N. sp. (dex) is observed

to be abundant in deep chlorophyll maxima (DCM)

and, therefore, is assumed to proliferate under high-

productivity surface water masses and/or stratified sur-

face water conditions (Thunell and Williams, 1989). In

the Mediterranean high abundance of N. sp. (dex) is

often associated with sapropel layers (Rohling and

Gieskes, 1989) and with high abundance of G.

ruber, indicating intensive surface water stratification

during relatively warm summers and a seasonal DCM

(Lourens et al., 1992; Negri et al., 1999).

We applied a standardised principle component ana-

lysis (PCA; SPSS standard software) to further unravel

the observed changes in the planktonic foraminiferal

abundance patterns. The first two components (PCA-

1plankton and PCA-2plankton, respectively) explain ~52%

of the total variance in the plankton foraminiferal data.

Positive scores are recorded for the glacial interval and

are related to the cold-water assemblage, including the

species T. quinqueloba, G. bulloides/falconensis (juv),

N. atlantica andG. scitula, whereas negative scores are

linked to the warm-water and oligotrophic assemblage,

consisting of G. ruber, G. puncticulata, G. obliquus
andG. apertura. PCA-1plankton is, therefore, interpreted

to reflect primarily glacial–interglacial changes in

annual sea surface temperature (SSTannual). This inter-

pretation is strengthened by the good correlation

(r =�0.86) between PCA-1plankton and d18Obenthos,

which both depict the glacial–interglacial transitions

as well as the characteristic sawtooth pattern simulta-

neously (Fig. 5; Table 2). Also on sub-Milankovitch

scales PCA-1plankton strongly co-varies with the

d18Obenthos record as evidenced by concomitant

changes associated with the sub-stages of MIS100

and the millennial-scale changes within the sub-stages.

These shorter events correlate with rapid changes in

the abundance of N. atlantica (notice the high degree

of correlation (r =0.89) between N. atlantica and

PCA1plankton). One marked exception is observed dur-

ing MIS100.3 during which the relative warm SST

conditions are interrupted by a short cooling event that

corresponds with the most depleted d18Obenthos values

within MIS100 (shaded interval in Fig. 5).

PCA-2plankton is almost exclusively based on the

distribution of dextral-coiled N. sp. (dex) (positive

loadings) versus G. glutinata (negative loadings).

This component seems to be closely related to the

first principal component derived from the total faunal

counts of the Singa section (Lourens et al., 1992),

which has been interpreted as reflecting primarily

changes in sea surface productivity (SSP) conditions.

In addition, the trend in PCA-2plankton (Fig. 6) probably

reflects the relative decrease in N. sp. (dex) associated

with the 400-kyr eccentricity minimum between the A

and B-sapropel cluster (Lourens et al., 1992). Max-

imum PCA-2plankton values are observed during i-246

and i-244 (Fig. 6).

3.4. Benthic foraminifers

The glacial–interglacial variability as reflected in

the benthic foraminiferal d18O is less clear in the

benthic composition. In contrast, variation at preces-

sional frequency is clearly visible in the benthic

associations and partly interferes with the glacial–

interglacial signal. We performed a standardised

principal component analysis (PCA; SPSS standard

software). For this we reduced the data set by omit-

ting single occurrences, ill-defined taxonomic groups

and taxa with relative abundance b1.5%. Unrotated

factor scores are plotted in Fig. 5.
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The first principal component (PCA-1benthos)

explains 18% of the total variance in the data set.

Positive scores on the first component are recorded
Table 2

Correlation coefficients between selected parameters of SN and Site

967

r PCA-1

benthos

PCA-1

plankton

N. atlantica C. kullenbergi

Site 967 0.56 �0.74 0.61 0.57

d18OG.ruber (0.65)1 (0.42) (0.67) (0.55)

Site 967 0.80 �0.85 0.77 0.71

d18Obenthos (0.85) (�0.69) (0.70) (0.69)

SN 0.60 �0.80 0.62 0.59

d18OG.ruber (0.63) (�0.52) (0.59) (0.48)

SN 0.76 �0.86 0.76 0.70

d18Obenthos (0.76) (�0.61) (0.66) (0.64)

PCA1 �0.77 0.89 0.80

Benthos (�0.76) (0.83) (0.83)

PCA1 �0.74 �0.67

Plankton (�0.52) (�0.47)

1) Numbers in brackets are coefficients for MIS100 only.
for the full glacial and are related to the relative

abundance of Cibicidoides kullenbergi, Globocassi-

dulina subglobosa, Cibicides cf. ungerianus, Trifarina

angulosa, Bolivina pseudoplicata and Globobulimina

spp (factor loadingN0.6) in association with Gyroi-

dina orbicularis and Oridorsalis stellatus (factor

loadingN0.5). These taxa have a more or less cosmo-

politan distribution but some are more commonly

associated with relatively cool waters. T. angulosa)

has been used as an indicator for cold bottom waters

in the Pliocene Mediterranean (Zachariasse et al.,

1990) and is indigenous to North Atlantic high lati-

tudes in Miocene to recent time (Mackensen et al.,

1985; Qvale, 1986). It predominantly occurs in outer

shelf to upper slope, well-oxygenated environments

(Murray, 1991; Mackensen et al., 1995; Harloff and

Mackensen, 1997). Hayward et al. (2002) and Murray

(1991) further proposed a relation of T. angulosa with

low temperatures. C. kullenbergi is commonly

reported as a surface dweller and associated with



100.2

100.4

100.6

2560

2550

2540

2530

2520

2510

2500

ghost 
sapropel

-1 0 1 2
PCA-2 plankton

2500

2510

2520

2530

2540

2550

2560
0.08 0.06

Ti/Al

i-244

i-246

0 80 160 100 20
Ba/Al

-1.6 -2 -2.4 -2.8
∆δ18Opl-bent(‰)

-1.2 -1.6 -2 -2.4

ea
rly

fu
ll 

gl
ac

ia
l

age 
(kyr)

age 
(kyr)

∆δ18Opl-bent(‰)

SN967ASN967A SN

B.aculeata (%)

summer insolation
- +

Fig. 6. ODP Site 967A Dd18Oplankton–benthos (overlain by moving average), San Nicola Dd18Oplankton–benthos (overlain by moving average) and

PCA2plankton in relation to ODP Site 967A Ba/Al, Ti /Al (inverse axis) and Laskar04(1,1) 658N summer insolation. Labelling according to Fig. 3.

J. Becker et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 228 (2005) 338–360348
well-aerated bottom waters and low organic flux

(Lutze and Colbourn, 1984; Corliss, 1985; Fariduddin

and Loubere, 1997; Schmiedl et al., 1997). Its recent

distribution appears to be associated with cooler

water-masses off West Africa (Lutze and Colbourn,

1984) and Schmiedl et al. (1997) stress its co-occur-

rence with North Atlantic Deep Water (NADW).

From a perspective of trophic and oxygenation state

of bottom waters, the behaviour of Trifarina angu-

losa and Bolivina pseudoplicata is quoted by Verhal-

len (1991) as intermediate between opportunistic and

equilibrium. For T. angulosa a relation with high

(Gupta, 1997; Harloff and Mackensen, 1997) as

well as with low organic flux rates (Mackensen et

al., 1995) is documented. G. orbicularis is mentioned

as an opportunistic taxon requiring ventilated bottom

waters (Jorissen et al., 1992). Ecological preferences

of Oridorsalis spp. are under debate. O. umbonatus is

considered an opportunistic taxon, related to elevated

organic flux by (1995), Miao and Thunell (1996) and

Kuhnt et al. (1999). At similar latitudes it is found to

be abundant in the glacial as well as in the interglacial

(Jian et al., 1999).
Negative scores on the PCA-1benthos are related to

the relative abundances of costate buliminids, Boli-

vina spathulata, Uvigerina peregrina and Siphonina

recticulata. The first three species are indicative for

slightly depleted bottom water oxygenation and rela-

tively high and continuous organic matter supply

(Verhallen, 1991; Schmiedl et al., 2003). Rathburn

and Corliss (1994) report Siphonina from thermo-

spheric (N10 8C) waters in the Sulu Sea. Positive

PCA-1benthos scores are interpreted to represent well-

ventilated, possibly cooler bottom waters during the

full glacial with an intermittent organic matter supply

to the sea floor.

The distribution pattern of the non-costate bulimi-

nids is related to precessional cyclicity. These taxa

abound during precession minima i-246 (the ghost-

sapropel) and to a lesser extent i-244 (Fig. 6). Non-

costate buliminids are mentioned in relation to fine-

grained substrates and elevated productivity and/or

lowered bottom-water oxygenation (Mackensen et

al., 1993; Fariduddin and Loubere, 1997; Gupta,

1997; Jannink et al., 1998; Jian et al., 1999; Hayward

et al., 2002).
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4. Discussion

4.1. Milankovitch-scale climate variability

4.1.1. Sea surface temperatures

The d18Obenthos glacial–interglacial differences at

San Nicola and Site 967 are in good agreement with

open ocean benthic isotope records (Raymo et al.,

1989; Shackleton et al., 1995) and are, therefore,

interpreted to represent dominantly obliquity-con-

trolled variations in global ice volume. The ice

volume effect during MIS100 was estimated to be

~0.8x (Raymo et al., 1989, 1992), which is in agree-

ment with the rapid deglaciation in our Mediterranean

d18Obenthos records at the MIS100/99 transition and

leaves only a minor temperature and/or salinity-

related component for the Mediterranean d18Obenthos

records of ~0.2x. Modelling experiments suggest that

the evaporation/precipitation (E–P) balance did not

change significantly during glacial times (Bigg,

1995), therefore excluding a significant salinity effect

on the d18Obenthos record. However, it remains uncer-

tain to infer regional d18Osw (sw: sea water) from a

purely E–P basis, because on a local scale the degree

of mixing in intermediate waters to a few hundred

metres below the sea surface may alter the d18Osw

significantly (Bigg, 1995). Additionally, the d18O

measured on specific foraminifera species might be

biased towards a very specific growth season or opti-

mum temperature at which the species calcify.

Furthermore, the d18Osw of the inflowing Atlantic

surface water and sea level-related difference in the

sill depth of Gibraltar and Sicily may have influenced

the d18Osw of the Mediterranean even if the E–P

balance remained similar. The good correlation

between the d18Obenthos and PCA-1plankton may indi-

cate that at least part of the (glacial-bound) reduced

SSTannual conditions at glacial times has been exported

towards deeper waters. Based on the empirical tem-

perature–d18O relationship of 1 8C/0.25x (Shackle-

ton, 1967; O’Neil et al., 1969), the MIS100-bound

temperature decrease should have been less than 1 8C
for the deeper waters.

The d18OG.ruber glacial–interglacial amplitude is

larger (by ~0.4x at San Nicola and 0.1x at Site

967) than that of the d18Obenthos and indicates that

planktonic d18O records are additionally affected by

small changes in temperature and/or salinity. Preli-
minary U37
KV data indicate that average SSTannual at

San Nicola was ~68C lower during MIS100 than

during the adjacent interglacial stages (Menzel pers.

comm., 2004). This is in agreement with SST recon-

struction from the last glacial maximum (LGM) in

the western and eastern Mediterranean Sea (Kallel et

al., 1997b; Cacho et al., 1999; Paterne et al., 1999)

but disagrees with the observed d18OG.ruber glacial–

interglacial amplitude during MIS100. However, the

DTglacial–interglacial component of the d18OG.ruber might

be underestimated because G. ruber is known to

calcify at optimum temperatures during the summer

season (Schmidt and Mulitza, 2002). This could have

biased the oxygen isotope signal towards warmer

SST, since only the warmest summers are recorded

by G. ruber and colder summers are dskippedT. As a
result the dTannual should have probably been larger,

implying that the dTannual recorded by the alkenones

is not necessarily larger than the dTsummer recorded

by G. ruber.

We subtracted the d18Obenthos values of Site 967

from both d18OG.ruber records to reconstruct this addi-

tional (combined temperature and salinity) effect. For

this purpose all d18O records were interpolated at 250-

year steps. We used the d18Obenthos of site 967 as

reference because this site is deeper and, therefore,

assumed to reflect ice volume changes more appro-

priate. Remarkably, the resulting Dd18OG.ruber–benthos

records of both San Nicola and Site 967 closely

follow the precession-dominated summer insolation

pattern and much less the obliquity-controlled PCA-

1plankton and SST (Fig. 6). It appears that the amplified

d18OG.ruber values are not controlled by the glacial–

interglacial SSTannual variability, but reflect merely the

influence of precession-bound surface water salinity

(SSS) and/or SST changes. Evidently, periods of max-

imum absolute Dd18OG.ruber–benthos values correspond

with the summer insolation maxima i-244 and i-246

reflecting a more stratified water column at times of

high seasonality.

The fact that precession exerts the main control on

eastern Mediterranean climate and hydrography dur-

ing the Plio–Pleistocene has been extensively shown

by studies on Mediterranean marine cores and land-

based marine successions (Lourens et al., 1992; Hil-

gen, 1991a; Hilgen et al., 1993, 1995). Microfossil

assemblages, pollen and stable isotope data have indi-

cated that the principal climate variability in the pre-
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cession frequency band is related to changes in warm–

wet and cold–dry conditions (Cita et al., 1977; Verg-

naud-Grazzini et al., 1977; Rossignol-Strick, 1983;

Kallel et al., 1997a, 2000). The most characteristic

sedimentary expression of the precession-controlled

climate variability is the regular and cyclic occurrence

of sapropels, which has often been associated with

changes in river-runoff and circum-Mediterranean

humidity (Rohling and Hilgen, 1991). These condi-

tions are generally linked to an intensified African

monsoon circulation causing a low salinity surface

water lens in the eastern Mediterranean and hence

stagnant bottom waters during minimum precession

(Rossignol-Strick, 1983, 1985). The existence of a

low salinity surface water lens is evidenced by very

depleted d18Oplankton values of in particular G. ruber

(Vergnaud-Grazzini et al., 1977; Rossignol-Strick et

al., 1982; Kallel et al., 1997a; Emeis et al., 2003;

Rohling et al., 2004). Such a low salinity lens may

in turn have induced a shoaling of the pycnocline into

the nutricline and resulted in the development of a

deep chlorophyll maximum (DCM) (Rohling and Hil-

gen, 1991).

In the interval of MIS101-99 no sapropels are

deposited at San Nicola and Site 967, but the exis-

tence of a ghost sapropel and the minima in Ti /Al

(Lourens et al., 2001) and maxima in absolute

Dd18OG.ruber–benthos during summer insolation maxima

i-244 and i-246 indicate that climate conditions were

not much different from those leading to sapropel

formation. The elevated Ba /Al contents at ODP Site

967 (Wehausen and Brumsack, 1999) and the high

PCA-2plankton values at San Nicola furthermore point

to enhanced primary productivity during i-244 and i-

246 possibly as a result of a distinct (seasonal) DCM.

Such an increase in SSP conditions may have

increased the oxygen consumption rate in the bottom

water as indicated by the relative abundance of non-

costate buliminids in the benthic foraminiferal assem-

blages (Fig. 6).

4.1.2. Response times

The obliquity-forced SST and d18Obenthos are in

phase with one another and lag obliquity by ~8 kyr

(Figs. 3 and 5). This estimate is in very good agree-

ment with the outcome of simple ice sheet models

applied to explain the Late Pleistocene glacial cycli-

city (Imbrie and Imbrie, 1980; Imbrie et al., 1984). A
similar time lag was applied for the construction of

astronomical time scales based on tuning open ocean

benthic isotope records of Pliocene and Early Pleisto-

cene age to the obliquity time series (Raymo et al.,

1989; Ruddiman et al., 1989; Shackleton et al., 1990).

The obliquity-related time lag, however, may have

been variable through time because of changes in

the response time of the climate system related to

the size of the ice sheets (Oerlemans and van der

Veen, 1984). A reduced ice sheet during the Pliocene

would result in a smaller time constant and a reduction

of the obliquity lag (Chen et al., 1995). Despite the

different size in ice sheet and the different duration of

the glacials in Late Pliocene compared to Late Pleis-

tocene, the behaviour of the ice sheet to obliquity

forcing was probably the same. The saw-tooth struc-

ture of the San Nicola and Site 967 d18Obenthos records

confirms the asymmetric ice sheet development (slow

growing and fast waning) predicted in models for Late

Pleistocene ice sheet behaviour (Imbrie et al., 1984;

MacAyeal, 1993).

Small uncertainties in the astronomical solution

and in the adopted precession-related response time

of the climate system may significantly alter the out-

come of the obliquity-related lag (Lourens et al.,

1996; 2001). However, for the investigated time inter-

val the theoretical changes in tidal dissipation and

dynamical ellipticity will change the obliquity-related

time lag one kyr at most (Lourens et al., 2001). More

important is the uncertainty in the response time of

the climate system to precession forcing. In our age

model the time lag with respect to precession forcing

was set to zero assuming an immediate response of

Ti /Al to African aridity changes. This assumption

differs from that of Lourens et al. (1996) who incor-

porated a time lag of 3 kyr based on the age differ-

ence between the AMS 14C-dated midpoint of the

youngest Holocene sapropel, S1 (~8.5 ka), and the

correlative summer insolation maximum at 11.5 ka.

Lourens et al. (1996) suggested that this lag could be

related to the modelled ~3 kyr time lag of the max-

imum summer temperature (Tmax) in northern Africa

with respect to the precession parameter (Short and

Mengel, 1986) applying an Energy Balance Model.

Short and Mengel (1986) argued that Tmax may be an

indication of the moisture availability to the monsoon

area during the rainy season, which could therefore

explain the observed lag between a monsoon trigger
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of sapropel formation and precession. Recently Tuen-

ter et al. (2005) carried out transient runs with an

intermediate complexity climate model (CLIM-

BER2.3) to test the scenario of Short and Mengel

(1986). These experiments revealed that Tmax at low-

latitudes (158N) indeed lags the precession parameter,

but that no time lag was observed between the Afri-

can–Indian monsoon annual precipitation and the

precession parameter. This implies that either sapro-

pel formation in the Mediterranean is not (only)

linked to changes in African–Indian monsoon annual

precipitation but probably influenced by the Atlantic

system or that the time lag estimate of the S1 is an

exception. The latter option however seems unlikely

because the timing based on 230Th–U (TIMS) of peak

hydrological conditions associated with sapropels S1–

S5 as evidenced from speleothems (Soreq cave,

Israel) also points to a significant lag of 3–5 kyr

(Bar-Matthews et al., 2000). This estimate clearly

falls in the range of the lag adopted by Lourens et

al. (1996) and the 5-kyr time lag modelled for the

precession-bound ice sheet response time of the Late

Pleistocene glacial cycles (Imbrie and Imbrie, 1980;

Imbrie et al., 1984). Presumably, the slow changes in

ice volume may have an effect on the time lag

between precession and the peak humid climate con-

ditions associated with sapropel midpoints of the Late

Pleistocene. Application of a 3–5 kyr lag instead of

the zero lag used in the present study will increase the

obliquity-related time lag to ~11–13 kyr for MIS100.

This large lag cannot be simply explained in terms of

ice sheet dynamics and is, therefore, highly unlikely.

Moreover, the role of precession-related high-latitude

variability in global ice volume during the Late Plio-

cene to Early Pleistocene is not evident (Raymo et al.,

1989; Ruddiman et al., 1989). All this suggests that

during the Late Pliocene the response time for the

precession-related dry–wet oscillations of circum-

Mediterranean climate are most likely in phase with

the precessional forcing and, hence, could be primar-

ily driven by changes in the intensity of the African–

Indian monsoon.

4.2. Sub-Milankovitch scale climate variability

4.2.1. Changes on a stadial–interstadial time scale

The registration of sub-Milankovitch scale climate

variability is most evident from the rapid decreases in
the d18Obenthos of San Nicola and concomitant

SSTannual changes associated with the sub-stages of

MIS100. Episodes of relatively warmer SST condi-

tions interrupt the overall colder glacial conditions

and coincide with interstadials MIS100.3 and

MIS100.5. Each of these warm phases is preceded

by a gradual cooling trend during the stadials

MIS100.2, MIS100.4, and MIS100.6. The sawtooth

pattern in combination with the average duration of

~6–8 kyr shows strong similarities with the so-called

Bond-cycles during the Late Pleistocene (Bond,

1992; Bond et al., 1993; Bond and Lotti, 1995)

and hence may indicate a direct coupling between

North Atlantic and Mediterranean high-frequency

climate changes. This interpretation is confirmed by

North Atlantic sedimentary records, which indicate

ice rafting events during MIS100 that have a similar

temporal spacing (5–7 kyr) as the San Nicola

d18Obenthos and SSTannual sub-stages (Becker et al.,

in press).

The remarkable absence of distinct sub-Milanko-

vitch scale cycles in the d18Obenthos of Site 967 indi-

cates that the inferred climate changes were most

likely not accompanied by significant changes in

global ice volume. Moreover, amplitudes of sub-

cycle changes in the San Nicola d18Obenthos record

are of almost the same magnitude as glacial–intergla-

cial variations, which would imply melting of large

parts of land-based ice sheets within a few hundred

years. Although fast waning of ice-sheets is in accor-

dance with current ice sheet models, ice sheet growth

requires more time (MacAyeal, 1993) than the San

Nicola benthic oxygen isotope record indicates. This

is illustrated at the beginning of MIS100 where San

Nicola d18Obenthos increases by 0.4x within 2 kyr,

while it takes ~6 kyr to reach the same change in the

d18Obenthos of Site 967 (Fig. 3). An increase of 0.4x
is half the total ice volume-estimate for MIS100

implying an ice sheet accumulation to half its size

within 2 kyr. This is clearly not in agreement with ice

sheet models and indicates that the sub-cycles in the

San Nicola d18Obenthos record are most likely caused

by other mechanisms. These mechanisms may be

directly linked to changes in the properties and volume

of the inflowing North Atlantic surface waters and/or

indirectly by changes in the intensity and position of

atmospheric pressure gradients in the North Atlantic

region.



J. Becker et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 228 (2005) 338–360352
North Atlantic surface waters may show depleted

d18O values because of the large input of isotopic light

melt water as consequence of massive iceberg melting

in the North Atlantic. The d18O of Neogloboquadrina

pachyderma during Heinrich event 4 (H4) for exam-

ple shows a maximum drop of 2x right in the centre

of maximum iceberg discharge but decreases quickly

at greater distances (i.e., off Portugal, amplitudes were

much smaller than 0.5x) (Cortijo et al., 1997). The

San Nicola d18O records show changes in the order of

0.4–0.8x during the sub-stages of MIS100, which

require even more extreme iceberg melting events

than during H4. It seems, therefore, unlikely that the

strong depletion in the San Nicola d18O records ori-

ginate from the inflow of low salinity Atlantic surface

water alone.

4.2.2. Changes in Mediterranean thermohaline

circulation

The strong similarity of the San Nicola d18Obenthos

sub-stages with the d18OG.ruber (r =0.88, Table 1) and

SST record (r =�0.86, Table 1) suggests a coupling to

surface water cooling events. In the present-day Med-

iterranean, deep and intermediate water is formed

above all during boreal winter, when latent heat loss

and surface cooling are strongest and initiate thermo-

cline deepening and, subsequently, deep mixing

(Pinardi and Masetti, 2000). Temperature of the sur-

face water during winter, therefore, determines the

temperature of deep and intermediate water and,

hence, influences the oxygen isotope composition of

benthic foraminifers.

The peak abundances of N. atlantica, C. cf. unger-

ianus, and T. angulosa indicate a high-frequency

component that is superimposed on the obliquity-con-

trolled ice volume/temperature signal and occurs

simultaneously in the surface and deeper waters

(Fig. 5). The fast fluctuations in the abundance of C.

cf ungerianus and T. angulosa could also indicate a

response to a more pulsating export production and

convective overturning regime during MIS100.

Although, N. atlantica is assumed to be related to

temperature, peak abundances in N. atlantica could

also be related to productivity-related nutrient pump-

ing from a seasonal DCM. However, little is known

about the feeding strategy of N. atlantica. As N.

atlantica is probably ancestral to the modern Neoglo-

boquadrinids it could have had a similar feeding
strategy as Neogloboquadrina relying on high phyto-

plankton productivity. At San Nicola highest relative

abundances in N. atlantica are accompanied by high

abundances of Neogloboquadrina with exception of

MIS100.4 (Fig. 4). In any case, the concomitant peak

abundances of these species may indicate that winter

cooling and deep mixing were at a maximum. Such a

scenario would be in analogy with Late Pleistocene

peak abundances of left-coiling N. pachyderma found

in cores from the Gulf of Lions during Heinrich events

(Rohling et al., 1998). Within MIS100, the severe

winter cooling conditions coincide with the stadial

phases and with interstadial MIS100.3. The latter

exception closely matches with the interval of

strongly depleted d18Obenthos values associated with

MIS100.3 at San Nicola. At Site 967, this interval is

characterised by heavy d18Obenthos values, which

approximate the values recorded during the last

phase of MIS100.4, which may point to full glacial

conditions as well. Despite this uncertainty, it is

obvious that the strong winter cooling events take

place during the most extreme glacial conditions of

MIS100. These events occur rather regularly with

average spacing of ~1.5–4.5 kyr (Fig. 5), which is

similar to the spacing of variations found in the Late

Pleistocene oxygen isotope and U37
KV records of the

western Mediterranean Sea (Cacho et al., 2000, 2002).

These events have been unambiguously correlated to

the Dansgaard–Oeschger cycles and Heinrich events

in the Greenland ice cores and North Atlantic sedi-

ments. Cacho and co-workers argued that the varia-

bility in the oxygen isotope and U37
KV records of the

western Mediterranean Sea reflects changes in surface

water-cooling and deep-water formation as an

immediate response to the North Atlantic climate

changes. This is partly caused by the direct inflow

of cold Atlantic surface waters but most importantly

by an indirect atmospheric connection.

Pollen data showed that with the extension of

glaciers and sea ice in the Northern Hemisphere,

polar air masses expanded southward and cooled

the European continent during MIS100 (Willis et

al., 1999) and subsequent glacial stages (Combour-

ieu-Nebout, 1991). This southward expansion of

polar air masses may have set the stage for more

frequent and intense cold air outbreaks over the

central Mediterranean (San Nicola) and more fre-

quent Atlantic depressions entering the Mediterra-
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nean. To resume, we hypothesize that both cooler

Atlantic surface water and cooler and more frequent

Atlantic depressions caused intensified surface water-

cooling and deep convection during stadial phases

MIS100.2, MIS100.4 and MIS100.6. The strength of

winter mixing depends, however, not only on winter

conditions but also on the internal structure of the

water column before winter cooling. A weaker stra-

tification would facilitate winter mixing while sum-

mer stratification isolates the deeper water from

surface processes (Pinardi and Masetti, 2000).

Changes in these water column properties may

explain the high frequency alternations of peak

occurrences of N. atlantica and G. scitula (Fig. 4).

During interstadial MIS100.5 the intensified winter

cooling and deep mixing ceased and the climate state

returned to the background MIS101/MIS100 transi-

tion as indicated by the intermediate d18Obenthos

values at San Nicola and Site 967 and the drop in

N. atlantica percentages.

4.2.3. Exceptional interstadial MIS100.3

It seems highly unlikely that the strong depletion

in the d18Obenthos record of San Nicola during inter-

stadial MIS100.3 also reflects more interglacial cli-

mate conditions with a generally warmer atmosphere

and a weaker wind field preventing severe winter

cooling and deep convection. Such a scenario is in

particular rejected by the highest abundance of N.

atlantica within MIS100 and the peak occurrences of

C. cf. ungerianus, and T. angulosa, indicating that

winter cooling and deep mixing were at their max-

imum. Moreover very depleted d18OG.ruber values

during MIS100.4 and early MIS100.3 in combination

with high SSP, low SSTannual and low U37
KV point

towards a low salinity surface layer related to preces-

sional forcing of insolation cycle i-244. A sharp

decrease in the d18OG.ruber during the middle of

MIS100 coincides with the strong depletion in the

d18Obenthos record of San Nicola, indicating the trans-

fer of depleted surface water d18O towards deeper

waters by intensified winter mixing. A similar

mechanism has been proposed for the interruption

of the sapropel S1 (de Rijk et al., 1999) and S5

(Rohling et al., 2004). The prominent peak of O.

stellatus (Fig. 5b) probably confirms this mechanism.

O. stellatus is an opportunistic benthic foraminifer

and among the first taxa to re-colonise the benthic
realm after the Messinian salinity crisis (Sprovieri and

Hasegawa, 1990) and thought to be tolerant to salinity

changes (Seidenkrantz et al., 2000). The development

of a low-salinity surface water layer in contrast to

severe winter mixing illustrates that different climate

mechanisms interfere (a combination of Milankovitch

and sub-Milankovitch related processes) making

MIS100.3 an exceptional interval.

The absence of MIS100.3 and to a lesser extent

MIS100.5 in the d18Obenthos of Site 967 suggests that

the eastern Mediterranean was not sensitive to winter

mixing during MIS100 or that deeper waters at Site

967 were not coupled to surface water. Similar to the

western Mediterranean, present-day deep-water for-

mation in the eastern Mediterranean basin is related

to winter surface cooling by cold air outbreaks from

the European continent and subsequent vertical con-

vection. Additional mixing with high saline intermedi-

ate water results in a cold saline deep water mass

(Pinardi and Masetti, 2000). If deep-water circulation

during MIS100 was similar to today either winter

cooling in the eastern Mediterranean was not efficient

or intermediate-water not saline enough. From the

d18OG.ruber it can be argued that surface waters at

Site 967 were significantly different from the central

Mediterranean during MIS100 and were probably not

affected by the North Atlantic pressure system on sub-

Milankovitch time-scales.

4.3. High latitude versus low latitude climate

variability

Evidence for concomitant high-frequency climate

variability in the eastern and western Mediterranean

comes from sedimentary colour reflectance and mag-

netic susceptibility data of different ODP Leg 160 and

161 sites (Shipboard data, ODP Leg 160 and 161 data

bases). Variations in calcium carbonate and colour

reflectance also co-occur in San Nicola and Site 967

(Fig. 3d) and to a higher degree in San Nicola and

ODP Site 969D (Fig. 7, for location of Site 969 see

Fig. 1) reflecting basin-wide changes in the bulk

composition of the sediment. Although the mechan-

isms behind these changes are not fully understood,

these changes are primarily driven by (i) carbonate

productivity, (ii) dilution of carbonates by aluminosi-

licates or (iii) dissolution of carbonates with (i) and

(ii) being the most important factors for Pliocene
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carbonate cycles on Sicily (van Os et al., 1994) and

for ODP Site 967 and Site 969 (Wehausen, 1999).

Low carbonate productivity during MIS100 is evi-

denced by low foraminiferal fluxes at San Nicola

but variability in these fluxes is too small to explain

the observed changes in the sediment properties

except for interstadial MIS100.5 (Fig. 7). Also

changes in the fluxes of calcareous nannoplankton

would be unlikely to be large enough to cause these

changes in CaCO3, so that dilution of carbonates by

aluminosilicates during times of lowered carbonate

productivity seems to be the most important mechan-

ism with either wind-blown or fluvial transported

material as major aluminosilicate source. A synchro-

nous basin-wide variation in terrestrial sediment sup-

ply would favour wind-blown rather than fluvial

transported material.

The most important dust source for the present day

Mediterranean is the African continent, especially the

Sahara and its peripheral regions (Guerzoni and Roy,
1996). Although dust is exported to the Mediterranean

all year round, major dust storms across the Mediter-

ranean occur during spring and summer, when atmo-

spheric depression systems lie over the Saharan region

(Dulac et al., 1996). Deposition of Saharan dust in the

Mediterranean is estimated to several million tons

km�2 y�1 with a strong year-to-year variability (Pros-

pero, 1996) being sensitive to even minor changes in

the source region climate and the dust transport path.

Particularly changes in the atmospheric vertical stabi-

lity and the precipitation regime affect the rate at

which dust is lifted and deposited and changes in

the storm tracks can modify the seasonality of dust

storm events (Giorgi, 1996).

Clay mineral analyses and geochemical data of

Mediterranean sediments indicate an increase in the

relative contribution of Sahara dust during insolation

minima, which is commonly interpreted to be linked

to low African monsoon activity and drought in

North Africa during precession maxima (Foucault
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and Mélières, 1995; Wehausen and Brumsack, 1999;

Foucault and Mélières, 2000; Lourens et al., 2001).

As indicated by the Ti /Al record of Site 967, dust

supply during MIS99-101 was similarly related to

African aridity and strength of Saharan depressions

and varied in phase with summer insolation. How-

ever, short-term fluctuations are evident in the Ti /Al

of Site 969D (data Wehausen (1999)) (Fig. 7). High

Ti /Al values correlate with dark sediments and thus

low CaCO3 values indicating peak dust episodes

during intervals with low CaCO3. Comparison with

the CaCO3, N.atlantica and d18Obenthos record of San

Nicola indicates further that these dust episodes dur-

ing MIS100 are contemporaneous with vigorous sur-

face water cooling and deep convection in the central

Mediterranean during the cold intervals of the D–O

cycles (Fig. 7).

Such a relationship has been observed in the Me-

diterranean paleoclimate record of the past 50 kyr

(Allen et al., 1999; Moreno et al., 2001; Combour-

ieu-Nebout et al., 2002; Sanchez-Goni et al., 2002;

Moreno et al., 2004). These studies attribute dry

phases with increased dust transport from the Sahara

to the western and central Mediterranean to a strength-

ening and a northward displacement of the North-

Westerlies during stadial intervals similar to present

day high NAO (North Atlantic Oscillation) index

years. During theses times, prolonged winter antic-

yclones stability over central and northern Europe

may have resulted in a strong flow over the Mediter-

ranean region and very cold and dry Mediterranean

winters and may have favoured the dryness in Med-

iterranean during stadial phases in addition to a more

vigorous atmospheric circulation over the western and

central Mediterranean region.

Although this interpretation renders no explanation

for the difference in seasonality and the exact phasing

of spring/summer dust plumes and winter water col-

umn instability it is in agreement with general circula-

tion models that suggest that Atlantic SST could

influence African climate by strengthening the sub-

tropical pressure cell and effecting both dust source

area aridity and intensity of the dust transporting

trades (deMenocal and Rind, 1993). During minimum

eccentricity forcing and thus minimum insolation

amplitude, the African continent would be most sen-

sitive for high latitude forcing (deMenocal and Rind,

1993).
5. Conclusions

Obliquity related changes in SST and global ice

volume at San Nicola and Site 967 during MIS101-99

are in phase with one another and lag obliquity by ~8

kyr. This time lag is in agreement with open ocean

Pleistocene records and ice sheet models. Precession-

related variability is evident in the fauna and oxygen

isotope data indicating that dry–wet oscillations

within MIS100 were not so much different from the

climate changes linked to sapropel formation. These

dry–wet oscillations are in phase with precession and

most likely driven by changes in the African–Indian

monsoon although the simultaneous influence from

the Atlantic system may have played a role (Tuenter et

al., 2005).

The absence of sapropels in San Nicola and ODP

Site 967 and Site 969 during MIS100 indicates a

weakened monsoonal circulation related to the 400-

kyr eccentricity minimum. Consequently, the atmo-

spheric connection to the North Atlantic pressure

system was probably extended allowing Atlantic

depressions to enter further into the Mediterranean

and more indirectly initiating downwind cooling

from the Alps. Therefore, stadial–interstadial climate

changes in the western and central Mediterranean are

probably directly related to changes in the strength of

the North Atlantic atmospheric wind field. Stadial

phases are associated with short-time sea surface cool-

ing events causing intensive stirring and deep convec-

tion. These cooling events are very similar to the

Dansgaard–Oeschger and Heinrich events that

occurred during the Late Pleistocene in the western

Mediterranean. The absence of such high-frequency

climate variations in the eastern Mediterranean sug-

gests that this part of the Mediterranean was either

decoupled from or not sensitive to North Atlantic

climate forcing.

Episodes of Mediterranean-wide increase in the

Sahara dust deposition are evidenced by the sedimen-

tary calcium carbonate of San Nicola and Ti /Al of

Site 969D during the cold intervals of the D–O and

HE-like events. Although the origin of this high-fre-

quency component is clearly the African continent,

the similarity with high latitude climate features sug-

gests a linkage between high and low latitude climate

possibly through the North Atlantic pressure system.

The data further indicate, that high-frequency climate
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change is highly complex in the Mediterranean due to

the interference of climate variations forced by the

primary Milankovitch frequencies.
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EidgenoÉss. Tech. Hochsch. Univ. ZuÉr. 300 (Neue Folge).
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