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Synchronous Tropical South 

China Sea SST Change and 

Greenland Warming During 


Deglaciation 

M. ~ienast,'*S. ~teinke,' K. Stattegger,' S. E. Calvert' 

The tropical ocean plays a major role in  global climate. It is therefore crucial 
t o  establish the precise phase between tropical and high-latitude climate vari- 
ability during past abrupt climate events in  order t o  gain insight into the 
mechanisms o f  global climate change. Here we present alkenone sea surface 
temperature (SST) records from the tropical south China Sea that show an 
abrupt temperature increase o f  a t  least 1°C at  the end of the last glacial period. 
Within the recognized dating uncertainties, this SST increase is synchronous 
wi th  the Belling warming observed at  14.6 thousand years ago i n  the Greenland 
Ice Sheet Project 2 ice core. 

Previous studies of the phase relation be- 
tween tropical and high-latitude warming 
during the last deglaciation came to con- 
trasting conclusions: the tropical ocean was 
either synchronous with ( I )  or led (2, 3) the 
Northern Hemisphere deglacial tempera-
ture increase. Antiphasing between changes 
in tropical Atlantic SST and temperature 
over Greenland is expected based on the 
bipolar see-saw mechanism (4). But 
the timing of deglacial SST increases in the 
Pacific and Indian Oceans relative to high- 
latitude warming is still controversial. On 
the basis of a radiocarbon-dated alkenone 
thermometry (UK,,)-SST record from the 
tropical northwestern Indian Ocean, Bard et 
al. (I) inferred an interhemispheric syn- 
chrony of deglacial warming in the Arabian 
Sea and Greenland, specifically during the 
Bslling Transition at the end of the last 
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glaciation. However, this Indian Ocean 
UK,,-SST change leads planktonic forami- 
nifera] S1'O from the same core (5) during 
this abrupt event. A similar lead of forami- 
nifera] MgICa-derived SST estimates ver- 
sus SI80, as well as the correspondence 
between equatorial Pacific foraminiferal 
MgICa and Antarctic temperature records, 
however, prompted Lea et al. (2) to postu- 
late a lead of tropical Pacific deglacial SST 
increase versus ice volume, and a syn-
chroneity with Antarctic warming during 
deglaciation. 

Here we present two high-resolution, 
accelerated mass spectrometry (AMS) I4C- 
dated UK,,-SST and foraminiferal S"0 
records (Fig. 1, A and B) (6) from the 
tropical southern South China Sea (SCS), a 
non-upwelling environment within the 
Western Pacific Warm Pool (WPWP), that 
cover the late glacial-to-Holocene transi--

Sediment 'Ores and 18287-3 
were retrieved from the southwestern 
(9'14'N, 109O23'E, 1273-m water depth) 
and southern (5"39'N, 11O039'E, 598-m 
water depth) SCS, respectively. According 
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to the radiocarbon chronologies. both cores 
have sedimentation rates of 20 to >60 cml 
thousand years (cmlka). Core 18287-3 con- 
tains an undisturbed hemipelagic sequence, 
whereas core 18252-3 contains several 
small turbidites (I  to 5 cm thickness) in the 
lower part of the core (Fig. IA) (7 )  that are 
readily identified macroscopically and by 
bulk sediment geochemistry (8). 

The late glacial parts of the two down- 
core records show low SSTs of about 
25.2"C and 25.9"C in cores 18252-3 and 
18287-3, respectively, and high planktonic 
6IXO values (about -1.5%"). In contrast, the 
Holocene displays warm temperatures of 
26.5" to 28.0°C and 27.2" to 28.3"C in 
cores 18252-3 and 18287-3, respectively, 
and low 6"O values of about -3.1%" (Fig. 
I, A and B). The SST difference between 
the late glacial and the Holocene of up to 
3°C agrees with previous UK,,-SST 
records from the southern SCS (9) and 
corroborates the growing body of evidence 
from alkenone (1, 3, 9) and foraminiferal 
MgICa (2, 10) paleothermometry for a trop- 
ical glacial cooling of -3°C. In both 
records, planktonic SIXO and UK,,-SST es- 
timates vary in concert during the transition 
from the late glacial to the Holocene, in- 
cluding much of the high-resolution, small- 
scale variability (Fig. I .  A and B). The 
most prominent event in both records is the 
abrupt warming of at least 1°C at 385 to 
405 cm in core 18252-3, and at 435 to 450 
cm in core 18287-3 (Fig. 1, A and B). 

The 6IXO and UK,,-SST trends at both 
SCS sites are interpreted to uniquely reflect 
changes in local sea surface conditions, 
unaffected by variations in, for example, 
riverine input, advection of different water 
masses, or upwelling. This assertion is 
based not only on the similarity of both 
records despite the different local setting of 
the core sites but is corroborated by plank- 
tonic foraminiferal census counts (core 
18287-3; 11). as well as organic 6°C and 
inorganic (majorlminor element composi- 
tion) geochemical data from both cores (8) 
that do not show any significant variability 
associated with this particular warming 
event. 

The abrupt deglacial warming event is 
the largest amplitude signal in SCS sedi- 
mentary records as well as the Greenland 
isotope record, and in both locations it is 
larger than the analytical error of the UK,,- 
SST estimates and planktonic foraminiferal 
SIXO determinations ( 6 ) .  The extreme ra- 
pidity of the event in the SCS is analogous 
to the B~llling Transition in the Greenland 
ice cores (Fig. IC). Two independent lines 
of evidence, each of which has been used in 
previous studies to establish phasing rela- 
tions between tropical and high-latitude cli- 
mate, suggest synchroneity (referring to 

synchronous timing within the inevitable 
uncertainties of radiocarbon dating) of this 
warming in the SCS and at the B~llling 
Transition in Greenland. First, the midpoint 
of the abrupt warming in the southern SCS 
has interpolated AMS '"C ages of 15,1401 
14,600114,400 (core 18252-3) and 14,570 
(core 18287-3) calibrated years (12). Thus, 
within the la range of the calibrated AMS 
'"C dates (12). these ages are identical with 
the age of the midpoint in the Greenland 

warming of 14,660 -C 300 years ago (13). 
as measured by the Greenland Ice Sheet 
Project 2 (GISP2). The ages of the mid- 
point of the warming event in both SCS 
cores are not interpolated over any major 
change in sedimentation rates as inferred 
from unchanged bulk sediment geochemis- 
try (8) between the AMS '"C control 
points. Moreover, the calibrated AMS '"C 
ages have been derived assuming a minimal 
average oceanic resevoir age of -400 years 
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Fig. 1. Planktonic 6180 
and UK3, SST estimates 
of core 18252-3 (A) 
and core 18287-3 (B) 
from the southern 
South China Sea versus 
core depth. Conven- 
tional AMS 14C ages 
(bold numbers) are de- 
noted by triangles on 
the upper x axes. Error 
bars show the SD of 
multiple isotope analy- 
ses and UK,, SST esti- 
mates. Modern SST 
values at both sites 
are indicated by ar- 
rows on they axes. The 
thin turbidites in core 
18252-3 are indicated 
by vertical bars. All tur- 
bidites are considered 
instantaneous de~osits. 
Thus, the radiolarbon 
age of 12,250 (335 cm) 
is assigned to the base 
of the turbidite at 333 
to 338 cm for linear in- 
terpolation of the mid- 
point of the warming 
at 392.5 cm (72). Using 
the radiocarbon age of 
12,100 (328 cm) be- 
tween the two turbid- 
ites [(323 to 324 cm 
and 333 to 338 cm; see 
(A)] for linear interpola- 
tion yields identical 
ages for the midpoint 
of the warming. (C) 
UK3,-SST records of 
cores 18252-3 and 
18287-3 from the 
southern SCS on their 
independent calender 
time scales versus the 
ClSP2 8180 record (32) 
on the time scale of 
(73). Note that the 
chronology of core 
18252-3 less than 
10,010 14C years is 
based on assigning an 
age of 0 years to the 
core top and linear in- 
terpolation in between, 
and thus should be 
considered tentative. 

www.sciencernag.org SCIENCE VOL 291 16 MARCH 2001 



~ ~ ~ ~ ~ ~ s ~ ~ \ l ~ ~ , 

~ ~ a ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ , ~ ~ ~ t ~ ~ ~ ~ 

(14). Adopting a larger reservoir effect (15) 
would result in a lag of SCS versus Green- 
land warming rather than a lead. Second, 
based on the revised chronology of the 
deglacial rise in sea level from the southern 
SCS (16), the first major melt water pulse 
(MWP 1A) occurred at 14.6 to 14.3 thou- 
sand years ago (ka), synchronous (within 
dating uncertainties) with the Balling Tran- 
sition warming in Greenland. MWP 1A is 
associated with a decrease of 6180,,,,,,,, 
of up to -0.2%0, which should also be 
reflected in a synchronous (17) step-like 
decrease of 6180,ru,,r (6). In both SCS 
cores, there is no indication for such a 
sustained decrease of 6180,,u,e, either 
preceding or postdating the abrupt increase 
in UK,,-SSTs (Fig. 1, A and B). Thus, the 
6180 decrease related to MWP 1A most 
likely occurs synchronously with the tem- 
perature-related 6180,ru,e, decrease dur- 
ing the Belling Transition in the SCS, thus 
increasing its amplitude slightly. This evi- 
dence also corroborates synchronous 
warming during the Balling Transition in 
the southern SCS and Greenland. Accord- 
ingly, neither SCS core supports the idea 
that tropical SST increases led Greenland 
warming during the Bolling Transition. On 
the contrary, the records support earlier 
findings ( I )  from the northern Indian Ocean 
of synchronous deglacial in the 
tropics and high northern latitudes. 

Previous records from the SCS dis-
played a similar parallelism between UK,,- 

,.,,,SST and 6180 ,, (9). There is, however, 
radiocarbon age for the abrupt 

deglacial warming in core 17964-3 

R E P O R T S  

cia1 and early deglacial sea-level low-
stands. Thus, equatorial open-ocean SST 
variability could be substantially influ-
enced by changes in large-scale oceanic 
circulation patterns, which appear to show 
an early response to Southern Hemisphere 
deglaciation (20, 21), and may not affect 
the surface ocean in semi-enclosed margin- 

a1 basins such as the SCS. The tropical SST 
records examined here Suggest a diverse 
pattern of temporal changes in different 
parts of the tropical ocean during the gla- 
cial-interglacial transition. 

Lastly, despite the Very different tempo- 
ral records of the onset of deglacial warm- 
ing in various tropical marine records, there 
appears to be strong evidence that tropical 
Holocene SSTs increased steadily from 
-10 to 6 ka, stabilizing thereafter (1, 3, 9, 
this study). In contrast, high-resolution 
mid- and high-northern latitude deglacial 
UK,,-SST records (22-25) show an early 
Holocene SST optimum at -10 to 9 ka. 
The establishment of maximum SSTs in the 
tropics after -6 ka implies a stronger lati- 
tudinal SST contrast between -10 and 6 
ka, at the same time as an increased con- 
trast in seasonal insolation evolved be-
tween the equator and high latitudes (26). 

References and Notes 
1. 	E. Bard. F. Rostek, C. Sonzogni. Nature 385, 707 

(1997). 
2. D. W. Lea, D. K. Pak, H. J. Spero, Science 289.1719 

(2000). 
3. 	C. Riihlemann, S. Mulitza, P. j. Miiller, C. Wefer, R. 

Zahn. Nature 402,51 1 (1999). 
4. T. F. Stocker, Quat. Res. 19,301 (2000) 
5. j. C Duplesg et al.. Earth Planet, Sci, Lett. 103.27 

(1991). 

(6"09'N, 112O13'E) from the southern SCS, 6. Planktonic foraminifera1 6180 values (versus Pee 

same. On the basis of multiple analyses of the 

i:?': ~ ~ ~ ~ ~ ~ ~ d e ~ ~iEr7:::$;
ical error of the UK,, SST estimates is t-o.2"~. AMS 

14C ages were determined on monospecific sam- 

ples Of C. mber and C. saccuiifer, except 

for one date (510 cm in core 18287-3) where a 

mixed sample of C. ruber and C, sacculifer was 

used (72). The radiocarbon age determinations 

were wried Ou t  at theTandewon AMS facility at 

the Leibniz Laboratory, following standard proce- 
dures (30, 31), 

7. K. stattegger et a[., ~eo l . -~akon t .  Inst. Rep 86 (Univ. 

of Kiel. Kiel. Germany. 1997). 


8. M. Kienast, unpublished data. 
9. C. Pelejero, j. 	0. Grimalt, 5. Heilig, M. Kienast. L. 


Wang. Paleoceanography 14.224 (1999). 

10. 	 D. Niirnberg. A. MiillereR. R. Schneider, Paleoceanog- 

w h y  15.124 (2000). 
S. Steinke, M. Kienast, U. Pflaumann,M. Weineltn K. 
Stattegger, Quat. Res., in press. 

12, Web table is available at Science Online at w, 
sciencemag.org/cgi/content/fu11/~91/5~11/~1~~/ 
DCI. 

13. p;$7;ee" et Ceophys. lo2. 26411 

14, E, Bard, Paleoceanography 3,635 (1988). 
15. L. Wang et a/., Mar. teol. 156,245 (1999). 
16. T. Hanebuth. K. Stattegger, P. M. Crootes, Science 

288, (2000).
17. D. M. Anderson, R. C. Thunell, Quat. Sci. Rev. 12,465 

(1993), 
18. rhe midpoint of the warming step in core 17940-2 

occurs at 810 cm, bracketed between AMS 14C ages 

~ l ~ ~ ~ ~ ~ 2~ ~ ee 
tion between these dates yields a calibrated age of 
15,970 +284/-259 years (1u range) for the midpoint 
of the warming. 

19' O' E' Bard' Quat 52'337 (1999)'
20. 	M. Lyle, F. G. Prahl, M. A. Sparrow, Nature 355,812 

(1992). 
21. A. C. Mix, A. E. Morey, in The South Atlantic: Present 

and Past Circulation. G. Wefer. W. H. Berger. C. 

Siedler, D. j. Webb, Eds. (Springer-Verlag, Berlin, 

1996). pp. 503-525. 

22. H. Doose, F. G. Prahl. M. Lyle, Paleoceanography 12, 
61s (lgg7). 

23. 1. Cacho et dl.. Paleoceanography14,698 (1999). 
24, E, Bard, F, Rostek, L, Turon, S, Gendreau, Science 

and the midpoint of the abrupt warming in 
the northern scs (core 17940-2; 2 0 0 0 7 ' ~ ,  
1 1 7 0 2 3 ' ~ )  is radiocarbon dated at 15,970 
years (18). This large difference in the 
radiocarbon age between the warming in 
northern (core 17940-2; 9) and southern 
(this study) SCS is most likely due to a 

higher reservoir age at the 
northern site, possibly caused by the advec- 
tion of old Pacific intermediate- to deep- 
water masses (15). 

The close parallelism between 6180,,,,r 
and U ~ , 7 - ~ ~ T sduring the last deglaciation 
in the SCS contrasts markedly with the lead 
of UK,,- and Mg/Ca-SST estimates over 
6180,,ru,,, in the Arabian Sea (1, 19), the 
equatorial Pacific (2 ) , and the tropical At- 
lantic (3, 10). l-he variability of SST in the 
equatorial Pacific upwelling region during 
the last 250,000 years has previously been 
interpreted to reflect variable horizontal 
and/or vertical advection of different water 
masses (20), processes that are not likely to 
have affected the SCS given the 
nature of the basin, particularly during gla- 

Dee belemnite standard) were determined on 20 tQ  289.1321 (2000). 
25 specimens of the surface-dwelling foraminifer 25. S. 5. Kienast, J. McKay, Ceophys. Res. Lett.. in press. 
Clobigerinoides ruber (white) sensu strict0 in the ~Q U ~ ~ .  g9,139 (1987). 26, A. L. ~ ~ R ~ ~ .~ ~ , 
250- to 400-km size fraction at the Leibniz Labo- 27, J. Villanueva, C. Pelejero, j. O. ~ r i m a l t , ~ .Chromatogr.
ratory in Kiel, Germany, with a 1 u  analytical error 757,145 (1997). 

of '0.08%" AIkenone determinations were carried 28. C. Pelejero. 1.0. Grimalt, Ceochim. Cosmochim. Acta 

out following procedures described in (27). Briefly. 61,4789 (1997). 

freeze-dried, manually ground sediment samples (7 29. p, 1. ~ ~ l l ~ ~ ,  ~ i ~ ~ ~ ,starch, A.
G, G, Ruhland, 1. 
t o  11 g) were extracted with dichloromethane RoselCMele, Ceochim. Cosmochim. Acta 62,1757 

(ultrasonicated) and hydrolyzed with 6% KOH in (1998).

methanol. The alkenones (and other neutral corn- 30, M,-J, ~~d~~~ eta[,, ~ ~ ~ l .  R ~ ~ , 
~ ~ ~ h ~ , j ~ p h ~ ~ .
pounds) were separated from highly polar com- B 123,22 (1997). 
pounds using silica (20 cm by 0.5 cm) 31. M. Schleicher, P. M. Crootes. M.-j. Nadeau, A. Schoon, 
packed with 2 g of silica gel in a mixture of Radiocarbon 40, eS (1998).
dichloromethaneand n-hexane (8:2) and were 32, M. Stuiver, P. M. Grootes, Quat. Res. 53,277 (2000). 
eluted with 10 m l  of the same solvent mixture. The 33, The authors express their gratitude to P, M,
final extracts were redissolved in toluene (20 p1 

Crootes. H. Erlenkeuser, and their lab teams at the 
final volume), and analyzed by gas chomatography 
( c c  ~p 5 8 8 0 ~ )  at the University of British Colum- Leibniz in Kiel, 14C 

isotope Webia. The C,, alkenones were identified by their dating and 	 analyses' 

gas-chromatographic retention time by analogy thank S. 5. Kienast and C. Pelejero for invaluable 

with an extract of a pure huxleyi culture, assistance with the alkenone analyses. We are 

Selected samples were analyzed by GC-mass spec- grateful s. s. Kienast and T. F. Pedersenr as 

trometry (GC-MS) for confirmation of compound for their 

identification and evaluation of possible co-elu- On this article. research 

tions, SST estimates were calculated with the use grants t o  S.E.C. [Natural Sciences and Engineering 

of an equationdeveloped specificallyfor the SCS Research (NSERC), and K.S. [Ger- man Federal Ministry of Education and Research 
("), = ( ( [ C 3 7 . z 1 1 [ C 3 7 : z + ~ ; z : 5 ~ \ C ~ n ~ e " , ~ ~ ~ ~  (BMBF). ~ermany],  as well as by University of
0.031. where [C,,,] and [C,,:,] 

British predoctora' (M.K.) andof the di. and tri.unsaturated alkenones, respec- 
tively. This regional calibration yields slightly high- Academic Exchange (DAAD)l ("") 

er (by <0.3"C) SST estimates than the global cal- fellowships' 

ibration by Miiller et al. (29); the amplitude of the 
deglacial SCS SST increase, however, remains the 3 November 2000: accepted 16 February 2001 

2134 	 16 MARCH 2001 VOL 291 SCIENCE www.sciencemag.org 


