MARINE
GEOLOGY

INTERNATIONAL JOURNAL OF MARINE
GEOLOGY. GEOCHEMISTRY AND GEOPHYSICS

e =X

EL SI E Marine Geology 156 (1999) 5-39

Response of Western Pacific marginal seasto glacial cycles.
pal eoceanographic and sedimentological features?!

Pinxian Wang”
Laboratory of Marine Geology, Tongji University, Shanghai 200092, China
Received 24 June 1997; accepted 6 July 1998

Abstract

This paper reviews the recent progress in late Quaternary studies in five northwestern Pacific marginal seas, especially
the South China Sea as an example. A series of marginal seas separate Asia from the Pacific Ocean, and significantly
modify the material and energy flux linkage between land and sea. During glacia cycles, the sea-level-induced environ-
mental signal was amplified in the marginal seas, giving rise to drastic changes in areas and configurations of these seas,
and to reorganization of sea water circulation in basins. Since most of the Western Pacific margina seas are influenced by
monsoon circulation and some of these are located within the Western Pacific warm pool, the glacial geographic changes
have produced a profound impact on regional and global climate. For example, the decrease of sea area and sea surface
temperature (SST) in the marginal seas was one of the factors responsible for the enhanced aridity of inland China during
the glaciation. Glacial intensification of the winter monsoon and increased seasonality of SST in margina seas might
explain, at least partly, the apparent discrepancy between the tropical paleotemperature estimations based on terrestrial and
open-ocean records in this region. As the Western Pacific marginal seas trap terrigenous material supplied by East Asia,
the deep-water sedimentation rates there can be one to two orders of magnitude higher than in the open ocean. Down-slope
sediment transport is more active when the sea-level changes, particularly during the deglaciation. At least four types of
carbonate cycles have been recognized in the Western Pacific marginal seas, and each of those contains environmental
signals from the surface and deep sea water, as well as from the drainage basin. [0 1999 Elsevier Science B.V. All rights
reserved.

Keywords: marginal seas; Western Pacific warm pool; last glacia maximum; sedimentation rate; carbonate cycles; paleo-
climate

1. Introduction (Fig. 1), separates Asia from the Pacific, the largest
continent from the largest ocean, straddling the

A series of marginal seas ranging from the Bering world’s largest subduction zone of the Western Pa-
Sea in the north to the Banda Sea in the south cific. In the modern global ocean, more than 75%

of the marginal basins are concentrated in the West-
Tdl 186 21 65983207: Faxc: -85 21 65138806: ern Pacific continental margin (Tamaki and Honza,
E-mail: pxwang@on“ne&m ' 1991). The|_r formattlon_ were clo_sely related to the
L Project supported by the National Natural Science Foundation late Cenozoic deformation of Asia and the subduc-
of China. tion of the Pacific plate. Under shearing stress from
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Fig. 1. Western Pacific margina seas with margina basins (black
areas). Marginal basins without clear geographic expression (e.g.,
Philippine Basin, Mariana Basin, Lau Basin, Fiji Basins) are not
shown. Marginal basins: 1 = Aleutian Basin; 2 = Komandosky
Basin; 3 = Kuril Basin; 4 = Japan Basin; 5 = Okinawa Trough,;
6 = South China Basin; 7 = Sulu Basin; 8 = Celebes Basin;
9 = Banda Basin; 10 = Soloman Basin; 11 = Woodlark Basin;
12 = Cora Basin; 13 = N. Loyalty Basin; 14 = New Caledonia
Basin; 15 = Tasman Basin.

the India—Asia collision and extensional stress from
the Pacific subduction, Asia has become the highest
continent, together with numerous margina basins
along its margin (Jolivet et al., 1989, 1994). Since
their formation in the late Cenozoic, the margina
seas have become a unique tectonic and geographic
feature in the Western Pacific region and as such
must have a profound climatic and environmental

impact on the region. This impact has been most
prominent during the late Quaternary glacial cycles
when the eustatic sea-level fluctuations resulted in
major landward and seaward migrations of the coast-
line, and the closure and opening of the seaways
between the marginal seas and the ocean led to re-
organization of the sea water circulation (P. Wang,
1996).

Ocean Drilling Program activities from 1988 to
1991 have brought fundamental changes to our un-
derstanding of volcanism, crustal deformation and
sedimentation in the Western Pacific marginal basins,
particularly in the Sea of Japan and Sulu Sea (Tay-
lor and Natland, 1995). On the other hand, late
Quaternary paleoceanography and sedimentology in
the Western Pacific marginal seas progressed greatly
thanks to a number of successful expeditionsin the
last years, especialy to the South China Sea and the
Okinawa Trough areas. As well known, the material
and energy flux between land and seais of primary
importance for the global climatic change at various
time scales, and this linkage of flux is complicated
by the occurrence of marginal seas, but their role
in the globa climate change has yet to be recog-
nized. The present paper is an attempt at reviewing
the recent progress in late Quaternary studies of the
Western Pecific marginal seas, in order to show the
regional and global climatic significance of marginal
seasin the glacia cycles.

2. Morphology and types of marginal seas

2.1. Morphological types

A great variety of marginal seas exist in the
modern world. According to the location in differ-
ent climatic zones, Seibold (1970) distinguished two
types of margina seas. the humid and arid types
with estuarine and anti-estuarine circulation of wa-
ter, represented by the Baltic Sea and the Persian
Gulf, respectively (Seibold and Berger, 1993, pp.
203-207). All modern marginal seas of the Western
Pacific are located in the humid zone, where the
marginal seas are different in terms of their extent
of connection with the open ocean, largely depend-
ing on their morphological features. In an attempt
to quantify the difference, we used the ratio of sill
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Fig. 2. Schematic profiles of three types of margina seas: (a)
shallow bank type; (b) open basin type; (c) enclosed basin type.
B = basin depth; S = sill depth. (After P. Wang et al., 1997.)

depth (S) to basin depth (B) and the proportion
of shallow water part to distinguish three types of
marginal seas in the Western Pecific: (1) shallow-
bank type (Fig. 2d); (2) open-basin type (Fig. 2b);
and (3) enclosed-basin type (Fig. 2c). The first type
includes the Yellow Sea with the Bohai Gulf and the
Arafura Sea with the Gulf of Carpentaria, but these
are not marginal seas in the tectonic sense but shelf
extensions of margina seas. The open-basin type is
represented by the East China Sea and the Sea of
Okhotsk where the sill depth is more or less close
to the basin depth (S/B > 0.5), while the enclosed-
basin type includes basins such as the Sea of Japan,
South China Sea, and Sulu Sea with a sill depth
much shallower than the basin depth (S/B < 0.5; P.
Wang, 1991; P. Wang et a., 1997).

However, the S/B ratio describes the basin mor-
phology only in vertical profile, whereas the extent
of isolation in plan view or in three-dimensional
view should also be considered. Thus, we propose to
use two more ratios. the ratio of the passage width
(P) to the total surface area (A) of the sea (Fig. 3),
and the ratio of the area of connecting section (C)

Fig. 3. Diagram showing the measurement of morphological
feature of amarginal seain plain, on example of the South China
Sea: A = surface area; P = passage length (P = P+ P+ P3+
P4+ Ps + Pe).

to the total volume of the basin (V) (Fig. 4). Here
the ‘passage width’ is the sum of linear distances
between both sides for each of the passages of a
given basin; the ‘ connecting section’ denotes a verti-
cal section of the open part of the basin connecting
with the ocean or other seas. A combination of the
three ratios (S/B, P/A, C/V) may provide a com-
paratively full description of the extent of isolation
of a marginal sea. The smaller the sum of ratios,
the more isolated is the basin. Nine margina seas
between the Western Pacific and Asia are compared
and ranked as follows (Table 1).

2.2. Enclosed-basin type

As seen from Table 1, the Sea of Japan is distin-
guished by the highest extent of isolation, followed
by the South China Sea, Sulu Sea, and Sea of
Okhotsk. These seas with lower ratiosin Table 1 can
be considered as basins of the enclosed type, while
the Celebes Sea, Banda Sea, East China Seaand Java
Sea belong to the open-basin type. Although the dif-
ferentiation of both basin types is quite arbitrary, the
two groups of marginal seas in the western Pacific
responded differently to the glacial cycles. The seas
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Fig. 4. Diagram showing the measurement of three-dimensional features of a margina sea, with the South China Sea as example: V =
basin volume; C = area of connecting section (in black). Only the Bashi Strait is shown, al the other passages are too shallow to be

visible in the diagram).

of the enclosed-basin type have been much more
sensitiveto the glacial sea-level lowering.

The paleoceanographic interest of the margina
seas of the enclosed-basin type lies in the tempo-

ral changes of their connection with the ocean, and
of the interconnection of marginal basins through
passages of various sizes. The closure of seaways
through the Indonesian Archipelago during the Last

Table 1

Morphological features of the Western Pecific marginal seas

Marginal sea Average Shallow Basin Sill S/B Passage Surface P/A Connecting Basin C/V
depth sea area depth, B depth, S width, P area, A section, C  volume, V.  (107°)
(m) (<200 m; %) (m) (m) (km) (10° km?) (km?) (10° kmd)

Enclosed-basin type

Sea of Japan 1361 26.3 4049 130 0.03 136 978 0.14 8 1713 0.48

South ChinaSea 1212 52.4 5377 2600 048 950 3500 0.27 493 4242 1161

Sulu Sea 1570 343 5580 420 008 527 348 152 88 553 15.91

Sea of Okhotsk 777 41.2 3374 ~2000 059 455 1590 029 184 1365 1348

Open-basin type

Celebes Sea 3364 10.8 6200 1400 0.23 647 435 149 453 1586 28.58

Banda Sea 2737 83 7440 3130 0.42 1092 695 157 730 2129 3431

East China Sea 370 75.6 2719 >2000 0.74 981 1228 0.80 321 303 105.96

Java Sea 46 90.4 1720 1720 1 1175 480 245 416 22 1889.5

Data of morphological features from: Fairbridge, 1966; Gorshkov, 1974; Torgersen et a., 1983. Due to the miscellaneous data sources
the figures in the table may not be consistent in terms of sea area, etc.
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Table 2
Straits of the Japan Sea and the South China Sea

Marginal sea Strait Connected ~ Sill depth  Minimal

sea width
(km)
Sea of Japan Tartar Okhotsk 8m? 7

Soya Okhotsk 4 m 42
Tsugaru  Pacific 116 m 19

Korean  East China 131m 116
South ChinaSea Tawan East China 70 m 130
Bashi Pacific 2.2km 370
Mindoro Sulu 420 m 125

Glacial Maximum (LGM), for example, led to a ces-
sation of the Leeuwin Current and hence a decrease
of sea surface temperature along the western coast
of Australia (Wells and Wells, 1994). The Sulu Sea
is completely surrounded by a shallow shelf, and
its deep-water exchange is restricted to the Mindoro
Strait with a sill depth of 420 m (Table 2, Fig. 1).
Surface and intermediate water of the South China
Sea gpills over the sill and enters the Sulu Sea,
giving rise to a remarkably homogeneous deep wa-
ter there with a nearly uniform temperature (9.8°—
10.0°C) and salinity (34.5%0) (Linsley and Dunbar,
1994). Because of the present shallow sill depth of
the Mindoro Strait, the 5000-m-deep basin has an
unusualy high deep-water temperature near 10°C,
but the greater sill depth about 2.4 million years ago
allowed cooler water to enter the Sulu Seaand led to
increased carbonate dissolution (Linsey, 1991).
Even more isolated is the Sea of Japan, which
is distinguished from all the other marginal seas
in the West Pacific by its extremely shallow sills.
During the LGM only two of the four connecting
straits of the basin were deep enough to maintain
water exchange with the Pacific (Tsugaru Strait, sill
depth 116 m) and with the East China Sea (Tsushima
Strait, sill depth 131 m; Table 2). As the sill depths
are very closeto that of the LGM sea-level lowstand,
the Sea of Japan was almost isolated from the ocean.
At the present time, the Tsushima Current, a branch
of Kuroshio Current, carries warm and saline water
from the East China Sea into the Sea of Japan
through the Korean (or Tsushima) Strait (about 97%
of water input into the sea; Gorbarenko, 1993). Then
this water flows northward and leaves the Japan

Sea mainly through the Tsugaru Strait (Chen et
al., 1995) into the Pacific mixing with the Oyashio
cold water. Because of the enclosed nature of the
basin, the deep water of the Japan Sea has no direct
exchange with the Pacific or other margina seas.
Below 200-300 m, the Sea of Japan is occupied
by the very homogeneous Japan Sea Proper Water
(Sudo, 1986) which is generated in the northern
half of the basin in winter a conditions of low
temperature and high wind stress (Chen et al., 1995).
Because of its formation inside the basin and the
frequent turnover, the deep water in the Sea of Japan
is distinguished by its vertical homogeneity (salinity
being consistently 34.07 £ 0.005%o), unusually high
oxygen content and young age (about 120 years,
Chenetal., 1995).

Among marginal seas of the enclosed-basin type,
the Okhotsk Searanks the last in terms of the extent
of isolation, with the three ratios (S/B, P/A, C/V)
dlightly exceeding those of the South China Sea (Ta-
ble 1). However, oceanography of the Okhotsk Sea
had been poorly known until the very recent stud-
ies showing that “water properties in the Okhotsk
Sea are very different from those of the North Pa-
cific’ (Talley and Nagata, 1995). The passages of
the Okhtsk Sea to the Pecific are the straits between
the Kuril Islands, and its circulation is connected
in a complex way with the cyclonic circulation of
the subarctic North Pacific. The North Pacific water
flows into the Okhotsk Sea primarily through straits
in the northern part of the Kuril Islands area and
flows out of the Okhotsk Sea mostly through straits
in the southern part. As shown by a Russian cruise
in 1991, the water properties on the two sides of
the Kuril Islands differ from each other significantly,
indicating the barrier role of the islands (Gladyshev,
1993). Thus, the dichothermal layer (temperature
minimum) in the Okhotsk Sea is colder and the
mesothermal layer (temperature maximum) is much
deeper (at about 1000 m) than in the Northern Pacific
Ocean (at about 250 m). The Okhotsk Sea also con-
tains the North Pacific’'s freshest, most oxygenated
water at densities greater than 27.2 sigma-theta (Tal-
ley, 1996). Of interest is the Soya Current enter-
ing the Okhotsk Sea through Soya Strait from the
Japan Sea and originating from the Tsushima Cur-
rent. Within the Okhotsk Sea, the incoming North
Pacific water properties are changed under the im-
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portant influence of the relatively warm and saline
Soya Current water, the fresh Amur river discharge
and the seaice production (P. Wang, 1998).

As shown below, all these inter-basinal connec-
tions make their notable impact on sedimentological
and paleoceanographic features of the basins.

3. Sedimentological response

3.1. Sedimentation rates

Unlike the Atlantic and Indian Oceans, there is no
large submarine deep-sea fan formed in the Western
Pacific. Southern and Eastern Asia with their islands
provide >70% of the terrigenous suspended material
supplied to the global ocean (Milliman and Meade,
1983). Marginal seasintercept sediments and prevent
the accumulation of deep-sea fans in the Pacific
Ocean. Hence, the deep-water sedimentation rates
in the marginal seas can be one to two orders of
magnitude higher than in the open ocean. Fig. 5
show the variations of Holocene sedimentation rates
in the marginal seas and the western Pacific based
on data from 100 cores (see Table 3 for locations
of the cores and sources of the data). The Holocene
sedimentation rate fluctuates around 2 cm/ka in the
Pacific, whereas it may exceed 50 cm/ka in the
marginal seas. In the East China Sea, the Holocene
sedimentation rate ranges from 2.33 to 36.66 cm/ka,
averaging 10.7 cm/ka; in the South China Sea it
varies from 1.67 to 66.67 cm/ka, averaging 8.0
cm/ka; in the Sea of Japan, the rate ranges from 2.92
to 22.50 cm/ka, with an average of 10.5 cm/ka.

However, the Holocene sedimentation ratesin Te-
ble 3 are mostly calculated from the thickness of
Holocene deposits based on oxygen-isotopic and/or
biostratigraphic analysis without C-14 datings. As
known, “Holocene sediments in the sea are mostly
water” and in most cases there is a question of the
compl eteness of the record recovered, due to blowing
away of surficial sediment by the falling coring de-
vice (Hay, 1994). Therefore, the sedimentation rates
are useful in their comparison, and the higher values

in a given basin are more informative than the lower
ones. As seen from Fig. 5, the marginal seas from
lower latitudes have higher sedimentation rates than
those from higher |atitudes. Moreover, in basins with
sufficient water depths, such as the Sea of Japan and
the South China Sea, the maximal rates appear at
the depth interval of 2000-2500 m, below the upper
slope where sediments move down-slope and above
the lysocline where carbonates start to dissolve in-
tensively. In the Sulu Sea, the occurrence of the
maximum rate of 50 cm/ka below CCD at 4500 m
results from frequent turbidites (see below). The high
sedimentation rates in the East China Sea (Okinawa
Trough) are related to the contribution of terrigenous
material by large rives such as Changjiang (Yangtze
River) and Huanghe (Yellow River). Thus, the sedi-
mentation rates vary between basins and within the
basin.

In contrast to the open ocean (such as the On-
tong-Java Plateau, Berger et al., 1993), the temporal
variations of sedimentation ratesin the marginal seas
are large. This can be demonstrated with the South
China Sea as an example, where the glacial sedi-
mentation rate is twice as high as during postglacial
times (P. Wang et al., 1995). Using sediment thick-
ness data of 73 cores, ranging from 220 m to 4300
m in water depth, Huang and Wang (1998) show
the average accumulation rates for six areas in the
SCS (Fig. 6; Table 4). The accumulation rate aver-
ages 4.92 g cm2 ka! for the oxygen isotope stage
1 or Holocene, and 8.95 g cm~2 ka ! for stage 2
or last glacial. For the oxygen isotope stage 1 the
maximum rates occur in the northeastern part (13.3
g cm~2 ka!) off the Pearl River mouth, but for
stage 2 the maximal values moved to the southwest-
ern part (17.9 g cm~2 ka~t) where the Paleo-Sunda
River entered the sea (C. Wang and Chen, 1990).
Therefore, the accumulation rates depend very much
on the sediment discharge from rivers. During the
glacial time the erosion of the newly exposed shelf
and the direct discharge of terrigenous fluvial matter
into the deep sea increased the glacial accumulation
rates. The Paleo-Sunda River that drained large areas
of Indonesian mountainous islands was responsible

Fig. 5. Sedimentation rates for the Holocene (oxygen isotope stage 1) in the Western Pacific and its marginal seas (see Table 3 for data

sources; horizontal axis = water depth).
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Table 3

Holocene Sedimentation rates in Western Pacific and its marginal seas (used in Fig. 5)

W. Pinxian/ Marine Geology 156 (1999) 5-39

Sea Site Site location Water depth Sedimentation rate Reference
(m) (cm/ka)
Okhotsk Sea Volkanolog 34-91 49°N, 150°E 1200 8.33 Keigwin, 1994;
Gorbarenko, 1991b
K-105 52°53'N, 150°24'E 1130 7.92 Gorbarenko, 1991a,b
K-68 49°55'N, 149°37'E 960 3.75 Ibid.

Japan Sea ODP 797 38°37'N, 134°32E 2862 9.17 Tada et a., 1992
GH93-KI-4 39°46'N, 138%46'E 2293 20.83 Ikehara et al., 1994
GH92-703 39°30'N, 136°30E 2638 14.17 Ibid.

J3RGA 35%4'N, 130°15E 1400 9.17 Gorbarenko et a., 1995
J11RGA 40°07'N, 133°%59E 1150 3.58 Ibid.

KH-77-3, M-2 36°26'N, 134°10E 1115 10.83 Oba, 1982
KH-79-3,C-3 37°04'N, 134°42'E 935 10.83 Ibid.

76104 35°19'N, 131°07'E 125 7.08 Gorbarenko, 1993
1682 41°51'N, 132°24'E  ~3000 5.83 Gorbarenko, 1987
2153 49°12'N, 133°41'E  ~3000 3.75 Ibid.

1681 41°952'N, 132°24E 2500 ~ 3000 2.92 Ibid.

1670 39%55'N, 133°30E 2000 7.08 Gorbarenko, 1993
1639 38°40'N, 137°13'E 2000 9.17 Gorbarenko, 1991b

East China Sea 255 25°12'N, 123°06'E =~ 1575 36.66 Jian et al., 1996
170 26°38'N, 12548'E 1470 19.83 Ibid.

C2-5 26°10'N, 126°25'E 1300 25.00 Cang and Yan, 1992
RN80-PC3 29°04'N, 127°23'E 830 30.83 Xu and Oda, 1995
Z14-6 27°07'N, 127°27'E 739 417 Cang and Yan, 1992
Z1-4 31°17'N, 128°34'E 472 8.33 Ibid.

1595 32°06'N, 129°16'E 660 2.67 Gorbarenko, 1993
7008 24°23'N, 122°57'E 745 3.17 Gorbarenko, 1991b
7045 25°23'N, 123°13'E 1050 2.33 Ibid.

South China Sea north part ZQ4 21°00'N, 115°25'E 124 41.67 Min et al., 1992
N204 18°13'N, 110°56'E 180 3.33 Gao et a., 1992
17943 18°57'N, 117°33'E 917 13.33 Sarnthein et al., 1994
SO 49-8KL 191N, 114°12E 1040 3.33 Wang and Wang, 1990;

Schonfeld and Kudrass, 1993
17944 18°40'N, 113°38'E 1219 16.67 Sarnthein et al., 1994
V36-6 19°47'N, 115°49E 1597 10.00 Feng et al., 1988
17940 20°07'N, 117°23E 1728 66.67 Sarnthein et al., 1994
17950 16°06'N, 112°54'E 1868 6.67 Ibid.
17933 19°32'N, 116°14E 1972 23.33 Ibid.
17949 17°21'N, 115°10E 2195 6.67 Ibid.
17952 16°40'N, 114°28E 2282 5.00 Ibid.
17951 16°17'N, 113°25E 2340 3.33 Ibid.
17945 18°08'N, 113°47E 2404 10.00 Ibid.
17939 19°59'N, 117°27E 2473 33.33 Ibid.
17934 19°02'N, 116°28E 2665 13.33 Ibid.
S050-37KL 18°55'N, 115%46'E 2695 6.67 Winn et al., 1992;
Schonfeld and Kudrass, 1993
V36-3 19°01'N, 116°06'E 2809 6.67 Wang and Wang, 1990
17938 19°47'N, 117°32E 2835 26.67 Sarnthein et al., 1994
17948 16°43'N, 114%54E 2855 3.33 Ibid.
17935 18°53'N, 116°32E 3143 13.33 Ibid.
17937 19°30'N, 117°40E 3428 16.67 Ibid.
17946 18°08'N, 114°15E 3465 11.67 Ibid.
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Table 3 (continued)

Sea Site Site location Water depth  Sedimentation rate  Reference

(m) (cm/ka)
S049-14K L 18°18'N, 114°14E 3634 417 Jinetal., 1989
S050-29K L 18°20'N, 115°59E 3766 7.50 Winn et a., 1992;
Schonfeld and Kudrass, 1993
17936 18°46'N, 117°07E 3809 16.67 Sarnthein et a., 1994

South China Sea south part  GGC13 10°36'N, 118°17'E 990 5.00 Miao et al., 1994
8757 1000 8.33
17963 6°10'N, 112°40'E 1233 10.00 Sarnthein et al., 1994
GGC9 11°38'N, 118°38'E 1465 6.25 Miao et al., 1994
17954 14°46'N, 111°32E 1517 6.67 Sarnthein et al., 1994
GGC10 11°43'N, 118°31'E 1605 3.33 Thunell et al., 1992;

Miao et al., 1994
8350 9°20'N, 109°48'E 1780 10.00 Astakhov et al., 1989
17961 8°30'N, 112°20'E 1795 13.33 Sarnthein et al., 1994
SCS15A 10°24'N, 114°14E 1812 1.67 C. Wang et al., 1986
RC12-350 6°33'N, 111°13'E 1950 13.33 Jian, 1992
17959 11°08'N, 115°17E 1957 8.33 Sarnthein et a., 1994
17962 7°11'N, 112°05'E 1970 6.67 Ibid.
GGC11 11°53'N, 118°20E 2165 3.75 Thunell et al., 1992;
Miao et al., 1994
17957 10°51'N, 115°18E 2197 6.67 Sarnthein et a., 1994
17955 14°07'N, 112°11'E = 2393 6.67 Ibid.
GGC12 11°56'N, 118°13E 2495 2.92 Thunell et al., 1992;
Miao et al., 1994
17958 11°37'N, 115°05E 2581 15.00 Sarnthein et a., 1994
GGC6 12°09'N, 118°04E 2975 2.92 Thunell et al., 1992;
Miao et al., 1994
17956 13°51'N, 112°35'E 3387 8.33 Sarnthein et al., 1994
GGC4 12°39'N, 117°%56'E 3530 2.08 Thunell et al., 1992;
Miao et al., 1994
GGC3 13°16'N, 117°48E 3725 1.67 Ibid.
GGC2 13°37'N, 117°41E 4010 2.50 Ibid.
GGC1 14°00'N, 117°30E 4203 2.92 Ibid.

Sulu Sea S058-69K L 8°50'N, 121°36'E 4696 49.17 Quadfasdl et al., 1990
ODP769 8°47'N, 121°13'E 3643 9.17 Lindey and Thunell, 1990
GGC41 7°13'N, 119°32'E 3590 3.75 Miao et al., 1994
GGC34 6°54'N, 119°10'E 2970 5.42 Ibid.

GGC27 8°30'N, 118°15'E 2030 5.42 Ibid.
GGC23 8°09'N, 118°34'E 990 7.08 Ibid.
S049-96K L 8°11'N, 119°28'E 3634 417 Vollbrecht and Kudrass, 1990
S058-67KL 8°50'N, 121°20'E 3350 417 Ibid.
S058-80K L 8°02'N, 121°14'E 4313 5.83 Ibid.
S058-82K L 8°04'N, 121°52'E 3824 125 Ibid.

West Pacific ERDC125BX (0°00'S, 161°00'E 3368 2.33 Berger et al., 1987
ERDC124P 0°01'S, 160°24'E 2948 1.08 Ibid.

ERDC123BX (0°01'S, 160°25'E 2946 217 Ibid.
ERDC79BX 2°47'N, 156°14'E 2766 2.00 Ibid.
ERDCB83BX 1°24'N, 157°19'E 2342 2.67 Ibid.
ERDC120BX (0°01'S, 158°42'E 2247 225 Ibid.
ERDC112BX  1°38'S, 159°14'E 2168 2.37 Ibid.
ERDC113P 1038'S, 159°13'E 2163 1.75 Ibid.
ERDC101P 3°15'S, 159°23'E 2106 1.50 Ibid.
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Table 3 (continued)
Sea Site Site location Water depth Sedimentation rate Reference
(m) (cm/ka)

ERDC88BX 0°%03'S, 155°52'E 1923 1.37 Ibid.
ERDC92 BX 2014'S, 157°00E 1598 1.83 Ibid.
ERDC93P 2014'S, 157°00'E 1619 0.79 Ibid.
ERDCB89PG 0°00'S, 155°52'E 1932 2.13 Ibid.
V18-299 16°07'S, 149°40'E 4284 0.6-0.8 Lao et al., 1992
RC11-210 01°49'N, 140°03'E 4420 12 Ibid.
TT154-10 10°17'S, 111°20'E 3225 24 Ibid.
V19-55 17°00'S, 114°11'E 2177 12 Ibid.

for the high sediment supply during the glacial, with
its disappearance during the deglaciation leading to
a decrease of accumulation rates in the southwest-
ern part of the sea, namely the slope off the Sunda
Shelf.

In general, the sedimentation rate within a
marginal sea is highest near the river mouths and
decreases with distance from the coast. Such a
pattern has been recorded in the Sea of Okhotsk
(Lisitzin, 1972, fig. 68) and many other basins; both
the down-dope and inter-basinal sediment transport
can significantly modify this general pattern and lead
to enhanced deposition in the abyssal plain or deep-
water trench area, as observed in the Sulu Sea and
the South China Sea (see discussions below).

3.2. Terrigenous sedimentation and down-slope
transport

The Western Pecific marginal seas are covered
by biogenic, volcanogenic and especially terrigenous
sediments. As the fluvial contribution predominates
in the terrigenous component, the highest sedimen-
tation rates occur in the basins where rivers with
the largest sediment discharge are emptying. Ta-
ble 5 shows the mgjor rivers discharging into the
five marginal seas discussed in this paper. As can
be clearly seen, the East China Sea (with the Bo-
hai Gulf and the Yellow Sea) and the South China
Sea are supplied by the largest rivers in the West-
ern Pacific such as the Huanghe (Yellow River),
Changjiang (Yangtze River) and Mekong River. The
resulting high sedimentation rates are responsible
for the occurrences of the globally widest continen-
tal shelves. Moreover, the small mountainous rivers
draining tectonically active idands in Southeast Asia

are also important suppliers of terrigenous material
to the sea (Milliman and Syvitski, 1994; see Table 5),
having contributed significantly to the building up of
the Sunda Shelf.

Nevertheless, the relationship between river dis-
charge and deep-sea deposition is not always simple
and straightforward. The highest sedimentation rate
of terrigenous clasts does not necessarily occur near
the river mouth because of various ways of sedi-
ment transport. For example, the accumulation rates
of the northeastern sope of the South China Sea
are remarkably higher than those in the northwestern
slope, west of the Pearl River mouth, although the
sediment discharge by the Pearl River is transported
westwards due to the Coriolis force, and there is no
large river east of the mouth. The sediment supply
leading to the unusually high sedimentation rates
on the northern dope (e.g., cores 17940, 20°07'N,
117°23'E, water depth 1728 m, with the Holocene
thickness of 6.5 m, L. Wang et al., 1999) presumably
comes from the East China Sea and the Pacific via
the Bashi Strait. As shown by the shallow sedimen-
tary trap (18°28'N, 116°01'E, water depth 3750 m)
set up at 1000 m depth in the northeastern South
China Sea, the sediment supply is subject to strong
seasonal variations, with the maximal flux in win-
ter, from November to February (Jennerjahn et a.,
1992), when the winter monsoon drives water cur-
rents bringing terrigenous material from the East
China Sea or from the eastern coast of Taiwan down
to the South China Sea via the Bashi Strait. This
is an example of inter-basinal sediment transport
which, of course, should not be confined only to
the SCS. Another example is the northeastern trans-
port of sediment from the East China Sea to the
Sea of Japan by the Tsushima Current through the
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Fig. 6. Average accumulation rates for the Holocene and last glacial (stage 2) in six areas of the South China Sea (g cm 2 ka 1) (see
Table 4 for data sources) (Huang and Wang, 1998). (1) Sketch map of six areas with core locations; (11) Holocene (8180 stage 1); (111)

last glacial (3180 stage 2).

Tsushima Strait between Japan and Korea (Ikehara,
1992).

A very important complicating factor of the distri-
bution of terrigenous sediment in the marginal seas
is its down-slope transport. As seen from Fig. 5,
the depositional rates in the marginal seas below the
lysocline are by one order of magnitude higher than
those in the open ocean, showing the role of sedi-

ment capture in marginal seas. In the modern ocean,
fluvialy discharged particles commonly accumulate
in the mid-shelf region, not reaching the deep-water
part of the sea (Nittrouer and Wright, 1994). At a
geological scale, however, the deposition on conti-
nental shelvesis usually episodic and will eventually
be eroded and transported downslope to the deeper
part of the basin. The down-dope transport of sedi-
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Table 4
Average accumulation rates for oxygen isotope stages 1 and 2 in the South China Sea (used in Fig. 6) (after Huang, 1997)
Core site Latitude N Longitude E Water depth Accumul. rate (g cm—2 ka 1) Reference
(m) 3180 &t.1 3180 &.2

17941-2 21,517 118.483 2201 5.52 5.10 Sarnthein et a., 1994
zQ4 21 115417 124 29.46 25.08 Min et al., 1992
17940-2 20.117 117.383 1729 37.65 2145 Sarnthein et ., 1994
17931-2 20.1 115.967 1005 2.05 142 Ibid.
G77 20 114.983 895 10.02 3.58 Li, 1993
17939-2 19.983 117.45 2473 19.83 4521 Sarnthein et al., 1994
17932-2 19.95 116.033 1365 18.67 10.72 Ibid.
RC26-16 19.883 118.033 2912 7.80 Li, 1995
17938-2 19.783 117.533 2835 1117 33.20 Sarnthein et ., 1994
V36-6 19.783 115.817 1597 7.57 9.29 Feng et al., 1988
S049-3SL 19.583 1142 713 3.49 Schonfeld and Kudrass, 1993
17937-2 195 117.667 3482 7.25 27.12 Sarnthein et al., 1994
8315 195 118.001 3427 7.59 Li, 1993
G76 19.484 115.469 2400 8.84 3.58 Mao and Harland, 1993
S049-8KL 19.183 1142 1040 2.28 457 Schonfeld and Kudrass, 1993
S049-12KL 19.017 1145 1532 131 2.99 Schonfeld and Kudrass, 1993
V36-3 19.017 116.1 2809 5.02 10.18 P. Wang et al., 1986;

Feng et al., 1988
G73 19 115.986 2970 5.01 4.70 Li, 1993
17943-2 18.95 11355 917 8.96 23.46 Sarnthein et a., 1994
SO50-37KL 18.917 115.767 2695 6.81 9.29 Schonfeld and Kudrass, 1993
17936-2 18.767 117.117 3809 6.29 22.60 Sarnthein et al., 1994
31KL 18.75 115.867 3360 517 7.78 Huang et d., 1997a
G64 18.735 112.751 600 2.36 2.69 Li, 1993
17944-2 18.667 113.633 1219 7.83 10.20 Sarnthein et ., 1994
G65 18.486 113 1659 6.19 6.27 Li, 1993
SO50-29K L 18.333 115.983 3766 4.56 8.83 Schonfeld and Kudrass, 1993
S049-41KL 18.283 112.683 2120 233 287 Jinetal., 1989;

Mao and Harland, 1993
8328 18.25 118.017 3860 5.14 9.54 Li, 1993
N204 18.217 110.933 180 224 4.39 Gao et al., 1992
17945-2 18.133 113.783 2404 6.22 14.19 Sarnthein et a., 1994
V36-1 18.067 116.183 3824 472 6.53 Feng et al., 1988
8323 18.017 113.002 2050 5.30 537 Li, 1993
8324 18 113.985 3242 7.07 4.93 Ibid.
SCS90-36 18 1115 2050 344 184 Huang et ., 1997b
S049-37KL 17.817 112.783 2004 4.36 7.41 Schonfeld and Kudrass, 1993
17949-2 17.35 115.167 2195 4.07 4.86 Sarnthein et a., 1994
G45 17.251 110.818 1600 8.25 6.72 Li, 1993
G46 16.985 110.984 1310 9.13 Ibid.
17948-2 16.717 1149 2855 3.49 5.09 Sarnthein et a., 1994
17952-3 16.667 114.467 2882 3.49 10.05 Ibid.
17950-2 16.1 1129 1868 4.98 8.20 Ibid.
G38 16 112 1115 5.30 6.27 Li, 1993
17954-2 14.767 111.533 1517 4.48 6.81 Sarnthein et a., 1994
17955-2 14.117 112.183 2393 3.98 6.05 Ibid.
GGC-1 14 1175 4203 2.06 1.82 Miao et al., 1994
17956-2 13.85 112.583 3387 4.07 332 Sarnthein et a., 1994
GGC-2 13.617 117.683 4010 177 1.80 Miao et al., 1994
8357 13.483 118.017 3949 2.36 5.15 Li, 1993
GGC-3 13.267 117.8 3725 120 1.82 Miao et al., 1994
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Table 4 (continued)
Core site Latitude N Longitude E Water depth (m) Accumul. rate (g cm~2 ka™?) Reference

sBo .1 180 .2

GGC-4 12.65 117.933 3530 1.46 313 Ibid.
GGC-6 12.15 118.067 2975 2.06 247 Ibid.
GGC-12 11.933 118.217 2495 1.99 2.27 Ibid.
GGC-11 11.883 118.333 2165 2.66 313 Ibid.
GGC-10 11.717 118,517 1605 2.36 4.01 Ibid.
GGC-9 11.633 118.633 1465 4.43 Ibid.
17957-2 10.85 1153 2197 0.99 1.49 Sarnthein et a., 1994
GGC-13 10.6 118.283 990 354 Miao et al., 1994
SCS-15A 104 114.233 1812 0.82 351 C. Wang et d., 1986
SCS-15B 10.317 114.183 1500 0.24 1.93 C. Wang and Chen, 1990
S0O27-91KL 8.5667 1157 2060 107 7.06 Schonfeld and Kudrass, 1993
17961-2 85 112.333 1795 517 8.86 Sarnthein et a., 1994
SCs-12 77 109.3 543 3.34 Jian et d., 1996
17962-3 7.1833 112.083 1970 755 2512 Sarnthein et a., 1994
NS87-11 7.0167 114.15 2452 111 161 MOET, 1993
SO58-133KL 6.65 114.717 2136 4.48 19.78 Schonfeld and Kudrass, 1993
RC12-350 6.55 111.217 1950 6.84 12.93 Jian, 1992
SO58-109K L 6.2167 114.067 2792 6.47 Schonfeld and Kudrass, 1993
SO58-110KL 6.1833 114.1 2238 5.83 30.46 Ibid.
17964-2/3 6.1667 112.217 1556 17.54 46.52 Sarnthein et a., 1994
SO58-114K L 6.1 114.233 1929 8.63 Schonfeld and Kudrass, 1993
S049-136K L 5.9667 1147 650 4.32 Ibid.
S049-137KL 5.9333 114.8 220 202 Ibid.

ments is most active when drastic sea-level changes
take place. During the glacial sea-level lowstand, the
increased sedimentation along the shelf break led to
an instability of the uppermost continental slope
and, hence, to down-dope transport of shelf sedi-

Table 5

Major rivers emptying the five Western Pacific margina seas

ments. This process must be most active when the
rapid sea-level rising at the deglaciation brings about
slope readjustment and submarine slides (Ross et .,
1994). Submarine dides, being the main process of
delta progradation (Kenyon and Turcotte, 1985), are

Marginal sea River Water runoff Sediment discharge
(km?3/yr) (208 ton /yr)
Okhotsk Sea Amur R. 57.2
Japan Sea No large river
East China Sea with Yellow Sea and Bohai Gulf Huanghe (Yellow R.) 42.8 11131
Changjiang (Yangtze) 873.9 472.2
Liao R. 41 18.6
Luan R. 46 19.0
South China Sea Mekong R. 470 160
Red R. 123 130
Pearl R. 84.2 355.2
Gaoping (Taiwan I.) 9 39
Zenwen (Taiwan |.) 2 28
Sulu Sea No large river

Data from: Fairbridge, 1966; Editorial Committee, Chinese Academy of Science, 1981; Milliman and Meade, 1983; Li et ., 1991.
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very frequent in the Western Pacific margina seas.
In the northern slope of the South China Sea, for
example, the sediment in the upper slope is signif-
icantly thinner than in the lower slope. As shown
in Fig. 5, the maximal thickness of the Holocene,
with the exception of one single site, is observed in
the water depth range between 2000 and 3000 m,
i.e.,, in the lower continental slope above the lyso-
cline. The increased thickness on the lower slope
is basically caused by the down-slope transport as
evidenced by numerous slumps revealed by shallow-
seismic profiling (Sarnthein et a., 1994). A similar
pattern is seen in the Palawan Trough, the southern
South China Sea, where the shallow-seismic profile
clearly shows the increase of deposit thickness from
the upper slope of the trough toward its bottom at
water depths over 2700 m (Fig. 7).

According to AMS C-14 datings at a number of
sites in the South China Sea, large-scale down-slope
trangport occurred around 13 ka BP. Many sediment
cores have anormal age succession in the upper part,
whereas the C-14 datings show some reversed order
or other abnormality in the lower part older than 13
kaBP. This can be seen in Core SCS90-36 (18°00'N,
111°30'E, w.d. 2050 m, Huang et a., 1997a), Core
RC14-85 (15°25'N, 113°49'E, w.d. 1470 m; H. Wang,
1992), Core RC12-350 (6°33'N, 111°13'E, w.d. 1950
m; H. Wang and Jian, 1992) and others. It is be-
lieved that submarine slump extensively developed
during the last deglaciation with the sea-level rising
to the early highstand position. Similar submarine
slides have been recorded in the Gulf of Mexico
and the North Atlantic (Morton, 1993). The subma-
rine erosion and slumping may reach a much larger
scale. Shallow profiling and sediment coring in the
Xisha Trough to the north of the Xisha or Paracdl Is-
lands, northwestern SCS, has revealed deep erosion
of the sea bottom into the Early Pleistocene or even
Neogene deposits (Kudrass et al., 1992).

Turbidite sedimentation is another form of down-
slope transport in the marginal seas. For example,
numerous turbidite layers are intercalated in the late
Quaternary hemipelagic mud in the Xisha Trough,
South China Sea. The predominance of planktonic
foraminifers in the sand fraction of the turbidites
implies a reworking of hemipelagic sediments, and
the occurrences of mollusk shells and glauconite
grains in coarse-grained turbidite indicate down-

slope transport from the upper slope or outer shelf
(Kudrass et a., 1992), although the finding of shal-
low-water ostracods in deep-water sediments of the
SCS suggests that the down-d ope transport of micro-
fossils is not necessarily related to turbidites (Zhou
and Zhao, 1999). Turbidites have been found in al
the marginal seasin question, but their most frequent
occurrences have been reported from the Sulu Sea
where the 6-m-thick Holocene in Core SO49-82KL
(8°N, 121°E, w.d. 4980 m) contains 142 turbidites
with graded, finely laminated silt or mud layers
(Quadfasel et al., 1990). Such a high frequency of
turbidite currents is ascribed to tropical cyclones
passing the Mindoro Strait which triggers the over-
flow of the South China Sea water into the Sulu Sea
and enforces the erosion of the sediments and their
downward transport. Thisis one more example of the
inter-basinal transport of sediment between marginal
seas.

Eolian dust is a negligible component in the mod-
ern deep-water sediments of the Western Pacific
marginal seas. During glacial times, however, eolian
grains may have played a more significant role in
some sea areas such as the northeastern slope of
the South China Sea (Core 17940, L. Wang et al.,
1995). In the Sea of Japan, the ODP core analyses
have discovered a prominent shift to higher accu-
mulation rates of eolian-marine deposits near the
Gauss/Matuyama boundary, corresponding to thein-
creased aridity of Asia(Dersch and Stein, 1992).

3.3. Biogenic sedimentation and carbonate cycle

3.3.1. Modern distribution

Biogenic components are ubiquitous in the West-
ern Pacific marginal seas. Radiolarians and diatoms
predominate in the higher-latitude seas (the Okhotsk
Sea and Japan Sea), while foraminifers, coccoliths,
pteropods, plus coral, bryozoans and calcareous al-
gae in reef facies dominate in the lower-latitude seas
(the East and South China Seas, Sulu Sea, etc.). The
Okhotsk and Japan Seas belong to sea areas with
the globally highest concentration of opal in sedi-
ments, but the opal content is very low in the rest of
the marginal seas (Lisitzin, 1972). Fig. 8 shows the
genera pattern of CaCQOs distribution in the deeper
parts (>200 m) of the Western Pacific marginal seas
discussed in the present paper. Thetrend is clear that
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Fig. 8. Distribution of carbonate (%) in surface sediments of the
Western Pacific marginal seas deeper than 200 m (based on Likht
et a., 1983; Lisitzin, 1972; and new data).

CaCO;3 percentage increases toward lower latitudes.
In the Sea of Okhotsk carbonate is practically absent
in surface sediments of the large area and reaches a

few percent only in the shallower central part remote
from the coast. Carbonate content is very low in
the northern part of the Sea of Japan and increases
southwards, exceeding 10% in the Yamato Rise and
near the Tsushima Strait. The carbonate content is
higher in the Okinawa Trough, East China Sea, vary-
ing between 10 and 30% in most of the area and
rising to 50-60% near coral reefs. It decreases to
below 10% in the southernmost area near Taiwan.
In the SCS carbonate exceeds 10% everywhere (ex-
cept in the central basin below CCD, about 3500 m)
and becomes the dominant component of surface
sediments in reef areas near Xisha, Zhongsha and
Nansha Islands. The highest CaCO; values occur in
the Sulu Sea where CaCO; declines below 30% only
in the deepest part (Fig. 8).

3.3.2. Carbonate cycles

The Quaternary carbonate cyclesin the Equatorial
Pacific have been extensively discussed in the pale-
oceanographic community (e.g., Arrhenius, 1952;
Berger, 1973, 1992; Luz and Shackleton, 1975; Far-
rell and Prell, 1989; Le and Shackleton, 1992), but
not much has been published for its margina seas
except for the South China Sea (Rottmen, 1979; P.
Wang et a., 1986, 1995; Thunell et al., 1992; Bian
et a., 1992; H. Wang and Jian, 1992; Li, 1993;
Zheng et a., 1993; Schonfeld and Kudrass, 1993;
Miao et al., 1994; Chen et a., 1997) and the Sulu
Sea (Lindey, 1991; Miao et al., 1994). Nevertheless,
the high sedimentation rates and the morphological
and climatic variety of the marginal seas provide
an excellent opportunity to explore the factors con-
trolling carbonate content in glacial cycles, and a
comparison of carbonate cyclesin the marginal seas
will give insight into marine chemistry, productivity,
and land erosion of the marginal seas. Representative
curves of the late Quaternary carbonate content in
five Western Pacific marginal seas are compiled in
Fig. 9.

In the Sea of Okhotsk, the carbonate content
remains extremely low through the glacial cycles,
and ‘spikes in the carbonate curve occur only at
oxygen isotope stages 1 and 3, coinciding with those
of opa (Core K-105, 52°53'N, 150°24’E, w.d. 1130
m; Fig. 9A, Gorbarenko, 1991ab). This suggests
that sediments rich in biogenic carbonates, opal and
organic carbon have been accumulated in the Sea of
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Okhotsk only during warm stages, and the trend of
down-core variations is very close to those of the
‘northwest Pacific type' of carbonate cycles (Haug et
al., 1995).

The carbonate cycleis very different in the Sea of
Japan. Also with a very low background value, the
higher percentages of carbonate occur in the glacia
intervals (oxygen isotope stages 2, 6 and the later
part of stage 5), as seen in Core 1639 (38°38'N,
137°13'E, w.d. 1210 m; Gorbarenko, 1987) and ODP
Site 797 (38°37'N, 134°32E, w.d. 2874 m; Tada
et a., 1992) (Fig. 9B). Moreover, the carbonate
maxima are out of phase with those of opa which
increases in warm and decreases in cold stages.
Carbonate analyses of a large number of cores from
the Sea of Japan by Russian scientists have found the
same trend of down-core variations, showing a peak
late in stage 2 (Gorbarenko, 1987). Therefore, the
carbonate cycles observed in the Japan Sea can not
be ascribed to surface productivity and the question
of the controlling mechanism remains open.

More than ten years ago, the late Quaternary
carbonate curve in the South China Sea was found
to be of the ‘Atlantic type’ running roughly parallel
with oxygen-isotopic curves (P. Wang et a., 1986).
This was confirmed by curves at other sites above
the lysocline in the South China Sea (C. Wang et
al., 1986; Thunell et al., 1992; Bian et a., 1992;
Li, 1993; Zheng et a., 1993; Miao et al., 1994; P.
Wang et a., 1995) and in the East China Sea (Yan,
1989; P. Wang, 1990), while curves of the ‘Pacific
type’ have been found at sites below the lysocline
(Fig. 9C, D; P. Wang et al., 1995). The same has
been recorded in the Sulu Sea, with carbonate curves
of the ‘Atlantic type’ above the lysocline (e.g., Core
GGC-23, 8°09N, 118°34E, w.d. 990 m; Miao et
a., 1994) and those of the ‘Pacific type' below the
lysocline (e.g., Core SO58-67KL, 8°50'N, 121°20E,
w.d. 3350 m; Vollbrecht and Kudrass, 1990). Thus,
the two-type model of carbonate cycles seems to
be common to all the lower-latitude marginal seas,
and atotal of four types of carbonate curves can be
recognized in the five Western Pacific marginal seas
(Fig. 10): (A) Northwestern Pacific type (Fig. 9A;
Fig. 10A); (B) Japan Sea type (Fig. 9B; Fig. 10B);
(C) Atlantic type (Fig. 9C, E and D, SCS-15A;
Fig. 10C); (D) Pacific type (Fig. 9D, SO50-29KL;
Fig. 10D).

3.3.3. Contralling factors

The variety of carbonate cycle types is largely
dictated by the origin and characteristics of the
deep water masses of the individual basins which
in turn depend on the basin morphology. The Sea of
Okhotsk with its sill depth at about 2000 m and an
S/B ratio of 0.59 is well connected with the ocean,
and the deep waters exchange well with those in
the NW Pacific. In recent studies on variations of
carbonate flux on the Emperor Seamount Ridge, NW
Pecific, the ‘northwestern Pacific type' of carbonate
curves was discovered, with enhanced carbonate ac-
cumulation rates during interglacial stages (Haug et
a., 1995), and a high-resolution study shows that
the increase in productivity occurs during deglacia-
tion rather than in the Holocene (Keigwin et a.,
1992). Exactly the same has been found in the Sea
of Okhotsk. In five sediment cores retrieved from
its central part by the Russian R/V Kallisto the
carbonate, opal and organic carbon spikes occur at
stages 1 (early part, close to deglaciation), 3 and 5
(Gorbarenko et al., 1988), suggesting that the Sea of
Okhotsk shows also carbonate cycles of the ‘North-
western Pacific type' (Fig. 9A, Fig. 10A) similar
to the Emperor Seamount. The low content of bio-
genic component in sediments during the glacia
is probably related to the sea ice coverage. Only
during warmer periods can the higher productivity
result in carbonate and opal accumulation as ob-
served in the Northwestern Pacific and in the Sea
of Okhotsk. Higher productivity may be related to
the strengthened upwelling during the interglacial
as a consequence of the global ‘Conveyor Belt' of
thermohaline circulation (Broecker, 1991).

The carbonate cycles in the Sea of Japan are
different. Due to the extremely shallow sill depth
(130 m) and the low S/B ratio (0.03), the deeper
waters in the Sea of Japan are not of a Pacific ori-
gin. Instead, the dense water formed in the northern
half of the sea under low temperature and high wind
stress sinks down to generate the very homogeneous
Sea of Japan Proper Water which occupies the basin
below the upper layer (see Section 2). The turnover
time of the water is only about 100 years, and the
bottom water temperatureis aslow as 0—1°C. There-
fore, the Sea of Japan is characterized by a very
shallow calcite lysocline (about 1200-1400 m) and
CCD (about 1400-1600 m) (Chen et a., 1995). This
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Fig. 10. Diagram showing four types of CaCOs curves in the Western Pecific margina seas: (A) Northwestern Pacific type; (B) Japan

Sea type; (C) Atlantic type; (D) Pacific type.

explains the poor carbonate preservation in the Sea
of Japan. Although it is yet unclear whether the car-
bonate peak late in oxygen isotope stage 2 is related
to the stratification of the water column and the el-
evated akalinity of the bottom water (Gorbarenko,
1987), or to the calcareous plankton bloom resulting
from the changes in circulation (Oba et al., 1991;
Tada et al., 1992), the carbonate cyclesin the Sea of
Japan differ from those in the Equatorial and North-
western Pacific, as the carbonate peaks are out of
phase with those of opal or organic carbon (Fig. 9B;
Gorbarenko, 1991a,b), and no carbonate maxima are
recorded before the oxygen isotope stage 5 (Tada et
al., 1992).

The carbonate cycles of the East and South China
Seas and the Sulu Sea are similar, but their bottom
waters have different origins. As mentioned above,

the bottom waters in the Sulu Sea originate from
the SCS, flowing through the Mindoro Strait with
a sill depth of 420 m, whereas the bottom waters
of the South China Sea come directly from the
Western Pacific through the Bashi Strait where the
sill depth is 2600 m. Therefore, the bottom water
temperature is as high as 10°C in the Sulu Sea, but
only 2°C in the South China Sea, and this leads to
a better preservation of carbonate in the Sulu Sea.
The calcite lysocline and CCD are about 3000 m
and 3500 m in the South China Sea (P. Wang €t al.,
1995), but 3800—4000 m and 4500-4800 m in the
Sulu Sea (Exon et al., 1981; Lindey et al., 1985).
The existence of two types of carbonate cyclesin
these low-latitude seas is of particular interest and
deserves a special discussion in a separate paper.
Since the CaCOs curve embodies the signals of car-
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Fig. 11. Comparison of downcore variations of CaCO3 (%) with those of dissolution proxies in the northern South China Sea. (A) Core
V36-03 (after P. Wang et al., 1995); (B) Core SO50-37KL (after L. Wang et d., 1997).

bonate production, deep-sea dissolution and dilution
by non-carbonate deposits (Berger, 1992), it can not
be attributed to any one single environmenta fac-
tor. Fig. 11 shows the relationship between CaCO;
percentage, aragonite preservation (pteropod abun-
dance), and proxies of carbonate dissolution, such
as fragment ratio of foraminifers, benthic/planktonic
foraminiferal ratio, dissolution index of foraminiferal
tests, in two cores taken from the northern South
China Sea above the lysocline (V36-03, SO50-
37KL). Both the curves of foraminiferal dissolution
index and benthic/planktonic ratio are of a typical
‘Pacific type’. Moreover, the number of pteropod
specimens per gram sediment also displays ‘ Pacific-
type cycles (Fig. 11). Recent studies on carbonate
preservation of two other cores from the northern
South China Sea since 25 ka (Core SCS90-36, Core
31KL; Chen et a., 1997) confirm the occurrence
of maximal preservation during the later half of the
glacial which is typical of ‘Pacific-type carbonate
cycles. The apparent ‘Atlantic-type’ carbonate per-
centage curve observed in the South China Sea was
interpreted as a stacking of dissolution and dilution
cycles (P Wang et a., 1995), but recent calcula-
tions show that the trend of carbonate accumulation
rates vary from area to area (Table 6; Huang, 1997)
and can not be ascribed solely to the dilution effect
by terrigenous debris. In the northern South China

Sea, the accumulation rate is higher during the warm
stages for the sites above the lysocline, whereas in
the southern part it is higher in the cool stages,
with the exception of the southernmost station (Core
17961). This again is a specific feature of marginal
seas where the biogenic production is subject to
remarkable temporal as well as spatia variations.
Further studies are needed to decipher the observed
variety of carbonate cycles in the Western Pacific
marginal seas.

3.4. Low-oxygen deposits

The oxygen content in the water column of
marginal seas is highly variable in the enclosed-
basin type and is very sensitive to sea-level changes
during glacial cycles. Among the Western Pacific
marginal seas, the Sea of Japan and the Sulu Sea are
distinguished by their extent of isolation where low-
oxygen or anoxic conditions were present during
glacia periods. When the Sea of Japan was almost
isolated during the LGM, the absence of deep-water
exchange and the input of fresh water to the basin
resulted in a strong stratification of the water column
leading to the deposition of laminated sediments
(Obaet al., 1991). Similar cases have been recorded
throughout the glacial periods, and numerous dark—
light cyclesin sediments of a Milankovitch type and
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Table 6

Carbonate accumulation rates (g cm~—2 ka~1) during various oxygen isotope stages in the South China Sea

Core Location (9 Water depth Oxygen isotope stages

N E (m) stage 1 stage 2 stage 3 stage 4 stage 5
Northern part
17949 17.35 11517 1334 172 1.16 0.93 0.50 1.56
17941 2152 118.48 2201 0.62 0.33 0.64 0.10 0.64
SO50-37KL 18.92 115.77 2695 181 1.36 1.04 0.76
17948 16.72 114.90 2855 127 0.97 1.18 0.85 152
SO50-29K L 18.33 115.98 3766 0.47 0.92 0.78 0.15
Southern part
17954 14.77 111.53 1517 137 1.59 0.64 0.63 114
SCS-15A 10.40 114.23 1812 0.56 1.65 0.57 0.56 0.33
17957 10.85 115.30 2197 0.65 0.93 0.26 0.47 0.69
17955 14.12 112.18 2393 1.16 119 0.60 0.67 0.95
8357 13.48 118.02 3949 0.25 0.65 0.21 0.44
17961 08.50 112.33 1795 1.39 0.98 0.89 0.53 0.57

Data from Huang, 1997, based on preliminary data from: C. Wang et al., 1986; Zheng et al., 1993; Li, 1993; Sarnthein et al., 1994.

of amonsoon-related origin were discovered in ODP
cores (Follmi et a., 1992; Tada et a., 1992). In the
Sulu Sea, the enhanced isolation of the basin and
reduced surface salinity during glacial times resulted
in stagnation of deep water and an expansion of the
mid-water oxygen minimum layer (Lindey et al.,
1985).

Because of its sensitivity to minor changes in
oxygen content the benthic foraminiferal fauna pro-
vides a better indicator of oxygenation of bottom
waters. An exampleis the southern Okinawa Trough
where the increased proportion of low-oxygen-toler-
ating species in benthic foraminifera indicates low-
ered bottom-water oxygen conditions during the last
deglaciation (Jian et al., 1996).

Some important aspects of sedimentology in the
Western Pacific marginal seas, such as volcanoclastic
sediments, are not touched here. However, the above
discussion is sufficient to demonstrate the major
specific features of the sedimentological response of
the marginal seasto glacial cycles.

4. Paleoceanogr aphic response

4.1. Paleogeographic changes

The Last Glacial Maximum (LGM) is character-
ized by the development of enormous ice sheets.

The last glacial Laurentide ice sheet in North Amer-
ica, for instance, was similar in area to the present
Antarctic ice sheet, and the Scandinavian ice sheet
then covered al the Barents Sea and the Kara Sea.
However, there was no continental ice cap devel-
oped in northeastern Asia (Frenzel et al., 1992), and
the ‘East Siberian Arctic Shelf Ice Sheet (ESASIS)
Hypothesis' and the ‘Marine Ice Transgression Hy-
pothesis (MITH)' (Hughes and Hughes, 1994) are
not supported by the paleontological findings (Rut-
ter, 1995; Sher, 1995). Instead, the emergence of
vast shelf areas of the marginal seas was the most
prominent geographic change in the Western Pacific
region at the LGM.

During the LGM, the shelf seas were exposed
subaerially and covered by a network of river chan-
nels as reported from the Java Sea (Umgrove, 1949)
and Yellow Sea (Qin et al., 1986), or occupied by
a lake, as in the case of the Gulf of Carpentaria
(Torgersen et al., 1983). Of the numerous continental
shelves of the Western Pacific, three are most exten-
sive (Fig. 12): (1) the East China Sea Shelf with a
total area of 850,000 km?; (2) the Sunda Shelf or
Great Asian Bank, including the southern part of the
South China Sea with the Gulf of Thailand, and the
Java Sea, with a total area of 1,800,000 km?; (3) the
Sahul Shelf or Great Australian Bank, including the
Timor Sea Shelf or Sahul Shelf s.str., the Arafura
shelf and the Gulf of Carpentaria, with a total area
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Fig. 12. Emerged shelves (solid areas) in the Western Pacific marginal seas at the LGM (A) Okhotsk Sea, (B) Sea of Japan, (C) Yellow
Sea and Bohai Gulf, (D) East China Sea, (E) South China Sea, (F) Sulu Sea, (G) Celebes Sea, (H) Banda Sea, (1) Java Sea, (J) Timor

Sea, (K) Arafura Sea, and (L) Gulf of Carpentaria.

of 1,230,000 km?. These three major shelves sum
to ca. 3,900,000 km? and all were exposed during
the LGM. The large-scale changes in sea/land area
and the consequent rapid migration of the coastline

in glacial cycles must have had profound environ-
mental significance (P. Wang, 1991; UNESCO/IOC,
1995). For example, within some 8000 years of the
last deglaciation, the coastline migrated about 1200
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km landwards from the western border of the Ok-
inawa Trough to the western coast of the modern
Bohai Gulf, suggesting a coastline retreat of >0.4
m per day in average. The drastic reduction in sea
area in glacial time must also have had remarkable
influence on the vapor transfer from the sea to the
land.

4.2. Enhanced seasonality in marginal seas

On the basis of micropaleontological data, the
CLIMAP studies concluded that the “ice-age ocean
was strikingly similar to the present ocean in at least
one respect: large areas of the tropics and subtropics
within all oceans had sea-surface temperatures as

27

warm as, or dightly warmer than, today” (CLIMAP,
1981, p. 9). Recent studies in the Western Pecific
using the modern analogue technique (MAT) aso
“indicate that tropical SSTs differed by less than 2°C
from present”, implying the stability of the Western
Pacific warm pool within the glacia cycles (Thunell
et al., 1994). These conclusions, however, are chal-
lenged by recent studies. Since the margina seas
provide much higher sedimentation rates and, hence,
much finer stratigraphic resolution than in the open
ocean, the paleotemperature data yielded by the ex-
tensive pal eoceanographic studies in the Western Pa-
cific marginal seas may throw new light on the above
questions. Available paleo-SST data from the South
and East China Seas, Sulu Sea and the adjacent West
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Fig. 13. Location map of sites with paleo-SST data.
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Data sources of paleo-SST and oxygen-isotopic values in the Western Pacific at the Last Glacial Maximum used in Fig. 14

Core Location Water depth  Foraminiferal SST $180 Reference
(m)
V21-146 37°41'N, 163°02E 3968 ° Thompson, 1981
76104 35°17'N, 131°07E 125 . Gorbarenko, 1993
KH79-3-6 (C-6) 34°43'N, 140°33'E 2020 ° Obaet d., 1983; Chinzel et a., 1984
KH79-3-4 (C-4) 33°09'N, 137°42’E 3353 . Chinzei et a., 1984
1595 32°06'N, 129°16/E 660 . Gorbarenko, 1991a,b; Gorbarenko, 1993
RC10-161 32°05'N, 158°00E 3587 . Thompson, 1981
V32-139 31°34'N, 151°05'E 2030 ° ibid.
V28-304 28°32'N, 134°08'E 2942 . ibid.
\VV28-294 28°26'N, 139°58'E 2308 ° ibid.
Z14-6 27°07'N, 127°27E 739 . Cang and Yan, 1992
170 26°38'N, 125°48'E 1470 ° Lieta., 1997
253 25°934'N, 123°01'E 839 . ibid.
RN89-PC3 25921'N, 127°29E 2255 ° ° Ahagon et a., 1993; Xu and Oda, 1995
255 25012'N, 123°06'E 1575 . . Lieta. 1997
RN87-PC4 23%50'N, 124°24E 2488 ° ° Ahagon et a., 1993; Xu and Oda, 1995
WP3 22009'N, 122°57'E 2700 . . Thunell et a., 1994
17940 20°07'N, 117°23'E 1727 ° ° L. Wang et a., 1999
V28-255 20°06'N, 142°27E 3261 . Moore et a., 1980
17939 19°58'N, 117°27'E 2474 . L. Wang et d., 1999
RC26-16 19°35'N, 118°02E 2912 ° ° Li, 1995
S0O49-3KL 19°35'N, 114°12E 713 . Schonfeld and Kudrass, 1993
V36-5 1926'N, 115°55'E 2332 ° Wang and Wang, 1990
SO49-8KL 19°11'N, 114°12’E 1040 . . Wang and Wang, 1990; Schonfeld and Kudrass, 1993
S0O49-12KL 19°01'N, 114°30E 1532 ° Schonfeld and Kudrass, 1993
SO50-37KL 18°55'N, 115°46'E 2695 . Winn et ., 1992; Zheng et a., 1993.
HY4-901 18°49'N, 113°28'E 1120 ° Li et al., 1996
V24-117 18°36'N, 142°22’E 3706 . Thompson, 1981
SO50-29K L 18°%20'N, 115°59'E 3766 ° Winn et a., 1992; Zheng et al., 1993
N204 18°13'N, 110°06E 180 . . Gao et a., 1992
SCS90-36 18°00'N, 111°30E 2050 ° Huang et d., 1997a
S0O49-37KL 17°49'N, 112°47E 2004 . Schonfeld and Kudrass, 1993
RC12-361 15°06'N, 124°08'E 3528 ° Moore et d., 1980
17954 14°48'N, 111°32E 1520 . L. Wang et d., 1999
\/28-249 14°35'N, 147°52’E 2569 ° Thompson, 1981
17955 14°07'N, 112°11'E 2393 L. Wang et d., 1999
17956 13°%51'N, 112°35'E 3388 ibid.
WP1 13°47'N, 125°34E 2208 . Cang and Yan, 1992; Thunell et a., 1994
GGC2 13°37'N, 117°41’'E 4010 ° Thunell et a., 1992; Miao €t a., 1994
GGC4 12°39'N, 117°56'E 3530 . ibid.
GGC6 12°09'N, 118°04E 2975 ° ibid.
GGC11 11953'N, 118°20E 2165 . ibid.
GGC9 11°38'N, 118°38'E 1465 ° ibid.
V28-243 11°04'N, 138°32E 2129 . Moore et a., 1980
17957 10°%54'N, 115°18'E 2195 ° L. Wang et a., 1999
GGC13 10°31'N, 118°17E 990 . . Thunell et a., 1992; Miao et d., 1994
SCS-15A 1024'N, 114°14E 1812 ° C. Wang et ., 1986
SCS-15B 10°19'N, 114°11E 1500 . C. Wang and Chen, 1990
NS88-11 9°%56'N, 115°37'E 995 ° Lieta., 1992
SO27-91KL 8°34'N, 115°42E 2060 . Schonfeld and Kudrass, 1993
GGC27 8°30'N, 118°15E 2030 ° Miao et al., 1994.
17961 8°30'N, 112°20E 1795 . L. Wang et d., 1999
GGC23 809N, 118°34'E 990 ° Miao et a., 1994
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Table 7 (continued)
Core Location Water depth Foraminiferal SST 8180 Reference

(m)
SCSs-12 7°42'N, 109°18'E 543 ° ° Jian et al., 1996
GGC41 7°13'N, 119°32'E 4203 ° Miao et a., 1994
NS86-43 7°10'N, 110°20E 1763 ° Li et al., 1992
GGC34 6°54'N, 119°10E 2970 ° Miao et a., 1994
S049-133KL 6°39'N, 114°43'E 2136 ° Schonfeld and Kudrass, 1993
RC12-350 6°33'N, 111°13'E 1950 ° ° Jian, 1992
WP2 6°20'N, 136°26'E 1580 ° Thunell et al., 1994
S049-109K L 6°13'N, 114°04'E 2792 ° Schonfeld and Kudrass, 1993
S0O49-110KL 6°11'N, 114°06'E 2238 ° ibid.
S0O49-114KL 6°06'N, 114°14'E 1929 ° ibid.
S049-136K L 59%58'N, 114°42'E 650 ° ibid.
S049-137KL 5°56'N, 114°48'E 220 . ibid.
V24-139 3°31'N, 132°26'E 3355 ° Thompson, 1981
V28-239 315'N, 159°11'E 3490 ° ° ibid.
RC17-177 1°45'N, 159°27'E 2600 ° Lindey and Dunbar, 1994
ERDC-84P 1925'N, 157°15'E 2339 ° Wu et a., 1991
ODP 805 1°14'N, 160°32'E 3187 ° Berger et a., 1993
V28-238 1°01'N, 160°19E 3125 ° Thompson, 1981
\V24-109 0°26'N, 158°48'E 2367 ° ibid.
ERDC-128 0°00', 161°24'E 3700 ° Thunell et a., 1994
ERDC-89P 0°0.2'S, 155°52'E 193 ° Wu et al., 1991
ERDC-113P 1038'S, 159°13E 2158 ° ibid.
ERDC-93P 2°15'S, 157°01'E 1604 ° ibid.
RC10-140 2°39'S, 156°59'E 1679 ° Thompson, 1981
G5-P53 3°36'S, 132°10E 1991 ° Thunell et al., 1994
V28-235 5927'S, 160°29'E 1746 ° Moore et a., 1980

Pacific during the LGM (Fig. 13, Table 7) are sum-
marized in Fig. 14a,b. The paleo-SST estimations are
based on planktonic foraminiferal census using the
transfer function FP12-E developed for the Western
Pacific (Thompson, 1981).

As seen from the figures, the LGM summer
SST for the South China and Sulu Seas between
52 and 20°N ranges from 25.6°C to 29.0°C, averaging
27.8°C, while in the open Western Pacific at the same
latitudes it ranges from 27.1°C to 29.6°C with an av-
erage of 28.7°C, very close to that in the marginal
seas (Fig. 14b). The LGM winter SSS varies from
16.0°C to 24.0°C in the South China and Sulu Sess,
averaging 21.1°C, and from 23.8°C to 28.0°C in the
open ocean, averaging 26.0°C, or 4.9°C higher than
that in the marginal seas (Fig. 144). Thus, the winter
SST at the LGM was much cooler in the Western Pa-
cific marginal seasthan in the open ocean, whereasin
summer the SST was similar in the marginal seasand
ocean, resulting in amuch more intensive seasonality
during the LGM in the marginal seas (Fig. 14c). In

fact, the winter SST at the LGM was at |east 3—4°C
lower in the South China Sea and Sulu Sea than in
the open Pacific (Fig. 14a), and the LGM seasonality
isabout 4°C higher then in the ocean (Fig. 14c).

In recent years, the different results of paleo-SST
reconstructions led to new efforts to improve the
transfer function technique and to a debate whether
the paleoecological transfer function techniqueis ap-
plicable to the tropics (Anderson and Webb, 1994).
Therefore, independent paleo-SST proxies based on
organic and isotopic geochemistry are used to ver-
ify our conclusions drawn from micropal eontol ogy.
As an organic-geochemical proxy of paleo-temper-
ature, the ratio of unsaturated long-chain alkenones
(UX;) biosynthesized by coccolithophoridsiis closely
correlated with SST. Up to now, there are at least
four cores analyzed for U, measurements in the
South China Sea, and the resulting LGM /Holocene
SST contrast is 4°C to 4.5°C in the north and 2.5°C
in the south, all exceeding that in the open Pacific
(only 0.7°C) (see Table 8). This agrees well with our
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Fig. 14. Sea surface temperature in the low- and middle-latitude Western Pacific and marginal seas at the Last Glacial Maximum. The
paleo-SST estimations are based on census of planktonic foraminifers using transfer function FP 12-E (see Table 7 for data sources).
(a) Winter sea surface temperature. (b) Summer sea surface temperature. (c) Seasonality in SST (summer SST minus winter SST). (d)
LGM /Holocene difference in oxygen isotope values of shallow-dwelling planktonic foraminifers.

Table 8

U'§'7 SST estimates for the South China Sea and the Western Pacific

Sea Site Location LGM /modern SST contrast Reference

South China Sea 17940 20°07'N, 117°23'E 4.5°C Pelgjero et al., 1996
SCS90-36 18°00'N, 111°30'E 4eCca Huang et ., 1997b
SO50-31KL 18%45'N, 115°52'E 4°C Huang et a., 1997a
17961 08°30'N, 112°20'E 25°C Pelgjero et al., 1996

West Pacific W8402A-14GC 00°57'N, 138°57'E <2.0°C (0.7°C) Lyleet al., 1992

aContrast between the modern and 14-ka records.
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micropal eontology-based conclusions. On the other
hand, different transfer functions may result in dif-
ferent paleo-SST estimations. The glacial /Holocene
SST contrast in Core 17940 from the northern South
China Sea, however, remains almost unchanged,
whether the newly developed SIMMAX-28 trans-
fer function or the transfer function FP-12E are used
for estimations (Pflaumann and Jian, 1999).

Oxygen isotope data for the late Quaternary are
now available from many sitesin the Western Pacific
marginal seas, in particular the South China Sea. As
seen from the LGM-Hol ocene changes in the oxygen
isotope of shallow-dwelling planktonic foraminifers
(Globigerinoides sacculifer or G. ruber) (Fig. 14d,
Table 7), the contrast is again much more significant
in the marginal seas than in the open ocean at the
same latitudes. The glacial—postglacia differencein
8180 is less than 1.7%o in the open ocean south of
30°N, while it exceeds 1.7%o in the marginal seas at
the same latitudes. Although the greater difference
in oxygen isotopic value might be partly caused by
salinity changes in the margina seas, there is no
contradiction between the 8180 data and the trend of
paleo-SST changes discussed above.

4.3. Climate impact of changesin marginal seas

4.3.1. Asian monsoon and moisture transfer

The amplifying role of marginal seas in their en-
vironmental response to the glacial cyclesis of great
significance for climate variationsin Asia, including
the East Asian monsoon and inland aridity, for the
variability of the warm pool and for the ‘tropica
paleoclimate enigma’ (Anderson and Webb, 1994).
Seasonality in the Western Pacific marginal seas is
closely related to the East Asian monsoon. As shown
by modern monsoon studies, in winter the northerly
air flow from the cold Siberian high pressure cell
crosses the Equator above the South China Sea area
and becomes the strongest winter monsoon flow in
the world (Chen et al., 1991). In the northern South
China Sea, the content of eolian dust (L. Wang et dl.,
1995) and pollen from the northern vegetation types
(Sun and Li, 1999) drastically increased in the LGM
deposits, indicating a considerable intensification of
the winter monsoon during the glaciation which led
to a decrease of winter SST in the marginal seas
and strengthened seasonality there. Thus, the en-

hanced seasonality at the LGM should be ascribed
to the Eastern Asian monsoon and the semi-enclosed
nature of the marginal seas (P. Wang, 19954q). Its
absence is to be expected in the open Pacific outside
of the monsoon regime.

The size reduction of marginal seas and the SST
decline there must have effected the water balance in
the region. Since moisture in the East Asian conti-
nent, and China in particular, is mainly supplied by
the southern (boreal summer) monsoon, while pre-
cipitation in northern Australia and the islands be-
tween Australia and the Asian continent is provided
mainly by the northern (boreal winter) monsoon, the
seasonal difference in SST pattern in the marginal
seas should have a different climate impact on the
two areas. In general, the evaporation from sea is
much higher than from land, and the evaporation
from the sea surface is related to the SST, hence
the glacial reduction of sea area and SST should de-
crease the vapor supply from the sea surface. Given
that wind direction and intensity did not change,
the summer monsoon would have brought less pre-
cipitation to the East Asian land during the LGM
because of the cooler SST. The decrease in SST
and in evaporation then must have intensified the
continental aridity, and this can be illustrated with a
rough estimation of the evaporation from the South
China Sea. During the LGM, shelf areas of about 1.8
million km? were exposed subaerially and the SST
was 2-5°C cooler than today. If the global average of
sea/land difference in evaporation rate of 33.8 cm/yr
(Lamb, 1972) or 50 cm/yr (Gross, 1987) is adapted,
and the reduction in evaporation rate due to the SST
decrease is assumed to be 10-25% (proportional to
the estimates by Lamb, 1972), the decline of annual
total amount of evaporation from the South China
Sea at the LGM should be some 800 to 1400 x 10°
mS, or 1/8 to 1/4 of the annual total precipitation
over whole China (P. Wang, 1995b). These rough
estimations should only underline the environmental
importance of the marginal seas.

4.3.2. Variability of the warm pool and ‘tropical
pal eo-temperature enigma’

As mentioned above, the Western Pacific warm
pool (Fig. 15) is responsible for a large proportion
of the heat transfer from the ocean to the land and
for driving the zonal Walker circulation to which the
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Fig. 15. Modern Western Pacific warm pool including the Sunda and Sahul shelves (shaded area denotes continental shelves emerged
during the glacial maximum; isotherms taken from Yan et al., 1992).

ENSO phenomenon is closely related. Its mainte-
nance and stability in the glacia cycles have signifi-
cant implications regarding low-latitude climate con-
ditions throughout the Indo-Pecific region (Thunell
et a., 1994). However, ill little is known about the
response of the warm pool to the glacial cycles.

The most extensive mid- to low-latitude shelf
seas, the ‘Great Asian Bank’ and the ‘Great Aus-
tralian Bank’ (Fig. 12) with a total area about 3
million km?, are developed in the Western Pacific
warm pool (Fig. 15), and their emergence during
glacial times reduced the size of the pool consider-
ably. Moreover, the decrease of SST in the low-lati-
tude marginal seas also weakens the role of thewarm
pool in the air—sea interactions, implying a certain
instability of the pool during glacial times. The size
reduction is not restricted to the marginal seas. The
southern limit of the Western Pacific warm pool re-
treated northwards due to the northward migration
of the Tasman Front in the South Pacific (Martinez,
1994) and the weakening of the Leeuwin Current in
the eastern Indian Ocean (Wells and Wells, 1994),
while the northern limit of the pool moved south-
ward due to the southward shift of the Polar Front
in the North Pacific (Thompson and Shackleton,
1980), leading to a reduction in latitudinal coverage
of the warm pool (Martinez and De Dekker, 1996).
Thus, the Western Pacific warm pool was maintained
throughout the glacial times (Thunell et al., 1994),
but experienced expansion and contraction and re-
markable variations in its climatic role during the
glacia cycles.

We are dtill puzzled by the paleo-temperature
enigma in the glacial tropical ocean in general, and

the western Pacific in particular. While very little
SST changes in the glacial cycles have been found
in the tropical ocean, substantial cooling during the
last glacial was reported from tropical islands. In
New Guinea, the alpine snow lines during the glacial
times were >1000 m lower than today (Webster and
Streten, 1978), and in mountains of Java and Suma-
tra the forest dtitudina boundaries shifted down-
wards during the glaciation (Stuijts et al., 1988). All
these have been reconfirmed by recent studies (Van
der Kaars and Dam, 1995; Peterson et al., 1996).
From the discrepancy between marine and terrestrial
records emerges an enigma in tropical paleoclimate
studies: the glacial SST was too warm to fit the
significant cooling in highlands (Rind and Peteet,
1985). Two possible solutions were proposed: ei-
ther the marine or/and terrestrial paleo-temperature
records have serious estimation errors, or the lapse
rates during the glaciation were much steeper than
today. Although the reliability of the paleo-temper-
ature estimates has been a matter of debate, very
significant errors are unlikely. Asto the steeper lapse
rates, this is a hypothesis till active now, but its
predestinate consequence is a significant change in
relative humidity in the atmosphere and, hence, a
very arid climate which is not conformable to the
available records, not to mention the denial of the
hypothesis by the recent evidence from the noble gas
content in glacial-age aquifers from North America
(Anderson and Webb, 1994).

The glacia intensification of the winter monsoon
may offer an alternative approach to the paleo-tem-
perature enigma in the tropical Western Pacific. The
climate variations on islands around the low-lati-
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Fig. 16. Downcore variations of Puleniatina obliquiloculata (%) in planktonic foraminiferal fauna in cores from the East China Sea
(Cores 255 and 170) and the South China Sea (Core 17940). PM = Pulleniatina minimum event; YD = Younger Dryas event. (Modified

from Jian et al., 1996, and Li et a., 1997.)

tude marginal seas, such as Java, Sumatra and New
Guinea, are under their direct influence. The modern
winter monsoon transfers vapor from the margina
seas to the islands together with cold air, and the
monsoon fluctuations are responsible for the varia-
tions of precipitation over theislands (Lim and Tuen,
1991). Accordingly, the intensification of the boreal
winter monsoon at the LGM must have led to a
combination of decreased temperature and enhanced
vapor supply, what in turn might have caused the
lowering of the snowline in New Guinea and the
downward shift of alpine vegetation zones.

Our discussions are limited to the paleoceano-
graphic and paleoclimatic response of the marginal
seas to the glacia stage. Numerous recent publi-
cations and reports have shown great opportunities
provided by high-resolution stratigraphy in marginal
seas for reconstructing the history of paleoenviron-
mental evolution in the region. An example are
the ‘Pulleniatina events' discovered in the Okinawa
Trough (Core 255, 123°07'E, 25°12'N, w.d. 1575 m;

Core 170, 125°48'E, 26°38'N, w.d. 1470 m) and then
observed aso in the South China Sea (e.g., Core
17940; Fig. 16). This tropical, deep-dwelling winter
species abruptly increased in percentage about 7 ka
BP and then drastically decreased about 4 ka BP
(‘Pulleniatina minimum event’), suggesting winter
SST changes or Kuroshio migrations (Jian et a.,
1996; Li et a., 1997). Further investigations of bi-
ological and paleoceanographic events in deep-sea
sedimentsin marginal seas and their correlation with
terrestrial records are highly promising paleoenvi-
ronmental studies.

5. Conclusions

The paleoceanographic and sedimentological re-
sponse of Western Pacific marginal seas to glacial
cycles depends on the extent of isolation of indi-
vidual basins which can be estimated by their mor-
phological features: ratio of sill depth to basin depth
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(S/B), ratio of passage width to total surface area
(P/A), and ratio of connecting section area to total
basin volume (C/V). The Sea of Japan and Sulu Sea
show the highest extent of isolation, followed by the
South China Sea and the Sea of Okhotsk.

The sedimentation rates in the deeper parts of the
marginal seas are one to two orders of magnitudes
higher than in the open ocean, but in contrast to the
ocean, the rates are subject to considerabl e variations
in time and space. Down-slope sediment transport is
responsible for the seaward supply of sediment to the
deep sea and was most active during rapid sea-level
changes, in particular during the last deglaciation,
about 13 ka BP.

Four types of carbonate cyclesin the late Quater-
nary have been recognized in the marginal seas: the
‘Northwestern Pecific type’ in the Sea of Okhotsk
implies its connection with the NW Pacific, the
‘Japan Seatype' is indicative of the isolation of the
Japan Sea, the co-occurrence of the ‘Atlantic type
and the * Pacific type’ in the China Seas and Sulu Sea
suggests a superposition of dilution and production
variations upon the dissolution cycles typical for the
Pacific Ocean sediments.

Due to the absence of large icecaps in Eastern
Asia, the emergence and submergence of the ex-
tensive continental shelves in the marginal seas are
the most prominent geographic changes in the West-
ern Pacific region during the glacial cycles. Three
major shelves (East China Sea Shelf, Great Asian
Bank, Great Australian Bank) sum to ca. 3,900,000
km?, the latter two are located in the Western Pa-
cific warm pool and hence have profound impact on
regional climate changes.

Due to the strengthening of the winter mon-
soon and reorganization of sea circulation during
glacia times, the winter SST was much cooler in
the marginal seas than in the open ocean. As shown
by the paleo-SST estimations based on the transfer
function technique, the average SST in the South
China Sea and Sulu Seawas 0.9°C cooler than in the
Pecific at similar latitudes in summer, while the dif-
ference was as much as 4.9°C in winter, resulting in
an enhanced seasonality in the marginal seas during
the glacials. The increased glacial /interglacial SST
contrast in the marginal seas has been supported by
UK, and 380 analyses,

The glacial emergence of shallow seas and SST

decrease in deeper water areas in the Western Pa-
cific marginal seas led to a considerable reduction
of evaporation. This was a mgjor factor of the en-
hanced aridity in the Asian hinterland during the
glacial stages. Since the low-latitude Western Pa-
cific marginal seas are part of the Western Pacific
warm pool, their emergence and cooling during the
glacials must have weakened the role of the warm
pool inregional climate during glacial periods. Since
the strengthened winter monsoon and intensified sea-
sonality of the marginal seas could bring cool tem-
perature together with moisture to the islands in
Southeastern Asiain the glacial, the Western Pacific
marginal seas may offer an alternative approach for
deciphering the ‘tropical paleo-temperature enigma’
in the Western Pecific.

Summarizing, the high-resolution sediment
records of the Western Pacific marginal seas have
a great potential for a better understanding of the
variations in interactions between land and sea, as
well as between individual sea basins during glacial
cycles. Moreover, the sensitivity of margina seas
to sealevel changes and their close tie with the
‘“Western Pacific warm pool’ have predestined their
unusua role in regional and even global climate
changes during the glacial cycles. This role, how-
ever, has up to now not yet been appropriately rec-
ognized because of two reasons. first, some of the
Western Pacific marginal seas have been little stud-
ied for their modern oceanography, not to say their
paleoceanography; second, the spatial resolution in
global or regional paleoclimatic simulations is as a
rule much too coarse for marginal seas. Therefore,
much more attention is needed for research work in
the region of the Western Pacific marginal seas.
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