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Abstract. Past sea surface temperatures (SST) in the northern and southern areas of the South China Sea have been
reconstructed for the past 220 kyr using the U3, alkenone index. The SST profiles follow the glacial/interglacial pattern
exhibiting differences between Last Glacial Maximum and Holocene that are 1°-3°C larger than those observed at the
same latitudes in the Atlantic and Pacific Oceans. In Termination I both planktonic foraminiferal 80 and SST exhibit
well-defined Belling-Allered and Younger Dryas events with temperature differences between both periods of 0.8° and
0.4°C in north and south, respectively. SSTs record a constant north-south difference of 1°C in the interglacials and nearly
2.5°C in the glacial stages. These differences define two distinct climatic and water circulation patterns that correspond
with glacial/interglacial sea level oscillations which opened and closed water exchange with the tropical Indo-Pacific

Ocean through the present Sunda Shelf.

1. Introduction

The South China Sea (SCS) is the largest marginal basin in the
western Pacific and lies under the influence of the Western Pacific
Warm Pool, an area with important feedback to the Asian monso-
on system [Wang and Wang, 1990; Miao et al., 1994]. Its location
between the east Asian land mass and the western Pacific makes
this marginal sea very sensitive to climate changes in both land
and sea. The SCS is also strongly affected, over gla-
cial/interglacial timescales, by sea level changes. This is because
the SCS has broad shelves in the northwest and southwest which
emerged during low sea level stands, diminishing the contact to
the open Pacific in the north and completely closing the channels
to the tropical Indo-Pacific waters in the south [Broecker et al.,
1988; Wang and Wang, 1990].

In the SCS, sedimentation rates are particularly high during
interglacials and even higher during glacial times, primarily be-
cause of the emergence of vast land areas together with the nume-
rous river discharges [Schonfeld and Kudrass, 1993; Wang et al.,
1998]. This affords a chance to carry out high-resolution paleo-
ceanographic studies.

The present work is devoted to the study of past sea surface
temperatures (SST) in the SCS by means of the Cj;-alkenone-
derived UX;; index paleothermometer. SST reconstructions in the
SCS have already been addressed in several previous studies,
mainly by means of foraminiferal transfer functions [Wang and
Wang, 1990, and references therein]. The newly developed U¥y,
index technique has only recently been applied in the north of the
SCS over the past 25 kyr [Huang et al., 1997a, b].
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The UX;; index has been successfully used for reconstructing
SST changes over the latest climatic cycle in a variety of loca-
tions, in the Atlantic [e.g., Brassell et al., 1986; Zhao et al., 1993;
Madureira et al., 1995; Summerhayes et al., 1995; Villanueva et
al., 1998), the Indian [e.g., Rostek et al., 1993; Bard et al., 1997],
and the Pacific Oceans [e.g., McCaffrey et al., 1990; Prahl et al.,
1993]. The method provides a robust temperature proxy for paleo-
climatic studies and is free from bias originating from the partial
dissolution of calcareous tests [Sikes et al., 1991], which often al-
ter SST estimates on the basis of the faunal abundance of plankto-
nic foraminifera [Berger, 1968; Miao et al., 1994]. Sedimentary
Cy7 alkenone ratios provide good SST estimates in warm envi-
ronments, such as the SCS, where high water production is re-
flected in high abundances of Cs; alkenones [Pelejero and Gri-
malt, 1997].

The present study is based on four deep-sea cores of undistur-
bed hemipelagic sediments from the northern and southern SCS
(Figure 1 and Table 1) [Sarnthein et al., 1994]. The sites selected
provide a representative data set for the SCS under the influence
of the tropical Indo-Pacific and/or Pacific Ocean surface waters.
At present the former enters through the Malaca, Gaspar, and Ka-
rimata Straits and flows across the Sunda Shelf during summer
following a northeastward direction; the latter enters through the
Bashi and Taiwan Straits during winter, following a southwest di-
rection.

2. Materials and Methods

The four cores considered in this study (Figure 1 and Table 1)
were obtained during R/V Sonne cruise in April-June 1994
[Sarnthein et al., 1994]. They were collected at roughly the same
water depth range of 1520 - 1968 m.

Core profile 17940 (Figure 2) comprises a composite of a gra-
vity core and a box core. The composite stratigraphy is based on
high-resolution foraminiferal 3'*0 and 8'°C determinations with
the surface of the gravity core corresponding to 2.5 cm in the box
core [Wang et al., 1998]. Core profile 17964 (Figure 2) consists of
a composite of a gravity and a piston core and foraminiferal 5'*0,
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Figure 1. Map of the South China Sea showing the location of the studied
cores (stars) collected during the R/V Sonne cruise in April-June 1994
[Sarnthein et al., 1994]. The locations of other cores discussed in the text
are also indicated (solid circles): SO50-31KL and SCS90-36 [Huang et al.,
1997a, b] and V35-5 [Broecker et al., 1988]. The inferred course of the
Molengraaff River during glacial times is shown according toMolengraaff
[1921]. The 100 m isobath (thick dark line) approximately represents the
coastline during glacial times. Thin dark isolines correspond to modermn
annual average temperatures (degrees Celsius) at 0 - 30 m depth [Levitus,
1994].

81C, and CaCO; % curves indicating a downward shift of 200 cm
in the piston core relative to the gravity core [Kienast, 1996; Jian
et al., 1998).

The stratigraphy of all records is based on accelerator mass
spectrometry (AMS)-*C datings and on planktonic (Globigeri-
noides ruber) and benthic (Cibicidoides wuellerstorfi) foraminife-
ral 8'30 records (Wang et al. [1998] and unpublished benthic fo-
raminifera data of core 17954). The age control points for each co-
re are shown in Figure 2. The age model of core 17940 for 0-11.6
ka is based on a smooth spline fit across the age-depth control
points, where '*C ages are converted to calendar ages. For ages
older than the Preboreal (>11,600 calendar years (cal. years) B.P.),
the chronostratigraphy of core 17940 was established by tuning
the light 8'®0 peaks in stages 2-3 to the warm Dansgaard-
Oeschger events 2-10 in the 8'%0 record of the annual resolution
ice core Greenland Ice Sheet Project (GISP) 2 [Grootes and Stui-
ver, 1997]. Details of this age model are given by Wang et al.,
[1998]. In cores 17961 and 17964 the end of the Last Glacial Ma-
ximum (LGM) was defined as the heaviest value in the benthic fo-
raminiferal 8'%0 record. An age of 17.2 cal kyr was assigned to it
by analogy with the AMS-'*C dated 17940 core.

Samples were selected at 1-20 cm intervals depending on the
sedimentation rate at the stations and the period studied. The most
detailed reconstruction is from core 17940, with a time resolution
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at least bidecadal in the Holocene. The lowest resolution is repor-
ted at sites 17961 and 17954, particularly in the oldest parts of the
records, with time intervals of 5 kyr per sample.

The procedures and cqu1pmcnt used for U%;; index determi-
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nations are described elsewhere [r Villanueva et al.
sediment samples were freeze-dried and manually ground for ho-
mogeneity. After the addition of an internal standard (a mixture of
n-nonadecan-1-ol, n-hexatriacontane, and n-tetracontane), dry
subsamples (~ 3 g) were extracted with dichloromethane in an ul-
trasonic bath. The extracts were hydrolyzed with 6% potassium
hydroxide in methanol to eliminate interferences from wax esters.
The hexane extracts were then fractionated by silica column
chromatography o separaic hydrocarbons and ketones from the
polar fraction. After bis(trimethylsilyl)trifluoroacetamide derivati-
zation the extracts were analyzed by gas chromatography with
flame ionization detection. Selected samples were examined by
gas chromatography-mass spectrometry for confirmation of com-
pound identification and evaluation of possibie coelutions. The
amounts of alkenones found in all samples ranged between 130
and 2300 ng g dry sediment (Table 2). Replication of a sediment
sample with similar lipid content and UX;; index five times

showed a standard deviation of +0.15°C in temnerature estimation
snowed a stanaarg geviation o1 £0.15°C m temperature estimation.

3. Results

3.1. Calibration Equation

To date most studies of UXy;-derived paleotemperatures have
used the equations of Prahl and Wakeham [1987] (UK, =
0.033SST +'0.043) or Prahl et al. [1989] GJK37 = 0.034SST +
0.039) for the transformation of sedimentary UX;; values into pa-
leo-SSTs. Both equations were calibrated using cultures of Emi-
liania huxleyi at different growth temperatures.

In the SCS, calibration of U¥3; in sediment core tops versus
SST from Levitus [1994] data showed a good linear relationship
(R = 0.926) for annually averaged 0- 30 m SST, resulting in the
equation UX;; = 0.031SST + 0.092 [Pelejero and Grimalt, 1997].
A global core-top calibration using UX;; data from 370 sites in the
Atlantic, Indian, and Pacific Oceans and modern surface (0 m) an-
nual mean temperatures recently yielded the equation Uk, =
0.033SST + 0.044 [Miiller et al, 1998], and since it is the most
extensive compilation, using all core-top data available to date, it
has been recommended for future paleotemperature reconstruc-
tions.

Temperatures obtained with both equations for the four SCS
core tops are compared in Table 2 with the modern annual mean
temperatures at 0-30 m and 0 m water depth [Levitus, 1994]. This
shows that the SCS equation is more appropriate since it matches
the 0 - 30 m depth temperatures with differences of only 0.1°-
0.2°C for cores 17954, 17961, and 17964 and of 0.5°C for core
17940. In contrast, the global core-top calibration by Miiller et al.
[1998], which should indicate 0 m depth temperatures, shows
temperatures that are systematically higher by 0.7°C for 17954,

Table 1. Locations and Water Depths of the South China Sea
(SCS) Cores Considered in This Study

Core Latitude, N Longitude, E Depth, m
17940 207.0° 117°23.0° 1727
17954 14'47.8° 111°31.5° 1520
17961 8°30.4° 112°19.9° 1968
17964 69.5 112°12.8° 1556

Further details are given by Sarnthein et al. [1994].
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Figure 2. UX;; index (thick line) and planktonic foraminiferaGlobigerinoides ruber 80 (thin line) depth profiles of the co-
res studied in this work. The age points in each core are indicated (see details byWang et al. [1998]). Values in cores 17961
and 17964 marked with an asterisk correspond to calibrated years (Accelerator mass spectrometry (AMS)-*C were corrected
by 400 years reservoir age according toBard et al. [1990b] and converted tocalendar years according to Stuiver and Braziu-
nas, [1993] and Bard et al. [1990a]). Marine oxygen isotopic stages are labeled according toMartinson et al. [1987]. In core
17940 a total of 40 AMS-"C dates were obtained (marked with solid triangles). Exact ages and details on the age model are

given by Wang et al. [1998].
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Table 2. Comparison of UX,, - Temperatures Obtained With the SCS Equation
With Those Obtained With the Global Core-Top Calibration

Modern SST Uy modern SST [ Cy7 aikenones,
Core 0-30m,°C SST,*°C 0m,°C SST,b°C ngg
17940 26.5 27.0 268 26.8 600-1800
17954 272 27.1 27.6 269 200-2300
17961 28.0 27.8 283 27.6 260-1500
17964 282 28.0 28.5 27.8 130-1100

Modern temperatures for each location at 0-30 m depth and at 0 m depth are also shown [Levitus,

1994]. Note the better agreement with the use of the SCS equation.
SCS equation UXy;= 0.031SST + 0.092 [Pelejero and Grimalt, 1997), corresponding to the 0 - 30

m annual average temperature.

bGlobal core-top equation: UX3,=0.033SST + 0.044 [Miiller et al., 1998], corresponding to the 0 m

annual average temperature.

17961, and 17964, although it matches the 17940 temperature. In
view of these results the use of the SCS equation seems more

appropriate for the SCS reconstructions presented in this paper.

3.2. SST Variations Over the Past 220 kyr

UX,; profiles and 8'%0 of the planktonic foraminifera G. ruber
[Wang et al., 1998] are shown in Figure 3. Although the four cores
have similar lengths (10-14 m), the age periods covered in each
case are very different because of the large differences in sedi-
mentation rate. The northernmost and the southernmost cores,

17940 and 17964, respectively, approximately reach down to
midstage 3 (sedimentation rates of 20-85 and 30-55 cm kyr’, res-
pectively). In contrast, core 17961 reaches the end of stage 6, and
core 17954 has the maximum age coverage of 220 ka (6-9 and 3-
10 cm kyr', respectively).

The high sedimentation rates in cores 17940 and 17964 are
mainly due to riverine influences. Core 17940 is situated ~400 km
off the Pearl River mouth (Figure 1), the second largest modern
water discharge of China. Core 17964 was collected at a site under
the influence of the Molengraaff River, a drainage system which
appeared in the southwest SCS during glacial times [Molengraaff,
1921] when sea level was lower than at present [Fairbanks, 1989].
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Figure 3. UX;;-sea surface temperature (SST) reconstruction of the four SCS cores studied. The two upper curves correspond
to the southern cores, 17961 and 17964. The two lower curves correspond to the northern core, 17940, and the northwestern
core, 17954. SSTs were estimated using the SCS equation Uy, = 0.031SST + 0.092 [Pelejero and Grimalt, 1997] and repre-

sent annual average temperatures at 0-30 m depth.
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The other two cores, 17954 and 17961, are much farther away
from major riverine influence.

As a general trend, the UX;; signal follows a gla-
cial/interglacial pattern in all four stations, paralleling the G. ruber
530 profile (Figure 2). As shown in Figure 3, the SST values ob-
tained using the SCS equation [Pelejero and Grimait, 1997] for
the two northernmost stations, 17940 and 17954, oscillate between
the same absolute SST values. The same is true for the sou-
thernmost cores 17964 and 17961, which display about the same
SST values throughout the records.

Following the records from the oldest to the youngest interval,
warm stage 7, which is only recorded in core 17954 (Figure 3),
has a derived SST of 28°C, an intermediate temperature between
the Holocene and stage 5e. Although this result is obtained with
low resolution sampling, the same temperature differences have
been observed in a recent UX,;-SST reconstruction for the North
Atlantic [Villanueva et al., 1998).

Stage 6 shows 1°-1.4°C warmer temperatures than stage 2 (co-
res 17954 and 17961; Figure 3). The same feature has been obser-
ved in the North Atlantic [Villanueva et al., 1998]. During stage 6
the temperatures of these two SCS records are offset by 3°C, a
difference that is larger than the north-south gradient observed du-
ring stage 2, 2.2°C.

Stage S5e (Eemian, cores 17954 and 17961; Figure 3) shows
1°-1.2°C warmer temperatures than the Holocene. This pattern has
also been observed in the South Atlantic Ocean [Schneider et al.,
1995] and the Mediterranean Sea [Cornu et al., 1993].

Temperatures during stage 5¢ were remarkably stable, increa-
sing smoothly from 28.6° to 29°C in the south (17961) and remai-
ning almost constant at 28.4°C in the north (17954). Thus it
appears that the SCS was quite stable in terms of SST in stage 5Se,
with the north-south gradient increasing smoothly through time.
This SST stability contrasts with the G. ruber §'°0 record during
this warm stage, particularly in core 17954, which shows signifi-
cant changes: -2.5 to —3.2%o and back to former values (Figure 2).
Thus the isotopic changes can be interpreted to reflect global ice
volume or salinity changes. The abrupt G. ruber 5'°0 changes in
this core are also observed in the Sulu Sea [Linsley, 1996], which,
in turn, are well correlated with sea level variations derived from
the Huon Peninsula coral terraces [Chappell and Shackletony
1986]. In this respect the Younger Dryas type signal for Termina-
tion II identified by Linsley [1996] also seems to be recorded in
17954 (Figure 2)[Heilig, 1996].

Moving forward in time, comparison of cores 17961 and
17954 (Figure 3) shows that SSTs followed the same trend in the
northern and southern SCS through the last glacial cycle, with a
progressive cooling from 28.4° to 23.4°C in the north (17954) and
from 29° to 25.2°C in the south (17961), culminating at the LGM.
The strong parallelism in the SST records between the northern
and southern cores also involves specific events such as a war-
ming period centered at 85 ka B.P., preceded and followed by two
cooling events (87 and 80 ka). This signal is recorded as 2° and
1°C temperature maxima in the north and south, respectively.

Temperature differences between the south (17961 and 17964)
and the north (17940 and 17954) show two distinct climatic
patterns, one involving a south-north average difference of 2-
2.5°C and the other involving an average difference of only 0-1°C.
These two patterns roughly correspond to the glacial and intergla-
cial periods, with lower SST differences between the north and
south during interglacials. Transitions from one pattern to the
other seem to have occurred over short time periods. Thus, at the
end of stage Se, 112 - 110 kyr B.P., there is a well-defined SST
decrease of 1.2°C in core 17954 (north) which is not recorded in
core 17961 (south). Later, during the warming from LGM to Ho-

locene conditions the temperature difference between the south
and north decreases again.

These clear shifts in climatic patterns at the Se/5d boundary
and at Termination I could be indicators of drastic changes in low-
latitude Pacific and tropical Indo-Pacific water inflow into the
SCS. At present the SCS has seven main connections to the su-
rrounding seas and oceans (Figure 1). From north to south these
are the Taiwan and Bashi Straits (sill depths ~70 and 2500 m, res-
pectively) to the open Pacific Ocean, the Mindoro (450 m) and
Balabac (100 m) Straits to the Sulu Sea, the Malaca Strait (30 m)
to the Indian Ocean, and the Gaspar and the Karimata Straits (40-
50 m) to the Java Sea [Wyrtki, 1961]. Thus it is evident that during
glacial low sea level, which reached up to ~120 m below the pre-
sent sea level during LGM [Fairbanks, 1989], the SCS was trans-
formed into a semienclosed system connected to the Pacific Ocean
only through Bashi Strait and to the Sulu Sea through Mindoro

Strait.
The sudden increase in the north-south SST gradient observed

in our records at the 5¢/5d boundary could be coincident with the

shut off of the southern connections to the warm waters of the tro-
pical Indo-Pacific and Java Seas. The reverse process could have

occured at Termination I, with the opening of the same channels.
In this sense, as shown in the sea level curves of Chappell and
Shackleton [1986] and Linsley [1996], the sea level dropped more
than 50 m at the 5e/5d boundary, which is enough to close the
southern connections. Accordingly, the southern connections of
the SCS to the tropical Indo-Pacific probably remained closed un-

til Termination 1.
A close-up of the four SST profiles for the past 30 kyr is re-

presented in Figure 4. The temperature changes are very similar in
all cores, with an approximate temperature rise from the LGM to
the present of 2.6°-2.8°C in the south and of ~4°-5°C in the north.
As described above, the higher temperature difference in the north
probably reflects the different hydrographic conditions due to cut-
off of the tropical Indo-Pacific water influx over the Sunda Shelf.
Furthermore, glacial times were also characterized by the
southward displacement of surface water masses in the open wes-
tern Pacific [Thompson, 1981]. Accordingly, temperate waters that
are now situated at 25°-30°N could reach as far south as 20°N, the
latitude of the Bashi Strait [Wang and Wang, 1990]. As a result of
these two processes, the UX,,-SST difference between LGM and
present in the SCS is larger than the UX,,-SST differences obser-
ved at other sites at the same latitudes: for example, eastern equa-
torial Pacific, 1.3°C [Prahl et al., 1989]; central equatorial Atlan-
tic, 1.8°C [Sikes and Keigwin, 1994]; and western tropical Pacific,
1.5°C [Ohkouchi et al., 1994].

SST measurements based on foraminiferal studies are also
consistent with an amplification of the glacial/interglacial diffe-
rences in the SCS. Thus temperature increases of 5°-7°C [Miao et
al., 1994] in the southern SCS and 6.8°-9.3°C [Wang and Wang,
1990] in the northern SCS have been reported for cold season
temperatures on the basis of foraminiferal faunal changes. The re-
ported summer increases for the LGM to Holocene period are
0.5°-2.0°C [Miao et al., 1994] and 2°-3°C [Wang and Wang, 1990]
for south and north SCS, respectively. Differences of 2°-4°C have
been reported on the basis of UX;,-SST measurements during the
past 26 kyr [Huang et al, 1997a, b] in two records from the nor-
thern SCS (Figure 1).

During the LGM, SST in 17954 reached ~1.2°C lower values
than in 17940. This difference could be ascribed to short periods
of upwelling of subsurface colder waters at this at site [Wang et
al., 1998]. Long-chain Cs; alkenone concentrations increased
slightly during this period (C. Pelejero, unpublished data, 1988).
However, other tracers are needed to confirm an upwelling episo-
de at this site.
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In the high-resolution (up to bidecadal) record of core 17940,
3'30 in G.ruber follows the typical North Atlantic Termination I
features, with well-defined Bolling-Allered and Younger Dryas
events (Figure 3) [Wang et al., 1998]. The UK,,-SST measure-
ments also follow the same “North Atlantic type” pattern, with
values of ~24.5°C during the Belling-Allered and a later drop to
23.7°C during the Younger Dryas (Figure 4). The latter event,
which was originally thought to be restricted to the North Atlantic
and high latitudes, has also been identified in deep-sea sediment
records from the Sulu Sea [Linsley and Thunell, 1990; Kudrass et
al., 1991].

Bolling-Allered and Younger Dryas events are less well defi-
ned in the southern part of the SCS, although core 17964 shows a
clear SST plateau at the time of the Belling-Allerad and a tempe-
rature decrease of 0.4°C is shown for the Younger Dryas in core
17961. The same trend can also be observed in the more variable
record of core 17961. The low amplitude of SST variation of these
events in the southern SCS may partly explain why they were not
observed in core V35-5 [Broecker et al., 1988], which is located
between 17961 and 17964 (Figure 1). Our results from the SCS
confirm that both the Beglling-Allered and Younger Dryas are
synchronous worldwide climatic events.

4. Summary and Conclusions

All SST sediment records in the SCS follow a gla-
cial/interglacial pattern, with a north-south difference of 1°C in the
interglacials and nearly 2.5°C in most of the glacial stages (3°C in
stage 6). These differences define a temperature offset that re-

Isotopic
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mains constant even in episodic heating events such as the SST
oscillation centered at 85 kyr B.P.

These north-south temperature differences define two distinct
climatic regimes for the SCS that roughly correspond to gla-
cial/interglacial periods, with high SST difference for the glacials
and low difference for the interglacials. Transition from one pat-
tern to the other seems to have occurred over short time periods,
such as at the end of stage 5e and during warming from LGM to
Holocene conditions. These changes probably correspond with sea
level fluctuations that permitted or prevented surface seawater ex-
change with the tropical Indo-Pacific waters in the south.

In both in the northern and southern SCS the UX,,-SST differ-
ences between LGM and Holocene are between 1° and 3°C higher
than those observed at the same latitudes in the Atlantic and Pa-
cific Oceans. This temperature contrast is in agreement with other
SST estimates based on foraminiferal assemblages and points to
an amplification mechanism that increased the glacial/interglacial
differences in this marginal sea.

The deglacial 5'%0 and SST profiles exhibit well-defined Bol-
ling-Allered and Younger Dryas events in Termination I, particu-
larly in the north. The Younger Dryas event shows a cooling of
0.4°-0.8°C with respect to the Belling-Allerad temperatures in the
south and north, respectively.

Comparison of Holocene and stage Se SSTs shows warmer
temperatures (1°-1.2°C) in the previous interglacial period. SSTs
were remarkably stable during stage Se, which contrasts with the
significant fluctuations in the 5'®0 record. The highest tempera-
ture observed in stage 7 lies between that of the Holocene and
stage Se.

Stages

HOLOCENE

Termination 1

Stage 3

UK37-SST

—— 17940 —=—

17961

cal. ageinky
Figure 4. Close-up of the UX3,-SST reconstruction for the past 30 kyr. YD is Younger Dryas; B/A is Belling-Allered; and

LGM is Last Glacial Maximum.
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