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Abstract

During the last 30 ka, the South China Sea (SCS) experienced pronounced palaeogeographic changes associated with
the postglacial sea level rise, which significantly modified the hydrography of this marginal sea. The most crucial effects
in the southern part of the basin were the submergence of Sundaland and the opening of the southern channels connecting
the SCS to the tropical Indo-Pacific. Isotopic, sedimentological and organic geochemical parameters determined in two
sediment cores from the southern SCS, one in the open sea and the other close to the continental shelf (sites 17961 and
17964, respectively) show that the main hydrographical changes during this period were related to critical thresholds in
sea level rise. The main changes occurred at about 15–13.5 ky BP, coincident with Meltwater Pulse (MWP) Ia, when
sea surface temperatures (SSTs) at both sites experienced a rapid 1.5ºC rise, and the clay content and n-nonacosane
concentrations dropped significantly. Both trends reflect a rapid retreat of the coastline and an initial flooding of Sundaland
at that time. A second important change, starting with the beginning of MWP Ib at about 11.5 ky BP and culminating at
10 ky BP, involved the establishment of modern hydrographic conditions. This is evident from the rapid convergence of
the foraminiferal oxygen isotope records and the establishment of Holocene SST values. These results highlight the need
to include the flooding=emergence of Sundaland as an important boundary condition in future modelling studies of Asian
palaeomonsoons.  1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Eustatic sea level changes during the last glacial–
interglacial cycle significantly altered the land-sea
configuration and coastline location in the marginal
basins of the western Pacific, where the largest shelf
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areas in the world, with water depths of 70–80 m,
are located [1–3]. In the southern South China Sea
(SCS), a vast area, Sundaland, emerged during the
glacial sea level low stand [4] (Fig. 1) and a drainage
system, the Molengraaff River, developed in this
emergent tropical lowland [5,6] (Fig. 1). Recent
modelling studies (e.g. [7,8]) suggest a critical link-
age between hydrological phenomena in the Western
Pacific Warm Pool (WPWP) and global climate vari-
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Fig. 1. Map of the South China Sea showing the location of gravity cores 17961 and 17964, collected during the R=V Sonne cruise in
April–June 1994 [12]. The glacial drainage systems according to Molengraaff [6] and the additional emerged land during the LGM are
also plotted. Thick arrows represent typical monsoonal wind directions during winter (white) and summer (black).

ability. Accordingly, the emergence and drowning
of Sundaland, which today comprises roughly 5%
of the areal extent of the WPWP, potentially had
a significant impact on the monsoonal transport of
moisture, and the hydrological and geochemical cy-
cles of the western Pacific and, consequently, on
global climate [9,10]. It is speculated that during
glacial times a stable equatorial low pressure system

developed over the Malay–Indonesian area, enhanc-
ing the Walker circulation and thereby establishing
oceanic conditions similar to La Niña today [9,11].
Moreover, the opening and closing of the important
oceanic gateways between the western subtropical
Pacific and the tropical Indo-Pacific probably led to
strong feedbacks in the modification of the hydro-
logical conditions of the northwestern subtropical
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Pacific during the Quaternary. Hence, knowledge
about the timing and effects of the drowning of Sun-
daland is fundamental to the understanding of global
climate change during deglaciation.

In order to study the timing and impact of the
drowning of Sundaland, we analyzed two cores from
the southern SCS covering the last 30,000 years. The
present work is focused on isotopic, sedimentologi-
cal and organic geochemical parameters.

2. Materials and methods

2.1. Sample material

Two cores, 17961-2 (8º300N, 112º190E) and
17964-3 (6º090N, 112º120E), were retrieved during
the Sonne 95 cruise to the SCS at water depths
of 1968 m and 1556 m, respectively (Fig. 1).
Based on echo-sounding profiles, the recovered ma-
terial consists of undisturbed hemipelagic sediments
[12]. Core 17964-3 is located close to the shelf
break, which was the glacial palaeo-coastline, while
17961-2 is situated about 300 km further off shore in
the central southern SCS. These two cores are ide-
ally located to monitor hydrographic changes off the
shelf, and any off-shore gradients, including changes
in material supply from the shelf, which are directly
correlated with the emergence=drowning of Sunda-
land.

2.2. Age model

The age models of cores 17961 and 17964 (Fig. 2)
are based on two and six accelerator mass spectrom-
etry (AMS) 14C dates, respectively, and on both
benthic and planktonic foraminiferal oxygen isotope
stratigraphy. Analog ages of 9.8 cal. ky BP have been
assigned to the end of Termination 1b [13], 11.6 cal.
ky BP to the end of the Younger Dryas [14], [15]
and 17.2 cal. ky BP to the end of the Last Glacial
Maximum (LGM) ([10]; per analogy to core 17940).
The stratigraphic correlation of 17961 and 17964 is
based on benthic (Cibicidoides wuellerstorfi) oxygen
isotope data [10,16], with the heaviest values in both
records defined as the end of the LGM (Fig. 2). In
order to avoid artifacts due to the combination of
the gravity (17964-3) and the piston core (17964-2)

records, only the gravity core data are used at station
17964. This choice minimizes possible correlation
errors between cores 17961 and 17964 [10].

2.3. Analytical techniques

Stable oxygen and carbon isotopes were mea-
sured on samples of 15–20 and 2–10 specimens of
Globigerinoides ruber s.s. (white) and Cibicidoides
wuellerstorfi, respectively, in the 315–400 µm size
fraction [10,16], providing a record of the isotopic
composition of the upper 30 m of the water col-
umn (G. ruber; [17,18]) and the bottom water (C.
wuellerstorfi; [19]). All tests were manually crushed,
repeatedly washed in ethanol (99.8%) in an ultra-
sonic bath, and dried at 40ºC. Samples (7–12 mg) of
Globigerinoides sacculifer (core 17961; [10]) and G.
ruber (core 17964; [16,10]) were used for AMS-14C
dating. Stable isotope ratios and AMS-14C ages were
determined at the Leibniz Laboratory of Kiel Univer-
sity following standard procedures [20]. The external
errors of stable isotope analyses are š0.08‰ PDB
and š0.06‰ PDB for δ18O and δ13C, respectively.
The average zero background of AMS-14C dating is
0.3% 14C (equal to about 46 ky BP). In the following
text, ages in ky BP will always refer to calendar ages,
which were obtained using the CALIB 3.03 software
[21] and Winn et al. [13].

Siliciclastic clay contents were measured on the
inorganic (H2O2 insoluble), decarbonated (HCl in-
soluble) fraction <63 µm of the sediment, using
a SediGraph 5100D [22]. Clay mineral coagulation
was avoided by use of undried samples. Additionally,
5 ml of 0.05% sodium-polyphosphate were added
[23] to 80 ml of sediment suspension (3–6 g) and
dispersed in an ultrasonic bath (5 min; [24]) prior
to the measurement. The accuracy of the method
was tested by clay content determination of repli-
cate samples from core 17964 using the Atterberg
settling technique (30 cm hight, 54 mm diameter;
[25]) which yielded constantly 5.5% less clay [16].
This constant offset .r D 0:94/ might be due to
incomplete separation of the different fractions with
the Atterberg columns and=or adsorption effects [26]
using the SediGraph [16]. For comparative purposes
(e.g. [10]), only the SediGraph results will be used
in this manuscript.

Two different molecular biomarker families
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Fig. 2. Planktonic (G. ruber) and benthic (C. wuellerstorfi) foraminiferal δ18O depth profiles of the cores studied in this work. The age
control points in each core are indicated (see details in Wang et al. [10]). Values marked with an asterisk correspond to calibrated years
(AMS-14C ages are corrected by 400 years reservoir age according to Bard et al. [52] and converted to calendar years according to
Stuiver and Braziunas [53], and Bard et al. [54]). Analog oxygen isotope chronostratigraphy ages of 9.8 cal. ky BP and 11.6 cal. ky
BP were assigned to the end of Termination 1 (End T1b [13]) and the end of the Younger Dryas (End Y.D.; [14,15]), respectively. An
age of 17.2 cal. ky BP was assigned to the end of the LGM (Onset T1a [10]), corresponding to the heaviest value in the benthic (C.
wuellerstorfi) oxygen isotope record.

were studied: long chain alkanes and long chain
alkenones. Long chain alkane distributions with pre-
dominance of odd-carbon-numbered members orig-
inate from higher plants [27]. For simplicity, only
n-nonacosane was monitored as a marker of terrige-

nous organic matter since in all samples the alkane
distributions had the characteristic odd to even car-
bon number predominance. C37 long chain alkenones
were studied both as Haptophyte algae productivity
tracers and for sea surface temperature (SST) as-
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sessment using the UK
37 index [28]. The procedures

and equipment for molecular biomarker determina-
tions (n-nonacosane, C37 alkenones and the UK

37 in-
dex) are described elsewhere [29]. Briefly, sediment
samples were freeze-dried and manually ground for
homogeneity. After addition of an internal stan-
dard containing n-nonadecan-1-ol, n-hexatriacontane
and n-tetracontane, dry subsamples (ca. 3 g) were
extracted with dichloromethane in an ultrasonic
bath. The extracts were hydrolyzed with 6% potas-
sium hydroxide in methanol for the elimination
of wax ester interferences. The n-hexane extracts
were then evaporated under a N2 stream, deriva-
tized with bis(trimethylsilyl)trifluoroacetamide and
analyzed by gas chromatography with flame ioniza-
tion detection. Selected samples were examined by
gas chromatography–mass spectrometry for confir-
mation of compound identification and evaluation
of possible coelutions. Five replicates of a sediment
sample with similar lipid content and UK

37 index
showed a standard deviation of š0.15ºC in temper-
ature estimation. The equation used for conversion
of the UK

37 index into SST was UK
37 D 0.031SST C

0.092, representing the annual mean temperature in
the 0–30 m depth interval in the SCS [30,31].

Local sea surface salinities (SSS) were estimated
from the variations in SST (UK

37) and global ice-vol-
ume (G. ruber-white- δ18O; [32]) using the transfer
equation of Wang et al. [33].

3. Results and discussion

3.1. Description of core records 17961 and 17964

Major changes in sedimentation rates between the
two cores and between glacial=interglacial periods in
each core are evident from the age–depth relation-
ships (Fig. 2). In core 17961, the sedimentation rate
decreases from about 14 cm=ky during the glacial
stage to 7 cm=ky during the Holocene. On the other
hand, core 17964, which is located closer to the con-
tinental shelf, has significantly higher values, about
50 cm=ky during the glacial and 25 cm=ky during
the interglacial.

During the last 30 ka, the most prominent changes
in our records occurred at about 15–13.5 and 11.5–
10 ky BP (Figs. 3 and 4) as a result of major changes

in sea level (i.e. position of the coastline) and syn-
chronous with changes in monsoon intensity, as re-
flected in palaeo-SST and palaeoproductivity records
from the SCS [34,35]. The largest changes in both
records are observed at 15–13.5 ky BP, correspond-
ing to MWP Ia (termed as in ref. [36]). The SSTs
in both cores show a synchronous, abrupt increase
of 1.5ºC. This rise in SST is paralleled by a drop
in clay and n-nonacosane contents to low Holocene
levels, although low amplitude changes in absolute
n-nonacosane concentrations in core 17961 make
this event less clearly resolved at this site. However,
after 14 ky BP, n-nonacosane abundances converge
to the same values in both records, in contrast to the
five-fold difference during the last glacial. Centered
at about 14 ky BP, C37 alkenone concentrations in
17964 display a maximum which extends from about
16 to 11 ky BP, while the concentrations in 17961
decrease at 16 ky BP and remain at relatively low
values compared to those in 17964.

The second major change in the records termi-
nates at about 10 ky BP, 1000 year after MWP Ib
(termed as in ref. [36]). Both δ18O curves show
a final decrease of about 0.7–1.0‰ and remain at
Holocene levels thereafter (Fig. 3). SST estimates
reach the Holocene level of about 28ºC at ¾7 ky
BP, after a continuous rise since 15 ky BP. Thus, the
overall SST increase associated with Termination I is
about 2.6–2.8ºC which, as has been discussed else-
where [31], is larger than the UK

37-SST differences
observed at open ocean sites from the same latitudes
[37–39]. Estimates of SSS at both sites display a re-
markable convergence to the same Holocene values,
in contrast to the divergent trend during the deglacia-
tion (Fig. 4). G. ruber δ13C values for both locations
start to increase simultaneously, however, reaching
Holocene values only at about 7 ky BP.

3.2. Major factors controlling the
palaeoceanography of the southern SCS on
glacial–interglacial timescales

Today, tropical Indo-Pacific waters are advected
into the SCS through the Malacca and Karimata
straits [40,41]. Due to the low sill depths of these
two channels (ca. 30 m; [3]), the connection of the
SCS to the tropical Indo-Pacific was blocked during
sea level stands below 30 m [42] (Fig. 1).
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Fig. 3. Results of several key parameters studied in this work directly affected by the flooding of Sundaland: G. ruber δ18O, annual mean
UK

37-SST (0–30 m depth), n-nonacosane concentration and clay content. The sea level data used for discussion are from Fairbanks [32]
and Bard et al. [52]. Shaded vertical bars correspond to time intervals of major changes in the southern SCS as discussed in the text.
MWP Ia and Ib are labeled according to [36]. The horizontal dashed line corresponds to the time when sea level reached 30 m below
present.
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Fig. 4. Results of other parameters studied in this work likely to have been affected by the flooding of the Sunda Shelf: sea surface
salinity (SSS), G. ruber δ13C and C37 alkenone concentration. Shaded vertical bars correspond to time intervals of major changes in the
southern SCS as discussed in the text. MWP Ia and Ib are labeled according to [36].

The Sunda Shelf is the largest shelf area in the
world, with average water depths of 70 to 80 m
[1,2]. During its emergence at the LGM this lowland
was drained by major streams [6]. One of them, the
so-called Molengraaff River, debouched close to site
17964 (Fig. 1).

Previous studies of Asian palaeomonsoon vari-
ability have concluded that the winter monsoon was
stronger during glacial periods [10,34,35], which
brought moisture from the tropical–subtropical west-
ern Pacific to the emergent Sundaland. Although the
summer monsoon weakened in glacial and strength-
ened in interglacial periods [10,34,35], it also con-
tributed to the precipitation over Sundaland by trans-
porting water vapour from the eastern Indian Ocean
area.

The deglacial rise in sea level is expected to have
had critical impact on the interaction of these three
variables and therefore on the SCS palaeoceanogra-
phy.

3.3. The submergence of Sundaland

During the LGM, the Sunda Shelf was com-
pletely emergent. The extremely high content of
n-nonacosane in the two core records (Fig. 3) at >15
ky BP with a five-fold offshore gradient of this ter-
rigenous marker between 17964 and 17961 is due to
the close proximity of site 17964 to the Molengraaff
River mouth. This is also reflected by the higher pro-
portion of clay-sized material in the glacial sections.
SST was low, partly because no warm tropical wa-
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ters entered the SCS due to the closure of the straits
in the south. SSS estimates of core 17961 show
slightly decreased levels compared to the Holocene
(Fig. 4), possibly a result of the riverine freshwa-
ter influence, although salinity estimates should be
considered with caution as will be discussed below.

At the beginning of the deglaciation the position
of the river mouth remained unchanged during the
first small step in sea level rise, due to the mor-
phology of the shelf break. This is recorded by the
continuously high clay and n-nonacosane concen-
trations at site 17964. However, the decreasing G.
ruber δ13C values at both sites could be interpreted
as an increase in nutrient concentrations and marine
productivity, which is also shown by the gradual rise
in C37 alkenone concentration (Fig. 4). This may
have resulted from coastal upwelling in front of the
Sunda Shelf during summer [43] caused by the SW
summer monsoonal wind which started to increase
right after the summer insolation minimum at 22–20
ky BP [10].

The SSS estimates at 20 ky BP diverge signifi-
cantly between 17964 and 17961 (Fig. 4), and, more-
over, the salinity at the southernmost site increases
while that at the northernmost decreases. This fea-
ture is counterintuitive, since 17964 is located closer
to the Molengraaff River mouth and should thus dis-
play lower salinities. Two recent studies [44,45] have
critically reviewed the basic assumptions involved in
palaeo-SSS reconstructions by means of planktonic
foraminiferal δ18O, ice-volume and SST data. In par-
ticular, one of the main assumptions is the constancy
of the salinity vs. water δ18O ratio with time, which
is not obvious on glacial–interglacial timescales. Of
relevance here, changes in the local freshwater bud-
get could significantly affect the oxygen isotopic
composition of sea water in marginal seas like the
SCS [44,46,47] and thus render SSS reconstructions
invalid. However, the higher SSS at station 17964
could also be a result of local upwelling as discussed
previously.

Despite possible bias to the SSS reconstructions,
our records clearly show that during the last 10 ka,
the SSS reconstructions of both stations match very
well. This convergence suggests the establishment
of similar oceanographic conditions at both stations
at that time, which is probably indicative of the
complete flooding of Sundaland.

It is not until the sea level rise associated with
MWP Ia at 15–13.5 ky BP that a fundamental change
occurred in the oceanographic setting of the southern
SCS. This change is clearly seen in the simultaneous
SST rise at both stations and in the abrupt decrease
of n-nonacosane concentrations (Fig. 3). The SST
rise is in phase with the global warming at the
beginning of the Bølling=Allerød. This temperature
change might have been enhanced by the develop-
ment of a vast shallow warm water pool over Sunda-
land, which was flooded by sea level rise across the
threshold depth of �70 m. Additionally, a decrease
in winter monsoon intensity [10] could have resulted
in less advection of cool subtropical waters from the
north through the Bashi Strait, further amplifying the
SST signal. The rapid landward displacement of the
river mouth (>200 m=year) probably created a vast
trap for terrigenous material on the shelf, which led
to an abrupt decrease in n-nonacosane abundances
and lower sedimentation rates at both sites, as well
as the diminishment of the glacial high gradient in
n-nonacosane concentration between these two sites.
This is also reflected in the decrease in clay content
at site 17964 between 16 and 15 ky BP.

The last stage of the flooding and submergence of
Sundaland was accomplished at about 10 ky BP, 1
ky after MWP Ib, leading to the establishment of the
modern surface water connection with the tropical
Indo-Pacific through the southern gateways (Fig. 1).
This last period is characterized by the convergence
of the δ18O records in both cores, indicating the
disappearance of tropical riverine influence and a
strong homogenization of hydrographic properties.
According to the sea level curve [32], the 30 m depth
of the present Karimata Strait depth was reached at
about 10 ky BP, in agreement with the convergence
of our records (Fig. 3). In addition, the significantly
intensified summer monsoon [10,35], which brings
tropical warm waters into the SCS, resulted in the
final rise of SST to the Holocene level. At both sites,
the δ13C of G. ruber reached its last minimum at
10 ky BP, followed by a monotonous increase to
similar Holocene values at both sites at 7 ky BP.
Similar deglacial δ13C minima have been reported
from other low latitude sites and these have been
attributed to changes in the intensity of upwelling of
intermediate waters [48], [49].
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4. Conclusions

Two distinct periods of sedimentological, fora-
miniferal isotopic and organic geochemical changes
are recognized in two cores from the southern SCS,
associated with different levels of flooding of the
Sundaland.

The main changes occurred at about 15–13.5
ky BP, synchronously with MWP Ia. This initial
flooding of Sundaland led to a strong decrease of
terrigenous sediment supply at both the coastal and
the off-shore core sites and was coincident with an
abrupt 1.5ºC SST increase at both sites. Between
11.5 and 10 ky BP, the geochemical records of the
coastal and off-shore core further rapidly converge,
implying the establishment of similar oceanographic
conditions at both sites roughly 1 ky after MWP Ib,
and after the final opening of the gateways between
the SCS and the tropical Indian Ocean.

Within dating uncertainties, the two steps of
flooding of Sundaland seem to coincide with re-
organizations in Asian monsoon climate as recon-
structed from deep sea and lake sediment [35,10] and
loess records [50,51]. Future climate modelling stud-
ies will have to evaluate possible feedbacks and=or
amplification mechanisms between monsoonal cli-
mate, the land–sea configuration and the opening=
closure of crucial gateways in the South-East Asian
region.
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