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Abstract

Sea surface temperatures (SSTs), reconstructed from two Globigerinoides ruber (white) morphotypes (G. ruber sensu stricto, (s.s.);
G. ruber sensu lato, ( s.1.)) Mg/Ca and alkenones (U%;) from core MD01-2390 from the tropical South China Sea (SCS) during
the last deglaciation reveal a proxy-dependent discrepancy in the temporal pattern of the deglacial warming. Alkenone data
suggest that the deglacial warming is punctuated by a decrease in temperature between ~17 and 15ka BP, corroborating
previously published alkenone U3, SST records from the southern SCS. Within dating uncertainties, this cooling is coeval
with the Heinrich Event 1 (H1) time interval in the North Atlantic region, underscoring the imprints of northern
hemisphere forcing on tropical SCS ocean temperatures. The deglacial U SST minimum is also paralleled by a maximum
in G. ruber morphotype-specific 3'*0. G. ruber Mg/Ca SST estimates suggest a morphotype-specific record of SSTs during
the time interval of H1. Whereas G. ruber s.s. imply a continuous warming starting around 18 ka BP without any marked
response to H1, G. ruber s.l.-based Mg/Ca SST estimates reveal a cooling around ~17-15ka BP similar to the H1 interval
cooling seen in the alkenone SST record. Similar proxy-dependent differences in deglacial surface water warming have been
recorded in the eastern equatorial Pacific, implying a common pattern on both sides of the tropical Pacific Ocean. We
submit that this discrepancy could be due to differences in seasonality of planktonic foraminifera G. ruber morphotypes
and alkenone-producing algae.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Determining the timing and magnitude of tropical
Pacific SST variability is a critical problem in palaeocli-
matology, because the thermal history of the tropical
Pacific is thought to play a vital role in modulating global
climate on seasonal, interannual (El Nifno-Southern Oscil-
lation (ENSO)), millennial, and orbital time scales (Cane,
1998; Clement et al., 1999). Moreover, atmospheric
modelling studies suggest that tropical SST variations
could have been a potential trigger of northern hemisphere
deglaciation (Rodgers et al., 2003; Hostetler et al., 2006).
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The importance of regional tropical SST patterns in
modulating Last Glacial Maximum (LGM) climate has
been further highlighted by atmospheric circulation mod-
elling studies (e.g. Yin and Battisti, 2001). Thus, an
accurate assessment of the temporal pattern and magnitude
of tropical SST changes is of crucial importance for a
mechanistic understanding of the oceanographic and
climatic changes that occurred during the last deglaciation.

Past SSTs are estimated using a variety of different
proxies, including planktonic foraminiferal transfer func-
tions, the alkenone unsaturation index and Mg/Ca ratios in
planktonic foraminiferal shells (e.g. Wefer et al., 1999; Lea,
2003). However, significant disagreements in the amplitude
and/or timing of SST changes have been observed when a
multi-proxy approach for reconstructing past SSTs has
been applied on the same sample material (e.g. Niirnberg
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Fig. 1. Map of the equatorial Pacific showing the location of core MDO01-2390. The locations of other cores discussed in the text are also indicated: 18287
and 18252 (Kienast et al., 2001), MD97-2151 (Zhao et al., 2006), 17964 and 17961 (Pelejero et al., 1999a), MD97-2141 (Rosenthal et al., 2003), MD98-2181
(Stott et al., 2002), MD98-2162 (Visser et al., 2003), MD97-2138 (de Garidel-Thoron, 2007), ERDC-92 (Palmer and Pearson, 2003), ODP 806B (Lea et al.,
2000), TR163-19 (Lea et al., 2000), TR163-22 (Lea et al., 2006), ME0005A-24JC (Kienast et al., 2006), Y69-71P (Prahl et al., 2006) and JPC32 (Pahnke et
al., 2007). Different plot symbols indicate sites with SST estimates either derived from planktonic foraminiferal Mg/Ca ratios (squares), alkenones (dots)

or multiple proxies (Mg/Ca and alkenones; triangles).

et al., 2000 for the equatorial Atlantic; Steinke et al., 2001
and Chen et al., 2005 for the South China Sea; Cayre and
Bard, 1999 for the Indian Ocean; de Garidel-Thoron et al.,
2007 for the western equatorial Pacific).

In a recent review, Mix (2006) highlighted the contrast-
ing patterns of deglacial warming as recorded by plank-
tonic foraminiferal Mg/Ca ratios and the alkenone
unsaturation index in the eastern equatorial Pacific
(EEP). Whereas Mg/Ca data suggest a gradual, continuous
warming of the EEP starting at ~19ka BP (cores TR163-
19 and TR163-22, Lea et al., 2006; see Fig. 1 for core
locations), alkenone unsaturation data (core Y69-71P,
Fig. 1; Prahl et al.,, 2006) in the same region reveal a
decrease in temperature during the early deglaciation
(20-15ka BP), exactly at the time Mg/Ca ratios suggest a
warming. A similar early deglacial cold event has also been
observed in two high-resolution alkenone-based SST
records from two other sites in the EEP and has been
interpreted to reflect a regional cooling in response to H1
(core MEOO0SA-24JC, Kienast et al., 2006; core JPC32,
Pahnke et al., 2007, Fig. 1). In the western equatorial
Pacific, Mg/Ca records again suggest a continuous warm-
ing trend starting at +19ka BP (Sulu Sea, core MD97-
2141, Rosenthal et al., 2003; Makassar Strait, MD98-2162,
Visser et al., 2003, and the Western Pacific Warm Pool,
core MD97-2138 de Garidel-Thoron et al., 2007, ODP
806B, Lea et al., 2000; MD98-2181, Stott et al., 2002;
Fig. 1). This implies a common trend for deglacial warming
as recorded by planktonic foraminiferal Mg/Ca in the
“open”” equatorial Pacific. Again contrary to the Mg/Ca
records, alkenone-derived SST records from the marginal,
southern SCS suggest a cooling around 17-15ka BP (see
the recent compilation of Kiefer and Kienast, 2005).
Inspired by Mix’ commentary, we present new SST
estimates based on the alkenone unsaturation index and
on morphotype-specific G. ruber Mg/Ca ratios from a
single core (MDO01-2390) located in the southern SCS, in an
attempt to shed more light on the discrepancy between SST

estimates recorded by the two proxy carriers. Our study is
focused on the last deglaciation, a time period for which
previously published records indicate the largest discre-
pancy between both proxies.

2. Material and methods

CALYPSO gravity core MDO01-2390 (06°38.12 N;
113°24.56 E; water depth of 1545 m) was collected during
R/V Marion Dufresne cruise 122/IMAGES VII—WEPA-
MA (Leg 1) on the Nansha Shallow of the southern SCS
(Fig. 1). The age model of core MDO01-2390 is based on
AMS-"*C dating and is corroborated by a planktonic
foraminiferal G. ruber s.s. 3'%0 record that was further
visually compared to previously published '*C-dated
oxygen isotope records of the southern SCS (Pelejero et
al., 1999a; Wang et al., 1999; Kienast et al., 2001; Steinke et
al., 2001; Chen et al., 2005). The age model and the
planktonic foraminiferal G. ruber s.s. 8'%0 record have
been published and discussed previously by Steinke et al.
(2006). Sedimentation rates range from ~70cm/ka during
the glacial interval to 30cm/ka during the Holocene
(Steinke et al., 2006), in agreement with neighbouring
cores from the southern SCS (e.g. 18287 and 18252,
Kienast et al., 2001; 17964, Wang et al., 1999).

Alkenone determinations for the depth interval
300-750cm (10-19ka BP; at 10-cm intervals, equivalent
to ~150-yr sample spacing) were carried out on freeze-
dried and homogenized sediments (~1.5g). Alkenones
were extracted by ultrasonication using a sequence of two
solvents: dichloromethane and methanol. An aliquot of the
lipid extract was separated into four fractions [F1: 3ml of
hexane; F2: 3ml of hexane:toluene (3:1); F3: 4ml of
toluene; F4: 3ml of toluene:methanol (3:1)] by silica gel
column chromatography (SiO, with 5% distilled water;
1.d., 5.5mm; length, 45 mm). n-C>4Dsy and n-C5¢H74 were
added as internal standards into the F1 (n-alkenes) and F3
(alkenones and alkenoates) fractions, respectively. Gas
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chromatography was conducted using a Hewlett Packard
5890 series N gas chromatograph (GC) with cool on-
column injection and electron pressure control systems and
a flame ionization detector (FID) at the National Taiwan
Ocean University, Keelung. Samples were dissolved in
hexane. Helium was used as a carrier gas, and the flow
velocity was maintained at 30 cm/s. For the analyses of the
F3 (alkenones and alkenoates) fraction, the oven tempera-
ture was programmed from 70 to 290 °C at 20 °C/min, 290
to 310 °C at 0.5 °C/min, and then isothermal at 310 °C for
more than 30 min. The alkenones were identified by their
gas chromatographic retention times by analogy with a
synthetic standard (provided by M. Yamamoto, Hokkaido
University, Japan). Peak areas were converted to the
alkenone unsaturation index (Ué‘{), and SSTs were
calculated using the equation developed by Pelejero and
Grimalt (1997), which was established by correlating the
UY index in core-top sediments from the SCS with
annually averaged water column temperatures for the top
30 m. The mean standard error of estimated temperatures
for various temperature equations is around 1°C (e.g.
Conte et al., 2006).

In this study, we developed continuous LGM-Holocene
morphotype-specific stable oxygen isotope and Mg/Ca
records by analyzing G. ruber s.s. and G. ruber s.1. following
the definition of Wang (2000). The main reason for
performing morphotype-specific analyses is that a compar-
ison of stable oxygen isotopes and Mg/Ca analyses of the
two G. ruber morphotypes (G. ruber s.s. and G. ruber s.1.)
from core-top and downcore samples showed statistically
significant differences in stable oxygen isotopes (Wang,
2000; Lowemark et al., 2005; Steinke et al., 2005) and Mg/
Ca ratios (Steinke et al., 2005; see discussion below).

Core MDO01-2390 was sampled at 5-cm intervals
(12.5-502.5cm) and 10-cm intervals (512.5-992.5cm) for
oxygen isotope analyses on G. ruber s.s. and at regular 10-
cm intervals for analyses on G. ruber s.l. Oxygen isotope
ratios were determined on samples composed of 15-20
specimens from the 250 to 350 um size fraction. Isotopic
analyses of G. ruber s.s. and G. ruber s.l. samples were
performed using a Finnigan MAT 251 mass spectrometer
with an automated carbonate preparation device at the
Leibniz Laboratory (University of Kiel) and at the
Department of Geosciences (University of Bremen),
respectively. The external standard errors of the stable
oxygen and carbon isotope analyses at the Kiel and
Bremen MAT 251 are <0.08%o0 and <0.06%o, respectively.

Mg/Ca analyses on G. ruber s.s. and G. ruber s.l. were
run on a subset of samples with 5-40cm spacing
(~150-300yr sample). For each sample, approximately
30-40 specimens (~330-420ug) of both G. ruber (white)
morphotypes were picked out of the 250-350 um fraction.
Foraminiferal tests were cleaned in successive steps
following the cleaning protocol developed by Barker et
al. (2003) and analysed on a Perkin-Elmer Optima 3300R
ICP-OES at the Department of Geosciences, University of
Bremen. Standards and replicate analyses gave a mean

reproducibility of +0.11 mmol/mol in Mg/Ca. G. ruber s.s.
samples of the depth interval 12.5-422.5cm (1-14ka BP)
were analysed on a Q-ICPMS (Agilent 7500s), housed
at the Department of Geosciences, National Taiwan
University (see Steinke et al., 2006 for details). The
precision and external uncertainty are 0.1-0.2% and
0.4%, respectively (Shen et al., 2007). The comparability
of the Mg/Ca values of the two laboratories has been tested
by replicate analyses of late Holocene samples. The mean
average difference of both laboratory measurements is
+0.15mmol/mol in Mg/Ca.

Mn/Ca, Fe/Ca and Al/Ca were determined in conjunc-
tion with Mg/Ca because clay contamination (e.g. Barker
et al., 2003) and the occurrence of syn-sedimentary and
post-depositional Mn-oxide precipitates and Mn-rich
carbonate coatings (e.g. Pena et al., 2005; Weldeab et al.,
2006) can exert a significant control on the Mg/Ca ratios,
resulting in elevated Mg/Ca ratios and thus by inference in
overestimated SSTs. Our results indicate no significant Mg
contributions by Mn-oxides or Mn-rich carbonates or
clays. Post-depositional, partial dissolution can exert an
important control on Mg/Ca ratios (e.g. Brown and
Elderfield, 1996; Rosenthal et al., 2000; Regenberg et al.,
2006). However, carbonate preservation is excellent in this
core. The core is located above the modern-day calcite
lysocline, which is approximately at 3000 m water depth
(Rottman, 1979; Miao et al., 1994). Excellent carbonate
preservation is further attested by the occurrence of
pteropods throughout the core (Steinke et al., 2006). We
believe that variations in foraminiferal Mg/Ca over the last
25ka are therefore primarily driven by temperature rather
than preferential removal of Mg ions during -calcite
dissolution. Assuming that Mg/Ca ratios of both G. ruber
morphotypes have the same temperature dependence,
Mg/Ca ratios were converted to SST by means of the
species-specific calibration for G. ruber (white; size fraction
250-350 um; Dekens et al., 2002): Mg/Ca (mmol/
mol) = 0.38exp[0.09 SST (°C)]. The standard error of
estimates for various temperature equations derived from
core-top and trap calibrations is typically in the range of
0.5-1.0 °C (Elderfield and Ganssen, 2000; Lea et al., 2000;
Dekens et al., 2002; Anand et al., 2003).

3. Results and discussion

3.1. Temporal patterns of deglacial SST changes in the
southern SCS

SST estimates based on alkenones (U%) and morpho-
type-specific G. ruber (white) Mg/Ca of core MDO01-2390
display significant differences during the last deglaciation
(Fig. 2). There are several important aspects of this
discrepancy. The alkenone data reveal a distinct cooling
between 17 and 15ka BP (Figs. 3 and 4) that is +coeval
with the North Atlantic Heinrich Event 1 (H1). This period
of cooling is in agreement with previously published
alkenone records from this region (Pelejero et al., 1999a;
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Fig. 2. (a) Oxygen isotope records of G. ruber sensu stricto (s.s.; solid dots) and G. ruber sensu lato (s.l.; open squares), (b) U§7/ index and alkenone SST
estimates, and (c) Mg/Ca (red: G. ruber s.s., Steinke et al., 2006, this study; blue: G. ruber s.l1., this study; black: mixed morphotypes, Steinke et al., 2006)
and SST estimates from core MD01-2390, plotted vs depth in core (cm). Crosses and asterisks above the oxygen isotope records mark AMS-'*C dates and
analog ages (based on 8'%0) used for the age model, respectively. Details of the age model are given in Steinke et al. (2006).

Zhao et al., 2006). The absolute US-SST estimates in core
MDO01-2390 in comparison with other cores from this
region, however, are constantly positively offset by
1-1.5°C for the time interval sampled (Fig. 3). This offset
is most likely reflective of a NW-SE surface water
temperature gradient, analogous to the present-day in-
crease in SSTs from the NW to the SE southern SCS
(Fig. 3). Despite this offset in absolute SST estimates, all
southern SCS UY,-SST records are in good agreement in
recording the major features during the glacial-interglacial
transition, i.e, in particular the cooling during the time
interval of HI, a rapid increase in temperature (~1°C)
around 15ka BP and a subtle cooling or temperature

plateau during the Younger Dryas (YD). It has been
suggested that the rapid SST increase at 15ka BP is
synchronous with the Belling-warming observed in Green-
land ice cores (Kienast et al., 2001; Steinke et al., 2001),
most likely representing a strong atmospheric link to the
climate history of the North Atlantic realm (Kiefer and
Kienast, 2005).

Unlike in the previously published Mg/Ca record by
Steinke et al. (2006), the use of morphotype-specific
samples instead of samples composed of a mixture of
different morphotypes significantly minimized the noise
of the Mg/Ca records (Figs. 2 and 4). The Mg/Ca analyses
of the two G. ruber morphotypes (G. ruber s.s. and G. ruber
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s.l.) show generally higher SST estimates for G. ruber s.s.
when compared with G. ruber s.1. (Figs. 2 and 4). The mean
temperature difference (A7) between G. ruber s.s and
G. ruber s.1.1s 1.1 °C, which is close to the standard error of
estimates (~1°C) for various temperature calibrations
derived from core tops and sediment trap calibrations
(Elderfield and Ganssen, 2000; Lea et al., 2000; Dekens
et al., 2002; Anand et al., 2003; Fig. 5a). However, the AT
of many samples far exceeds the standard error of SST
estimates for various Mg/Ca-temperature calibrations,
indicating that the difference between the morphotype-
specific SST estimates is not due to analytical uncertainties.
A Student’s t-test was performed in order to test if the
difference in Mg/Ca-SST estimates between the two
different morphotypes is significant. The Student’s z-test
yielded a z-value of 12.5, which exceeds the critical z-value
of 2.0 for 60 degrees of freedom (p = 0.05). This indicates
that the Mg/Ca-SST estimates of G. ruber s.s. and G. ruber
s.l. are statistically significantly different. These findings
together with previous isotopic studies from the SCS

S. Steinke et al. /| Quaternary Science Reviews 27 (2008) 688700

(Wang, 2000; Loéwemark et al.,, 2005) and from the
subtropical gyre in the North Pacific (Kawahata, 2005)
are suggested to reflect a different depth habitat of both
morphotypes, with G. ruber s.s. inhabiting the upper ~30 m
of the water column and G. ruber s.l. inhabiting depths
below ~30m. This scenario is supported by plankton tow
and pumping samples, which suggest that G. ruber s.s. is
predominant in the surface waters while G. ruber s.. is
predominant in deeper waters in the seas around Japan
(Kuroyanagi and Kawahata, 2004).

The G. ruber s.s. derived Mg/Ca SST record reveals a
continuous deglacial warming without any intermittent
cooling during H1. The sign and the relative timing (within
the present age model and sample resolution) of the early
deglacial G. ruber s.s. Mg/Ca-based warming resemble
features of the warming patterns observed in Mg/Ca-SST
records from the Sulu Sea (Rosenthal et al., 2003), the
Makassar Strait (Visser et al., 2003), and the western and
eastern open Pacific (Lea et al., 2000, 2006; Fig. 1). In
contrast to these records, however, the G. ruber s.s.-derived
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Fig. 5. (a) Temperature difference (A7) between G. ruber sensu stricto (s.s.) and G. ruber sensu lato (s.l.). Note that for many samples AT far exceeds the
standard error of Mg/Ca-SST estimates (see text for discussion). (b) Temperature difference between the alkenone annual mean SST estimates and Mg/Ca
SST estimates of the two G. ruber morphotypes (red: G. ruber s.s.; blue: G. ruber s.1.); (c) Temperature difference between alkenone winter mean SST
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alkenone and Mg/Ca SST estimates compared to the AT between annual average alkenone and Mg/Ca estimates (see text for discussion).



S. Steinke et al. /| Quaternary Science Reviews 27 (2008) 688700 695

record suggests a subtle decrease in temperature during the
YD, similar to the alkenone SST record. In contrast to the
G. ruber s.s. record, G. ruber s.. Mg/Ca SST estimates
suggest a cooling synchronous with the “HI1 event” in the
alkenone record, but show no cooling during the YD.
Although highly speculative, it appears that these dis-
crepancies may reflect temporal changes in the preferred
habitat or seasonality of the two G. ruber morphotypes.
The southern SCS Mg/Ca records thus appear to show a
link to southern as well as northern hemisphere deglacia-
tion, whereas the alkenone unsaturation-based SST esti-
mates reveal a “Greenland-type warming” (sensu Kiefer
and Kienast, 2005). In summary, the SST records examined
here suggest a diverse pattern of proxy carrier-dependent
temporal changes of the tropical SCS during the last
deglaciation.

In contrast to the Mg/Ca-SST records, both morpho-
type-specific G. ruber stable oxygen isotope records closely
follow the alkenone-based SST records (Fig. 4). Previous
alkenone records from the tropical SCS show a similar
parallelism between alkenone and G. ruber §'%0 (Kienast
et al., 2001). A “lead” of Mg/Ca-SST vs planktonic
foraminiferal 8'0 (and 8'%0,,,) is consistent with studies
from the Sulu Sea (Rosenthal et al., 2003), the Makassar
Strait (Visser et al., 2003), and the western Pacific (Lea
et al., 2000). We propose that the apparent divergence of
G. ruber §"0 and Mg/Ca during the time interval
17.5-15ka BP (H1) is most likely related to the fact that
the temperature effect on the 8'%Oycie signal is suppressed
by a strong 8'®*Ogeawater effect associated with a change in
the ratio of the amount of summer precipitation to winter
precipitation on the G. ruber 'O record during the time
interval of H1. This interpretation is consistent with the
decreased strength of the summer East Asian monsoon
(EAM) and associated change in the ratio of the amount of
summer precipitation to winter precipitation as inferred
from the 8'80 of Borneo (Partin et al., 2007) and Hulu
Cave stalagmites (Wang et al., 2001; Fig. 4). This
interpretation is also supported by model simulations
(Zhang and Delworth, 2005; Jin et al., 2007) that predict
a weakening of summer monsoon intensity associated with
a decrease in summer monsoon precipitation in south and
southeast Asia during Heinrich events. Thus, a substantial
decrease in precipitation and change in the ratio of the
amount of summer and winter precipitation may have led
to heavier planktonic foraminiferal §'*0. This is due to a
higher proportion of winter rainfall with heavier §'%0
values than the summer rainfall (Wang et al., 2001; Oppo
et al., 2003) in the southern SCS during the time interval of
HI, suppressing the SST component on the 8'Ogcite
values. This interpretation is in good agreement with the
concept of Dannenmann et al. (2003) and Rosenthal et al.
(2003), who showed that millennial-scale variability in
hydrography in this region is primarily driven by changes
in sea surface salinity (SSS). The strong link to the summer
EAM development and by inference to millennial-scale
climate variability over Greenland supports the notion of

an atmospheric coupling with changes in the high northern
latitudes (e.g. Wang et al., 2001; Rosenthal et al., 2003).
The overriding control of the (local/regional) hydrography
on the planktonic foraminiferal 3'®O thus cautions the
interpretation of tropical planktonic foraminiferal 5'0 as
direct recorder of changes in continental ice volume.

3.2. Causes for the proxy dependence of the temporal
pattern of deglacial warming

In his commentary, Mix (2006) proposed three mechan-
isms that could account for the discrepancy of U% and
Mg/Ca in recording deglacial warming in the EEP: (a)
physiological effects on UL; (b) oceanographic/preserva-
tional effects on Mg/Ca and/or alkenones; and (c) different
seasonal preferences of coccolithophorids and planktonic
foraminifera. We will explore all three possibilities in light
of our new records from the SCS.

(a) Culture experiments by Prahl et al. (2006) have
shown that coccolithophores grown under nutrient limita-
tion tend to record colder temperatures. Thus, alkenone-
based SST reconstructions of a cooling during the H1 time
interval could potentially be caused by decreased nutrient
availability, resulting in colder temperature estimates. This
interpretation might be supported by model simulations
that predict a global reduction in productivity due to a
decrease in upwelling and associated depletion of upper
ocean nutrients in response to a reduction in the Atlantic
overturning circulation (Schmittner, 2005). Higher primary
productivity as deduced from higher organic carbon fluxes
and accumulation, however, has been reported from the
southern SCS during the last glacial (e.g. Jian et al., 1999;
Kuhnt et al., 1999; Jia and Peng, 2002; Wei et al., 2003).
Notably, none of these records shows any significant
decrease in productivity during H1. It is further suggested
that nutrient input from rivers of the vast exposed shelves
could have enhanced the nutrient availability in the glacial
SCS surface waters, most likely resulting in higher primary
productivity (Jia et al., 2006). Higher glacial primary
productivity between ~25 and ~14.9 ka BP has also been
deduced from lower abundances of the coccolithophore
Florisphaera profunda (core 17961, Fig. 1; Pelejero et al.,
1999b). From the available data, it thus appears that
nutrient limitation is not a viable candidate for explaining
the cooling signal recorded by alkenones in the southern
SCS during the time interval of H1. Like in the SCS, it is
unlikely that nutrient stress affected the alkenone SST
estimates in the EEP. There, the H1 cooling is associated
with maximal primary productivity as inferred from Co,e
percentage and **°Th normalized fluxes (Kienast et al.,
2006; see below). Furthermore, the alkenone records from
the SCS and EEP display the same cooling associated with
H1 (Kienast et al. 2006), even though the SCS and EEP are
characterized by fundamentally different physico-environ-
mental conditions and biogeochemical dynamics over the
last deglaciation. This suggests that nutrient depletion
(physiological effects) on the UY; SST estimates is not the
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primary cause for the disagreement between alkenones and
Mg/Ca ratios.

(b) Similar to the southern SCS SST records, the
contrasting pattern of deglacial warming is observed from
alkenone (Kienast et al., 2006; Prahl et al., 2006) and
Mg/Ca records (Lea et al.,, 2000, 2006) in the EEP,
suggesting a pan-tropical Pacific phenomenon (see also
above). A number of effects have been proposed to affect
SST estimates as recorded by foraminiferal Mg/Ca or
alkenones, such as local changes in salinity (Niirnberg et
al., 1996; Lea et al., 1999), pH (Lea et al., 1999; Russell et
al., 2004), carbonate ion concentration (Russell et al., 2004)
and post-depositional dissolution (e.g. Brown and Elder-
field, 1996; Rosenthal et al., 2000; Regenberg et al., 2006)
for Mg/Ca, or lateral advection (Ohkouchi et al. 2002;
Mollenhauer et al. 2005) and differential degradation
(Hoefs et al., 1998; Gong and Hollander, 1999) for
alkenones. Although the influence of salinity, pH and
carbonate ion as determined by culture experiments are
expected to have a minor influence on the incorporation of
shell Mg, the combined effect of these factors could
conceivably exert a significant influence on the Mg/Ca-
based palacotemperature estimates. For example, assuming
a deglacial increase in salinity of 1 psu between 19 to 15ka
BP (Rosenthal et al., 2003 in the Sulu Sea; core MD97-
2141), a decrease in pH by ~0.2 pH units (estimated for the
western Pacific by Palmer and Pearson, 2003; ERDC-92,
Fig. 1) and a decrecase in seawater carbonate ion
concentration of ~20 umol/kg (in analogy to estimates by
Barker and Elderfield, 2002 from the North Atlantic), the
combined salinity, pH and seawater carbonate ion
influence would be equivalent to a positive temperature
bias of ~1.5°C (assuming a 10% increase in Mg/Ca per
°C), when using the experimentally determined responses
on the Mg/Ca for G. bulloides (Lea et al., 1999; Russell et
al., 2004). However, it is unreasonable to assume a
homogenous and pan-tropical Pacific change in all these
parameters of this magnitude, thus rendering secondary
effects on Mg/Ca to explain the early warming very
unlikely. Similarly, the observation of a U% cold event
during the time interval of HI at sites with very different
sedimentation regimes, rates and organic carbon contents
suggests that differential preservation or lateral advection
are unlikely candidates to explain the cold UY SST
estimates.

Finally, preservational effects on foraminiferal Mg/Ca
have also been considered by Mix (2006) to explain the
apparent discrepancy between the alkenone and Mg/Ca
SST estimates. The last deglaciation is regarded as a time of
enhanced calcite preservation as inferred from planktonic
foraminiferal shell weights in the Pacific (e.g. Marchitto
et al., 2005) and in the Caribbean Sea (Broecker et al.,
2003). A better calcite preservation could have led to higher
Mg/Ca ratios and, thus, a warm bias of the Mg/Ca
temperatures during the last deglaciation. However, the
planktonic foraminiferal fragmentation index and the
occurrence of pteropods throughout core MDO01-2390

indicate excellent calcite preservation during the entire
record (Steinke et al., 2006), and no prominent preserva-
tion peak centered between 20 to 15ka BP is observed.
Although no paired qualitative proxy records for carbo-
nate preservation and Mg/Ca SST estimates are available
from other sites, given the observation of an early warming
in Mg/Ca SST estimates throughout the tropical Pacific
independent of core depth, it is most unlikely that the
Mg/Ca SST estimates are biased by calcite preservational
effects (see also Lea et al., 2006).

(c) The most likely and parsimonious explanation for the
discrepancy between Mg/Ca- and U -based estimates of
the deglacial warming in the SCS (and elsewhere) are
differences in the seasonal preference (optimum habitat
conditions) of planktonic foraminifera G. ruber and
alkenone-producing coccolithophores. We thus speculate
that alkenones primarily record changes in winter EAM,
which is closely coupled to the climate history of the North
Atlantic region, whereas G. ruber mostly record an annual
average SST and 5'%0 signal, possibly weighted toward the
summer months. A literature survey shows that the
alkenone-producing Gephyrocapsa oceanica tends to dom-
inate in highly fertile waters in a well mixed/turbulent
upper water column whereas Emiliania huxleyi display a
broader ecological tolerance (Okada and Honjo, 1973;
Molfino and Mclntyre, 1990). A recent sediment trap study
together with water sampling from the northern SCS
showed that alkenone-producing coccolithophores (E.
huxleyi; G. oceanica) are predominant in cold months
(winter and spring) when the northeastern monsoon
prevailed (Chen et al., 2007), suggesting that the winter
EAM season with nutrient-rich upper surface waters
represents favorable conditions for alkenone-producing
coccolithophores. The latter finding is consistent with an
earlier sediment trap study by Wiesner et al. (1996) from
the northern SCS, which showed that coccolithophores are
most abundant during the winter monsoon season.
Although no data are currently available on the seasonality
of coccolithophores in the southern SCS, chlorophyll levels
are highest during the winter and spring season (Liu et al.,
2002). This is indicative of highest productivity levels, and,
by inference, highest coccolithophore abundances in the
southern SCS during the winter and spring. In contrast, G.
ruber has been shown to be most abundant in oligotrophic,
stratified waters (Bé, 1982; Fairbanks et al., 1982).
Sediment trap studies by Wiesner et al. (1996) and Lin et
al. (2004) show that highest fluxes of G. ruber are weighted
toward the warm months (August through October) with
smaller contributions during the rest of the year. In
contrast, Tian et al. (2005) found that G. ruber is more
abundant during winter (from December to March).
Inconsistencies between the different studies may be
attributed to the different collection years that are
potentially masked by interannual variations (ENSO
imprints), the short collection periods (maximum 3 yr),
and/or the different sampling sites. In addition, plankton
tow studies from the western Pacific have shown that
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G. ruber is preferentially abundant during the summer
season (Troelstra and Kroon, 1989), which is consistent
with sediment trap experiments in the western Pacific
(Kawahata et al., 2002).

The interpretation of the discrepancy between Mg/Ca-
and U%-based SST estimates of the deglacial warming in
the SCS as caused by seasonality, however, seems to be in
conflict with the relative amplitude of the deglacial changes
in temperature implied by the different records (Figs. 2 and
4) as well as with the relatively warmer UY; SST estimates
compared to the Mg/Ca ratios between 19 and 10ka BP
(Fig. 5b). Thus, the alkenone record suggests an increase in
temperature between H1 and 10 ka BP of about 2 °C, while
the Mg/Ca-based records suggest a larger warming, on the
order of 3°C (Fig. 4). Due to an intensification of the
glacial winter monsoon (Wang and Wang, 1990; Wang et
al., 1995), one would expect that winter SST changes
(enhanced LGM secasonality) are generally larger, and,
according to the inferred seasonality, alkenones should
thus record a larger cooling during the last glaciation
compared with Mg/Ca ratios. We speculate that this
apparent conflict is due to the fact that annual mean
0-30m temperatures (Pelejero and Grimalt, 1997) were
used for the U /SST calibration. Using a linear regression
for cold season (winter) SSTs at 0-30m instead
(U§ =0.014T+0.573; Pelejero and Grimalt, 1997), the
season of maximal coccolithophorid growth/alkenone
production, vyields Late glacial temperatures around
24-25°C, and, in turn, a warming of ~4°C between H1
and 10ka BP (Fig. 4). The AT values between winter-time
alkenone and Mg/Ca SST estimates are smaller compared
to the AT between annual average alkenone and Mg/Ca
estimates (Fig. 5c). The alkenones show colder or only
slightly warmer SST estimates compared to the morpho-
type-specific Mg/Ca SST estimates (Fig. 5c). These
“winter-time” UY estimates are consistent with the notion
of an enhanced glacial seasonality due to an intensification
of the glacial winter monsoon as suggested by Wang and
Wang (1990) and Wang et al. (1995). Given the seasonal
preference of alkenone-producing coccolithophores for the
winter season (see discussion above), and the same high R
values (R = 0.93) for SCS UY, vs winter and U%; vs annual
temperatures (Pelejero and Grimalt, 1997), there is no a
priori reason to apply the annual U /SST equation instead
of the winter equation to estimate past SSTs.

Interpretation of the U SST estimates during the time
interval of H1 as a reflection of cooling, primarily during
the winter months, is also consistent with the hypothesis of
Denton et al. (2005), that winter climate was the common
linkage between Greenland-European temperatures and
Asian monsoons during the last glaciation, particularly
during Heinrich events. Thus, severe changes in winter
climate (seasonality changes) in the northern hemisphere
could have amplified and propagated a signal of abrupt
change throughout the northern hemisphere and into the
tropics (Denton et al., 2005). This could explain the coeval
changes in southern SCS alkenone SSTs and the tempera-

ture history over Greenland/Europe. In contrast, SST
changes recorded by foraminiferal Mg/Ca in the northern
SCS and the tropical Pacific have been inferred to be driven
by a complex interplay of summer EAM changes (e.g.
Oppo and Sun, 2005), tropical dynamics (ENSO varia-
bility; Dannenmann et al., 2003; Rosenthal et al., 2003)
and/or greenhouse gas forcing (Lea et al.,, 2006). The
inference of a predominant winter-time cooling of the SCS
during deglaciation is also supported by high relative
abundances of N. pachyderma (dextral) in the southern
SCS. These have been interpreted to reflect a considerable
decrease in winter SSTs compared to modern conditions
due to an intrusion of cold surface water from the
northeast via the Bashi Strait as the combined result of
an intensified winter monsoon, a southward shift of the
polar front and an eastward migration of the Kuroshio
Current (Wang and Wang, 1990; Miao et al., 1994; Wang
et al., 1995).

Although the G. ruber 5'%0 is also affected by winter
monsoon precipitation, which has a heavier §'%0 signa-
ture, G. ruber predominantly records an annual average
SST and 8'8O signal, possibly weighted toward the
summer months. This is inferred from the close correspon-
dence between the §'®0 records to the Hulu Cave
stalagmites, and from sediment trap studies on the seasonal
abundance of planktonic foraminifera in the SCS (see
discussion above). By the same token, the close agree-
ment between 8'°C and the difference between foraminif-
eral Mg/Ca vs UY, SST estimates in the EEP pointed out
by Mix (2006) could be interpreted as SST signal during the
upwelling season recorded by the alkenones, with a §'°C
signature that affects the water column and thus by
inference the planktonic foraminiferal isotope signature,
year-round.

In summary, our interpretation of the SCS SST estimates
adds to the growing body of literature that invokes
differences in seasonal habitat preferences of alkenone-
producing coccolithophores and planktonic foraminifera
to explain contrasting SST estimates between the two
proxy carriers (de Vernal et al., 2006; Came et al., 2007).
For example, Haug et al. (2005; North Pacific), Seki et al.
(2004; Sea of Okhostk), Ishiwatari et al. (1999; Japan Sea)
and Chapman et al. (1996; subtropical North Atlantic) also
interpreted UY; records to represent seasonal SST esti-
mates. The G. ruber Mg/Ca SST estimates revealing
morphotype-specific and opposing responses to the YD
and HI1 events could point toward changes in seasonal
habitat preferences through time. Similarly, Chapman et al.
(1996) and Seki et al. (2004) proposed discrepancies
between different proxy records and/or anomalous SST
estimates to reflect a shift in the season of maximum
coccolithophorid production.

4. Summary and conclusions

Deglacial warming of the SCS, as recorded by alkenones
is punctuated by a decrease in temperature during the time
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interval of H1, while the morphotype-specific G. ruber
Mg/Ca SST estimates suggest a complex pattern of
temporal changes of the tropical SCS during the last
deglaciation: G. ruber s.s. Mg/Ca SST estimates suggest a
continuous warming starting around 18 ka BP without any
marked response to H1, whereas G. ruber s.l. Mg/Ca SST
estimates reveal a cooling around ~17-15ka BP that is
similar to the cooling observed in the alkenone SST record.
This proxy-dependent difference in recording the deglacial
warming is similar to other records from the tropical
Pacific. We propose that this discrepancy is due to
differences in seasonality of G. ruber morphotypes and
alkenone-producing coccolithophores. We speculate that
alkenones primarily record changes in the winter East
Asian monsoon, which is coupled to the climate history of
the North Atlantic region, whereas G. ruber morphotypes
record mostly an annual average SST and 8'®0 signal,
possibly weighted toward the summer months, sharing
imprints of northern and southern hemisphere climate
change and/or tropical dynamics (e.g. ENSO). Due to the
discrepancies of the morphotype-specific G. ruber records
in recording the last deglaciation, it appears that these
differences reflect temporal changes in the preferred
seasonality or depth habitat of the two G. ruber morpho-
types. In contrast to the Mg/Ca-SST records, both
morphotype-specific G. ruber stable oxygen isotope records
closely follow the alkenone-based SST records with a clear
8'"%0 maximum during the H1 time interval. The apparent
divergence of G. ruber 8'*0 and Mg/Ca during this time
interval is most likely related to the fact that the
temperature effect on the 8'*0g ,uper signal is suppressed
by a strong 8" Ogeawater effect on the G. ruber 80 record
during the time interval of H1, which is associated with a
change in the ratio of the amount of summer to winter
precipitation. This interpretation is consistent with proxy
evidence and model simulations of a weakened summer
monsoon intensity associated with a decrease in summer
monsoon precipitation in south and southeast Asia during
the time interval HI1.
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