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Abstract

Paleoceanographic information from 34 sediment cores is summarized to investigate the glacial-interglacial
variations in sea surface circulation and late Quaternary carbonate cycles in the South China Sea. Judging from the
distribution pattern of deposition rates, the enormous terrigenous supply by rivers is responsible for the high rate of
hemipelagic sedimentation which was even higher during glacial periods.

Paleotemperature maps based on Transfer Function temperature estimates have revealed a E-W gradient of SST
for glacial summer and a S—-N gradient for glacial winter, and this agrees well with the clockwise surface circulation
in summer and counterclockwise in winter during glacials, as shown by a preliminary computer modelling. The high-
resolution paleotemperature curves of core V36-3 from the northern slope show an abrupt cooling event which may
belong to the Younger Dryas.

Carbonate percentage in sediments and preservation of foraminifers and pteropods are used to study the carbonate
cycles in the marginal sea. It turns out that two mechanisms are functioning there. Being a basin with large drainage
areas, vast amount of river-borne terrigenous input dilutes carbonate, and its intensification during glacial decreases
the glacial %CaC0;; being a basin connected with the Pacific, the fluctuations of lysocline, CCD and ACD in the
SCS are related to those in the Pacific Ocean, and dissolution is strengthened at interglacial. Thus, above the present
CCD the dilution factor predominates and the “Atlantic cycles” are produced; below the present CCD the dissolution

factor prevails, resulting in the “Pacific”’ pattern of carbonate cycles.

1. Introduction

The South China Sea (SCS) offers a special
attraction for paleoceanographers because of
the high sedimentation rate of its deep-marine
sediments. Cores V35-5 and V35-6 taken from its
southern part were among the first cores in the
world ocean used for high-resolution stratigraphy
documented by AMS 4C datings (Andree et al.,
1986; Broecker et al., 1988a), and for recon-
struction of paleoventilation history in the Pacific
(Berger, 1987). Recently, the SCS is intensively
studied for its response to the last deglaciation
(Broecker et al., 1988b; Duplessy et al., 1991;
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Kudrass et al., 1992; Wang et al., 1992a). As a
West Pacific marginal sea with a large area above
CCD, the SCS offers the opportunity to examine
glacial-interglacial changes in SST (Wang and
Wang, 1990), productivity (Winn et al., 1992;
Thunell et al., 1992) and paleoenvironmental inter-
actions between land and sea (Wang and Sun,
1995).

Since the 1980s, Chinese geoscientists on both
sides of the Taiwan Strait have shown growing
interest in paleoceanography with their emphasis
laid on late Quaternary history of the SCS (for a
review see Wang, in press). Tens of research papers
and several volumes have been contributed to the
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topic, most of which were published in Chinese.
The present study is an attempt to pool together
the data resulted from our studies and those from
the English and Chinese literature, in order to find
out characteristic features of the marginal sea in
surface water circulation and carbonate sedimenta-
tion during the glacial cycles.

2. Stratigraphy and sedimentation

At least 34 sediment cores in the SCS have been
analyzed and studied for its paleoceanography to
various extends (Fig. 1; Table 1). Apart from those
on the continental shelf, the cores range from 1 to
13 m in length and consist mainly of calcareous
silty clay. According to oxygen-isotopic, biostrati-
graphic and carbonate stratigraphies, the cores
have penetrated late Quaternary sequence up to
oxygen isotope stage 2 to stage 8. In the pres-
ent study the high-resolution chronostratigraphy
based upon a stacked oxygen-isotope stratigraphy
(Martinson et al., 1987) is adopted. The last
appearance of pink-pigmented Globigerinoides
ruber at about 120 kyr B.P. in the Indo-Pacific
region ( Thompson et al., 1979) is used as the most
useful biostratigraphic marker in the SCS (P.
Wang et al.,, 1986). Utilizing the similarity of
carbonate curves between stations, carbonate stra-
tigraphy is applied to the late Quaternary sequence
in the SCS and the Okinawa Trough (Wang, 1990).

The SCS extends over an area of 3,500,000 km?
and has an average depth of 1212 m. The shallow
water part less than 200 m in depth makes up
about 52% of its total area and is blanketed mostly
by sandy sediments, along with mud zone charac-
teristic of the inner shelf near the Pearl, Mekong
and Red River mouths. The major topographic
feature of the SCS is a deep basin of rhomboid
shape with a maximum depth of 5377 m, and large
reef-studded shoal areas occur within the basin to
the northwest (Xisha Islands and Zhongsha
Islands) and south (Nansha Islands). The central
part of the basin is an abyssal plain below CCD
(3500-3800 m in the SCS) covered with deep-sea
clay (Fig.2), but the sedimentation rate there
reaches 2.5-7.1 cm/kyr in the Holocene, over
10 cm/kyr in the last glaciation, or one order of

magnitude higher than in the open ocean
(0.2-1.0 cm/kyr) (Wang et al., 1992b).

As seen from Fig. 1, most of the cores studied
in the SCS have been taken from its continental
slope where calcareous silty clay and clayey silt is
predominant (Fig. 2). The sedimentation rate in
the continental slope ranges from 0.7 to 15 cm/kyr
for the Holocene and 1.3-31 cm/kyr for the last
glaciation (Table 1), with the maximum values
occurring in two areas: a northern area off the
Pearl River mouth and a southwestern area to the
northeast of the paleo-North Sunda River (Fig. 1)
(Wang et al., 1992b).

When the calculated sedimentation rates at
deeper water stations (more than 1900 m) are
plotted against water depths, it becomes clear that
the maximum rate for each depth interval declines
with increase of water depth and the sedimentation
rate is almost doubled in the glacial than post-
glacial (Fig. 3).

3. Sea surface temperature and circulation
3.1. Previous work

Paleo-SST (sea surface temperature) estimation
in the SCS started from its northern slope. Cores
V36-3 and V36-8 (see Table 1; Fig. 1) were the first
studied for its late Quaternary SST history with
the paleo-SSTs estimated either by using optimal
temperature of planktonic foraminiferal species in
the modern ocean (P. Wang et al., 1986) or by
applying Transfer Function technique (Samodai
et al., 1986; Wang and Wang, 1989).

Later, SST fluctuations since the last 200 kyr
have been studied in three sediment cores from
the northern slope (V36-3, V36-5, SO49-8KL),
and the discovered enhanced glacial-interglacial
SST contrasts in this marginal sea have led us to
a speculation on the glacial sea surface circulation
in the enclosed basin (Wang and Wang, 1990).
Now paleo-SST data are available at least from
ten sediment cores in various parts of the SCS,
and it is possible to reconstruct the glacial SST
patterns and the corresponding surface circulation.
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Fig. 1. Location of 34 sediment cores used in the present study with indication of the Holocene deposition rate (for details and
sources see Table 1). Dashed lines denote paleo-river system.
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Sedimentation rates (cm/kyr) at 34 sites in the South China Sea during $'®0 stages 1 and 2

Core Location Water Core Total rate CaCO,% CaCOQj, rate Non-CaCO,; References
depth length rate
(m) (cm)
°N °E 1 2 i 2 1 2 1 2
7Q3 20°57  114°30 89 12000 77.5 2.7* Min et al. (1992)
Q4 21°00"  115°2% 124 12000 42.5 27.9*
N204 18°13°  110°5¢’ 180 440 37 49* Gao et al. (1992)
SCS-12 7°42"  109°18’ 543 120 6.3 new data
TSDY12G ~8° ~109° 850 160 10.0 Rottman (1979)
NS88-11 9°56"  115°37 880 433 1.0 1.3* Li et al. (1992)
SO49-8KL  19°11' 114°12° 1040 955 32 83 Wang and Wang (1990)
V36-8 20°03"  115°43° 1304 1287 20.0 Samodai et al. (1986)
SCS-15B 10°19"  114°11" 1500 735 0.7 3.1 Wang and Chen (1990)
V36-6 19°47  115°49° 1579 1263 100 8.4* 237 193* 24 1.6* 76 6.8* Fengetal (1988)
GGC-10 11°43"  118°31" 1605 150 33 7.5 469 405 1.5 3.0 1.8 45  Thunell et al. (1992)
NS86-43 7°02"  110°24° 1763 300 38 54 Li et al. (1992)
SCS-15A 10°25  114°14° 1812 295 15 52 69.6 455 1.0 24 0.5 28 Wangetal (1986)
RC12-350 6°33  111°13" 1950 1129 133 20.7 209 7.1 28 1.5 105 192 Jian (1992)
V35-5 7°11" 112°05 1953 1625 15.0 31.0 148 58 22 18 128 29.2  Broecker et al. (1988b)
SO49-37K1 17°49° 112°47 2004 1310 42 4.8* Hao et al. (1989)
V35-6 7°13  112°09° 2030 102 13.0 Broecker et al. (1988a)
SO49-41K1 18°17" 112°41" 2120 1300 2.9 44* Hao et al. (1989)
GGC-11 11°53"  118°20" 2165 145 38 58 454 357 1.7 21 2.1 3.7  Thunell et al. (1992)
V36-5 19°26° 115°55 2332 1070 10.8 12.7* Wang and Wang (1990)
RC14-85 15°25  113°49" 2470 688 12.0 Wang et al. (1992)
GGC-12 11°56¢' 118°13° 2495 150 29 42 430 398 1.2 17 1.7 25  Thunell et al. (1992)
SO50-37K1 18°55 115°46" 2695 863 10.0 16.7 26.8 14.7 27 25 73 142  Zheng and Chen (in
press)
V36-3 19°01" 116°06¢" 2809 1215 6.8 11.0* 214 135 1.5 1.5% 53 9.5% Wangand Wang (1990)
GGC-6 12°09° 118°04" 2975 150 29 42 396 369 1.1 15 1.8 27  Thunell et al. (1992)
317-82-25 19°30"  117°53° 3205 293 48 43 Gu et al. (1991)
GGC+4 12°39"  117°56" 3530 150 21 58 214 270 04 16 1.7 42  Thunell et al. (1992)
SO49-14K1 18°18" 114°24° 3624 1315 4.2 13.8 Bian et al. (1992)
GGC-3 13°16' 117°48' 3725 150 1.7 33 6.5 182 0.1 08 1.6 2.7  Thunell et al. (1992)
SO50-29K1 18°20° 115°59° 3766 1023 7.1 163 85 938 06 1.6 6.5 147  Zheng and Chen (in
press)
V36-1 18°04°  116°11" 3821 906 2.5 100 53 74 01 0.7 24 9.3* Fengetal (1988)
8357 13°29°  118°01" 3949 383 33 96 106 125 03 1.2 3.0 84  Li(1993)
GGC-2 13°37°  117°41" 4010 125 25 33 54 2438 0.1 08 24 2.5 Thunell et al. (1992)
GGC-1 14°00°  117°30" 4203 150 29 33 29 209 01 01 28 32  Thunell et al. (1992)

* Average value for stages 2-4. “1” and “2” denote 5'%0 stages.

3.2. Materials and methods

The ten cores under discussion were taken by
American, German and Chinese research vessels,
and the paleo-SST estimations were performed
mainly by Chinese paleoceanographers. Five of
those are from the northern slope of the SCS:
V36-3 (19°0'N, 116°06'E, depth 2809 m, length

1215 cm; Wang and Wang, 1989, 1990), V36-5
(19°26'N, 115°55'E, 2332 m, 1070 cm; Wang and
Wang, 1990), V36-8 (20°03'N, 115°43'E, 1304 m,
1287 cm; Samodai et al.,, 1986), S049-8KL
(19°11'N, 114°12°E, 1040 m, 955 cm; Wang and
Wang, 1990) and N204 (18°13'E, 110°56'N, 180
m, 440 cm; Gao et al., 1992); the rest 5 are from
the southern part: SCS-12 (7°42'N, 109°18'N, 543
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Fig. 2. Sketch map showing the distribution of bottom sediment types in the South China Sea (from P. Wang et al., 1992).
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Fig. 3. Deposition rates at deeper sites (water depth >1900 m) in the South China Sea (data from Table 1). (A) Holocene; (B)

last glaciation.

m, 118 cm), NS86-43 (7°02'N, 110°24’E, 1763 m,
300cm; Li et al, 1992), RCI12-350 (6°33'N,
I11°13'E, 1950 m, 1129 cm; Jian, 1992), NS88-11
(9°56'N, 115°37E, 880 m, 433 cm; Li et al., 1992)
and GGC-11 (11°53'N, 118°20'E, 2165 m, 145 cm;
Thunell et al., 1992) (Fig. 1).

All paleo-SST estimates are based on the downc-
ore census data of planktonic foraminifers using
the Paleoecological Transfer Function FP-12E
developed by Thompson (1981) for the Western
Pacific. The resulted estimates of winter and
summer SST are all greater than 14° and 23°C,
respectively, falling in the range in which the
Transfer Function FP-12E can provide statistically
accurate temperature results.

3.3. Sea surface temperature

Late Quaternary paleo-SST curves for five of
the cores are given in Fig. 4. Micropaleontological
analyses have shown remarkably higher percent-
ages of temperate species such as Neogloboquadrina

pachyderma (dextral coiling), N. dutertrei and
Globorotalia inflata in the glacial section of the
cores than in the Holocene (P. Wang et al., 1986)
giving rise to significant downcore changes in
winter SST. Thus, in the northern SCS the glacial-
interglacial (G/IG) contrasts (differences between
stages 2 and 5) in winter SST reach 6.8°-9.3°C,
while the amplitude of summer SST fluctuations
there is only 2°-3°C (Wang and Wang, 1990).
These are very high values for the latitudes of the
SCS which extends from the Equator to the Tropic
of Cancer. Using the same transfer function,
Thompson (1981) estimated the G/IG changes in
tropical and subtropical region of the open Pacific
as about 3°C for winter and 2°C or less for
summer. Only in the temperate region between
30°N and 40°N, the G/IG SST contrast may be as
mush as 5°C.

When the winter and summer SST estimates at
the last glacial maximum (LGM) from the ten
cores are plotted on a map, different SST patterns
between winter and summer attract attention

Fig. 4. Late Quaternary paleotemperature curves at five sites in the South China Sea, showing oxygen isotope variations of
Globigerinoides sacculifer, winter and summer SST based on planktonic foraminifers using Transfer Function FP-12E (Thompson,
1981). V36-3, SO49-8KL, V35-5 modified from Wang and Wang (1990); RC12-350 after Jian (1992); GGC-11 after Thunell et al.

(1992). For location see Fig. 1 and Table 1.
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(Fig. 5C and D). The winter SST ranges from
17.5°C in the north to 23°C in the south, displaying
a N-S trend, whereas the pattern of summer SST
shows a E-W trend, increasing from less than
25°C in the east to 27°-28°C in the west. The
glacial SST patterns are very different than the
modern ones (Fig. 5SA and B). As the SST patterns
depend on the surface circulation, the differences
must be caused by circulation changes.

3.4. Surface circulation

The sea surface circulation in the modern SCS
is driven basically by the East Asian Monsoon.
With the seasonal alternation of prevailing wind,
i.e. the southwest monsoon in summer and north-
east monsoon in winter, the SCS displays a trans-
basinal pattern of surface currents with opposite
directions during summer and winter (Fig. 6A and

A

modern

20} summer

10

B

modern
- winter e

C

LGM
20 f summer ¢
\

10

100 110 120

Fig. 5. Average sea surface temperature in the South China Sea (°C). (A) Modern, summer; (B) modern winter; (C) last glacial
maximum, summer; (D) last glacial maximum, winter. Dotted lines denote isotherms (°C). (A and B) from Wang and Wang (1990).
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Fig. 6. Surface circulation patterns of the South China Sea. (A) Modern, summer; (B) modern, winter; (C) last glacial maximum,

summer; (D) last glacial maximum, winter (see text).

B). In summer, surface water of the tropical Indian
Ocean flows into the SCS northward and then into
the Pacific, mostly through Bashi Strait. The inflow
of warm tropical water from the Indian Ocean has
given rise to insignificant variations of modern
summer SST in plan (28°-29°C; Fig. 5A). In
winter the northeast wind drives the tropical and
subtropical Pacific waters together with the cooler
water of longshore current into the SCS through
Bashi and Taiwan Straits and then across the

Sunda shelf into the Indian Ocean. The inflow of
the cooler water from the north has led to a steeper
temperature gradient in the winter SCS: from 16°C
in the northern inner shelf to 27°C in the south
(Fig. 5B).

Meanwhile, the surface circulation is also
constrained by the configuration of the sea.
Topographically, the southern part of the SCS is
a shallow shelf and must have been emerged during
the last glacial maximum (LGM) when the global
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sea level decreased by some 120 m. On the northern
side the SCS has two connecting channels: the
Taiwan Strait and the Bashi Strait with sill depths
of around 70 m and 2500 m, respectively; on its
eastern side there are Mindora Strait (open to the
Sulu Sea) and Balabac Strait with sill depth of 450
and 100 m. During the LGM, when the sea level
dropped by 100-120 m, all the southern connec-
tions to the ocean closed, and the SCS changed
into a semi-enclosed basin with Bashi Strait as its
only water passway to the ocean. A numerical
simulation would show the changes in surface circu-
lation brought on by the altered configuration.
Modern surface circulation of the SCS has been
simulated by Chinese meteorologists with a numer-
ical model based on 2D shallow-water equations,
taking wind stress, bottom topography and coastal
configuration into account (Zeng et al., 1989). As
shown by a preliminary computer simulation with
the changed coastal configuration corresponding

100 110 120

to the low sea level at the LGM, the surface
circulation patterns in the SCS should be radically
different from the modern ones: the glacial surface
circulation should be counter-clockwise for winter
and basically clockwise for summer (Li, Rongfeng,
pers. commun., 1992). Interglacial (and post-
glacial) trans-basinal patterns of circulation must
be replaced by semi-enclosed patterns as schemati-
cally shown in Fig. 6C and D.

On the other hand, the glacial circulation pat-
terns in the Pacific should bring cooler water into
the SCS. During LGM, polar front in the Western
Pacific was shifted about 10° of latitudes to the
south (Thompson, 1981) and, hence, temperate
waters could reach the Bashi Strait, the only
connection of the SCS with the Pacific during
glacial episodes (Fig.7). The inflow of cooler
temperate waters into the northern SCS together
with the cut-off of warm Indian Ocean waters
on its south would have caused a considerable
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Fig. 7. Average winter sea surface temperature (°C) and major surface currents in the South China Sea and the adjacent Western
Pacific at the last glacial maximum. Paleotemperature data from Moore et al. (1980), Thompson (1981), Wang and Wang (1990)

and Li et al. (1992).
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decrease of SST in the glacial SCS and an enhanced
G/IG contrast in SST there, as recorded in sedi-
ment cores discussed above.

Moreover, the inflow of cooler waters into the
SCS through its northeastern connection (Bashi
Strait) must have affected the SST patterns during
glacials. Since the inflowing water should be run-
ning southward in summer (clockwise circulation)
and westward in winter (counter-clockwise circula-
tion), the SST would be expected to be cooler in
its eastern part for summer and in its northern
part for winter. Our paleo-SST reconstructions
show that it is the case (Fig. 5), and the different
patterns of surface currents explain the E-W SST
gradient for summer (Fig. 5C) and S-N gradient
for winter (Fig. 5D).

3.5. Younger Dryas event?

The last deglaciation is of particular interest for
the Past Global Change studies, and the high

deposition rates make the SCS most promising in
this respect. Therefore, the uppermost part of Core
V36-3 (Table 1; Fig. 1) was restudied for a detailed
history of the last deglaciation. The upper 1.6 m
of the core section (representing approximately the
last 25 kyr) was sampled with 4-5cm intervals
and analyzed for both stable isotopes and transfer
function paleo-SST of planktonic foraminifers.
The results of our analyses are partly provided in
the present paper (Fig. 8).

From the SST curves in Fig. 7 an abrupt cooling
event is seen at 0.74 m with a SST decrease of
2.7°C for winter and 0.9°C for summer, followed
by a rapid temperature rise to the original level at
0.56 m. According to oxygen-isotope stratigraphy
of the core, event 1.1 occurs at 0.25 m and 2.2 at
1.29 m. If the sedimentation rate between the
two events is presumed to be stable and the
chronostratigraphy by Martinson et al. (1987) is
adopted, the cooling event should have occurred
about at 10 ka, close to the Younger Dryas event

Oxygen isotope Estimated SST Seasonality 3180
18, stage
83%0 (%) () (c)
0.0 -1.0 -2.0 15 20 25 303 7 1
0 1 1 1. *L 1 1 1 i | B N | r__
20 > - b |
40 A / - - 1
§ I _
g </>'
o g . 4
’d 100 - + —1 -
120 { - 1992 — - Winter _1 2
140 { . +1985 5 a summer i
160 - :}\“* 4 ] L__B_

Fig. 8. Paleotemperature variations recorded in upper part of Core V36-3. Notice the Younger Dryas-style cooling event at 74 cm.
Oxygen isotope curve of Globigerinoides sacculifer is based on two sets of measurements (1985 and 1992) made at the Godwin
Laboratory, Cambridge; SST estimates are resulted from calculations using Transfer Function FP-12E; seasonality is the difference
between estimated summer and winter SST (from Wang et al., 1994).
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(Wang et al., 1994). As we are still waiting for
AMS C dating, no conclusion can be made yet
for age of this event in Core V36-3. It is clear,
however, that the core has recorded a Younger
Dryas-style event and the glacial-postglacial trans-
ition in the SCS must not be straightforward
(Wang et al., 1992a).

There is no unanimity in literature concerning
the occurrence of the Younger Dryas outside the
northern Atlantic region in general, and in the low
latitude Pacific in particular. Based on AMS **C
datings and weights of two foraminiferal species,
Broecker et al. (1988b) reported an abrupt change
in abundance of planktonic foraminifers and in
sedimentation rate at the close of the last glaciation
in Core V35-5, southern SCS, and denied the
occurrence of the Younger Dryas in the region.
However, the oxygen isotope and foraminiferal
analyses have provided evidence for the Younger
Dryas event in the adjacent Sulu Sea (Linsley and
Thunell, 1990; Kudrass et al., 1991), and the
Younger Dryas-like cooling event was found in
oxygen-isotope curves from the SCS (Kudrass
et al., 1992). Precise datings are badly needed to
determine if the event(s) recorded in the SCS is
the Younger Dryas.

4. Carbonate cycles
4.1. Previous work

The discovery of Pleistocene carbonate cycles in
the equatorial Pacific early in the 1950s ( Arrhenius,
1952) stands at the beginning of the revolution of
our understanding of the Ice Ages and the climate
cyclicity (Berger, 1992). Although it is still debated
whether productivity or dissolution is responsible
for the cycles (Berger, 1973, 1992; Arrhenius,
1988), there is no doubt that deep-sea carbonate
cycles are of great significance in stratigraphic
correlation, as well as for studies on carbon cycle
and climate variations. Being a marginal sea of
the West Pacific with widely distributed carbonate
sediments, the SCS in expected to throw light on
the matter.

Judging from the carbonate content and the
preservation of planktonic foraminifers in surface

sediments of the SCS, the modern CCD there has
been found at 3500-3800 m, lysocline at about
3000 m and ACD (aragonite compensation depth)
between 1000-1400 m (Rottman, 1979; Chen and
Chen, 1983; Li, 1989; Thunell et al, 1992).
Downcore fluctuations of CaCO;% in Core V36-3,
northern slope of the SCS, display a glacial
decrease and interglacial increase of carbonate,
resembling the carbonate curves reported from the
North Atlantic, and this has been ascribed to the
dilution by terrigenous clasts (P. Wang et al.,
1986). A similar carbonate curves have been
reported also from the southern part of the SCS
(Core SCS-15A; C. Wang et al., 1986), from other
cores in the northern SCS (Feng et al., 1988) and
from the Okinawa Trough (Wang, 1990).

Our recent studies on pteropods (L. Wang,
1992) and foraminifers (Bian et al., 1992) have
provided new evidence for aragonite and calcite
dissolution in the SCS, enabling a relatively all-
round view of the carbonate cycles there.

4.1. Material and methods

As mentioned above, the continental slope of
the SCS above CCD is blanketed by calcareous
silty clay or clayey silt where CaCO;% ranges
basically from 10 to 50%, but may exceed 60%
near coral reefs (Table 1). The cores from the
continental slope are most sensitive to carbonate
cycles and, hence, are used as a basis for our
following discussion.

Along with carbonate content (CaCO,%) in bulk
samples, abundance and preservation of pteropod
(aragonite) and planktonic foraminiferal (calcite)
shells in sediments, ratio between benthic and
planktonic foraminifers (“benthic ratio™), ratio
between fragments and entire tests of plank-
tonic foraminifers (“fragments ratio”), and
Foraminiferal Dissolution Index (FDX; Berger,
1979) are also used in this study. The downcore
variations of foraminiferal abundance correspond
well to those of the carbonate content and, thus,
can be used to approximate the carbonate cycles
when CaCO;% data are absent. The FDX, benthic
ratio and fragments ratio are indicative of carbon-
ate dissolution and display a trend basically oppo-
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site to the carbonate curve. Aragonite dissolution
is estimated by pteropod abundance. All these
values can be used to extract dissolution signals
from the carbonate cycles.

4.2. Cycles above the modern lysocline

While comparing the CaCO,% curves from the
high latitude North Atlantic and the equatorial
Pacific, Luz and Shackleton(1975) noticed two
different trends nearly counter to each other: in
the Atlantic the carbonate content in sediments
increases in the glacial and decreases in the inter-
glacial with the CaCO5% curve running roughly
parallel to the oxygen-isotope curve, whereas the
Pacific curve displays a different trend with the
minimal values at stages 4 and 5 (Fig.9). In
searching an explanation for the difference, Seibold
and Berger (1982) attributed the Atlantic cycles
to dilution cycles and those of the Pacific to dissolu-
tion cycles. The later studies, however, have shown
more complicated variations in carbonate cycles
of the two oceans, as the cause of these variations
must be deeply rooted in changes of deep-water
circulation and chemical reorganization in the
world ocean (e.g., Crowley, 1985; Zahn et al.,
1991).

In the SCS, the carbonate curves from sites
above the present lysocline are basically concor-
dant with the oxygen-isotope curves, showing gla-
cial decrease and interglacial increase of carbonate
proportion in sediment (Fig.9). This can be
illustrated with four cores raised from various
water depths: V36-6 (water depth 1579 ~m;
Fig. 10A), SCS-15A (1812 m; Fig. 10B), GGC-11
(2165 m; Fig. 10C) and V36-3 (2809 m; Figs. 9
and 11). There is no isotope data for Core V36-6,
but the similarity of its carbonate curve with that
of Core V36-3 has provided stratigraphic correla-
tion. All the curves resemble those in high latitude
north Atlantic and considerably differ from those
in equatorial Pacific.

In order to explain the “Atlantic cycles” in the
SCS, stage-by-stage variations in depositional rates
of carbonate and non-carbonate components in
Core V36-3 are calculated (Table 2). It turns out
that the deposition rate of non-carbonate material
(mainly clay in this case) decreases from 9.5 cm/kyr

for the glacial (stages 2—-4) to 5-6 cm/kyr for the
inter- and post-glacial (stages 1 and 5), implying
a significantly intensified input of terrigenous mate-
rial into the sea basin during glacial what is the
main mechanism behind the “Atlantic type” of
carbonate cycles in the SCS. As to the deposition
rate of CaCO;, no glacial-interglacial contrast is
observed. It remains almost stable in the upper
part of the core (close to 1.5 cm/kyr), but decreases
to 1.2 cm/kyr in stage 5 obviously due to dissolu-
tion (see below). Thus, the carbonate cycles in the
SCS above lysocline are caused by the terrigenous
input and belong to dilution cycles (P. Wang
et al., 1986).

4.3. Cycles below the modern lysocline

Despite of their wide distribution in the SCS,
the “Atlantic cycles” are limited to water depths
above the modern lysocline. Below 3500 m, car-
bonate curves belong to a different type as exempli-
fied by Core SO50-29KL from the northern slope
(water depth 3766 m; Fig. 12A and B). With
carbonate content mostly less than 10%, the
CaCO; curve of the core runs almost counter to
the oxygen isotope curve, and the minimal values
occur in stages 4 and 5, a feature common to the
equatorial Pacific.

Noticeable is the similarity between CaCO,
curve in Core SO50-29K L and that of planktonic
foraminiferal abundance in Core S049-14KL
(water depth 3624 m; Fig. 12C), again below the
modern lysocline. Both curves show peaks at the
early part of stage 3 and late part of stage 2, and
the lowest values occur at stages 4, 5 and late part
of stage 3. The same trend is seen in the carbonate
curve of Core GGC-1 (water depth 4203 m;
Fig. 12D), although at that site only stages 1-3
have been recovered. Again, the carbonate curve
peaks at glacial, late in stage 2, and declines toward
both stages 1 and 3. Cores GGC-2 (water depth
4010 m), GGC-3 (3725 m) and GGC-4 (3530 m),
also from the eastern SCS below CCD, show the
same picture ( Thunell et al., 1992).

Summarizing carbonate records of stages 1-3 in
all the transect of 12 cores (GGC-1 to GGC-13)
in the eastern SCS off the Philippines, Thunell
et al. (1992) pointed out that cores below CCD
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Fig. 9. Comparison of the late Quaternary carbonate curves of Core V36-3, northern South China Sea (A), with those in the high
latitude North Atlantic (B, typified by Core V23-82) and the Equatorial Pacific (C, typified by Core V21-33). Notice the similarity
between the curves (A) and (C) with the oxygen isotope curve (B). (From P. Wang et al,, 1986; C and D after Luz and

Shackleton, 1975.)

(3800 m) display “the typical Pacific carbonate
pattern (high carbonate during glacials and low
carbonate during interglacials)”. In general, our
synthesized data from stages 1-5 throughout the
SCS show the same trend, but more complicated
than the above generalization.

4.4. Dilution and dissolution cycles

In Core S049-14KL, the curve of planktonic
foraminiferal abundance swings counter to that of
“benthic ratio”, suggesting a dissolution control
of carbonate cycles there. The dissolution index
FDX shows its peaks at stages 1, 3, and 5, implying
strengthened dissolution during interglacials. The
same is true for other cores below lysocline (Bian

et al., 1992). Thus, there are two types of carbonate
cycles in the SCS: dilution-controlied cycles above
lysocline and dissolution-controlled cycles below
lysocline.

However, dissolution may occur at sites above
lysocline as well. In Core V36-6, for example,
CaCO; curve displays a opposite trend to that of
FDX (Fig. 10A). The curve of “benthic ratio” and
that of FDX, in general, run parallel to each other,
but nearly opposite to the CaCO; curve (Fig. 11).
All these have demonstrated the dissolution effect
of foraminiferal calcite tests even above lysocline.

Based on pteropod distribution in surface sedi-
ments, Rottman (1979) has found the ACD in the
SCS being about 1000 m. The site of Core
S049-8KL (water depth 1040 m) lies just below
the present ACD and is most sensitive to its
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Fig. 11. Downcore variations of foraminiferal indications of carbonate dissolution compared with CaCO, and oxygen isotope
curves in Core V36-3, FDX denotes Foraminiferal Dissolution Index using 7-grade classification (Berger, 1979). B/P denotes ratio
between the abundance of planktonic and benthic foraminifera (“benthic ratio”).

Table 2

Late Quaternary deposition rates for various stages in Core V36-3 (modified from P. Wang et al., 1986)

5180 Depth No. of Duration  Thickness of Deposition CaCO;%  Deposition rate FDX
stage (cm) samples (year) sediments  rate (average) (cm/kyr)
(cm) (km/yr)
CaCO; non-CaCO,
1 0-82 5 12,000 82 6.83 21.18 1.46 5.37 5.1
2-4 82-762 34 62,000 680 10.97 13.49 1.48 9.49 5.4
5 762-1162 20 56,000 400 7.14 17.00 1.21 5.93 5.6

fluctuations. As shown by the recent analysis of
the core, pteropods occur only in glacial sections
of stages 2 and 6 where abundance of planktonic
foraminifers also reaches its peaks (L. Wang,
1992). An almost opposite trend is shown in curves
of “benthic ratio” and ‘‘fragments ratio”, both
indicative of calcite dissolution (Fig. 13). It is
suggested, therefore, the ACD falls down during

the glacial when the effect of calcite dissolution is
decreased as well.

To sum up, the late Quaternary carbonate cycles
in the SCS are resulted from superimposition of
dissolution and dilution cycles. During the glacial
low stands of sea level, increased input of terrige-
nous clasts raises sedimentation rate and dilutes
carbonate, producing “Atlantic cycles”. Since the
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Fig. 12. Carbonate curves of 3 cores in the South China Sea below the modern lysocline. (A and B) SO50-29KL (from Zheng and
Chen, in press); (C) SO49-14KL showing abundance of planktonic foraminifers (from Bain et al., 1992); (D) GGC-1 (from Thunell

et al., 1992). For location see Fig. 1 and Table 1.

terrigenous material is mainly provided by river,
the effect is most significant near estuaries at not
too deep sites. On the other hand, the continuous
connection between the SCS and the Pacific leads
to a similarity in their water chemistry. All the
studied cores taken from the SCS share the
same carbonate dissolution signals as the Pacific.
Regardless of depth position below or above the
modern lysocline, dissolution of both calcite and
aragonite is strengthened during stages 5 and 4 in
the SCS, a common feature recorded in the western
equatorial Pacific (e.g., Core EEDC-93P, water
depth 1619 m; Core RC17-177, 2600 m; core
V28-328, 3120 m; see Le and Shackleton, 1992)
attributed to an uplifted lysocline (Farell and Prell,
1989). The role of the two factors depends on
water chemistry: Above the modern lysocline dilu-
tion effect predominates and the “Atlantic cycles”

are produced, below the lysocline dissolution effect
prevails and the “Pacific” pattern is recorded.

5. Conclusions

(1) In the SCS the Holocene deposition rate of
hemipelagic sediments can be as high as 15 cm/kyr
because of the considerable terrigenous supply by
the rivers. The maximum values occur in two areas
off the Pearl River and paleo-North Sunda River
mouths where the deposition rate may reach
31 cm/kyr in the last glacial.

(2) There are two types of late Quaternary
carbonate cycles in the deep-water sediments of
the SCS. As a basin with a large humid catchment
area, the terrigenous supply to the SCS raises
during glacial stages what increases deposition
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Fig. 13. Downcore variations of foraminiferal and pteropod abundance as carbonate dissolution indications in Core S049-8KL.
(A) Oxygen isotope of Globigerinoides sacculifer; (B) abundance of planktonic foraminifers per milligram sediment; (C) abundance
of pteropods per gram sediment; (D) percentage of benthic foraminifers in total fauna; (E) ratio of fragments to whole tests of
planktonic foraminifers (from Bian et al., 1992). For location see Fig. 1 and Table 1.

rates on one hand and dilutes carbonate content
in sediment on the other, leading to the “Atlantic
cycles” above the modern lysocline. Below the
lysocline, deep-sea carbonate dissolution prevails
over the dilution effect; since the late Quatern-
ary carbonate cycles there display the “Pacific”
pattern, it implies a continuous water exchange
and chemical concordance, at least for carbonate
saturation, of the SCS with the West Pacific.

(3) During glacial intervals, the cut-off of the
tropical Indian Ocean waters on the south and the
inflow of the temperate Pacific water on the north
have caused enhanced G/IG contrasts in SST in
the SCS (6.8°-9.3°C in the northern slope). Due
to the alterations in its coastal configuration, the

transbasinal patterns of interglacial surface circula-
tion is replaced by the glacial semi-enclosed pat-
terns. The counterclockwise circulation in glacial
winter gives rise to a S—N gradient in SST, and
the clockwise circulation in glacial summer leads
to a E-W gradient in SST, as recorded in analyzed
sediment cores.

(4) In the SCS an Younger Dryas-style abrupt
cooling event occurred in the last deglaciation and
recorded in high-resolution sequences of transfer
function paleotemperatures and oxygen isotopes.
AMS 'C datings are needed to identify if the
event is equal to the Younger Dryas in the North
Atlantic.

(5) Among the marginal seas in the West Pacific,
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the SCS has been proved to be one of the basins
most informative and sensitive to environmental
changes in glacial cycles. Thanks to its sill depth
of about 2500 m, the SCS is favourable for moni-
toring the glacial changes of deeper waters in the
Northern Pacific, and this is the problem where
the further studies should be focused.
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