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Abstract

During Leg 177 of the Ocean Drilling Program, an expanded sequence of Pliocene to Holocene calcareous muds
was recovered at Site 1089 on a drift deposit in the southern Cape Basin (SE South Atlantic). The reconstruction of
detrital sources and modes of sediment transport gives insight into the operational modes of regional current systems
in response to climate variability over the last 590 kyr, as inferred from sedimentological and mineralogical
parameters of the terrigenous sediment fraction. Terrigenous sediments mainly originate from African sources with
minor contributions from distant southern sources (South America and Antarctica) and are supplied by circumpolar
water masses, North Atlantic Deep Water (NADW), and surface currents of the Agulhas Current. Changes in clay
mineralogy as tracers of deep and shallow ocean circulation, best displayed by variations in quartz/feldspar ratios and
kaolinite/chlorite ratios of clay, reflect both the northward displacement of NADW injection into the Antarctic
Circumpolar Current and a weakening of Agulhas Current leakage from the Indian Ocean around South Africa to the
South Atlantic during glacial stages, sub-stages, and stadials. Modifications of these regional current patterns are
consistent with perturbations in global conveyor circulation and climate variability on Milankovitch and sub-
Milankovitch time scales. Elevated mass-accumulation rates of terrigenous matter generally document high particle
fluxes and focusing effects by bottom-current action throughout the late Quaternary. Current sorting and coarsening
of terrigenous mud, independently of its source signals, prevails during interglacial periods and is linked to a stronger
flow of Antarctic Bottom Water and the invigoration of deep contour currents in response to long-term changes (100-
kyr cyclicity) in Antarctic ice-sheet dynamics, high-amplitude fluctuations in global sea level, and increased bottom-
water formation. = 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

During Leg 177 of the Ocean Drilling Program
(ODP), an expanded sequence of Pliocene to Ho-
locene calcareous muds was recovered at Site 1089
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on a drift deposit in the southern Cape Basin
(Gersonde et al., 1999) (Figs. 1^3). The site lies
in the southeastern South Atlantic within the
northern part of the Antarctic Circumpolar Cur-
rent (ACC). The Quaternary drift sediments were
deposited at high average sedimentation rates
(15^20 cm kyr31), permitting high-resolution pa-
laeoceanographic studies (Charles et al., 1996;
Shipboard Scienti¢c Party, 1999). The primary
objectives of Site 1089 are to study the responses
of the Southern Ocean to both glacial^interglacial
climate oscillations caused by orbitally forced
changes in insolation (‘Milankovitch’ cycles) and
to climate variability on sub-orbital millennial
time scales (referred to as ‘Dansgaard^Oeschger’
cycles in the northern hemisphere).

In this paper, we address temporal variations in
terrigenous sediment supply. Fine-grained silici-

clastics mostly originate from southern Africa,
with minor contributions from equatorial Africa,
South America, and from Antarctica, and they
are delivered through ocean currents and winds
to the Cape basin (Behairy et al., 1975; Bornhold
and Summerhayes, 1977; Bremner and Willis,
1993; Diekmann et al., 1996; Petschick et al.,
1996; Goldstein et al., 1999) (Fig. 2). Detrital in-
put through ice-rafting is evident at Site 1089, but
quantitatively plays a subordinate role, as indi-
cated by the distribution of coarse lithic sand
grains (Kanfoush et al., 2000). We will discuss
the impact of climate variability on regional cur-
rent patterns, inferred from depositional rates of
terrigenous sediment components, from mineral-
ogical tracers of water-mass con¢gurations, and
from silt grain sizes as indicators of relative bot-
tom-current strengths.

Fig. 1. Study area with position of ODP Site 1089 and sediment core PS2821-1 in the southeastern South Atlantic. Grey arrows
depict the surface-ocean circulation pattern, comprising the frontal system of the Antarctic Circumpolar Current (ACC), the Ben-
guela Current, and the Agulhas Current (Peterson and Stramma, 1991). Distal eddies and ¢laments of the Agulhas Current retro-
£ection may reach as far as the core location (Lutjeharms, 1996). The £ow pattern of bottom-contour currents, indicated by the
dark arrows, appears independently of upper-level circulation (Tucholke and Embley, 1984). Sea £oor below 2000 m is gradually
shaded in steps of 1000 m.
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2. Regional oceanography

Site 1089 lies at the southern margin of the
Cape Basin and is situated within the northern
part of the eastward £owing ACC (Figs. 1 and
2). It is bounded to the north by the Subtropical
Gyre and the Benguela Current (Peterson and
Stramma, 1991; Orsi et al., 1995). Moreover,
the location is in£uenced from the northeast by
the distal ¢laments of the Agulhas Current retro-
£ection (Lutjeharms, 1996). ACC £ow is driven
by the southern westerly wind system and a¡ects
the whole water column. In the central part (Polar
Front Zone) of the ACC, Antarctic surface water
masses descend to form Antarctic Intermediate
Water (AAIW) that spreads to the north between
500 and 1000 m water depth. Circumpolar Deep
Water (CPDW) represents the main water mass of
the ACC, encountered below the AAIW down to
the sea £oor (Reid, 1989). It represents an admix-

ture of Weddell Sea, North Atlantic, Paci¢c, and
Indian ocean waters with potential temperatures
ranging from 0.1 to 2.0‡C. North of about 45‡S,
the injection of relatively warm and saline North
Atlantic Deep Water (NADW) at intermediate
depths (2000^3500 m) splits CPDW into an upper
and a lower layer.

High accumulation drift deposits along the rises
of the southern Cape Basin are laterally continu-
ous over at least 175 km and drape preexisting
bedrock topography (Shipboard Scienti¢c Party,
1999) (Fig. 3). The occurrence of these drift de-
posits, together with the con¢guration of density
gradients within the bottom water masses, indi-
cates the presence of a clockwise abyssal contour
current in the Cape Basin (Bornhold and Sum-
merhayes, 1977; Tucholke and Embley, 1984).
Such a regional abyssal current pattern, which
opposes the general ACC £ow and which is di-
rected by topography and coriolis forcing (Fig. 1),

Fig. 2. Simpli¢ed model of ocean circulation and terrigenous sediment supply in the southeastern South Atlantic (modi¢ed from
Diekmann et al., 1996).
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was also inferred from an up-to-date ocean circu-
lation model (Usbeck, 1999). The contour current
very likely originates in the northward out£ow of
Weddell Sea water masses from the Enderby Ba-
sin through gaps in the SW Indian Ridge towards
the Agulhas and Cape Basins (Tucholke and
Embley, 1984) (Figs. 1 and 2). Continued £ow
and mixing with CPDW modi¢es the character-
istics of the bottom water and gives the abyssal
waters of the Cape Basin the properties of cold
lower CPDW (Reid, 1989).

3. Materials and methods

3.1. Selected sediment cores, stratigraphy,
and sample base

Site 1089 was drilled in a water depth of 4624 m
north of the Agulhas Ridge (40‡56.18PS,
09‡53.64PE) (Figs. 1 and 3). Four drill holes pene-
trated a Pliocene to Holocene sequence of calca-
reous muds (Shipboard Scienti¢c Party, 1999).
This study was concentrated on the upper part

Fig. 3. (Upper graph) Bathymetric pro¢le across the Agulhas Ridge and the sediment drifts of the southern Cape Basin. (Lower
graph) ‘Parasound’ sub-bottom pro¢le across Site 1089, which was obtained during a pre-site survey with research vessel Polar-
stern (Jokat and Oerter, 1998). It shows details of late Quaternary drift deposits that drape the rough topography of underlying
sediments and bedrock.
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of the spliced composite section between 0 and 90
mcd (metres composite depth), corresponding to
the last 580 ka. For the upper part of the record,
we refer to sediment core PS2821-1, recovered
with a piston corer at the same position during
a pre-site survey with research vessel Polarstern
(Jokat and Oerter, 1998). The PS2821-1 and Site
1089 records were spliced at 14 mcd and the depth
scale of PS2821-1 was converted to the Site 1089
mcd scale, by the correlation of downcore re£ec-
tance and magnetic-susceptibility data in both re-
cords (Fig. 4). For core PS2821-1, X-radiographs
were made from 1-cm-thick slabs of the sediment,
in order to recognise sedimentary structures
(Fig. 5).

The applied age model and assignment of ma-
rine isotope stages (MIS) are based on the corre-
lation of the benthic foraminiferal N18O record of
Site 1089 with the N

18O record of the SPECMAP
standard stack (Hodell et al., 2001). Additional
age markers for the MIS 1 to MIS 5 interval
were obtained from radiolarian abundance strat-

igraphy of Cycladophora davisiana (Cortese and
Abelmann, 2002). Ages and stage boundaries re-
fer to the time scales of Imbrie et al. (1984), for
the 590^300-ka interval, and to Martinson et al.
(1987), for the younger interval (6 300 ka).

Samples for bulk analyses were taken at 10-cm
intervals, representing time steps between 0.25
and 1.00 kyr. Mineralogical and granulometric
analyses were conducted every 10 cm in the MIS
1 to MIS 6 interval, and at lower temporal reso-
lution in the older strata: every 20 cm in the MIS
7 to MIS 11 interval, and every 30 cm in the MIS
12 to MIS 16 interval. The sample spacing is suf-
¢cient to resolve short-term events during the last
glacial^interglacial cycle and to deduce Milanko-
vitch cycles on longer time scales. We present
original data at mcd scale, whereas illustrated
time series were resampled by linear integration
at equal time increments of 2 kyr and 1 kyr
with the AnalySeries software (Paillard et al.,
1996). The 2-kyr data were also used for power-
and cross-spectral time-series analyses, conducted
with the ARAND software (Ohio State Univer-
sity). Techniques are described in detail by Imbrie
et al. (1989). Sample speci¢cations and data lists
can be extracted from the PANGAEA data infor-
mation system (www.pangaea.de).

3.2. Bulk-sediment parameters and
mass-accumulation rates

Bulk composition was determined on freeze-
dried and ground sub-samples. Carbonate, organ-
ic carbon and nitrogen were measured on Leco
Carbon Determinators (CS-125, CS-400 and
CNS-2000). Biogenic silica (opal) was measured
by an automated leaching method (Mu«ller and
Schneider, 1993). The remaining proportion of
non-biogenic siliciclastic constituents is regarded
as the terrigenous sediment fraction. Ratios of
Corg/N are discussed as an indicator of ter-
rigenous organic matter. Values s 15 point to
abundant terrigenous organic matter, whereas
values 6 15 indicate the dominance of marine
organic matter (Knies et al., 1999).

Mass-accumulation rates (in g cm32 kyr31) of
terrigenous matter (MARTerr) were calculated by
multiplying linear sedimentation rates with values

Fig. 4. Correlation of red-re£ectance and volume magnetic
susceptibility between the Site 1089 sediment record (thick
lines) (Shipboard Scienti¢c Party, 1999) and sediment core
PS2821-1 (thin lines). Parameters are shown at Site 1089
mcd scale.

PALAEO 2852 30-5-02

G. Kuhn, B. Diekmann / Palaeogeography, Palaeoclimatology, Palaeoecology 182 (2002) 287^303 291



of dry-bulk density and the proportions of the
terrigenous sediment fraction. Dry-bulk densities
were inferred from dry-sediment densities, mea-
sured with a ‘micromeritics AccuPyc 1330’ pyc-
nometer, and continuously shipboard measured
wet-bulk densities by Q-ray attenuation with a
multisensor track (Shipboard Scienti¢c Party,
1999). The inferred dry-bulk densities for the sam-
ple set used for this study agree well with ship-
board measurements of dry-bulk density in the
course of physical-property investigations (Ship-
board Scienti¢c Party, 1999). Moreover, we calcu-
lated mass-accumulation rates of terrigenous silt
and clay (MARSilt, MARClay), according to their
weight proportions in the samples. Mass-accumu-
lation rates of kaolinite and chlorite (MARKao,
MARChl) were estimated from MARClay values

and the relative proportions of the individual
clay minerals, under the assumption that beside
quartz and feldspar, clay minerals generally
make up 80% of the clay fraction in sediment
cores of the southeastern South Atlantic (see
Diekmann et al., 1999).

3.3. Clay and silt mineralogy

Mineralogical analyses were carried out by X-
ray di¡raction measurements on random silt
mounts and on glycolated preferentially oriented
clay mounts. Sample preparation and semi-quan-
titative evaluation of X-ray di¡ractograms fol-
lowed techniques explained in detail elsewhere
(Ehrmann et al., 1992; Petschick et al., 1996).
Mineral proportions are calculated from weighted

Fig. 5. X-radiographs from sediment core PS2821-1, showing representative sedimentary structures of interglacial and glacial in-
tervals: (a) interglacial sediments of MIS 5 between 1440 and 1453 cm core depth, (b) glacial sediments of MIS 2 between 364
and 377 cm core depth (scale bar with 1-cm increments). Faint strati¢cation in the MIS 5 interval (a), overprinted by bioturba-
tion, supports the granulometric ¢nding of relatively strong bottom-current activity during interglacial periods. In contrast, the
more homogeneous structure of the MIS 2 interval with abundant authigenic pyrite streaks points to weaker current action and
a reduced ventilation of likely both bottom and pore waters during glacial periods.
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peak areas recorded in the X-ray di¡ractograms.
Quartz/feldspar ratios (Qz/Fsp) in both the silt
and the clay samples refer to the quotient of the
4.26-AT peak area *5 of quartz divided by the
3.19^3.24-AT double peak area of plagioclase and
K-feldspar. The relative abundance of the clay-
mineral groups in the clay fraction is summed to
100% using standard weighting factors as follows
(Biscaye, 1965): the 17-AT peak area for smectite,
the 10-AT peak area *4 for illite, and the 7-AT peak
area for kaolinite and chlorite subdivided in pro-
portion to the relative areas of their 3.57-AT and
3.54-AT peaks, respectively. The 5-AT /10-AT peak in-
tensity ratio is a measure of illite chemistry. Val-
ues s 0.40 indicate the presence of Al-rich illites
(muscovite, sericite), values 6 0.15 indicate Fe^
Mg-rich illites (6biotitic illite). The mineralogical
data are used to trace the sources and transport
paths of detrital matter.

3.4. Grain-size analyses

For the granulometric characterisation of ter-
rigenous silt and clay, sub-samples were washed
through a 63-Wm mesh for grain-size separation of

sand and gravel from silt and clay. The ¢ne frac-
tion was treated with 3% hydrogen peroxide solu-
tion and 10% acetic acid for disaggregation and
the removal of organic carbon and carbonate. Silt
and clay then was separated at 2 Wm in settling
tubes. The silt fraction was dispersed in sodium
polyphosphate solution and measured with a ‘Mi-
cromeritics SediGraph 5000E’ to determine the
grain-size distribution of silt in 1/10-Phi steps.
We used silt samples instead of mud samples to
get a higher resolution of coarse silt and to avoid
£occulation e¡ects caused by the high abundance
of smectite in the samples (Stein, 1985).

Since we only analysed carbonate-free samples,
the measured grain-size distributions might be
biased by the individual grain-size distributions
of opaline particles. However, opal concentrations
are generally below 15% in the carbonate-free
samples, ruling out a signi¢cant impact of opal
on terrigenous grain-size patterns. Moreover,
Terr/Opal ratios vary independently of silt grain-
size parameters (Fig. 7). To test these assump-
tions, we removed opal in a selected set of silt
samples between 16 and 26 mcd, where marked
gradients in silt size and silt/clay ratios appear

Fig. 6. Comparison of grain-size distributions (1/10-Phi steps) in carbonate-free silt samples and leached (opal-free) carbonate-
free samples from Site 1089 across the MIS 5/MIS 6 boundary.
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through the upper MIS 6 to lower MIS 5 interval,
with higher proportions of ¢ne silt and clay in the
MIS 6 interval (Fig. 6). According to standard
procedures, samples were leached in 2 M Na2CO3

solution at 85‡C for 5 h (McCave et al., 1995).
The resulting grain-size distributions of the res-

idues compared to those of the opal-bearing sam-
ples only show slight di¡erences and mainly con-
cern lower concentrations of ¢ne silt in the
residues (Fig. 6). Because the opal concentrations
vary in a similar range in the MIS 5 to MIS 6
intervals, the decrease in ¢ne silt suggests that the
leaching method ^ beside opal ^ also attacks the
clay minerals in the ¢ne silt fraction. This e¡ect
becomes particularly obvious in the clay-rich MIS
6 interval. Thus, the impact of opal on the mod-
i¢cation of terrigenous silt grain-size distributions
is negligible compared to the leaching e¡ect of
clay minerals. Therefore, we only rely on grain-
size distributions of unleached carbonate-free
samples, which are discussed in terms of silt/clay
ratios and proportions of non-cohesive sortable
silt (particles s 10 Wm) in the 6 63-Wm fraction.
The latter parameter has been established as a
qualitative proxy of relative changes in bottom-
current strengths (McCave et al., 1995).

4. Results and discussion

4.1. Relative and absolute terrigenous sediment
input

The relative proportions of the terrigenous sedi-
ment fraction show high-amplitude variations be-
tween 30 and 90%, due to the dilution e¡ects
caused by biogenic components. The variations
appear independently of glacial^interglacial
cycles, because of the unusual preservation pat-
tern of biogenic carbonate at Site 1089. Carbon-
ate reveals low concentrations in both interglacial
maxima (e.g. MIS 5.5) and glacial maxima (e.g.
MIS 2), whereas high concentrations are related
to moderate interglacials (e.g. MIS 3) (Hodell et
al., 2001). Accordingly, percentages of terrigenous
matter exhibit a reverse downcore pattern (Fig.
7). The terrigenous/opal ratio (biogenic opal
forms a minor biogenic component 9 12% but
is less susceptible to dissolution) shows no signi¢-
cant variation downcore, suggesting no systematic
variations in relative terrigenous input. Whereas
the composition of the terrigenous sediment frac-
tion (silt/clay ratio, percentage of sortable silt,
clay mineral composition) clearly shows system-

Fig. 7. Bulk-sediment parameters at Site 1089 versus depth. Silt/clay ratios and percentage mud s 10 Wm were measured on car-
bonate-free samples. Terr = terrigenous sediment fraction, Carb= carbonate, Qz=quartz, Fsp= feldspar.
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Fig. 8. Mineralogical parameters of terrigenous clay at Site 1089 versus depth. Sm= smectite, Kao=kaolinite, Chl = chlorite,
Qz=quartz, Fsp= feldspar.

Fig. 9. Time series of MAR of terrigenous sediment constituents at Site 1089. Values in the MARTerr column refer to average
MARTerr in the respective MIS intervals. Left column shows the benthic foraminiferal N18O SPECMAP stack, as a proxy of glob-
al ice volume and sea level (Imbrie et al., 1984). All values were resampled at 2-kyr time increments. Terr = terrigenous sediment
fraction, Kao=kaolinite, Chl = chlorite.
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atic variations downcore (Figs. 7 and 8). Low
Corg/N ratios (6 15) indicate a dominance of
marine organic matter (Knies et al., 1999).
Mostly increased values in glacial intervals may
document a relatively enhanced input of terrige-
nous organic matter. However, that also could be
explained by lower marine biological export pro-
duction together with a constant terrigenous or-
ganic matter £ux.

The absolute input of terrigenous matter, as
indicated by MARTerr values, on average only re-
veals small-scale £uctuations between 4.5 and 6.7 g
cm32 kyr31 (Fig. 9). Peak values appear in MIS
12 and MIS 10 (9.78 and 9.62 g cm32 kyr31) as
well as in MIS 11 (7.4 g cm32 kyr31). Not aver-
aged values exhibit considerable variability in
MARTerr. High values up to 17 g cm32 kyr31

and 12 g cm32 kyr31 are reached in MIS 12 and
MIS 10. During transition from MIS 12 to MIS
11 the values drop back to 2 g cm32 kyr31. Com-
pared to other pelagic core locations in the south-
eastern Atlantic sector of the ACC, where late
Quaternary MARTerr range between 0.5 and
0.25 g cm32 kyr31 (Froelich et al., 1991; Diek-

mann et al., 1999), the MARTerr values at the drift
Site 1089 are high and apparently point to ele-
vated £uxes and focusing e¡ects of terrigenous
matter induced by bottom-current action. In the
entire Atlantic sector of the ACC, MARTerr was
usually higher during glacial periods (Diekmann
et al., 1999, 2000). At Site 1089, such clear gla-
cial^interglacial contrasts are only evident for the
MIS 12 to MIS 10 interval. Higher accumulation
rates during this time period correspond to lower
silt/clay ratios and per cent sortable silt (Fig. 10).
This documents a focusing e¡ect of ¢ner sediment
fractions during weaker bottom-current activities.
As shown later, these bottom currents are related
to the 100-kyr periodicity of climate response
(global ice volume), whose amplitudes were larg-
est during MIS 12 to MIS 10 and which domi-
nates low precession and obliquity amplitudes
during that time period (Berger, 1999).

4.2. Sources of terrigenous mud and modes
of detrital input

From the generally high Qz/Fsp ratios in silt

Fig. 10. Time series of terrigenous sediment parameters at Site 1089. Left column shows the benthic foraminiferal N18O SPEC-
MAP stack, as a proxy of global ice volume and sea level (Imbrie et al., 1984). All values were resampled at 2-kyr time incre-
ments. Kao=kaolinite, Chl = chlorite.
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(s 3.0) and clay (s 2.5) and from the clay-min-
eral assemblage (Figs. 7 and 8), African regions
can be inferred as principal source areas of terrig-
enous detritus in the southern Cape Basin, with
minor contributions from more distant sources
(Fig. 2). The average clay-mineral assemblage, in-
cluding standard deviations, consists of: smectite
(42V 6%), illite (35 V 5%), kaolinite (11V 2%), and
chlorite (11V 2%). Intermediately high 5/10-AT -il-
lite peak ratios (0.46 V 0.07) indicate admixtures
of Al-rich illites with Mg/Fe-bearing illites
throughout the section.

In contrast to the other clay-mineral species,
smectite from continental sources and o¡shore
volcanic islands (South Sandwich Islands, Bouvet
Island) alone cannot explain the generally high
smectite concentrations found in the marine sedi-
ments of Site 1089 and large parts of the South
Atlantic, as well (Petschick et al., 1996). This con-
clusion is based on the low concentrations of
smectite in aeolian dusts and nearshore surface
waters along the African coast (Chester et al.,
1972; Behairy et al., 1975) and also in clay sam-
ples from sediment traps deployed in the ACC
region at di¡erent depth levels (Petschick, unpub-
lished data). Most smectite probably is introduced
through Drake Passage via the ACC, originating
from the erosion of hydrothermal and authigenic
smectite-bearing sediments, widespread in the
southeastern Paci¢c Ocean (Gorbunova, 1976;
Honnorez, 1981; Cole and Shaw, 1983). Likewise,
the scouring of exposed pre-Pleistocene sediments
on the Falkland Plateau contributes to smectite
£uxes in the ACC (Robert and Maillot, 1983;
Walter et al., 2000).

High abundances of Al- and Fe/Mg-bearing il-
lite at Site 1089 point to soils and dusts from
southern Africa that are highly illite-bearing, be-
side low amounts of the other clay minerals (Van
der Merve, 1966; Chester et al., 1972). Particu-
lates from there are supplied to the ocean through
the southeastern trade winds and to a lesser extent
by £uvial input and during £ash £ood events
(Bremner and Willis, 1993; Gingele, 1996; Pet-
schick et al., 1996). Nearshore detritus may be
reworked by along-shore currents or is transferred
to the deep sea via turbidity currents, where parts
of the suspensions may be entrained into the con-

tour currents (Bornhold and Summerhayes, 1977;
Tucholke and Embley, 1984).

The Agulhas Current represents an important
carrier of kaolinite from southeast African aeolian
and £uvial sources, and accounts for kaolinite^
illite-dominated clay-mineral assemblages in ma-
rine sediments of the western Indian Ocean (Kolla
et al., 1976). In the southern Cape Basin, detrital
contributions via the Agulhas Current are ac-
tually well constrained by strontium isotope trac-
ers of sediment provenance (Goldstein et al.,
1999). Another distant source of kaolinite is the
suspended sediment load of the low-latitude rivers
of western Africa (Eisma et al., 1978; Pastouret et
al., 1978). Parts of the £uvial suspensions reach-
ing the open ocean are transferred farther to the
south through particle advection within NADW
(Petschick et al., 1996; Diekmann et al., 1996). In
contrast, chlorite is predominantly delivered via
CPDW (Petschick et al., 1996). It mostly derives
from low-grade metamorphic and basic to inter-
mediate magmatic rocks of the Antarctic Peninsu-
la and Patagonia, mainly delivered to the ACC
through glaciogenic input, particularly during gla-
cial periods (Diekmann et al., 2000).

The mineralogical composition of silt and clay
exhibits low variability through the section (Fig.
7), pointing to little variability in sediment sources
and regional background sedimentation. How-
ever, Kao/Chl ratios and Qz/Fsp ratios in the
clay fraction display marked glacial^interglacial
£uctuations, each with lower values in glacial in-
tervals (Figs. 8 and 10). This can be attributed to
variations in the relative input of the minor and
exotic clay components that originate from dis-
tant sources in contrasting climatic settings and
reach the site within di¡erent water masses (Diek-
mann et al., 1996; Petschick et al., 1996). The
common £uctuations of both ratios are not sur-
prising, since kaolinite is a weathering product of
feldspar in the warm^humid regions with strong
chemical weathering, while feldspar and chlorite
persist in high latitudes and arid regions with pre-
vailing mechanical weathering (Chamley, 1989).
Detrital materials from warm^humid regions
thus exhibit high Qz/Fsp and Kao/Chl ratios
and vice versa for those materials from deserts
and nival regions. Moreover, unweathered chlor-
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ite-bearing source rocks from the latter sources do
not contain primary kaolinite and generally have
low quartz concentrations.

4.3. Regional conveyor circulation in response to
climate variability

Temporal £uctuations in Kao/Chl and Qz/Fsp
ratios of the clay fraction as water-mass tracers
monitor temporal changes in regional ocean cir-
culation with high values of both ratios during
interglacial periods (Figs. 10 and 11), which indi-
cate the southward propagation of kaolinite- and
quartz-rich suspensions, entrained in the ¢laments
of the Agulhas Current retro£ection and within
NADW. During glacial periods, represented by
low Kao/Chl and Qz/Fsp ratios, the ACC region
is mainly bathed by the chlorite-rich and quartz-
poor suspensions of the CPDW. The climatic rele-
vance of temporal variability in water-mass ad-
vection is con¢rmed by cross-spectral analyses be-
tween clay-mineral ratios and the foraminiferal
N
18O record of the reversed SPECMAP stack, as
a proxy of global ice volume on a Milankovitch
time scale (Imbrie et al., 1984) (Fig. 12). Thus, the
periodogram of the Qz/Fsp ratio reveals signi¢-
cant spectral power in the 100-kyr31, 41-kyr31,
and 23-kyr31 frequency bands of orbital eccentric-
ity, obliquity, and precession, highly coherent and
almost in phase with changes in global ice vol-
ume. Variations in regional ocean circulation are
also evident on a millennial time scale, particu-
larly for MIS 3. Thus, maxima in Qz/Fsp ratios
nearly match four warm interstadials, docu-
mented in the Vostok ice core (Fig. 11). These
four interstadials even correspond to the pro-
nounced and likely simultaneous Dansgaard^
Oeschger interstadials 8, 12, 14, and 16/17, re-
corded in the Greenland GISP2 ice core (Bender
et al., 1999).

Variations in the regional current pattern are of
global signi¢cance. The southeastern Atlantic
plays an important role in global conveyor circu-
lation, as it represents a junction of globally im-
portant water masses, including NADW, CPDW
and warm surface waters of the Agulhas Current
(Keir, 1988), which can be traced by clay miner-
alogical parameters. These water masses form

part of global conveyor circulation, responsible
for interhemispheric heat transfer and ocean ven-
tilation (Broecker and Denton, 1989; Rahmstorf,
1995; Berger and Wefer, 1996). From our inter-
pretations and the present status of SPECMAP
stratigraphy and ice-core correlations, we thus
may state that global conveyor circulation re-
sponded to climate change on Milankovitch time
scales and to some extent to short-term climate
changes on millennial time scales. For interglacial
periods, the operation of the modern warm-route
conveyor mode is evident, implying a far south-
ward injection of relatively warm and saline
NADW into the ACC, compensated to a large
extent by the northward out£ow of warm surface
and intermediate waters, which enter the South
Atlantic via the Agulhas Current (Gordon et al.,
1992). During glacial stages, the conveyor oper-
ates in cold route, which is characterised by pre-
vailing cold southern-source water masses in the
study area.

Fig. 11. Time series of percentage sortable silt and quartz/
feldspar ratios (Qz/Fsp) for the last 150 ka resampled at
1-kyr time increments versus SPECMAP age scale. Right col-
umn shows the deuterium record of the Vostok ice core as a
proxy of Antarctic temperature change versus SPECMAP
age (Bender et al., 1994), with assignment of MIS and syn-
chronous interstadial Dansgaard^Oeschger events (D/O) iden-
ti¢ed in the Greenland GISP2 ice core (Bender et al., 1999).
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These results support palaeoceanographic re-
constructions on the basis of other water-mass
proxies. A diminished leakage of the Agulhas
Current to the South Atlantic during glacial peri-
ods is recorded by changes in nannofossil as-
semblages in marine sediments o¡ the South Afri-
can cape region (Flores et al., 1999) and by
strontium isotopes in detrital material in marine
sediments of the southern Cape Basin (Goldstein
et al., 1999). Benthic foraminiferal assemblages
(Schmiedl and Mackensen, 1997) and benthic
foraminiferal N

13C variations in South Atlantic
sediment cores (Duplessy et al., 1988; Raymo et
al., 1990; Mackensen and Bickert, 1999; Charles
and Fairbanks, 1992) both suggest a weakened
NADW in£ux to the south during glacial periods.
Moreover, benthic foraminiferal N

13C records
document a variable NADW in£ux on a millen-
nial time scale, but on higher frequency as sug-
gested by the clay-mineral proxy (Charles et al.,
1996).

We are not able to deduce the triggers of var-
iable conveyor circulation with con¢dence. While
the formation of NADW is related to northern
hemispheric insolation and ice-sheet dynamics
(Broecker and Denton, 1989; Berger and Wefer,
1996), the intensities of the Agulhas Current and
the ACC depend on temperatures and the con¢g-
urations of the major wind ¢elds in the southern
hemisphere (Shannon et al., 1990; Klinck and
Smith, 1993). Latest reconstructions from ice-

core data and marine proxy records from the
southern hemisphere indicate changes in atmo-
spheric CO2 and variations in air and sea-surface
temperatures to have preceded changes in global
ice volume on short and long time scales (Charles
et al., 1996; Little et al., 1997; Blunier et al.,
1998; Brathauer and Abelmann, 1999; Vidal et
al., 1999). This phase lead on the Milankovitch
time scale is not evident from our data, which
suggest a more or less synchronous response of
regional conveyor circulation to global ice-volume
changes, as also inferred from other sediment re-
cords in the southeastern South Atlantic by
means of clay mineralogy (Diekmann et al.,
1996, 1999). On the other hand, the inferred
short-term £uctuations in conveyor circulation
during MIS 3 correspond to air-temperature
changes recorded in the Vostok ice core, when
using a SPECMAP age model for both records.
In turn, the comparison of benthic foraminiferal
N
13C records and planktic foraminiferal N18O re-
cords in sediment core RC11-83, recovered near
Site 1089, revealed an anti-phase relationship be-
tween changes in NADW in£ux and sea-surface
temperatures (Charles et al., 1996).

4.4. Contour-current strengths in response to
climate variability

Grain-size variations of terrigenous mud, as
potential indicators of variable contour-current

Fig. 12. Cross-spectral analysis between the N
18O SPECMAP stack (Imbrie et al., 1984) and Qz/Fsp ratios and percentage of sort-

able silt at Site 1089, with indications of phase spectra.
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strengths, show £uctuations consistent with gla-
cial^interglacial alternations (Figs. 7 and 10).
Silt/clay ratios of 0.45^0.95 and values of 10^
20% for proportions of sortable silt demonstrate
clear downcore changes. Maxima in both silt/clay
ratios and percentages of sortable silt correspond
to interglacial stages and the respective minima
correspond to glacial stages. The coarsening of
mud during interglacial stages might indicate a
stronger current sorting of coarse silt and win-
nowing of ¢nes by bottom currents, whereas the
increase in ¢ne material during glacial stages
could be attributed to weaker bottom-current ac-
tivity. Clues for this assumption also arise from
X-radiographs, which show faint strati¢cation of
calcareous oozes in interglacials whereas glacial
intervals are dominated by pure bioturbation
structures (Fig. 5). Moreover, abundant pyrite
streaks in glacial intervals point to weaker bot-
tom-water ventilation. This is consistent with gla-
cial/interglacial variations in pyrite concentrations
of the carbonate-free sediment fraction (Ship-
board Scienti¢c Party, 1999).

The interpretation of stronger interglacial bot-
tom-current activities only holds true when the
sediment sources remained constant through
time. The constancy of Qz/Fsp ratios in the silt
fraction (Figs. 7 and 10) indeed suggests more or
less constant sources of silt-sized material. How-
ever, the sources of clay-sized material periodi-
cally changed, for reasons discussed in Section
4.3. The great di¡erences between MARClay and
MARSilt and between MARKao and MARChl

moreover re£ect a stronger absolute input of
clay-sized detritus from distant Antarctic and Pa-
tagonian sources in relation to silt during glacial
periods (Fig. 9). The observed grain-size signal in
glacial intervals therefore could be explained by
dilution through additional clay input, overprint-
ing regional background sedimentation and the
current-sorting e¡ect.

In contrast to clay mineralogical parameters,
time-series analysis of sortable silt only reveals
strong spectral power in the 100-kyr31 frequency
band of orbital eccentricity, coherent with global
ice-volume changes at the same frequency (Fig.
12). Likewise, no evidence for signi¢cant short-
term changes in the abundance of sortable silt

exists for the MIS 3 interval (Fig. 11). Variations
in the percentages of sortable silt lag behind
changes in global ice volume by 4.1V 3.7 kyr,
while the Qz/Fsp ratio of the clay fraction slightly
leads global ice volume by 0.7V 1.9 kyr in the
100-kyr31 frequency band. Though the phase dif-
ference between both parameters and global ice
volume approximately lies within the error range
(Fig. 12), the signi¢cant di¡erences in power spec-
tra of both parameters suggest that the grain-size
signal may be related to the variability in bottom-
current sorting independently of changes in sedi-
ment sources.

Thus, high proportions of sortable silt indicate
a stronger contour-current activity during inter-
glacial rather than glacial periods. Since the bot-
tom currents in the southern Cape Basin are
linked to the out£ow of deep Weddell Sea water
masses from the Enderby Basin, which is situated
in the northeastern part of the Weddell Gyre, this
result is consistent with a higher production rate
of dense bottom water in the southern Weddell
Sea during times of highstands of sea level and
the presence of £oating ice shelves. Such bound-
ary conditions are important to achieve super-
cooling of water masses beneath extensive ice
shelves (Foldvik and GammelsrWd, 1988).

Grain-size characteristics in marine sediments
of the Weddell Sea indeed demonstrate a weaken-
ing of bottom-water production during glacial pe-
riods in the Weddell Sea, because of grounded ice
shelves that inhibit the supercooling mechanism
(Fu«tterer et al., 1988; Pudsey, 1992; Weber et
al., 1994; Gilbert et al., 1998). This glacial decline
in bottom-water vigour apparently is also re-
corded in the deep drift sediments of the southern
Cape Basin. Since the mostly carbonate-barren
sediment sequences in the Weddell Sea do not
provide a good age control on environmental
change, the Site 1089 sediment record yields a
better understanding of the timing of bottom-
water formation. So it seems that episodes of
strong bottom-water formation correspond to in-
terglacial maxima with highest stands of sea level,
recurring in a 100-kyr periodicity, and it seems
that the variability in bottom-water formation is
less sensitive to climatically induced changes in
Antarctic ice dynamics and to sea-level £uctua-
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tions on shorter time scales. Moreover, the phase
relationship between global ice volume and sea
level and grain-size variability suggests a slightly
delayed manifestation of strong bottom-water for-
mation after sea-level rise and ice-shelf re£oating
during climate warming.
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