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ABSTRACT 

High-resolution carbonate stratigraphy of the deep-sea core MD972151 
from the southwestern South China Sea shows millennhil-scale variability 
similar to oxygen isotopic fluctuations recorded in ice cores from Greenland. 
In a long term of glacial-interglacial scale, carbonate contents in the inter­
glacial time (up to 25 o/c by weight) were higher than that in the glacial 
periods (5-15 o/c by weight). Even for the last glacial, carbonate contents 
are relatively high in the interstadial events and low in the stadial horizons. 
This demonstrates clearly that carbonate content in the continental slope 
above the lysocline in the southwestern South China Sea is primarily con­
trolled by dilution of terrigenous inputs, which in turn is due to sea-Ievel 
fluctuations in response to changes of ice volume in high latitude regions. 

(Key words: South China Sea, Carbonate stratigraphy, 
Ice volume, Terrigenous input) 

1. INTRODUCTION 

The South China Sea (SCS; 5°_22°N, 109°-121°B) is the largest marginal sea off the Asian 
continent (Figure 1). The SCS. spread in NE-SW and B-W directions in late Oligocene - middle 
Miocene (Taylor and Hayes, 1983). This has resulted in the rhombic shape of the SCS. Wide 
passive continental shelves exist off Chinese coast (65 x 104 km2) in the north and on the 
Sunda Shelf (115x 104 km2

) off the Indochina Peninsula in the southwest. The Central Basin 
(80 x lQ4 km2, > 4000 rn) is below the present carbonate compensation depth (CCD; Figure 1). 
Ta the east, the SCS oceanic crust is subducting beneath the Philippine Sea plate a10ng the 
Manila trench. In this geological context, the SCS marginal sea is a semi-c1osed marginal sea 
bounded by the landmasses of SB China to the north, the Indachina Penin sula ta the west, the 
micro-continent of the Kalimantan-Palawan islands ta the south, and the Luzon-Taiwan is­
lands ta the east (Figure 1). 

The SCS exchanges its surface water with ather water masses through several water gates. 
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Fig. 1. Physiography of the South China Sea showing locations of seven deep 
sea cores obtained du ring IMAGES III/MD 106 cruise .• : site of the stud­
ïed core MD972151. 

For example, the lndian Ocean surface water flows in the SCS through the Sund a Shelf in the 
summer, while the Chinese Coastal Water flows in the SCS through the Taiwan Straït in the 
winter. A branch of the Kuroshio Currents flows in the SCS through the southem part of the 
Luzon Strait off northem Luzon and then retums to join the main Kuroshio through the north­
em part of the Luzon Straït off southern Taiwan (Metzger and Hurlburt, 1996). In comparison, 
SCS surface water flows out ta the Sulu sea through Mindoro and Balabac Straits (Figure 1). 
sm depths of these water gates, however, are all shallow (less than 100 meters) except for the 
Luzon Straït. Therefore, during the last glacial time, when the global sea-Ievel fell by more 
than 100 meters (Fairbanks, 1989), configuration of the ses and water circulation would have 
been very different from the present one (Figure 2; Wang et al., 1995; Jian et al., 1998). How­
ever, the sill depth of the Luzon Strait is 2500 m, above which bath surface and intennediate/ 
deep waters of the ses could exchange with the Pacifie Ocean throughout the entire Quater-
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Fig. 2. Physiography of the South ehina Sea during progressive dropping of sea­
level during the glacial period (after Jian et al., 1998). 

227 . 

Presently, climate and surface water circulation in the ses marginal sea are controlled by 
seasonal reversaI monsoan systems (Figure 3). During the summer monsoon season (May to 
September), when the warm Indian Ocean water invades the SCS through the Sunda SheIf, the 
ses surface water flows from the southwest to northeast and sea surface temperature (SST) is 
homageneously high (28-29°C). Local upwelling occurs off the coast of Vietnam (Figure 3). 
In contrast, during the winter monsoon season (October to April), the cold Chinese Coastai 
Water flows southward and the ses surface water flows from the northeast to the southwest. 
The cold water, along with cold wind moving south ward from the Siberian High Pressure, 
results in low SST and a steep temperature gradient in the ses (21-24°C in the north and 25-
27°C in the south). Previous studies have shown that on the Asian continent, weathering and 
precipitation have changed significantly in respanse to fluctuations of paleomonsoon systems 
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in the last 150 kyrs (An et al., 1990; Huang et al., 1997a; Liewet al., 1998). These changes will 
have further given rise to changes in the sedimentation rate of terrigenous materials along the 
SCS continental slope. 

Sedimentation rate on the continental slope of the SCS is relatively high (10-60 cmJky; 
Wang et al., 1995), which pennits a high-resolution study of the IMAGES (International Ma­
rine Past Global Change Studies) goals. During Leg III of the IMAGES III (MD 106)-IPHIS 
cruise in June 1997, seven deep-seacores were raised from the ses (Figure 1). The purposes 
of this cruise across the ses was to obtain high quality deep-sea cores for a high-resolution 
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Fig. 3. Seasonal patterns of sea surface temperature and surface circulation of 
the South China Sea in summer and winter (after NOAA, 1994; Chen et 
al., 1985). 
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paleoceanography/paleomonsoon study in low latitude oceans and marginal seas. The results 
are then used to link with middle-high latitude paleoclimate records in the terrestrialloess 
sequences in central China and the Greenland ice cores as suggested in PAGES-PEP II (Chen 
et al., 1998; Huang and Chen, 1998). Here we present a high-resolution carbonate stratigraphy 
of the core MD972151 off Vietnam to construct a basic stratigraphy for a further detailed 
paleoc1imatic correlation with Chinese loess and Greenland ice cores in the near future (Huang 
et. al., 1998). 

2. CORE SITE LOCATION AND GENERAL OCEANOGRAPHY 

The core MD972151 was taken from a water depth 1,598 mat 8°43.73'N, 109°52.17'E 
which is north ofWan-An-Tan, southeast off Vietnam (Figure 1). The site is on the continental 
slope to the east of the Sunda Shelf, where thick terrigenous sediments derived from the 
Indochina Peninsula and northem Kalimantan have accumulated (Figure 1). The core length is 
26.72 m (down to Stage 6) with continuous and homogenous olive to dark clay. Sorne thin 
sandy layers occur in the lower part (>23 m, in Stage 6), which do not obviously disturb any . 
significantly paIeoclimatic signaIs registered in the core. 

3. STUDY METHOD 

Sediments 1-cm thick were sampled at 4-cm intervals, covering a 150-200 year time span, 
Carbonate content and TOC in freeze-dried sediments ofthe core MD972151 were deter­
mined by LECO WR-12 carbon analyzer at the Applied Geophysical Institute, NTOU, Keelung. 
Replicate analyses of the same samples gave a precision of better than 0.1 % for carbonate 
content. The age model is weIl established by multiple constraints: 12 AMS 14C datings younger 
than 20 ka, oxygen isotope stratigraphy of G. sacculifer (Lee et al., 1999), Toba ash (71±5 ka; 
Ninkovich et al., 1978; Chesner et al., 1991; Zielinski et al., 1996; Schutz et al., 1998) at 1556-
1558 cm, disappearance of pink G. ruber at 2171 cm (120 ka; Thompson et al., 1979) near 
MIS 5/6 boundary (Lee et al., 1999), and paleOlnagnetic Blake event in 2170-2320 cm (cen­
tered aroundI20-130 ka; Lee, 1999). The carbonate data of core MD972151 are available 
electronically at Paleoceanographic Data Center of Core Laboratory-Center for Ocean Re­
search, NSC, at the Institute of Applied Geophysics, National Taiwan Ocean University, 
Keelung, Taiwan, R.O.C. (Internet:http://140.l21.175.114). 

4.RESULTS 

The carbonate stratigraphy (Table 1) of the core MD972151 plotted against depth and age 
are shown in Figure 4a and 4b. Carbonate content varies between 25 % and 3 % by weight 
over the whole length of the core as in the other cores from the SCS continental slope (Wang 
et a1., 1995; Wang, 1998). In a long-term interglacial-glacial cycle, the carbonate curve is 
almost parallel to the oxygen isotope curve for planktic G. sacculifer (Lee et al., 1999) and 
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Table 1. Data for carbonate contents in the core MD972151. 

Dcpth (cm) CaCOJ (%) Dcpth (om) CaCOJ (%) Dcpth (cm) CaC03 (%) Dcptb (mn) C.C03 (%) Dcplh (om) Carol (' 
2.5 15.9 174.5 22.3 342.5 15.2 514.5 5.8 6S2.5 6.7 

6.5 16.8 178.5 24.3 346.5 14.0 51S.5 1.9 686.5 7.4 
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Table 1. continued. 

1)eptl1 (cm) C~C03 (%) 1)eptl1 (orn) CaC03 (%) l)eptli (orn) CaC03 (%) Depth (cm) CaC03 (%) Depth {cm} CaC03 (%) 

850.5 8.1 1026.5 9.9 1220.0 10.8 1388.0 4.1 1556.0 0.3 

854.5 7.2 1030.5 12.1 1224.0 9.3 1392.0 5.1 1560.0 7.8 

858.5 8.1 1034.5 11.7 1228.0 12.3 1396.0 45 1564.0 7.9 

862.5 6.5 1038.5 Il.4 1232.0 10.2 1400.0 3.2 1568.0 8.2 

866.5 9.7 1042.5 11.6 1236.0 12.0 1404.0 4.5 1572.0 4.8 

870.5 7.7 1046.5 13.0 1240.0 7.5 1408.0 5.2 1576.0 10.5 

874.5 8.9 1050.5 14.7 1244.0 11.3 1412.0 5.8 1584.0 7.8 

878.5 8.1 1054.5 15.3 1148.0 9.9 1416.0 5.2 1588.0 8.4 

882.5 9.0 1060.5 15.5 12520 13.8 1420.0 4.5 15920 7.5 

886.5 6.5 1062.5 13.8 1256.0 7.9 1424.0 4.3 1596.0 10.3 
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Table- 1. continued. 

Dopth (cm) CaCOJ (%) Dopth (cm) CaC03 (%) Doplh (cm) CaCOJ (%) Doplh (cm) c.COJ (%) Doplh (cm) 

1728.0 11.5 1916.0 12.6 2104.0 23.3 2292.0 3.0 2418.0 

1732.0 11.9 1920.0 12.5 2108.0 23.8 2296.0 4.2 2482.0 

1736.0 12.3 1924.0 8.6 2112.0 23.2 2300.0 4.2 2486.0 

1140.0 

1744.0 

1748.0 

1752.0 

1756.0 

1160.0 

1764.0 

1768.0 

1712.0 

1776.0 

1780.0 

1188.0 

1792.0 

1796.0 

1800.0 

1804.0 

1804.0 

1808.0 

1812.0 

1816.0 

1820.0 

1824.0 

1828.0 

1832.0 

1836.0 

1840.0 

1844.0 

\848.0 

1852.0 

1856.0 

1860.0 

IB64.0 

1868.0 

1872.0 

1876.0 

1880.0 

1884.0 

1888.0 

1892.0 

1896.0 
1900.0 
1904.0 

1908.0 

1912.0 

12.6 

9.9 

11.4 

9.1 

11.0 

10.0 

11.1 

10.3 

10.3 

10.6 

10.8 

9.1 

11.9 

12.8 

Il.6 

13.6 

13.3 

13.2 

13.3 

14.8 

16.5 

14.3 

13.4 

14.1 

15.6 

19.3 

17.8 

17.2 

13.1 

20.0 

17.4 

21.4 

17.8 
18.4 

16.2 

17.7 

12.6 

15.J 

17.3 

14.5 
14.6 
16.8 

15.0 

14,4 

1928.0 

1932.0 

1936.0 

1940.0 

1944.0 

1948.0 

1952.0 

1956.0 

1960.0 

1964.0 

1968.0 

1972.0 

1976.0 

1980.0 

1984.0 

1988.0 

1992.0 

1996.0 

2000.0 

2004.0 

2008.0 

2012.0 

2016.0 

2020.0 

2024.0 

2028.0 

2032.0 

2036.0 

2040.0 

2044.0 

2048.0 

2052.0 

2056.0 

2060.0 

2064.0 

2068.0 

2072.0 

2076.0 

2080.0 

2084.0 
2088.0 
2092.0 

2096.0 

2100.0 

95 

75 

9.0 

8.5 

8.5 

7.7 

8.4 

6.1 

8.6 

7.7 

8.3 

9.2 

9.3 

6.8 

9.4 

7.2 

8.1 

6.1 

5.5 

6.3 

4.3 

6.8 

5.8 

8.1 

6.9 

4.7 

8 .• 
7.9 

9.8 

10.7 

13.4 
13.3 

11.6 

17.4 

13.9 

15.3 

16.3 

lS.9 

15.6 

15.8 
15.7 
17.0 

19.8 

19.2 

2116.0 

2124.0 

2128.0 

2132.0 

2132.0 

2136.0 

2140.0 

2144.0 

2148.0 

2152.0 

2156.0 

2160.0 

2164.0 

2168.0 

2172.0 

2176.0 

2180.0 

2184.0 

2188.0 

2192.0 

2196.0 

2200.0 

2204.0 

2208.0 

2212.0 

22\6.0 

2220.0 

2224.0 

2228.0 

2232.0 

2236.0 

2240.0 

2244.0 
2248.0 

2252.0 

2256.0 

226U0 

2264.0 

2268.0 

2272.0 
2276.0 
2280.0 

2284.0 

2288.0 

21.6 

24.\ 

25.6 

22.3 

245 

24.1 

18.7 

21,4 

16.9 

16.2 

17.0 

17.6 

16.8 

19.3 

14.4 

15.8 

14.8 

16.5 

15.7 

16.2 

145 

16.2 

13.1 

9.5 

10.4 

10.1 

4.3 

7.8 

4.8 

25 
3.0 

5.5 

4.4 

3.9 

3.8 

3.6 

3.3 

4.6 

3.7 
3,4 

3.2 
3.9 

3.4 

4.0 

2304.0 

2308.0 

2312.0 

2316.0 

2322.0 

2324.0 

2328.0 

2332.0 

2336.0 

2340.0 

2344.0 

2348.0 

2352.0 

2356.0 

2360.0 

2364.0 

2368.0 

2372.0 

2316.0 

2378.0 

2382.0 

2386.0 

2390.0 

2394.0 

2398.0 

2402.0 

2406.0 

2410.0 

2414.0 

2418.0 

2422.0 

2426.0 

2430.0 

2434.0 

2438.0 

2442.0 

2446.0 

2450.0 

2454.0 

2458.0 
2462.0 
2466.0 

2470.0 

2474.0 

3.3 

4.0 

2.7 

3.4 

3.8 

4.6 

3.2 

2.2 

3.0 

2.3 

3.0 

3.2 

3.1 
2.1 

3.1 

3.2 

3.9 

4.8 

3.1 

3.2 

3.3 

5.9 

4.1 

4.5 

2.9 

4.7 

5.8 

4.6 

6.3 

3.S 

4.7 

5.2 

3.7 

S.2 
4.5 

4.3 

4.7 

4.5 

3.9 
5.5 
6.2 
6.6 

5.1 

5.7 

2490.0 

2494.0 

2498.0 

2502.0 

2506.0 

2510.0 

2514.0 

2518.0 

2522.0 

2526.0 

2530.0 

2534.0 

2538.0 

2542.0 

2546.0 

2550.0 

2554.0 

2558.0 

2562.0 

2566.0 

2510.0 

2574.0 

2578.0 

2582.0 

2586.0 

2590.0 

2594.0 

2598.0 

2602.0 

2606.0 

2610.0 

2614.0 

2618.0 

2622.0 

2626.0 

2630.0 

2634.0 

2638.0 

2642.0 

2646.0 

CaC03(%) 

5.2 

5.0 

4.3 

5.1 

S.3 

5.2 

4.2 

4.2 

4.0 

6.6 

5.2 

4.1 

5.6 

5.2 

3.6 

4.5 

6.2 

6.1 

6.9 

5.7 

4.4 

4.9 

6.0 

4.1 

4.4 

3.9 
3.9 

6.1 

2.7 

4.0 

4.8 

4.3 

3.1 

4.3 

8.3 

4.5 

4.0 

4.3 

3.2 

4.8 

4.1 

3.8 
4.4 



Huang et al. 233 

SPECMAP, Carbonate contents are high (15-25%) in the interglacial (Stages 1 and 5) but low 
(3-15%) in the glacial intervals (Stages 2-3-4 and 6). The three intervals ofhigh carbonate 
content in the lower part of the core (16-24 m) corresponding to Stage 5a (17%), 5c (21 %) and 
Se (25%), are intervened by two low intervals of Stage 5b (10%) and 5d (5%). However the 
carbonate content of these two lows in the last interglacial interval is still higher than that in 
the glacial intervals of Stage 4 (3-5%) above and Stage 6 (3%) below. Carbonate content in 
Stage 3 (8-15 %), especially in its early part, is higher than in Stage 2. In the upper part of the 
core, carbonate content rapidly increases from 5% in the LGM to 25% in theearly Holocene, 
and then decreases to 15 % in the core top (938 years). 

On a short-term millennial scale, carbonate content in MD972151 fluctuates at a high 
frequency (Figure 4b). Sorne events correlate with warm interstadial events found in the 
Greenland ice cores. For examples, the two peaks at 1520 and 1576 cm aboveand below the 
interval with the Toba eruption event of 1556-1558 cm correlate with IS 19 and 20 of GISP II, 
respectively (Schulz et al., 1998). The Toba eruption event is characterized by very low «1 
%) carbonate content. Carbonate peaks at 1252, 1172, 1060 and 906 cm are conspicuously 
higher than the interval below and above these peaks. These high carbonate peaks may corre­
spond ta IS 16,14,12 and 8, respectively, where alkenone sea surface temperature (U\7SST) 
are also reIatively high (Huang et al., 1998). The low carbonate content in 322-362 cm corre­
sponds to Younger Dryas where oxygen isotope values are relatively heavier (Lee et al., 1999). 
In comparison, high carbonate content at 362-370 cm correlates with Aller~d warm event (14 
Ka) of the GISP II ice core (Grootes, et al., 1993; Grootes and Stuiver, 1997). The carbonate 
data of core MD972151 are available electronically at Paleoceanographic Data Center of Core 
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Repository and Laboratory - National Center for Ocean Research, NSC, at the Institute of 
Applied Geophysics, National Taiwan Ocean University, Keelung, Taiwan, R. O. C. (Internet: 
http://140.121.175.114;cchuang@ntou66.ntou.edu.tw) . 

5. DISCUSSION 

Carbonate content in marine environments is controlled by three factors: dissolution by 
corrosive bottom water, biological productivity in surface water, and dilution by terrigenous 
inputs. 

Significant carbonate dissolution occurs below the carbonate lysocline, while carbonate 
is near zero or very low « 3%) near the CCD (Berger, 1975; Bramlette, 1961). In the SCS, the 
depths of the lysocline and the CCD are about 3000 m and 3500 m, respectively (Rottmann, 
1979). At present, the aragonite compensation depth (ACD) in the SCS is about 1000-1200 m. 
The core MD972151 is located at a water depth of 1598 m, which is below the ACD but far 
above the carbonate lysocline depth. In the last glacial, the ACD and CCD deepened to 2500 m 
and 4000 m, respectively (Thunell et al., 1992; Miao et al., 1994). Although there is no infor~ 
mation about the carbonate lysocline in the glacial SCS, the depth of the carbonate lysocline in 
the glacial Pacific Ocean deepened as the ACD and CCD did (Farrell and PreU, 1989). An 
increase in the carbonate lysocline and CCD will have caused the biogenic carbonate fauna to 
be much better preserved (Wei et al., 1997; Chen et a1., 1997) in the last glacial. Thus if 
dissolution is an important factor in controlling carbonate content of the core MD972151, the 
carbonate content in the last glacial interval should be greater than in the Holocene. However, 
this is not apparent in Figure 4. Therefore, dissolution is unlikely as a major factor controlling 
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carbonate content in MD972151. 
Previous studies have suggested that surface productivity increased when the winter mon­

soon was enhaneed in the last glacial (Thunell et al., 1992; Huang et al., 1997a, b). Moreover 
in the last glacial, a fall in sea-levelled to the exposure of a wide continental shelffrom which 
the ses derived many nutrients. This would also have favored an increase in biological pro­
ductivity, and thus would have increased the biogenic carbonate in the core. However in com­
parison to the interglacial intervals, carbonate contents in the last glacial were relatively low 
(Figure 4). Therefore, surface productivity is neither a major factor for controlling carbonate 
content in the study core. 

Wide continental shelves (1,82 x104 km2
) occupy 52 % of the ses's total area (350 x104 

km2
). They exist off the ehinese coast (67 xl Q4 km2

) in the north and off the Indochina Penin­
sula (Sunda Shelf,15 xl 04 km2

) in the southwest. At present, terrigenous sediments (200 xl09 

Tons/year) derived from southern China are deposited on the northern shelf and slope via the 
Red River and Pearl River systems. Meanwhile, 160x109 Tons of sediments are annually 
transported via the Mekong River system from the Tibetan Plateau, and then deposited on the 
Sunda Shelf and its slope (Milliman and Meade, 1983). These present data indicate that sedi­
mentation in the ses is greatly influenced by dilution of terrigenous inputs - the larger terrig­
enous inputs, the lower the carbonate content in the shelf-slope sediments. Furthermore, sea­
level fluctuates in response to changes of ice volume. During an interglacial period, such as 
the present one, sea-Ievel rises due to contraction of the iee volume in the high latitude regions. 
In contrast, during the glacial periods, expansion of the ice in high latitude regions causes a fall 
in sea-Ievel and exposes the wide continental shelf. Thus much more terrigenous materials 
derived from both the continent and the exposed shelves, will be finally deposited on conti­
nental slope. This will strongly dilute biogenic carbonate components in the core MD972151 
to as low as 3-5 % by weight in Stages 2-3-4 and 6. In comparison, during interglacial periods 
(sedimentation rate: Stage 1: 29.0 cm/kyrs and Stage 5: 10.6 cm/kyrs; Table 2), the Sunda 
Shelf was not exposed and even became a depositional site for the terrigenous sediments. 
Therefore, in the Stages 1 and 5 of the core MD9721511ess continent-derived sediments were 
deposited on the continental slope and the carbonate content is relatively high. Similarly, the 

Table 2. Sedimentation rate (cmlkyrs) for the core MD972151 based on multiple 
age constraints. 

Depth Sedimentation rate 

(cm) (cm/k~s) 

Stage 1 0-350 29.0 

Stage 2 350-862 21.8 

Stage 3 862-1378 19.7 

Stage 4 1378-1590 18.5 

Stage 5 1590-2161 10.6 

Stage 6 2161-2406 19.6 
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ice volume factor also plays a major role in controlling millennial-scale variations of carbon­
ate content in interstadial-stadial cycles in the last glacial. Exposure of the continental she1f 
remains in balance with fluctuation of both sea-Ievel and ice volume during the last glaciation. 
Much more of the shelf was exposed in the cool stadial event than in the warm interstadial 
event, and this led ta a much lower carbonate content in the cool stadial events. 

6. CONCLUSION 

Using multiple age constraints, carbonate stratigraphy of the deep-sea core MD972151 
shows millennial-scale fluctuations which cOITelate with D-O cycles found in the Greenland 
ice cores. Carbonate contents in the core MD972151 are primarily contra lIed by fluctuations 
of ice volume. During the glacial and cool stadial events of the last glacial, extensive glacia­
tion in the high latitude regions resulted in a low sea-level which exposed the wide Sunda 
she1f, and thus provided much more of terrigenous sediments to dilute biologieal carbonate in 
the continental slope of the SCS. In contrast, during the interglacial periods and wartn intersta­
dial events of the last glacial, less glaciation in the ArcHc, Greenland, and Antarctic regions 
resulted in a high sea-Ievel, and therefore less teITestrial"sediments were transported to the 
continental slope and thus carbonate contents were high. 
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