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Abstract

A sediment core located below the present South Java Current (SJC) was used to reconstruct paleoclimate and
paleoceanography on the basis of biogenic and terrigenic proxy-records. The core spans the past 80 ka of
environmental change and shows considerable contrasts from the glacial to the Holocene. Presently, the core site is
situated beneath a seasonally varying low-salinity tongue which is advected from the Java Sea via the Sunda Strait. It
carries terrigenous matter of a characteristic signature. During the last glacial period (stage 4-2), when sea level was
lower than during the Holocene, the Sunda Strait was closed and the terrigenous supply from that source ceased. As
the core site is close to the equator, our results indicate that atmospheric and oceanographic circulation was
alternatively dominated by the Northern Hemisphere East Asian Monsoon system and the Southern Hemisphere
Australian Monsoon system. Between 20 and 12 ka, the (Australian) SE Winter Monsoon reached its maximum and
intensified the westward flowing SJC. Increased mixing of the surface waters led to a slight rise in paleoproductivity.
A similar but much weaker situation prevailed from 74 to 70 ka. During most of the glacial period, from 70 to 20 ka,
strong northeasterly winds associated with the East Asian Winter Monsoon intensified the Indian Monsoon Current
and the eastward flowing SJC, and may have also carried dust across the equator to our core site. During this glacial
phase, populations of the giant diatom Ethmodiscus rex were thriving and may indicate a reduced deep and
intermediate thermohaline circulation at the site. The monsoonal system as we know it today, with distinct dry and
wet seasons, may not have been active before V12 ka. : 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The region of the South Java Current (SJC) is
characterized by high variability in current direc-

tions and salinities. The near-surface (6 100 m)
component of the SJC is reversing directions
every 3 months, driven by semi-annually varying
winds in the central and eastern equatorial Indian
Ocean (Wij¡els et al., 1996). Maxima in eastward
£ow are reached at the end of the NW monsoon
in May and at the transition from SE to NW
monsoon in November (Wij¡els et al., 1996).
Near the May maximum, salinities in the SJC
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can be as low as 32x and extend down to 13‡S.
Runo¡ from Sumatra and Java, and advection of
fresher Java Sea water through the Sunda Strait
may be responsible for this low-salinity ‘tongue’
(Wij¡els et al., 1996). In August/September, dur-
ing the peak of the SE monsoon, the through£ow
from the Paci¢c into the Indian Ocean through
the Timor Passage and the Lombok Straits is at
its maximum, the £ow of the SJC is weak and its
direction possibly westward from September to
October (Wyrtki, 1961); it incorporates some of
the through£ow water (Godfrey and Ridgway,
1985). However, with 34.2^34.4x, the SJC is still
fresher than the through£ow, possibly due to con-
tinuing advection of Java Sea water.
The deep component of the SJC, which extends

down to 1000 m, carries relatively saline North
Indian Central Water and maintains an eastward
£ow (Wij¡els et al., 1996). Phytoplankton produc-
tivity in this part of the eastern Indian Ocean is
low, except for an area south of Java, where weak
seasonal upwelling brings nutrients to the sea sur-
face (Wyrtki, 1962; Martinez et al., 1998).
However, the present oceanographic and cli-

matic system may have been established rather
recently and been active for only 10 ka (De Deck-
ker et al., 2002), whereas for most of the past
80 ka conditions were dramatically di¡erent. Sea
level was substantially lower, not only during the
last glacial maximum (LGM), but for most of the
past 80 ka (Chappell et al., 1996), thus exposing
huge shelf areas in the Indonesian Archipelago,
and consequently a¡ecting the heat and moisture
exchange in the entire region. The through£ow
from the Paci¢c to the Indian Ocean would
have been maintained in the past, but the volume
of through£ow was greatly restricted, with poten-
tial repercussions on the Global Thermohaline
Circulation. Results from marine as well as con-
tinental climate records indicate that precipitation
in the Indonesian Archipelago (van der Kaars,
1991, 1998; van der Kaars and Dam, 1995; De
Deckker et al., 2002) and in northern Australia
(Torgersen et al., 1988) was greatly reduced dur-
ing the last glacial, resulting in a more saline
through£ow (Martinez et al., 1997) and decreased
runo¡ from the Indonesian Islands.
Synchronism of paleoclimatic events in the

Northern and Southern Hemisphere has been dis-
cussed extensively on the basis of various conti-
nental and marine paleoclimate proxies. Although
the matter is not yet resolved entirely, more and
more evidence emerges that the atmospheric cir-
culation intricately links both hemispheres, but
may lead to di¡erent paleoclimatic records at in-
dividual sites (e.g. An, 2000). In our investigation
area, there is evidence from modern meteorolog-
ical data and paleoclimate records that the East
Asian Monsoon and the Australian Monsoon sys-
tem are linked by transequatorial air streams (An,
2000). Intensi¢cation of either the Siberian or
Australian high enhances the (East Asian) Winter
Monsoon or southeast (austral) Summer Mon-
soon, respectively, which in turn bring heat and
vapor across the equator to the opposite hemi-
sphere and in£uence precipitation in the respec-
tive wet seasons (An, 2000).
Deep-sea core BAR9442 is located close to the

equator below the path of the present SJC and
provides a continuous record of the past 80 ka.
Biogenic and terrigenic proxies are used to deci-
pher changes in current directions and properties
of the involved water masses and construct a con-
clusive paleoceanographic and paleoclimatic sce-
nario.

2. Materials and methods

Core BAR9442 was recovered during the 1994
BARAT campaign with the RV Baruna Jaya I
from 2542 m water depth at 6‡04.56PS and
102‡25.08PE. The core consists of 9.8 m of mud
with foraminifera-bearing sections, two de¢ned
ash layers at 5.39 m and 8.07^8.12 m (Figs. 1
and 2), and a sandy, water-rich zone at 6.5^
7.1 m. This zone was probably disturbed during
the coring procedure. The piston core and the
associated trigger core were sampled at 10-cm in-
tervals.
Sediment samples were treated with hydrogen

peroxide (10%) and sieved over a 63-Wm mesh.
Globigerinoides ruber was hand picked from the
fraction s 63 Wm and used for oxygen and car-
bon isotope measurements with a Finnigan MAT
251 at LSCE/CNRS, Gif-sur-Yvette.
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Clays were analyzed by adding acetic acid
(10%) to the fraction 6 63 Wm to remove carbon-
ate. Subsequently, it was split into silt (2^63 Wm)
and clay (6 2 Wm) fractions by conventional set-
tling techniques. The clay fraction was analyzed
by X-ray di¡raction (XRD; CoKK radiation) for
the four main clay mineral groups kaolinite, smec-
tite, illite and chlorite following standard proce-
dures developed by Biscaye (1965) and described

in detail by Petschick et al. (1996). Contents of
each clay mineral group in the sample are ex-
pressed as relative percentage. Quartz/feldspar ra-
tios were calculated by using the integrated peak
areas of the 4.26-AT quartz peakU3 divided by the
combined area below the 3.18^3.24-AT feldspar
peaks.
Carbonate was measured on dry bulk samples

using a standard titration method. Samples were

Fig. 1. Lithology, carbon- and oxygen-isotope records (Globigerinoides ruber) of core BAR9442. Short solid lines are carbon- and
oxygen-isotope records of the trigger core. Isotope stages 5^1 are indicated. For comparison planktonic and benthonic oxygen-
isotope records from core 17961-2 from the South China Sea, which have a similar resolution (Wang et al., 1999; for position
see Fig. 4), are shown. Isotope stages and position of the Toba ash in this core after Bu«hring and Sarnthein (2000).

PALAEO 2841 7-6-02

F. X. Gingele et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 183 (2002) 247^260 249



dissolved in 1.1 mol/l HCl and titrations were
conducted by using Metrohm Ion analysis, 716
DMS Titrino series 6.0 and AG CH-9101 pH me-
ter. NaOH with a concentration of 0.5 mol/l was
used as a base and three standards, consisting of
100% carbonate, were run after a batch of six
samples to correct instrument drift.
The abundance of the giant diatom Ethmodis-

cus rex in the fraction s 63 Wm, which can be
rather expressed by the volume of the fraction
than by the weight, was assessed by roughly esti-
mating the volume of the fraction s 63 Wm in a
glass vial, subdivided by six evenly spaced arbi-
trary markings.

3. Stratigraphy and age control

The age model of core BAR9442 is based on
the 10-cm spaced N

18O record of the planktonic
foraminifera Globigerinoides ruber. Individual iso-
tope events 2.0, 2.2, 3.3 and 5.1 were identi¢ed by
comparison with the SPECMAP-stack and tagged
with the respective ages of Martinson et al.
(1987). The ages for 2.2 and 2.0 were converted
to calendar years using the approach of Stuiver et
al. (1998). A distinct ash layer with a sharp base
was found in the core at 8.07^8.12 m depth, which
is considered to be synchronous with the begin-
ning of stage 4 in the isotope record. Chemical
analysis of glass shards and pumice was per-
formed by microprobe and gave ambiguous re-
sults. Some particles, especially pumice and a
few glass shards, were similar in composition to
published results from the youngest Toba erup-
tion (Chesner, 1998), others were de¢cient in silica
and alkali metals. Therefore the ash layer was not
used as a stratigraphic marker.
Ages between the stratigraphic ¢xpoints were

obtained by linear interpolation using the ‘analys-
eries’ software of Paillard et al. (1996). Ages for
the last ¢ve samples in the core were extrapolated
assuming a constant sedimentation rate in isotope
stage 5. The base of the core terminates at 81.5 ka.
Comparison of the N18O record of the piston core
BAR9442 to the N18O values from the uppermost
70 cm of the trigger core, which is supposed to
contain the sediment surface somewhat undis-

turbed, shows a lag between both records. The
clay mineral data from the trigger core show a
similar lag. A downward shift of the isotope and
clay record of of the piston core of 20 cm gives a
reasonable ¢t with the trigger core, implying that
about 20 cm may be missing from the top of the
piston core.
A core from the South China Sea (17691-2)

recently published by Wang et al. (1999) possesses
a very similar sedimentation rate to BAR9442 and
contains the distinct Toba ash layer at 7.8 m
(8.1 m in BAR9442) (Bu«hring and Sarnthein,
2000). Further con¢rmation of our age model
comes from the comparison of the N

18O record
in our core with that of Wang et al. (1999) (Fig.
1). Apart from a few freshwater spikes in the
17961-2 planktonic record, a striking similarity
to BAR9442 is obvious (Fig. 1).

4. Biogenic proxies

Biogenic components in marine sediments can
provide proxy-data on paleoproductivity and nu-
trients, ocean chemistry and circulation, sea-sur-
face temperatures and salinity (for a comprehen-
sive summary see Fischer and Wefer, 1999). The
N
18O and N

13C record of the planktonic foraminif-
era Globigerinoides ruber, bulk carbonate content
and the abundance of the giant diatom Ethmodis-
cus rex were available for interpretation in core
BAR9442
The N18O record of Globigerinoides ruber shows

the typical global glacial^interglacial shift, which
was used to obtain an age model. It lacks rapid
£uctuations during stages 2 and 3, which were
observed in core 17961-2 by Wang et al. (1999)
in the South China Sea and interpreted as ‘fresh-
water’ pulses at the sea surface. The glacial values
(stage 2-4) in BAR9442 are on an average 1x
heavier than in core 17961-2 from the South
China Sea. It can be concluded that the area of
the SJC was more saline than the South China
Sea during the glacial period. It is likely that the
closure of the Sunda Strait, drainage of the
Sunda shelf to the North and increased salinity
of the Indonesian Through£ow Water are respon-
sible for this e¡ect. Substantial reduction in pre-
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cipitation in the SE Asian region during the gla-
cial further contributed to the increased sea-sur-
face salinities (De Deckker et al., 2002).
The N13C record of Globigerinoides ruber shows

a typical pattern of low glacial and high Holocene
values. G. ruber is the shallowest-dwelling of all
planktonic foraminifera and is believed to record
nutrient contents in the uppermost mixed layer
(30 m) of the ocean (Mulitza et al., 1997). The
maximum amplitude between the glacial and the
Holocene values is 1x, but on average the shift
between the Holocene and the glacial period be-
tween 40 and 20 ka is only 0.5x. The global
glacial^Holocene N13C shift for tropical plankton-
ic foraminifera ranges from 0.2 to 0.8x depend-
ing on the in£uence of southern water masses, e.g.
Antarctic Intermediate Water (Mulitza et al.,
1999; Lea et al., 1999). Hence, the N13C variation

in BAR9442 can be explained by the global gla-
cial^Holocene shift alone. It is not only not nec-
essary to assume increased nutrient levels and
productivity in the uppermost mixed layer during
the glacial, but also not consistent with the aut-
ecology of Ethmodiscus rex (see below).
Bulk carbonate shows minima in isotope stage

1, between 40 and 20 ka, and in the ash layers at
74 ka. Maxima occur well pronounced between 20
and 12 ka and in late stage 5. Carbonate deposi-
tion is a function of dissolution as well as produc-
tion. Carbonate dissolution is controlled by water
depth, bottom water chemistry and carbonate £ux
(Archer, 1991). Maxima in carbonate accumula-
tion during the LGM and deglaciation were inter-
preted as a slight increase in glacial productivity
in the eastern Indian Ocean (McCorkle et al.,
1994; Martinez et al., 1998), and near the Timor

Fig. 2. Oxygen- and carbon-isotope records (Globigerinoides ruber), linear sedimentation rate, bulk carbonate and abundance of
Ethmodiscus rex in core BAR9442 against age. Isotope stages 5^1 are indicated.

PALAEO 2841 7-6-02

F. X. Gingele et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 183 (2002) 247^260 251



Trough (Mu«ller and Opdyke, 2000). In some
cores, the interpretation has been supported by
independent proxies such as planktonic foraminif-
era assemblages or excess (biogenic) Ba accumu-
lation (Mu«ller and Opdyke, 2000).
As site BAR9442 is close to the foraminiferal

lysocline of 2400 m, as suggested by Martinez et
al. (1998), improved carbonate preservation dur-
ing the LGM and the deglaciation is also a po-
tential mechanism to explain the maximum in
bulk carbonate. Due to its depth there is no in-
dication of improved preservation during deglaci-
ation in BAR9442, as suggested by a character-
istic pteropod spike in cores from the western
Paci¢c and the South China Sea. A high £ux of
organic carbon to the sea£oor, associated with the
sedimentation of Ethmodiscus rex populations,
may have fostered carbonate dissolution at the
sediment^water interface (Emerson and Bender,
1981). The termination of this organic carbon
£ux may have favored carbonate preservation.
However, E. rex is also absent from stage 1,
when carbonate values drop again.
A possible scenario emerges if viewed in context

with our last biogenic proxy, the abundance of
Ethmodiscus rex.
The occurrence and enrichment of the giant di-

atom Ethmodiscus rex (Wiseman and Hendey,
1953) in various marine sediment cores (Gardner
and Burckle, 1975; Mikkelsen, 1977; BjVrklund
and Jansen, 1984) have been regarded until re-
cently as a mere curiosity. Ecophysiological inves-
tigations on E. rex and other deep-dwelling dia-
toms (Villareal, 1993; Villareal et al., 1993;
Villareal and Carpenter, 1994; Pike and Kemp,
1999; Yoder et al., 1994; Kemp et al., 1999),
and the discovery of extensive E. rex deposits in
the Atlantic (Stabell, 1986; Abrantes et al., 1994;
Gingele and Schmieder, 2001) and the Indian
Ocean (Broecker et al., 2000) have focussed new
attention on the behavior, autecology and pa-
leoceanographic signi¢cance of E. rex. As E. rex
is rarely found in surface plankton samples today,
and is regarded as a character species of oligotro-
phic seas (Villareal, 1993), the formation of mass
accumulation in sediments has long remained an
enigma. Recent investigations have found deep-
dwelling populations of E. rex near the nutricline

(Villareal, 1993). The ability of active vertical mi-
gration of E. rex to utilize deep nitrogen pools
has been interpreted as an adaptation to nu-
trient-poor seas (Villareal and Carpenter, 1994)
and is especially e⁄cient in strati¢ed stable sys-
tems (Villareal, 1993).

Ethmodiscus rex is present in core BAR9442
from 80 to 20 ka with a pronounced maximum
between 35 and 20 ka. It is absent from stage 1
and also during deglaciation and the later part of
the LGM, periods when a strong bulk carbonate
maximum occurs. The combination of an E. rex
layer followed by a strong carbonate maximum
has been found in mid-Pleistocene sediments of
the Atlantic (Gingele and Schmieder, 2001) and
has been interpreted as a consequence of reduced
thermohaline circulation, followed by the subse-
quent onset of more turbulent conditions. A sim-
ilar scenario may be applicable to BAR9442. A
reduction of deep and intermediate circulation
and a more strati¢ed water column during the
last glacial period, in particular between 35 and
20 ka could have trapped nutrients in deeper
water masses, which were then utilized by
populations of E. rex. The onset of more turbid
conditions at 20 ka may have been supported
by strong ‘glacial’ winds, reaching maximum
strength during the late LGM, that would have
recirculated nutrients to the surface and fostered
nannoplankton productivity and zooplankton (fo-
raminifera) abundance, as well as carbonate pre-
servation. Still, it remains unclear why such an
event is not paralleled by a shift in the N

13C rec-
ord. The use of an independent productivity
proxy could solve the question if productivity or
preservation was the main cause for the carbonate
maximum during the late LGM and deglaciation
period.

5. Terrigenic proxies

Clay minerals, quartz and feldspar concentra-
tions in marine sediments provide terrigenic
proxy-data, which can be used to decipher either
climate changes in the source area on land,
changes in the intensity of the input media
(wind or rivers) or changes in ocean currents
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propagating the terrigenous input. The interpreta-
tion of downcore changes in mineral concentra-
tions depends on the best possible information on
modern distribution, sources and independent cli-
mate proxy-data in the source area. A compre-
hensive and detailed study on the clay mineral
distribution and sources in the Indonesian Islands
Arc and NW Australia was recently completed
(Gingele et al., 2001) and is used as a basis for
the interpretation of downcore records in core
BAR9442.
Core site BAR9442 is situated on a submarine

rise on the continental slope o¡shore southern

Sumatra. Therefore, we believe that long-distance
advection of clays within a nepheloid layer, fre-
quently associated with circulation of bottom
waters (e.g. Antarctic Bottom Water), is negligible
for our site. Presently, site BAR9442 is bathed in
Indian Deep Water (IDW), which represents that
fraction of North Atlantic Deep Water (NADW)
which is not converted into Intermediate Water in
the Atlantic sector, but carried across the Indian
Ocean with the upper Circumpolar Current
(Tomczak and Godfrey, 1994). NADW carries
kaolinite over long distances in the Atlantic (Pet-
schick et al., 1996), implying that some of it could

Fig. 3. Clay mineral percentages and quartz/feldspar ratios in core BAR9442. The downcore record of kaolinite is overlain by
the global sea level curve of Chappell et al. (1996). The straight line delineates a sea level of 350 m, a threshold above which
substantial amounts of kaolinite reach site BAR9442 after the Sunda Strait reopened. The GRIP Ice Core Ca record, representa-
tive for Northern Hemisphere dust propagation, is plotted onto the illite record of BAR9442 for comparison. Isotope stages 5^1
are indicated.
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theoretically reach site BAR9442. However, in the
Circumpolar Current, the NADW clay mineral
signature is quickly altered due to admixture of
other clay minerals, such as chlorite in particular
(Petschick et al., 1996). For this reason and due to
the proximity of a strong local kaolinite source,
we assume that long-distance transport of clays
entrained in IDW is of minor importance for
site BAR9442.
Kaolinite concentrations £uctuate around 20%

throughout most of the glacial section of the core.
Only in late isotope stage 5 and in the Holocene,
kaolinite percentages increase to 25^35%. The rea-
son for this feature is easy to explain, if viewed in
the context of modern clay mineral distribution in
the area (Gingele et al., 2001). Today, a kaolinite
maximum is observed in the Sunda Strait. Low-
salinity water from the Java Sea passes through
the Sunda Strait and is injected into the SJC.
Reversing directions semi-annually (Wij¡els et
al., 1996), the SJC transports any entrained kao-
linite-rich, suspended matter eastward, but also
westward to the site of core BAR9442. During
the glacial, the Sunda Strait was dry, due to low-
ered sea level, which cut o¡ the through£ow and
the major source of kaolinite for site BAR9442.
Plotting a global sea level curve (Chappell et al.,
1996) on the kaolinite downcore record (Fig. 3)
reveals that kaolinite percentages dropped sharply
at 74 ka and increased substantially around 12^11
ka. These ages correspond to periods when the
global sea level curve intersected the 345- to
350-m mark. The 350-m level is concurrent
with the sill depth at the western entrance of the
Sunda Strait. After sea level reached Holocene
values again, a kaolinite maximum at 5 ka may
represent a maximum in£ux of less saline Java Sea
water.
Smectite percentages in the core £uctuate be-

tween 25 and 30%, which is consistent with other
core-top samples in this region southwest of Su-
matra (Gingele et al., 2001). Two distinct smectite
maxima occur in the core with values of up to
35% at 75^70 ka and up to 40% from 20 to 12
ka. The only region where such high values can be
observed today is the smectite-rich area south of
Java, already described by Gri⁄n et al. (1968),
and an area south of Bali and Lombok (Gingele

et al., 2001). As this is the only potential source
for the high smectite values in core BAR9442, we
assume that smectite was transported to the core
site by the westward £owing SJC. The timing of
the smectite peaks in core BAR9442 corresponds
reasonably well to times of intense dune activity
in Australia (Bowler, 1976), indicating maximum
aridity and wind strength in the Southern Hemi-
sphere during these periods. Intensi¢cation of the
prevailing southeasterly winds, which result from
a dominant anticyclone and a sharper pressure
gradient over Australia during the glacial (Rog-
non and Williams, 1977), is likely to have intensi-
¢ed the surface component of the SJC. The con-
current possible weakening or absence of the
monsoonal system during the LGM may have
resulted in a near-permanent westward £ow of
the SJC and transport of the associated clays. If
we follow this interpretation, a minimum in the
downcore record of smectite between 70 and 55
ka could be interpreted as a weakening of the
westward component of the SJC. A direct eolian
in£ux of smectite between 75^70 and 20^12 ka is
highly unlikely, as the potential dust sources in
Australia and Central Asia (Chinese loess) have
a di¡erent clay mineral composition. Kaolinite
dominates dust from Australia (McTainsh,
1989), whereas illite is the major clay mineral in
Chinese loess and smectite is virtually absent in
both (Biscaye et al., 1997).
The illite record of BAR9442 is more di⁄cult to

interpret, since there are multiple potential sour-
ces. However, it is clear that during times of high
sea level, when Sunda Strait remains open, illite-
poor, terrigenous matter reaches the core site. Be-
tween 70 and 15 ka, illite values are higher, peak-
ing between 70 and 55 ka, when smectite reaches
a minimum. The modern distribution of clays in
the area indicates two potential ‘marine’ source
areas for the illites (Gingele et al., 2001). One is
located near the eastern end of the Indonesian
Islands Arc around Timor and in the Banda
Sea, and the other at the northern tip of Sumatra.
Transport of illite from Timor and the Banda Sea
via the Indonesian Through£ow and subsequently
the westward £owing SJC seems unlikely, because
suspended matter would have to cross the smec-
tite maximum south of Java and increased smec-
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tite concentrations could be expected as well. As
this is not the case, we assume that the illite max-
imum between 70 and 55 ka may result from a
pronounced eastward £ow of the deep and/or sur-
face component of the SJC and associated trans-
port of illite from the source near northern Suma-
tra. The eastward £ow of the SJC may have been
enhanced by strong NW winds during the glacial.
There is general agreement (summary in Wang et
al., 1999) that the Asian monsoon system pro-
duced stronger NE winds (NW south of the equa-
tor) during the last glacial and raised considerable
amounts of dust from the more arid Central
Asian sources (as Chinese loess). Illite is the major
clay mineral in Chinese loess and can be found in
increased concentrations throughout the glacial
period in Greenland ice cores (GISP2, Biscaye et
al., 1997). Calcium concentrations in the GRIP
Ice Core can be used as an index of dust propa-
gation in the Northern Hemisphere (Fuhrer et al.,
1993, 1999) (Fig. 3). Periods of high dust (Ca)
input in the GRIP Ice Core occur from 70 to 55
ka and from 35 to 20 ka and correspond reason-
ably well to the illite maxima and smectite minima
in BAR9442. Given the proximity to site
BAR9442 and the favorable wind directions, it
seems very likely that during the glacial, dust
from Central Asian sources may have contributed
to the increased illite levels in core BAR9442 be-
tween 70 and 20 ka. However, individual Ca
peaks in the GRIP Ice Core and illite peaks in
BAR9442 are di⁄cult to match because of uncer-
tainties in the age models involved. First, the oxy-
gen-isotope record in the glacial period of
BAR9442 is not very well de¢ned and provides
few ‘stratigraphic’ ¢xpoints. Thus, ages are inter-
polated over a long period, assuming constant
sedimentation rates.
Chlorite values are rather constant throughout

the core and £uctuate between 18 and 20%. As
chlorite concentrations are rather uniform along
the Indonesian Islands Arc (Gingele et al., 2001),
the changes in oceanography discussed above
would only insigni¢cantly a¡ect downcore distri-
bution of chlorite at site BAR9442. A major
chlorite source in Sumatra is detected by high
chlorite contents in sediments NW of BAR9442.
Although there are strong indications that the

Summer Monsoon was much weaker or absent
during the glacial, and precipitation reduced by
30^70% (van der Kaars, 1991; De Deckker et
al., 2002), some £uvial runo¡ must have persisted
X 5‡N and S of the equator (Wang et al., 1999).
The uniform chlorite record at site BAR9442 may
therefore represent a continuing supply with run-
o¡ from Sumatra.
Quartz/feldspar ratios are less distinct but, in

general, mirror the kaolinite record. High ratios
are most likely associated with the highly weath-
ered, feldspar-poor kaolinite deposits in the Sun-
da Strait (Gingele et al., 2001).

6. Paleoceanographic reconstruction

6.1. 81^74 ka (isotope stage 5/4 transition)

Since our record commences at 81 ka, sea levels
were already well below present values. The in£ux
of Java Sea water, indicated by the kaolinite rec-
ord, was restricted during late stage 5 and stopped
completely after sea level dropped below 350 m.
Ethmodiscus rex was present, although with low
abundances, probably due to the reduction of
thermohaline circulation and the availability of
deep nutrient pools. A volcanic eruption at 74
ka deposited 5 cm of ash at our site. To date
the origin of the ashes could not be identi¢ed.
The same applies for the ash layer in a zone of
water-rich sandy sediment in the core, equivalent
to 67^65 ka, and another horizon at 56 ka.

6.2. 74^70 ka

The period from 74 to 70 ka coincides with
times of increased windspeed in the Southern
Hemisphere, and aridity (Wasson and Clark,
1988) in the Australasian region. Although the
volume of the Indonesian Through£ow was re-
duced during the glacial, due to a low sea level,
increased windspeed of the predominantly SE
winds (Southern Hemisphere Winter Monsoon)
from the Australian continent would have en-
hanced the velocity and pushed the Indonesian
Through£ow waters further into the westward
£owing SJC, thus explaining the smectite peak
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at site BAR9442. Ethmodiscus abundance was re-
duced due to intensi¢ed circulation near the sur-
face.

6.3. 70^35 ka

Little change is indicated by our proxies in the

period from 70 to 35 ka. Properties of the water
column were stable enough to support popula-
tions of Ethmodiscus rex, although only at mod-
erate abundance. Following the interpretation of
the smectite record the westward £ow of the SJC
and also the intensity of the Indonesian Through-
£ow were apparently slightly reduced from 70 to

Fig. 4. Seasonally changing current and wind trajectories are depicted for today’s wet (austral summer) and dry (austral winter)
season and compared to two possible scenarios during the last glacial period.
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55 ka. During this period, the eastward £ow of
the SJC, carrying illite and possibly some chlorite,
was enhanced. Presently, the eastward £owing
SJC is composed of a shallow, less saline layer
and a deep component carrying North Indian
Central Water. As there was no in£ux of less sa-
line Java Sea water during this period it seems
likely that the eastward £owing SJC was a uni-
form water mass. Although the climate was gen-
erally drier during the glacial some runo¡ must
have persisted in northern Sumatra, which would
have injected illite into the Indian Monsoon Cur-
rent (Fig. 4) and the eastward £owing SJC. As the
former is driven by the NW (boreal winter) mon-
soon, stronger northwesterly winds induced by a
strong Siberian high during the glacial would
have enhanced its £ow. The correspondence of
the GRIP Ca record with the illite record in
BAR9442 in particular between 70 and 55 ka sug-
gests that illite may have been also deposited di-
rectly with dust from Central Asia. This will re-
quire additional con¢rmation from the isotopic
composition (Sr, Nd) of the clay components.

6.4. 35^20 ka

A sharp increase in Ethmodiscus rex abundance
and reduction in carbonate are characteristic for
this period and point to a maximum in strati¢ca-
tion of the water column. Low smectite percen-
tages indicate a minimum in the westward £owing
SJC and the Indonesian Through£ow. The re-
duced thermohaline circulation was dominated
by the saline North Indian Central Water ad-
vected with an eastward £owing SJC. High illite
concentrations, induced either as dust with the
NW monsoon or with the Indian Monsoon Cur-
rent and eastward £owing SJC, point to the per-
sistence of northwesterly wind directions.

6.5. 20^12 ka

The period from 20 to 12 ka incorporates the
late LGM and the subsequent deglaciation. Cli-
mate conditions during the LGM in the Southern
Hemisphere are similar to the period from 74 to
70 ka and may have been even more extreme.
Windspeeds and aridity in the Australasian region

were high as indicated by dune building activity in
the Australian interior, which lasted from the
LGM well into the deglaciation (Wasson, 1986).
A strong smectite peak from 20 to 18 ka at site
BAR9442 suggests a maximum in the westward
£owing SJC, and the incorporation of the Indo-
nesian Through£ow into the SJC. The intertrop-
ical convergence zone (ITCZ) was fully in place
well after the glacial maximum, indicating
strengthening of the SE monsoon (De Deckker
et al., 1991). In contrast to most of the glacial
period, site BAR9442 was in£uenced by Southern
Hemisphere winds between 20 and 12 ka. Ethmo-
discus rex populations disappear completely from
the record, whereas carbonate reaches a maxi-
mum, indicating the onset of more turbid condi-
tions in the water column. It is interesting to note
that, although the strong SE monsoon in£uenced
site BAR9442 via the surface ocean circulation, a
direct in£ux of dust from Australia, which con-
sists predominantly of kaolinite (e.g. Gri⁄n et al.,
1968), could not be observed. This may be due to
the westward directed dust trajectories (Bowler,
1976).

6.6. 12 ka^present (isotope stage 1)

Paleoceanographic conditions during this peri-
od were completely di¡erent from those of the
previous 70 ka. The rising global sea level crossed
the 350-m threshold, inundated the Sunda shelf
and enabled through£ow of less saline Java Sea
water through the Sunda Strait into the path of
the SJC. This process is documented by the ad-
vection of kaolinite from the Sunda Strait. Pop-
ulations of Ethmodiscus rex never re-established
after 20 ka due to an onset of an e¡ective deep
circulation system.

7. Conclusions

The region of the SJC south of Sumatra expe-
rienced signi¢cantly di¡erent climatic and ocean-
ographic conditions during the last glacial com-
pared to today (Fig. 4). Today, the climate of the
area is characterized by seasonal changes from the
NW to the SE monsoon, which change directions

PALAEO 2841 7-6-02

F. X. Gingele et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 183 (2002) 247^260 257



of the SJC accordingly and by a high amount of
precipitation (Fig. 4a,b). Lower salinity surface
water reaches the SJC via the Sunda Strait. The
freshwater ‘tongue’ south of the Sunda Strait in-
hibits the advection of suspended matter with the
Indian Monsoon Current from o¡shore northern
Sumatra.
During the last glacial, global sea level was low

and the input of low-salinity water and terrige-
nous matter via the Sunda Strait was cut o¡.
Strong, northwesterly winds, induced by a strong
Siberian high, were associated with the East Asian
Winter Monsoon (February, Fig. 4d) and pre-
vailed, in particular from 70 to 55 ka and from
35 to 20 ka. The scenario can be compared to a
modern ‘wet season’ situation, but with consider-
able less rainfall in the equatorial region. The In-
dian Monsoon Current had probably intensi¢ed
and, in the absence of a low-salinity tongue, illite-
rich material could have been transported from
near northern Sumatra to the South. It is also
very likely that some illite was directly injected
into the SJC with eolian dust from Central Asian
sources. The South Equatorial Current system
probably occupied a more southerly position
than today and received the reduced volume of
the Indonesian Through£ow during this glacial
period.
During two distinct periods, from 74 to 70 ka

and more obviously from 20 to 12 ka, Southern
Hemisphere atmospheric circulation replaced the
normally dominant Northern Hemisphere atmo-
spheric circulation. Smectite was transported
from south of Lombok, Bali and Java towards
South Sumatra with a westward £owing SJC.
This can only be achieved if a strong SE mon-
soon, similar to an extremely strong ‘dry season’
today, lowers the steric height in the Indian
Ocean, accelerates the velocity (not necessarily
the volume) of the Indonesian Through£ow and
pushes the through£ow water into the westward
£owing SJC (Fig. 4c). The ITCZ had shifted
north and the aridity in Australia peaked during
these two brief periods (Wasson, 1986; De Deck-
ker et al., 1991), while humidity associated with
the East Asian Summer Monsoon was increased
and there was reduced dust availability from Cen-
tral Asian sources.

Today, the investigation area is characterized
by a strong seasonal climate with wet and dry
periods (Fig. 4a,b). The ‘seasonal’ scenarios
shown for the last glacial may not have been sea-
sonal at all, but dominant during most of the
year. Our proxy-data show that the ‘dry season’
situation may have prevailed from 74 to 70 and 20
to 12 ka, whereas the ‘wet season’ situation (NW
monsoon, which was not that wet during the gla-
cial) may have prevailed from 70 to 55 and 35 to
20 ka.
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