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ABSTRACT

The South China Sea is the largest marginal sea of
southeastern Asia, lying presently under the influences of the
Western Pacific Warm Pool and Asian monsoon systems.
Sediment cores from this area provide high-r esolution records
for inter preting millennial- to centennial-scales paleoclimatic
changes expressed in the wester n Pacific. Here we present
results of high-resolution paleoceanographic data including
planktic foraminifer fauna sea sur face temper atur e (SST) and depth
of thermocline (DOT) estimates along with foraminifer stable
isotopes, alkenone SST esimatesanalyzed froma cor e takenfrom
the southern South China Sea (SCS) near Wan-An Shallow
(IMAGES Il 1997 cruise core MD972151: 8°43.73'N,
109°52.17'E, 1589m). Theintervals of ther ecord presented here
cover the past two glacial Ter minations (centering at ~12,000 and
128,000 yrs B.P.). Our analysesof SST estimatesby using planktic
foraminifer transfer functions with par alleling measur ements of
alkenone SST methodsall show events of rapid cooling rever sals
occurrringduring the Termination | concurrent with the Y ounger
Dryas(~13-11 kyr B.P.), and Heinrich events reported previously
from GISP2 ice core and North Atlantic core studies. Our
reconstructionsindicatealso that theTer mination | inthesouther n
SCSischaracterized by a change of monsoon wind systems, with
pr obably much stronger winter monsoon winds in the glacial
period. We also found that during the Termination |1, there was
no such climaticrever sal analogousto the Younger Dryas. During
oxygen isotope stage 5, our estimates of SST and DOT, and
abundances of deep-dwelling planktic foraminifer species all
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show large-amplitude variations, indicating an instability of
monsoon climate during theinter glacial period. Our studies also
highlight the climatic teleconnections shown by the linkage of
the SCS and other regional records for examples from the East
China Sea and Chinese |oess.

Key words: plankticforaminifer, paleoceanogr aphy, Ter mination, South China
Sea

INTRODUCTION

The South ChinaSea (SCS) isthe largest marginal ssaof southeasern Asa. The SCSlies
under the influenceof the Western Pacific Warm Pool (WPWP) and Asia monsoon systems
and issensitiveto dimate changesduring glecial-interglacial cycles (Chenand Huang, 1998;
Pelejero etal., 1999; Wangetal., 1999; Wang and Sun, 1994; Wang, 1999). Asof significant
terrestrial sediment flux injecting into the SCSby surrounding large rivers, the SCS provides
high-resolution sedimentary recordsfor interpreting millennid - to centennia -scalespaleoclimatic
changes expressed in the western Pacific.

To constrain thepast millennial- to centennid-scalevariations of western Pacific climate,
in this study we investigated a high-resolution, multiple proxy core datagenerated from an
IMAGEScoreMD972151, which weretaken from the southwestern SCSduring IMAGESIII
-IPHISCRUISE (Leg I1) in 1997. This gudy alsoaimsat documenting climaticchange patterns
inthe SCSduring thelast two glacial-interglecid cycles withemphasis ontheintervalsof the
pasttwoglacial Terminations(~12,000 and 128,000 yrsB.P.), whenNorthern Hemisphere ice
sheets gradually retreated and the global climate returned back to warmer dates. Previous
studiesindicated that the Holocene-LGM interval in the SCSappeared to be punctuated by
significant dimatevariability - several short-termcooling reversals such asthe'Y ounger Dryas
(YD) and Heinrich events (Chen etal., 1999; Wang etal., 1999; Kienad etal., 2001).

The dataanalysed and presented inthisstudy indludesplankticforaminifer stable oxygen
isotopes (Leeetal., 1999), planktic foraminifer assemblagesand SST (sea-surfacetemperature)
and DOT (depth of thermocline) estimates, and U*37 SSTs(Huang etal., 1999; Wang, 1999).
The completenessof thedata set enablesusto better interpret the sequence of high-frequency
paleodimate signals over millennial- to centennial- timescales during the last past glacial-
interglacial cyclesaswell astwo glacial Terminaions.

The modern ocean conditions of the SCS are revealed by NOAA (1994) modern
hydrographies Thedigributions of four seasons SSTsinthe SCSshow thatthe SCSisdominated
by winter/summer monsoons. In the summer time, SSTsin most of theregion are above 28°C;
andin the winter time, the SSTsrangesfrom 22 - 27°C and exhibit a~5°C gradient fromthe
northto south(Ho et al., 1998). Near thesitelocationof coreMD972151 around thesouthwestern
SCS SSTshave~3°C seasonal variations(Fig. 1). Thesubsurface hydrographic data provide
information about large-scalewind-driven surface circulation patterns. The tropical Pacific
DOT pattemns (Fig. 2) (Ho et al., 1998; Andreasen and Ravelo, 1997) indicate that the west
Pecific is characterized by deep DOT conditionsthan those in the eagern Pecific (Chen, 1994;
Andreasen and Ravelo, 1997; Chenand Prell, 1998), thoughthe DOT inthe SCSisrelaivdy
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shallower than the open seaof the western Pacific, probably indicating dominant fresh water/
sdinity orlocal wind effects. Inthisstudy, weused primarily both faunal esimates of SST and
DOT as proxiesfor indicating SCSsurface ocean and monsoon wind climate and attempted to
correlate our recordswith dimate recordsfrom the other regions such asthe East ChinaSea
and Chineseloessplateau to advance our undersanding on pal eoclimate teleconnections.
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Figure 1. Modern seasonal ly-averaged sea-surface temperature (SST) in the South China Sea (NOAA,
1994;Ho et al., 1998). Thedot indicatesthelocation of IMAGES coreM D972151.
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Figure 2. Modern January and July distributions of depth of thermocline (DOT)in the tropical Pacific
(modified from Andreasen and Ravelo, 1997). Shallow DOTs are found from the eastern and deep
DQOTs arefrom the western Pacific. Thedot indicatesthelocation of IMAGEScore MD972151.

DATA AND METHODS

In this research, we presented datafrom agiant piston core MD972151 (8°43.73'N,
109°52.17'E, 1589m) (Fig. 1), recovered fromthe southwestemnslop near theWan-An Shalow
of the SCSduringtheIMAGEScruisein 1997 (Chenetal., 1998). Therecovery length of the
coreis26.72m. The water depth of the core iswdl aove the depth of the regional lysocline
(Rottman, 1979; Shiehand Chen, 1984). The dominantlithology of thecoreareolivineto dark
day and slightly Slty withnannofosdl, foraminiferand diatomoozes (Chenetal., 1998). Sampling
for planktic foraminifer faunal and stable isotopeanayseswascarried out a gpproximatey 4-
cmintervals. Each sediment sample was cut to represent ~1L.cminterval of the core. A total of
209 samples that were taken from thetop to 931cm (~ interval of the Terminaion 1) and 1851
cmto 2577cm (~intervd of the Termination |1) of the corewereinvestigated inthisstudy.



Huang et al.: SST Records of the Past Two Glacial Terminations 5

All wet sadiment samples were completely freeze-dried. Dried sampleswere then gently
collgpsed and washed through a>63nm sieve under aweak spray of water. The remaining
coarse fractionswere then oven-dried at 50°C and dry sieved. For all planktic foraminifer
faunal census data, we made splitsof the >149nm Szefractions containing approximate 300
complete pecimens A total of 23 faunal specieswere identified and the relative abundances
of the species are expressed aspercentages of total faund assemblages (Parker, 1962; Bé,
1967; Kipp, 1976). Thefaunal identifications of these samples weremadein the L aboratory of
Earth Environmentsand Climate Changes, in Nationd Taiwan Ocean University. Weinduded
in thisreporttwo separate data sets of stable oxygen isotope (G.S&CCU”fEI’) (Lee et aI.,
1999) and alkenone SST analyses (Wang, 1999; Huang etal., 1999), whichweredoneinthe
Department of Geoscinece, National Taiwan University.

Descriptive statistics of the relative abundances of 23 species of planktic foraminifer
faunawere cdculated for the two Termination intervalsof 209 downcore faunal abundance
data(Tab. 1). This set of faunal abundance dataisdominated by five species, which constitute
over 75%af the planktic foraminifer compostions. Ranking the speciesabundancesfrom high
tolow, these five are: G.ruber (26.1%), N.dutertrei +G.pachyderma (right coiling) (17.2%),
G.sacculifer (14.4%), P.obliquiloculata (9.6%), and G.glutinata (8.0%).

We used a global planktic foraminifer SST transfer function (Ortiz and Mix, 1997) to
obtain SST estimates for these coreintervals. Thistransfer function waswritten based on 1121
coretop datafrom global oceans, and was assessed and proven reliable usng coretop and
sediment trap samples (Ortiz and Mix, 1997). We also used atropical Pacific Ocean DOT
function, which was constructed based on 189 coretop data fromthe tropicd Pacific Ocean
(25°N ~ 25°S) (Andreasen and Ravelo, 1997) to estimate DOT changesin thisstudy.

Thetime-stratigraphy of this core was established based on d*®Orecord and corrdation
with a SPECMAP stack (Pisias etal., 1984; Imbrie et al., 1984; Prell et al., 1986). Twelve
AMS*Cdating usng planktic foraminifer specimenshavebeen used to calibratethed®*Oage
model for the top part of thecore (Lee etal., 1999; Stuiver and Reimer, 1993).

RESULTSAND DISCUSSION

Inthesetwoglecid-interglecial interva datasetsof plankticforaminifer fauna abundances
of coreMD972151 (T&b.1), wefound that the dataare dominated by fivespeceswhichconditute
over 75%of total planktic foraminifer compostions. G.ruber, G.pachyderma (R.) +N.dutertre,
G.sacculifer, P.obliquiloculata, G.glutinata. In the interval of the Termingation |, the faunal
paternsof these five dominantspeciesshow glacid-interglacial fluctuationsmostly paralleling
to the d®O curve of the core (Fg. 3). For example, N.dutertrei, aspeciesindicating strong
upwdlingand/or highnutrient conditions hasabundancesincreasedin thelast glacid maximum
(LGM) than those in the Holocene. G.sacculifer, awarm surface water species, has high
abundancesduring theHolocenethan LGM. The abundances of P.obliquiloculata, a pecies
indicating warm water mass and/or deep thermocline conditionsinthe open seaenvironments
of the western Pecific (Andresean and Rave o, 1997; Chen and Prell, 1998), werehigher in the
LGM and lowerin theHolocene, probably indicating different subsurface hy drographiesduring
the Holocene and LGM in the SCS. It isworthy to notice that thereisa Pulleniatina minimum
event happened at ~4500to ~3000 yrs B.P.. The same event was reported from corestudies
for Ryukyu Arc region (Ujiié and Ujiié, 1999) and for the SCS (Jianetal., 1996). Initially this
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eventwasinterpreted as short-term oscillations driven by regional tectonic mechanisms(Ujiié
and Ujiié, 1999). Ourfinding of the sameevent in thesouthern SCSsuggegsthatthe Pulleniatina
minimum event might persist at moreregional scdes Itisthereforeinferred from our datathat
this Pulleniatina minimum event maybe amore basin-wide scaeevent of the western Pacific,
instead of alocal event of the Ryukyu Arc region. Another Pulleniatina minimum event
happened in our record a ~17,000 to ~15,000 yrs B.P. which is concurrent with thetiming of
thefirg Henrich event.

Table 1. Descriptive statistics of 23 planktic foraminifer species percentages from last two
glacid-interglacid cycles of 209-samples in the South China Sea Core MD972151.
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Figure 3. The variations of relative abundances of five dominant planktic foraminifer species and two deep-dwelling
speci es against age of thelast two Terminations in MD972151. The planktic foraminifer d*0 data from the
same core areplotted for comparison and agemode construction. The two Termination boundaries are indicated
by dashed lines. Hatched shadows indicate events of Pulleniatina minima in the Holocene (Ujiié and Ujiié,
1999) and increased abundances of deep-dwelling species G.truncatulinades (left coiling) and G.truncatulinoides
(right coiling) in stage 5d and 5e (Jian et al., 2000). The shaded lines indicate dust pesk events in stage 5d and
5ereported from loess profiles in centra China (An and Porter, 1997).
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During theintervd of the Termination||, these speciesshowed no dear glacial-interglecial
change patterns but much higher amplitude variations. We also found that there isa high
abundance interval of G.truncatulinoides (left coiling), a deep-dweling/cold water speciesin
stage 5d. Thisevent hasbeen reported from South ChinaSeacorestudies (Jian etal., 2000).
Slightly increased abundances of G.truncatulinoides (right coiling) that also implies sronger
surface water mixing conditions are dso observed from the intervals of 5d and 5e (Jianetal.,
2000). All these features suggest the existence of episodic cold/stronger mixing eventsinthe
Termination I1. Brief cold events inferred from the oscillations of coarse-fraction contentin
Chineseloess profiles of centra China (An and Porter, 1997) also suggested aningability of
monsoon dimateduring the interval of the Termination||, particularly in stage5d and 5e. The
coincidenceof rapid cooling episodes expressed in marine and terrestrial records suggests
teleconnectionsand ingabilities of East Asianregiond climate during the Termination |1 and
early stage 5.

We used CABFAC Q-mode factor analysis to smooth the data noise and to identify
statistical ly independent " components” from these gpecies abundance data Fourfactorsexplan
over 97% of the total variance of our planktic foraminifer compositions (Tab.2; Fig. 4). The
firstfactorismainly composed of P.obliquiloculata, which showspattern of variations similar
with that of speciesabundances: highloadingsduring the LGM and low loadings during the
Holocene. The second factor is composed of G.ruber and G.glutinata, which may represent
local SCSwarm surfacewater masses, and/or stable stratification conditions. The variationsof
the factorloadings follow the sameostillaion trendsasshown by the speciesabundances: high
loadings during the Holocene and low loadings during theLGM. This pattern of variations
pointsoutthe glacial-interglacial contrast in the SCSduring theinterval of the Terminaionl.
The third factor is composed of G.sacculifer, which also represents the warm SCSsurface
waters reaches high loadingsin a broadinterval of the Termination I. The fourth factor is
represented by N.dutertre, and shows the same pattern of variations as shown by the species
abundances: highloadingsduringtheL GM and low loadingsduring the Holocene. Thissuggested
that the southern SCSwas much colderand probably more abundantin nutrient concentrations
inthe glacid intervas when the dimatewasdominated by winter monsoon (Chen and Huang,
1998). Duringtheintervd of the Termination 11, only factor 4 wasslightly higheringlacid gage
6 than in interglacial stage 5. The other factorsshow no clearly glacial to interglacial variations,
butinterrupted by much high-frequency, short-term coolingeventswhichreflect probably more
variable monsoonclimateduring thistimeinterva.

Downcorefaunal esimatesof SST and DOT byus ng previoudy publishedtrangerfunctions
(Ortizand Mix, 1997; Andreasen and Ravelo, 1997) from coreMD972151 dso exhibit high-
frequency variations(Fig. 5). By focusing onthe variations of faunal SST and dkenone SST
(Huang etal., 1999; Wang, 1999) of thepag two Terminationintervas, wefound that during
the Terminationl, both SSTsexhibitvariationsof coolingreversal eventssimilar tothe Y ounger
Dryasand Heinrich Event. Though different amplitudes of SST variationsestimated by these
two methods, our resultsindicatethat a cooling of ~1-2°Cin the Younger Dryas and of ~2-3.
5°Cinthefirg Heinrich event inthe southern SCS. DOT estimatesalso show shallower depth
conditionsfor these two events, which areindications of stronger wind effects. Incontrast,
duringtheinterval of the Termination 1, there was no distinguishableclimatic reversa event
occurring inthe transition, but thereweremany high-frequency and high-amplitude cooling
eventsinterrupted in interglacial stage 5d and 5e (Hg. 5). Our resultsindicate a cooling of ~1-
3°Cin these short-term coolings, while alkenone estimates again exhibit relatively smaller
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amplitudesof changes. Duringthe cooling events, wealso observed that the DOTsweremuch
shdlower whichindicates probably srongerwind effectsthatinturn could resultfrom deep-
mixing conditions. All these eventsseem to be corrdative with dust peak eventsreported from
loessprofilesincentrd China(An andPorter, 1997), and increased abundancesindeep-dwelling
faunal species G.truncatulinoides (L.) and G.truncatulinoides (R.) (Jian et al., 2000).

Table 2. Factor- Score A ssemblage Matrix (F) of 209-dow ncore fauna percentage data from a
South China Sea Core MD972151. (VARIMA X solution by CABFAC factor andysis).
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Figure 4. The variations of four important fauna factors from core M D972151 of the last two Terminations and of
planktic foraminif er G.sacculife O plotted against age. The factors were computed usi ng a Q- mode factor
analysiswitha VARIM AX solution (Klovan and Imbrie, 1971). Termination boundaries are indicated by
dashed vertical lines. The shaded lines indicateinterva's of the Y ounger Dryas and Heinrich events (in | eft
panel) and dust peak events in stage 5d and 5e reported from loess profiles in centrd China (An and Porter,

1997).
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Figure 5. Variations of faund estimates sea-surface temperature (SST), depth of thermocline (DOT), and U¥37
plotted against age during the last two Terminations. The SST estimates were computed based on agloba
transfer function (Ortiz and Mix, 1997), and the DOT estimates were based on atropica Pacific Ocean transfer
function (A ndreasen and Ravelo, 1997). Termination boundaries are indicated by dashed verticd lines. The
shaded lines indicate intervals of the Y ounger Dryas and Heinrich events (in left pand) and dust pesk eventsin
stage 5d and 5e reported from loess profiles in centrd China (An and Porter, 1997).

CONCLUSIONS

In this study we presented high-resolution dataof plankticforaminifer stableisotopes,
faunal abundanceswith SST and DOT egimaes, and akenone SSTsfrom an IMAGES core
MD972151in thesouthern SCS. While presenting our datafor the pasttwo Terminationintervals,
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weidentified four planktic foraminifer factorsfrom the downcoredaato indicate pas surfece
water mass variationsin the SCS. These four factorsare factor 1 (P.obliquiloculata), factor
2 (G.ruber and G.glutinata), factor 3 (G.sacculifer), andfactor 4 (N.dutertrei). Thesefactors
can beinterpreted in terms of different water masses and/or stratification conditionsin the
SCS We further analysed the data by calculating SST and DOT edimates by using planktic
foraminifer transfer functionsand comparing the faunal SSTswith paralleling measurements
of alkenone SSTs. Our results show events of rapid cooling reversals occurred during the
Termination | and theevents are concurrent with the Y ounger Dryas(~13-11 kyr B.P.),and
Heinrich events reported previously from Gl SP2 ice coreand North Atlantic core sudies. We
also found that during the Termination I, there was no such climatic reversd analogousto the
Y ounger Dryas During theintervd of the Termination |1, our estimatesof SST and DOT, and
abundancesof deep-dwdlling planktic foraminifer speciesall showlarge-amplitudevariations.
Theseindicate an instability of monsoon climate during thelastinterglacial period. Our studies
also highlightthe climatic teleconnectionsshown by the linkage of our MD972151 records and
other regional paleoclimatic records in certain events. (1) a Pulleniatina minimum event
hgppened at ~4500 to ~3000 yrsB.P. reportedfrom core studiesfor Ryukyu Arc region (Ujiié
and Ujiié, 1999) and for the SCS(Jan et al., 1996) from the East China Sea; (2) increased
abundances of deep-dwelling species G.truncatulinoides (left coiling) and G.truncatulinoides
(right cailing) in stage 5d and 5e. Thisevent hasbeen reported from Eag and South China Sea
core gudies (Jianetal., 2000); and (3) dug peak eventsin stage 5d and 5e reported fromloess
profilesin centra China(Anand Porter, 1997).
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