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Abstract

This study presents a high-resolution, multi-proxy analysis of sediments from IMAGES core MD972146 in the northern South
China Sea (SCS). Analyses include detailed measurements of planktonic foraminifer oxygen isotopes, sediment carbonate, total
organic carbon (TOC), opal, and phosphorus concentrations, as well as a Holocene interval of planktonic foraminifer sea surface
temperature (SST) estimates. The age model of MD972146 was constructed by adopting oxygen isotope stratigraphy and AMS '*C
dating, and fine-tuned further by correlation with nearby, well-studied SONNE 17940 and Hulu stalagmite isotope records. The age
model indicates that this record covers the past 70,000 yr—from isotope stage 4 to the Holocene—with a nearly constant, very high
sedimentation rate of ~50 cm/kyr. Such sedimentation rates allow for intensive investigations of millennial-scale climate
variability expressed in the SCS and its potential global linkages. We constructed a composite terrestrial index (CTI) for
MD972146 through a principal component analysis of a suite of the core proxies that are sensitive to terrestrial sediment input.
During the last glacial of stage 4 to stage 2, warm interstadials appear to coincide with high terrestrial sediment pulses inferred from
the CTI, suggesting humid conditions in the SCS and Southern China. Intervals of high terrestrial input are also correlated with
Heinrich events, suggesting an increase of eolian and possibly also of fluvial terrestrial input to the northern SCS. Our high
resolution Holocene SST and salinity estimates show warm, stable and humid conditions during short episodes of quasi-periodic,
millennial-scale cooling in the North Atlantic, superimposed on generally more humid conditions during the middle Holocene (4—
6 ka) compared to the dry late Holocene (0—4 ka). The presented data provide evidence that a variety of mechanisms involving the
strength of East Asian summer monsoons, migration of the Intertropical Convergence Zone, and processes that are analogous to
those governing the El Nifio Southern Oscillation and the Arctic Oscillation might play important roles in modulating tropical
climate during the last glacial stages and the Holocene.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Two conspicuous millennial-scale climate changes
have been discovered in the last glacial period:
Dansgaard—Oeschger events and Heinrich events (Hein-
rich, 1988; Dansgaard et al., 1993; Grootes et al., 1993).
The Dansgaard—Oeschger events involved warm air
temperature excursions over Greenland, with tempera-
ture oscillations of ~5-10 °C. The Heinrich events
occurred when icebergs collapsed from the Laurentide
Ice Sheet that covered North America to the North
Atlantic Ocean, delivering a large quantity of ice-rafted
debris (IRD) to the sea floor (Heinrich, 1988).
Episodically high abundances of cold water species of
planktic foraminifer N. pachyderma (left coiling) in
deep-sea sediment cores from the North Atlantic Ocean
were used to indicate the rapid cooling during the
Heinrich events, and the more rapid warming following
the events (Bond et al., 1992, 1993; Bond and Lotti,
1995). The millennial-scale changes were also docu-
mented in studies of Holocene North Atlantic sediment
cores (Bond et al., 1997, 2001). Possible mechanisms
responsible for the remarkable millennial-scale climate
variability of the North Atlantic include changes in the
formation rates of North Atlantic Deep Water, the flux of
fresh water and transport of heat and moisture, and/or
solar variability (Bond et al., 1997, 2001; Ganopolski
and Rahmstorf, 2001; Bard, 2002; Claussen et al., 2003).

While modeling studies have failed to reproduce the
full magnitude of the millennial-scale climate oscilla-
tions by prescribing only tropical climate perturbations
(Ganopolski and Rahmstorf, 2001; Claussen et al.,
2003), large synchronous variations of tropical—
subtropical climate are suggested from paleoclimate
studies on marine and terrestrial records (Porter and An,
1995; Chen et al., 1997; Schulz et al., 1998; Arz et al.,
1998; Hendy and Kennett, 2000; Emmer and Thunell,
2000; Leuschner and Sirocko, 2000; Peterson et al., 2000;
Wang et al., 2001; Suthhof et al., 2001; Hendy et al.,
2002). Though the mechanisms that link low and high
latitude climate variations on millennial time-scales are
not fully understood, the disturbance of tropical
hydrological cycles, and global climate oscillation
patterns such as ENSO (El Nifio Southern Oscillation),
which closely involves equatorial sea surface tempera-
ture (SST), have the potential to reproduce short-term
variations of wind fields and moisture transport and
result in feedbacks that amplify the short-term variations
(Bard, 2002; Stott et al., 2002; Koutavas et al., 2002;
Claussen et al., 2003).

As the surface ocean of the western Pacific is a large
source of moisture and heat that are important drivers in

ENSO dynamics, and as the East Asian monsoon plays
an important role in the latitudinal transport of moisture
and heat, we aim in this study to assess the amplitude
and phasing of climate change in a high-resolution
sediment record from the South China Sea (SCS) in the
western Pacific IMAGES core MD972146, Fig. 1). The
SCS is the largest marginal sea of the Western Pacific,
and the East Asian monsoon dominates the climate of
the SCS. The monsoon system is driven by the different
thermal responses of the land and ocean to seasonal
solar insolation. Seasonal changes in the monsoon
winds have an important effect on the conditions of sea-
surface circulation, hydrography, chemistry, biological
production and sediment composition (Wyrki, 1961;
Shaw and Chao, 1994; Shaw et al., 1996; Wiesner et al.,
1996; Huang et al., 1997a,b; Wang et al., 1999a,b,c;
Kuo et al., 2000; Liu et al., 2002; Gao and Zhou, 2002;
Higginson et al., 2003; Tamburini et al., 2003). During
the Northern Hemisphere summer (May to September),
when the Intertropical Convergence Zone (ITCZ) moves
northward, the southwesterly wind drives humid and
warm surface water from the equatorial Indian Ocean
into the SCS. During the Northern Hemisphere winter
(September to April) when the ITCZ moves southward,
the stronger northeasterly winds drive high-latitude cold
surface water, and also trigger southward intrusions of
the Chinese Coastal and Kuroshio Currents from the
Taiwan and Luzon Straits that lead to a latitudinal
gradient of SST (Wyrki, 1961; Shaw and Chao, 1994;
Shaw et al., 1996; Higginson et al., 2003) (Fig. 1).
The sediment cores taken from the SCS are ideal for
the purpose of conducting this high-resolution, millen-
nial-scale study, as the SCS contains undisturbed
hemipelagic sediments with ultrahigh sedimentation
rates. Studies on a nearby core SONNE 17940 (Wang et
al., 1999a,b,c) with well-established age controls for
the past 40 kyr show that the sedimentation rates in this
area vary from ~20-80 cm/kyr, which are appropriate
for analyzing millennial-scale climate signals. The SCS
sediments also contain large fluxes of terrestrial
sediments transported via large rivers (Pearl and Red
Rivers in the north, and Mekong River in the south);
thus the SCS sediment cores are highly suitable for
studying and reconstructing relationships between
continental precipitation and ocean climate. The site
of core MD972146 is located offshore of the mouth of
the Pearl River (Fig. 1); thus the effects of large
precipitation events and discharge of fluvial sediments
from the Pearl River into the SCS should be recorded in
the sediments of the site. Previous studies conducted by
analyzing SCS sediment cores have already documen-
ted surface hydrography and productivity patterns
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Fig. 1. Map of IMAGES MD972146 core location in the northern South China Sea (SCS). This site is near the mouth of the Pearl River which
transports fluvial sediments to the SCS. Large continental shelves were exposed to the north during glacial sea level lowstands at the location of the
Taiwan Strait where the present water depth is ~ 80—100 m. Seasonal distributions of sea surface temperature (SST) patterns and of the migration of
the Intertropical Convergence Zone (ITCZ) are shown. (A) During winter (October to April), the ITCZ migrates to a southward position that is
associated with stronger winter monsoons, which bring relatively cold and dry conditions to the northern SCS. (B) During Northern Hemisphere
summer (May to September), the ITCZ moves to its most northward position with the development of stronger East Asian summer monsoons that

bring warm and humid conditions to the northern SCS.

dominated by East Asian monsoons over past glacial—
interglacial cycles (Wang et al., 1999a,b,c; Chen, 1999;
Chen et al., 1999; Biihring et al., 2001; Higginson et
al., 2003).

In this study, we attempted to use the newly
available core MD972146 to study the millennial-scale
variations of terrestrial input that reflect regional
precipitation in Southern China and to reconstruct a
high resolution SST record of the Holocene interval of
the core. We used AMS 'C dating as well as age
correlations between the MD972146 planktic foramin-
ifer G. sacculifer "0 and the 6'*0 record of SONNE
17940 (Wang et al, 1999a,b,c) and Hulu Cave
stalagmite records (Wang et al., 2001) for precise
age control of the past 70 kyr of the core. Variations
of carbonate, total organic carbon (TOC), detrital total
inorganic phosphorus (detrital-TIP), TOC/TOP, and
TOC/Total Nitrogen (TN) were measured to estimate

past terrestrial input and precipitation. Planktic
foraminifer faunal assemblages were counted for the
Holocene interval of the core to estimate quantitative
SSTs using the Modern Analogue Technique (MAT)
(Prell, 1985) and Revised Analogue Method (RAM)
(Waelbroeck et al., 1998), and to estimate sea surface
salinity (SSS) by extracting the temperature influences
from the planktic 'O of the core. We found that the
last glacial stages are characterized by millennial-scale
alternations in sediment terrestrial input in the SCS
that indicate regional precipitation changes of the
same scale. The Holocene SST and SSS records
reconstructed from this core suggest warm, stable and
humid conditions during short episodes of quasi-
periodic, millennial-scale cooling in the North Atlan-
tic. The SST and SSS records also show generally
more humid conditions during the middle Holocene
(4—6 ka) compared to the dry late Holocene (0—4 ka)
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and suggest a characteristic tropical pattern during
millennial-scale shifts of global climate.

2. Data and methods
2.1. IMAGES MD972146 core samples

We studied giant piston core MD972146 (20°07.019’
N, 117°23.08'E, water depth 1720 m, core length
38.69 m) collected from the northern slope of the SCS
during an IMAGES 1997 Marion Dufresne cruise (Chen
et al., 1998). The core sediments consist of dark gray
nannofossil- and foraminifer-oozes with some radiolar-
ians and diatoms and are generally undisturbed (Chen et
al., 1998). We sampled the core every 4 cm (average
sample resolution of ~80 years) and obtained a total of
904 samples for foraminifer stable isotope analyses,
971 samples for biogenic sediment content (C, N, P,
opal, etc.) analyses, and 250 samples from the Holocene
interval for census counting of planktic foraminifer
faunal assemblages.

2.2. Foraminifer stable isotope and terrestrial sediment
content

Specimens of the planktic foraminifer G. sacculifer
of a 250-300 pum size range were used for the stable
isotope analyses in the Leibniz-Laboratory for Radio-
metric Dating and Stable Isotope Research, Kiel
University, Germany. The standard deviation of repeat-
ed measurements of foraminifer shell samples from
several core depth intervals was less than +0.1%o.
Duplicate measurements were averaged.

In measuring terrestrial sediment components, wet
sediment samples were dried in an oven at ~50 °C. The
dry samples were then ground to fine powders and
separated into several sub-samples. The total carbon
(TC) and organic carbon (TOC) of the samples were
determined by the combustion and fuming method with
a HORIBA-EMIA-221V Carbon Analyzer (Chang et
al., 1991). The carbonate content (CaCOs) of the
samples was calculated by total inorganic carbon
(TIC), which was obtained from subtracting TOC
from TC. The standard deviation of repeated measure-
ments for the TC and TOC was £0.01%.

The total nitrogen content (TN) of the samples was
determined by a combustion method with the Perkin
Elmer 2400 Series I CHNO/S Analyzer. Sub-samples
of 1.5-2.5 mg were heated in an oven at 950 °C and
transformed into N,. TN contents of the samples were
estimated by the partial pressure of N,. The standard
deviation of repeated measurements of TN is £0.02%.

The TOC/TN ratio of the samples was calculated for
estimating terrestrial input in this study.

Phosphorus (P) contents of the sediment samples
were determined using a four-step sequential extraction
technique (Ruttenberg, 1992; Anderson and Delaney,
2000). We used a PERKIN ELMER Lambda Bio
20 spectrophotometer to calculate total (TP), inorganic
(TIP), and organic P (TOP) contents. One solid phase of
the inorganic phosphorus can be extracted for deter-
mining detrital total inorganic P (detrital-TIP). The
detrital-TIP and TOC/TOP ratio were used here as
proxies for terrestrial input in this study. The standard
deviation of repeated measurements for the TP, TOP,
and TIP was =0.0003%.

2.3. Planktic foraminifer fauna SST estimates

In order to reconstruct high-resolution Holocene
variations of SST and SSS in the northern SCS, we
sampled from the top 10 m of core MD972146 for
census counting of planktic foraminifer faunal assem-
blages. A total of 250 samples was taken at every 4 cm of
the Holocene interval of the core and were subject to
processing for the faunal analyses. All planktic fora-
minifer faunal census data presented in this study were
generated on splits of the >150 um size fraction
containing at least 300 whole specimens. The taxonomy
of planktic foraminifers used in this study follows the
schemes in Parker (1962), Bé (1967) and Kipp (1976).
The taxonomic scheme adopted here is consistent with
that used in previous SCS paleoceanoraphic studies
based on planktic foraminifer faunal records (Chen et al.,
1998; Chen and Huang, 1998; Chen et al., 1999, 2003).

The foraminifer-based SST estimates for MD972146
have been made by applying a widely accepted method,
the Modern Analogue Technique (MAT) (Prell, 1985),
and also by a later one, the Revised Analogue Method
(RAM) (Waelbroeck et al., 1998). In MAT, a squared
chord distance is used to measure the dissimilarity
between faunas of downcore and coretop samples, and
selects a subset of most similar samples (analogues)
from a coretop database as a basis for estimating the
paleo-SSTs of the downcore samples. RAM SST
estimates were performed for the first time on the
western Pacific downcore data. The RAM was proposed
to improve the estimation accuracy and precision of the
MAT, adopting the same dissimilarity coefficient (i.e.,
squared chord distance) but with two important
modifications: (1) reserving good analog coretop
samples by examining the rate of a sharp increase in
dissimilarity; and (2) remapping and interpolating the
coretop fauna data base into a more homogenous, evenly
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distributed space as a function of winter and summer
SSTs. These modifications optimize the RAM applied to
the coretop data from the western Pacific, where less-
evenly distributed and/or less-well-preserved conditions
might have limited the selection of good analogs for
downcore estimates. The RAM calibration procedure
provided an objective and dynamic threshold for
excluding poor analogs, and searched for analogs
based on a more expansive dataset. In this study, a
threshold value of the dissimilarity increase rate of 0.6
was applied to reject poor analog coretop samples and, if
there was no rejection, a maximum of the 10 best analogs
were selected for calculating the non-weighted average
of annual SSTs. The selection excluded the coretop
samples from the same location as those samples have
zero dissimilarities and provide redundant information.

The western Pacific coretop fauna data base
(694 samples) was also expanded and added to with
466 data points by the RAM remapping procedure (with
a grid step of 0.4 °C and an interpolation radius of
0.5 °C) in a winter and summer SST environmental
space. In this study, we applied the MAT and RAM
against a new western Pacific planktic foraminifer
coretop database, which contains 694 samples compiled
from the MARGO (Multiproxy Approach for the
Reconstruction of the Glacial Ocean Surface) project
(Chen et al., 2005). The difference in performance of the
MAT and RAM for estimating SST has been demon-
strated to be <1 °C with the use of the coretop database
(Chen et al., 2005).

We calculated Holocene ASSS variations as the
difference between the coretop and downcore values of
MD972146. SSS was estimated by extracting the
temperature effect on §'*0 from the corresponding
planktic §'®0 values using the method of Martinez et al.
(1997). We adopted a ratio of —0.23%0/°C (Duplessy et
al., 1981) for calculating the temperature effect on the
planktic 6'*0, estimated SSS changes from the §'%0
residual by a ratio of +0.5%o/p.s.u. (Broecker, 1989),
and assumed no significant sea level change in the SCS
during the Holocene.

2.4. Age model

The G. sacculifer isotope record of MD972146
reveals shifts from the Holocene to the early stage 4
(Fig. 2). The 6'%0 values vary from —2.3%o to —0.3%o,
with a maximum magnitude of glacial-interglacial
oscillations of ~2.0%o, which is comparable with what
has been reported from a nearby G. ruber record of
SONNE 17940 (—3.0%o to —1.0%o over the past 40 kyr)
(Wang et al., 1999a). As G. ruber is considered to be a

shallower dwelling species than G. sacculifer (Hemle-
ben et al., 1988), the 0.7%o lighter offset in the G. ruber
6'®0 record likely reflects the higher temperature or
lower salinity in the shallow water where G. ruber lives.
Despite the maximum lighter values in core 17940
observed at the beginning of stage 1 (Wang et al.,
1999a), the MD972146 G. sacculifer 6'*0 reaches
maximum lighter values during middle stage 1 and
maximum heavier values during stage 2 (Prell et al.,
1986; Martinson et al., 1987), a glacial-interglacial
pattern similar to the 6'%0 record of SONNE 17940.
Besides the major glacial—interglacial pattern, the 5'%0
records of MD972146 and SONNE 17940 appear to
share a similar structure of Belling—Allerad (B/A)
warming and Younger Dryas (YD) cooling since the
initiation of deglaciation of the Last Glacial Maximum
(LGM), as reported previously from Greenland ice core
records (Alley et al., 1993; Stuiver et al., 1995). Short-
lived, high frequency oscillations in the 6'*0 in an
amplitude of ~0.5-0.7%o are also commonly observed
in the Holocene and last glacial stages in both records.

Due to the overall similarity of the MD972146 and
SONNE 17940 6'®0 records, we constructed a
MD972146 age model for the past 40 kyr by correlation
with SONNE 17940 (Fig. 2a). The age control points
were selected from distinct changes in structure or large
excursions common to both §'%0 records (Fig. 2a). This
age model successfully converts the high resolution
AMS 'C chronology of SONNE 17940 and benefits
further correlation of other proxies between the
IMAGES and SONNE records.

We have also obtained seven AMS '“C dates from
MD972146 (mixed G. ruber and G. sacculifer speci-
mens measured at Nagoya University, Japan). Each
AMS 'C age was corrected for a 400-year average
reservoir age of Pacific surface water and was calibrated
to calendar age by the CALIB 4.3 Program (Stuiver and
Reimer, 1993) if the AMS 'C age was younger than
20 ka, or by the formula of Bard et al. (1998) if older
than 20 ka (Table 1).

For the MD972146 5'30 record older than 40 ka, we
also attempted to correlate our record with the 6'0
stalagmite record from Hulu Cave, Nanjing, southern
China (Wang et al., 2001) (Fig. 2b). The Hulu Cave
6'®0 record has been interpreted mainly to reflect
changes in summer monsoon precipitation. This pre-
cipitation could also exert a major control on planktic
foraminifer §'%0 changes in the northern SCS through
fluvial water input from the Pearl River (Wang et al.,
1999b). Our age model for MD972146 between 40—
70 ka assumes that large oscillations of §'*0 shown in
MD972146 and Hulu Cave stalagmites in this time
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Fig. 2. Planktic foraminifer G. sacculifer 5'%0 data measured from core MD972146 shown with the (a) correlation to the SONNE 17940 5'%0 record
(Wang et al., 1999a) used to obtain age control points for the 0—40 ka interval of MD972146 [arrows indicate the MD972146 depth for AMS '*C
dating using planktic foraminifers (mixed samples of G. ruber and G. sacculifer specimens)] and (b) correlation with the Hulu Cave stalagmite §'*O
record (Wang et al., 2001) used to obtain age points for 40—70 ka of MD972146.

interval are driven by a common effect which translates
East Asian summer monsoon precipitation signals
rapidly into the terrestrial and marine records. This
age tuning (Table 1) also transfers the high precision
Hulu Cave **°Th dating chronology (a version for H5 at
48 ka) into our MD972146 record and provides an
independent view from marine oxygen isotopic age
models. By a scatter plot of age versus depth of
MD972146, our age model reveals an approximately
stable sedimentation rate of ~50 cm/kyr (Fig. 3). A
relatively high sedimentation rate of up to ~80-90 cm/
kyr in the Holocene interval of MD972146 indicates
sediment focusing on the upper slope of the basin during
interglacials; such a high sedimentation rate is never
found in the SCS. Our 4-cm sampling resolution results
in a time resolution of 80 years on average and 40—
50 years in the Holocene. Due to a lack of age control
within stage 5.1 (5a) in MD972146, there might be large
uncertainty in our age model for the bottom part of the
record (60—70 ka). Our final age model was selected
from many tests of different assignments of age control
points for this interval and was chosen for use here as it

constrained the sedimentation rate of the bottom part of
the core in a reasonably constant range.

3. Results
3.1. Oxygen isotope and terrestrial input variations

The major features of the standard marine oxygen
isotope record (Imbrie et al., 1984) are reproduced in our
MD972146 planktic foraminifer G. sacculifer 5'%0
measurements (Fig. 4). Our final age model establishes a
record of ~70 kyr from oxygen isotope stage 4 to the
Holocene. The 6'%0 values vary between —2.3%o and
—0.3%o and leave considerable room for interpreting the
values as controlled by SST or SSS if we think the
variation of global ice volume over this time interval
only produces a maximum of ~1.0%o0 changes in sea
water composition of 6'%0 (Schrag et al., 1996). The
whole 6'®0 record is marked by several distinct, short-
term oscillations with average amplitudes of ~0.5—
0.7%o. These oscillations are more pronounced in glacial
stages 2—4.
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Table 1

MD972146 age model

Age control Calendar C-14 age Sources

depth (cm) age (kyr) (kyr)

4675 4.505 4.37+0.08 AMS C

4915 5.718 5.718 17940-2 (294.5 cm)
527.5 6.120 6.120 17940-2 (314.5 cm)
719.5 7.202 6.66+0.06 AMS '*C

803.5 9.543 9.543 17940-2 (502.5 cm)
1051.5 10.974 10.09+0.04 AMS '*C

1119.5 12.847 11.21+0.04 AMS C

1215.5 15.374 15.374 17940-2 (798.5 cm)
1365.5 16.743 14.46+0.045  AMS 'C

1683.5 27.166 23.49+0.08 AMS '*C

1911.5 28.256 24.44+0.15 AMS M

1955.5 31.329 31.329 17940-

1987.5 33.049 33.049 2 (1136.5 cm)
2039.5 34.144 34.144 17940-

21115 37.433 37.433 2 (1180.5 cm)
2203.5 39.000 39.000 17940-

2267.5 42.133 42.133 2 (1208.5 cm)
2339.5 42.964 42.964 17940-

2483.5 46.283 46.283 2 (1252.5 cm)
2547.5 47.920 47.920 17940-

2639.5 48.830 48.830 2 (1272.5 cm)
2667.5 49.450 49.450 17940-

2875.5 53.230 53.230 2 (1312.5 cm)
2955.5 55.479 55.479 Hulu Cave

3115.5 57.988 57.988 Hulu Cave

21475 58.777 58.777 Hulu Cave

3255.5 61.378 61.378 Hulu Cave

32715 62.441 62.441 Hulu Cave

3479.5 68.973 68.973 Hulu Cave

3515.5 71.939 71.939 Hulu Cave

Terrestrial input variations recorded at this site were
estimated by subtracting out the biogenic sediment
content of carbonate (plotted as non-carbonate% [100
—carbonate%]), TOC, detrital-TIP, and ratios of TOC/
TOP and TOC/TN (Fig. 4). It is worth noting that the
variation patterns of these proxies for terrestrial input of
the past 70 kyr share little similarity with those of
glacial—interglacial cycles shown dominantly in the
planktic foraminifer 6'*O record. Rather, these patterns
appear to exhibit more short-term and high-frequency
oscillations that are independent of the major glacial—
interglacial stages. Many previous studies have sug-
gested that terrestrial dilution in the SCS increased
during major glacial stages, as large exposure of
continental shelves may favor greater transport of
terrestrial sediments into the deep sea (Wang et al.,
1995). The MD972146 terrestrial proxies, however,
show no such pattern of glacial increases and appear to
be insensitive to sea level fluctuations of the past
glacial—interglacial cycles.

Visual inspection of these five proxy records shows
some similar time intervals of increased terrestrial input,

indicating a common effect attributable to the terrestrial
influence (Fig. 4). For example, in the broad time
intervals of 14-18 ka (except for 100—carbonate%),
22-24, 38—43 (except for detrital TIP), 48—52, and 59—
62 ka, these proxies suggest high terrestrial input. It
appears that all five proxy records are linked to
terrestrial input variations but are complicated by other
processes particular to the individual proxy, such as
differential preservation, biological productivity, and/or
oceanographic processes. To evaluate a common effect
that is more directly linked to terrestrial input, we
assessed the variance in common among the five proxy
records by extracting the first principal component from
the records using a principal component analysis (PCA).
We first interpolated each record to a common 300-year
sample interval (the average time resolution of the
records), and standardized each to unit variance. The
first component, which we called a composite terrestrial
index (CTI), indicates 37% of the total variance in the
five records is explained by a common effect related to
the variations of terrestrial input (Table 2). The high CTI
values, as observed from a R-mode matrix of the PCA,
are more positively correlated with TOC/TN, TOC, and
TOC/TOP and are used to indicate high terrestrial input
to core MD972146.

The pattern shown in the CTI variations of the past
70 kyr is similar to that of the five proxy records for
terrestrial input, which is characterized not by major
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Fig. 3. Depth—age scatter plots for core MD972146 and age control
points [squares: MD972146 AMS '“C dating; triangles: tie points from
correlation of the SONNE 17940 record (Fig. 2a); dots: tie points from
the correlation of the Hulu Cave stalagmite record (Fig. 2b)]. Average
sedimentation rate calculated on the basis of the age model is ~50 cm/
kyr while the Holocene sedimentation rate is ~80-90 cm/kyr.
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Fig. 4. MD972146 terrestrial sediment proxies of carbonate (plotted as non-carbonate%, i.e., [100S —carbonate%]), total organic carbon (TOC),
detrital total inorganic phosphorus (detrital-TIP) contents, and ratios of TOC/total organic phosphorus (TOP), TOC/total nitrogen (TN) variations
plotted versus age. A CTI (Composite Terrestrial Index) was calculated from a principal component analysis (PCA) of the five proxies of terrestrial
sediment input in MD972146. The CTI was the first principal component and explains 37% of the variance of the five proxies. The R-mode PCA

matrix is shown in Table 2.

glacial—interglacial change but by short-term oscilla-
tions (Fig. 4). The CTI values are high in the time
intervals centered at 16—17, 23—-24, 40—-41, 49-50, and
60—61 ka (Fig. 4). During the middle Holocene, the CTI
and the other four proxy records (non-carbonate%,
TOC, TOC/TN, TOC/TOP) all consistently show low
values, indicating low terrestrial input (Fig. 4).

3.2. Holocene planktic foraminifer SST and SSS
variations

We have produced a high-resolution Holocene
MD972146 record of planktic foraminifer faunal

assemblages and SST and SSS estimates. A total of
23 planktic foraminifer species were thus identified in
this study and the relative abundance of each species is
expressed as a percentage of the total faunal assemblage.
Our faunal analysis shows that the foraminifer assem-
blages in MD972146 are dominated by seven species
that constitute over 85% of the total fauna composition.
In order of decreasing mean abundances, these seven
species and their average abundances in core
MD972146 are: Globigerinita glutinata (19.6%), Glo-
bigerinoides ruber (14.8%), Globigerina bulloides
(12.9%), Neogloboquadrina dutertrei+ Globquadrina
pachyderma (right coiling) (9.8%), Pulleniatina
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Table 2
R-model principal component analysis for composite terrestrial index
(CTI)

Terrestrial PC 1 PC 2 PC3 PC 4 PC5
sediment indices  (CTI)

TOC 0.599 0.328 0.138 0.235 0.678
Detrital-CaCO; ~ —0.108 0.648 0.369 —0.654 —0.066
Detrital-TIP 0.153  -0.679 0.292 -0.567 0.330
TOC/TN 0.620 —0.085 0.434 0.122  —-0.637
TOC/TOP 0.472 0.065 —0.756 —0.425 —0.146
Variance 0.366 0.280 0.162 0.131 0.062

obliquiloculata (9.7%), Globigerinoides sacculifer
(9.4%), and Globigerina calida (8.5%).

This tropical—subtropical faunal assemblage is typ-
ical of interglacial stages of the SCS (Chen and Huang,
1998; Chen et al., 1999). As the high-diversity down-
core species variations reveal patterns that are complex
and intercorrelated, we used a CABFAC Q-mode factor
analysis (Klovan and Imbrie, 1971) to combine the
species that covary and to identify statistically indepen-
dent components.
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Three factors that explain ~97% of the variance of
the downcore faunal variations were identified (Fig.
5). The first factor (35% variance) is highly correlated
with the abundances of P. obliquiloculata, N. dutertrei
+G. pachyderma (right coiling), and G. sacculifer.
The abundance of P. obliquiloculata has been found to
be relatively high in the western equatorial Pacific
(Chen and Prell, 1998) and this taxon has been
considered as a Kuroshio indicator in Okinawa Trough
sediment core studies (Ujii¢ and Ujiié, 1999; Jian et
al., 2000a; Ujiié et al., 2003). The abundances of M.
dutertrei are high along the western boundaries of the
Pacific Ocean—particularly between Japan and Tai-
wan and in the SCS, Flores Sea, Banda Sea, and Coral
Sea—and are believed to be associated with cold SST,
upwelling, and high nutrient conditions (Chen and
Prell, 1998). Both P. obliquiloculata and N. dutertrei
are deep surface-water dwellers that are abundant at
depths below the thermocline (Hemleben et al., 1988).
High loadings of the first factor, which combines both
species in the early Holocene interval of MD972146,
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Fig. 5. MD972146 planktic foraminifer faunal factors analyzed from a O-mode factor analysis using faunal abundance data from the Holocene (0—

10 ka) interval of the core.
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suggest a more oscillating climate mode that changes
in the subsurface layer of the surface ocean in the
SCS. The second factor is a monospecies G. glutinata
factor (34% variance). G. glutinata have been found to
be a part of western Pacific subtropical assemblages
and more abundant at the edge areas of tropical
assemblages (Chen and Prell, 1998). The long-term
increase of this factor since the early Holocene as
observed from the record (Fig. 5) might indicate a

IRD cold period
1 2 3

gradual cooling trend from the early to late Holocene
in the northern SCS. The third factor (28%) shows a
positive correlation with G. ruber abundances and
negative correlation with P. obliquiloculata. As the
abundances of G. ruber are generally high in the
tropical western Pacific (Chen and Prell, 1998) with a
more stratified, stable thermocline condition (Hemle-
ben et al., 1988), we interpret the high loadings of
factor 3 in the middle Holocene (4—6 ka) (Fig. 5) to
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Fig. 6. MD972146 Holocene sea surface temperature (SST) and sea surface salinity (SSS) estimates compared with variations of cosmogenic '°Be
flux recorded in the GISP 2 ice core (Bond et al., 2001), and of excess '*C (A'*C) recorded in tree rings (Stuiver et al., 1998). The short-term increase
(shaded) of the '°Be and A'*C are indicative of intervals with decreased solar activity that are linked to North Atlantic IRD cold events (Bond et al.,
2001). The MD972146 SSTs were estimated by the MAT (Modern Analogue Technique) (Prell, 1985) and RAM (Revised Analog Method)
(Waelbroeck et al., 1998) based on a new western Pacific coretop calibration (Chen et al., 2005). ?SSS estimates were calculated as the salinity (p.s.u.)
differences between coretop and downcore samples from the planktic foraminifer §'*0 and MAT and RAM SSTs of MD972146 (Martinez et al.,
1997). The SST and SSS variations indicate that the northern SCS Holocene climate was warm, stable and humid during the short episodes of North
Atlantic cooling. The SST and SSS records clearly show relatively warm and humid conditions in the middle Holocene (4—6 ka) and cold and dry
conditions in the late Holocene (0—4 ka). Arrows on the SST mark the timing of the Little Ice Age and Medieval Warm Period. The SONNE 17940
alkenone SST (Wang et al., 1999¢c) and the Dongge Cave 6'°0 records (Yuan et al., 2004) are shown at the bottom for comparison.
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indicate relatively warm temperatures with less
disturbance in the surface water column in the
northern SCS.

MAT and RAM SST estimates from core MD972146
exhibit a consistent pattern, with a range of maximum to
minimum SSTs of ~1.2 °C in the Holocene (Fig. 6).
This indicates relatively stable condition compared to
what has been found in glacial, northern high-latitude
records in the same interval (Bond et al., 1997, 2001).
Within the apparently stable SST pattern, our
MD972146 records also reveal ~0.3-0.8 °C short
term oscillations, though these are within the general
1 °C uncertainty of the SST estimation techniques
applied in a western Pacific coretop data set (Chen et al.,
2005). We feel that fauna-based SST estimation for SCS
records may have a much smaller uncertainty compared
to other parts of the western Pacific, as the coretop
database of the SCS used for calibrating SST is of high
quality and has good distribution. Our MAT and RAM
SST estimates also show very good analogues (a
squared chord distance<0.2) for the MD972146 down-
core samples, so the uncertainty range commonly shown
in MAT and RAM should be significantly reduced.
Despite the uncertainty of the MAT and RAM, we
observed a SST maximum in the middle Holocene of 4—
6 ka. The SST records of the early and late Holocene
appear to show equally cool conditions relative to the
middle Holocene. The early Holocene (6-10 ka)
interval is characterized by much larger SST oscillations
of ~0.5-0.8 °C, while the late Holocene (0—4 ka)
oscillations are smaller (0.3—0.5 °C).

The ASSS estimates made by extracting the MAT
and RAM SST component of A§'*0 from the 'O also
show an approximately consistent pattern, with varia-
tions of ~ 1.5 p.s.u. in the Holocene (Fig. 6). The ASSS
values in the middle Holocene interval (4—6 ka) appear
to indicate fresher conditions, with decreases of SSS of
~0.5 p.s.u. The ASSS values of the early (6—10 ka) and
late Holocene (0—4 ka) intervals show saltier conditions
that are characterized by larger oscillations of ~0.5—
0.6 p.s.u. (on average).

4. Discussion
4.1. Millennial-scale terrestrial input and precipitation

The coring site of MD972146 in the northern SCS is
located near the mouth of the Pearl River (Fig. 1), where
large quantities of fluvial sediments are transported from
the drainage basins of the river in southern China.
Increased humidity and higher precipitation rates in the
Pearl River drainage basin would increase erosion and

river runoff, and thus increase the supply of fluvial
sediments to the upper slope of the northern SCS.
During the last glacial stages, when global sea level fell
by ~100 m, the large exposure of continental shelves in
the Taiwan Strait might have provided another impor-
tant source of fluvial sediments transported to the
northern SCS. Recent seismic surveys of the submarine
topography of the areas off southwestern Taiwan (Yu
and Chuang, 2002) indicate the existence of large
submarine canyons that represent significant down-cut
channels of large paleo-rivers which might have
transported sediments from inland southwestern Taiwan
to the northern SCS during glacial stages. Eolian
sediments (loess), carried mainly by East Asian winter
monsoons, should also be a major contributor to the
terrestrial sediments deposited in the northern SCS.
Though distinguishing fluvial from eolian sediments in
deep-sea cores is generally difficult, previous studies
have proposed that abundances of silt modal grain size
(>6 um) (Wang et al., 1999a) and of pollen grains from
semiarid and Alpine regions (Sun and Li, 1999) indicate
glacial increases of eolian input to the northern SCS.
However, no significant increase of terrestrial dilution or
decrease of carbonate content in glacial stages was
observed in MD972146 (Fig. 4), a pattern inconsistent
with the hypothesis of glacial increases of eolian input.
As tropical cyclones (typhoons) prevail from June to
September in the SCS and western Pacific (Matsuura et
al., 2003), their strong winds and high precipitation
could provide more energy for transporting large fluxes
of either eolian or fluvial sediments with larger grain
sizes into the SCS. Our CTI record of core MD972146
appears to occur irrespective of cold or warm events,
indicating the complexity of different sources of
terrestrial sediments to the SCS (such as fluvial or
eolian) in the past glacial to interglacial.
Large-amplitude and short-term oscillations in the
planktic foraminifer 6'0 and CTI records (Fig. 4)
indicate rapid changes in surface hydrography and
terrestrial input in the northern SCS. As we have tied our
680 record to SONNE 17940 (Wang et al., 1999a) and
to the Hulu Cave stalagmite 6'*0 (Wang et al., 2001)
records in the development of MD972146 age models,
our interpretation is internally consistent with those for
these two published records. We separated our data
presentations into three figures: the Holocene (Fig. 6),
10-25 ka (Fig. 7), and 25-70 ka (Fig. 8). Based on our
observations, the short-term oscillations of the CTI
appear to share a similar structure with those exhibited
in GISP 2 6'%0 (Dansgaard et al., 1993; Grootes et al.,
1993), Hulu Cave stalagmite 6'*0 (Wang et al., 2001),
and Cariaco Basin core ODP1002C Ti content and color
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reflectance (Peterson et al., 2000). Within the uncer-
tainty of our age controls, high CTI values of
MD972146 appear to be associated with interstadials
in GISP 2 6'%0 (Dansgaard et al., 1993; Grootes et al.,
1993) and to be synchronous with increases in summer
monsoon precipitation in southern China (Wang et al.,
2001) and increases in precipitation, river runoff and
terrestrial input to the Cariaco Basin (Peterson et al.,
2000). Though the planktic 6'*0 record of MD972146
shows more oscillations than the CTI record, lighter
6'®0 values are accompanied by higher CTI in these
interstadial events, suggesting that these short-term
increases in terrestrial input are the result of increased
fluvial input, which causes changes in SSS in the
northern SCS. As short-term oscillations in Chinese
loess records show a decrease of eolian transport in
interstadials (Porter and An, 1995), the eolian input to
the SCS was not likely to have increased in the
interstadials. Lighter 6'*0 of planktic foraminifer
coincident with interstadials was also reported from
SCS records with independent age control using high-
resolution AMS '*C dating (Wang et al., 1999a;
Biihring et al., 2001), supporting our interpretation of
SSS decreases during interstadials. A mechanism
involving northward migration of the ITCZ was invoked
to explain interstadial increases of fluvial input in the

Cariaco Basin (Peterson et al., 2000), while peaked
summer monsoon strength drives the ITCZ to its most
northerly position in the SCS (Fig. 1). Larger amplitude
oscillations of the MD972146 CTI, particularly visible
in glacial stages (Fig. 4), might be the result of an
expansion of shelves and the emergence of Taiwan Strait
areas associated with sea level falls, which made the
northern SCS more sensitive to fluvial input and
regional precipitation. Though still preliminary, our
data suggest a possible millennial-scale synchroneity of
high fluvial terrestrial input and low SSS in the SCS,
with a strong summer monsoon and northward migra-
tion of the ITCZ during events corresponding to
interstadials. This also implies a connection with a La
Nifa-like condition in the western Pacific (Stott et al.,
2002). In Stott et al.’s framework, the interstadial
climate is analogous to the La Nifia phases of modern
ENSO, where the strongest vertical convection shifts
longitudinally to Southeast Asia and brings large
amounts of precipitation to the western tropical Pacific.
With this connection, our SCS results imply a shift of
such climatic features of more regional scale in the
western tropical Pacific on millennial time scales.

The most prominent and episodically increased
MD972146 CTI values during the time intervals
corresponding to North Atlantic Heinrich cold events
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(~16, 24, 30, 39, 46, 60 ka) (Bond et al., 1992, 1993;
Bond and Lotti, 1995) might be the result of increases in
both eolian and fluvial input to the SCS (Figs. 7 and 8).
In Chinese loess eolian records (Porter and An, 1995),
evidence already exists for increased eolian transport
during Heinrich events. It has been suggested that strong
winter monsoons driven by the large cooling of the
Eurasian continent cause increased surface water mixing
and high productivity in the SCS during Heinrich
intervals (Chen et al., 1999; Higginson et al., 2003). In a
study of SONNE 17940 records, Wang et al. (1999a)
argued for an increase of eolian input during Heinrich
event intervals, a finding primarily based on an
empirical relationship between increased abundances
of silt modal grain size (>6 pm) and eolian sediment
sources. Quantifying the different contributions from
eolian and fluvial sediment sources to MD972146 core
was not an objective of this study but does merit future
attention. However, we observed that the high CTI
values during the intervals of Heinrich events correlate
well with high TOC, TOC/TOP, and TOC/TN values
(Fig. 4; Table 2). These correlations indicate enhanced

terrestrial organic matter input, for which large fluvial
transporting mechanisms might be responsible. Millen-
nial-scale dry conditions, possibly indicating more
frequent El Nifio events during the cold Heinrich events,
were suggested recently based on pollen and peat
humification measurements from a record in northern
Australia (Turney et al., 2004). These were explained by
their coincidence with perihelion conditions in either the
Northern Hemisphere spring or autumn in semi-
precessional cycles. Longer-term, orbital scale El
Nifo-like conditions find favorable conditions for
development during perihelion in Northern Hemisphere
spring or autumn (Clement et al., 1999), the seasons that
are most important to the development of the high
rainfall brought by the Mei-Yu front or late-autumn
typhoons in the northern SCS and Taiwan areas (Liang
et al.,, 1995). Excessive rainfall occurs abnormally in
southeastern Asia under conditions where cold, high-
pressure air over the center of the Eurasian continent to
the north meets warm and humid low-pressure air in the
western tropical Pacific to the south (Kang et al., 2002;
Matsuura et al., 2003). If these climate mechanisms
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were similarly important in determining the magnitude
and intensity of precipitation over the drainage areas of
rivers that discharged fluvial sediments into the northern
SCS during Heinrich events, a significant portion of the
increased terrestrial input shown by high MD972146
CTI values in these events could be explained by fluvial
contributions.

4.2. Holocene SST and SSS variations

High-resolution climate reconstructions for the
Holocene have identified a series of distinct, millenni-
al-scale IRD events in the North Atlantic which indicate
episodic cooling at ~1.4, 2.8, 4.2, 5.9, 8.1, and 9.4 ka
(Bond et al., 1997). These are coincident with an
increased flux of '°Be recorded in ice cores (Bond et al.,
2001) and excess "*C recorded in tree rings (Stuiver et
al., 1998), both of which imply decreased solar activity
during these cold events (Fig. 6). The evidence for the
fingerprint of this episodic Holocene cooling in the
tropical Indo-Pacific is controversial. Planktic foramin-
ifer isotope and faunal assemblage records from the
Kuroshio, Okinawa Trough areas (Jian et al., 2000a),
along with an upwelling record based on G. bulloides
abundance and hematite content records from the
Arabian Sea (Gupta et al., 2003), suggest a weakening
of Kuroshio current intensity and of Indian summer
monsoon strength during the cold events. In contrast, the
SSS record of SONNE 17940 (Wang et al., 1999¢) and
precipitation estimates from the stalagmite 6'*O record
of Dongge Cave in Guizhou, China (Yuan et al., 2004)
(Fig. 6) appear to show no such abrupt cooling in the
Holocene.

If the Holocene climate in the northern SCS is tightly
linked to that in the North Atlantic, we should expect to
observe a series of either rapid cooling or decreased SSS
events in the SCS record at MD972146 nearly
coincident with these cold events, because the winter
monsoon strength should have increased relative to the
summer monsoon due to the large cooling in the
Eurasian continent and the stable warmth over the
western Pacific. In fact, we observe no such change
(Fig. 6). Rather, the MD972146 SST and SSS records
exhibit relatively stable patterns during the time
intervals of North Atlantic cooling and imply warm,
stable and humid conditions in the northern SCS with
very little variation in monsoon strength. Despite the
lack of evidence for correlative events, the MD972146
SST and SSS records instead exhibit low-frequency
changes: warmer and more humid conditions in the
middle Holocene (4—6 ka) and a cold, dry climate in the
late Holocene (0—4 ka). The 4-6 ka interval of warm

and humid climate in the northern SCS is apparently
linked with the disappearance of the cold water species
G. truncatulinoides in the SCS and Okinawa Trough
between 4-8 ka (Jian et al., 2000b), and a 4-9 ka
interval of gradual return of higher summer monsoon
precipitation in the Dongge Cave 6'%0 records (Yuan et
al., 2004). This millennial-scale climate change was also
coincident with a short episode of aridity in southern
Chile of the southeastern Pacific (Lamy et al., 2001).
The correlation of these events across the Pacific shows
a picture of climate oscillation patterns analogous to the
shift to more La Nifa-like conditions in the middle
Holocene.

Alternatively, the late Holocene cold and dry climate
in the SCS is consistent with Kuroshio sediment records
revealing a pronounced P. obliquiloculata abundance
minimum. This minimum indicates cooling or less
intrusion and/or intensity of the Kuroshio Current in the
Okinawa Trough (Ujiié and Ujii¢, 1999; Jian et al.,
2000a; Ujiié et al., 2003), while the Dongge Cave 6'°0
record (Yuan et al., 2004) and the pollen record from the
central Himalaya of India (Phadtare, 2000) exhibit
decreased summer monsoon precipitation. By compar-
ing this general pattern of cool, dry climate in the
western Pacific to more humid conditions in the
southeastern Pacific (Lamy et al., 2001), as well as to
the southward displacement of the ITCZ inferred from a
tropical Atlantic record (Haug et al., 2001), a picture
emerges for the late Holocene of an El Niflo-analogous
event, which deserves more investigation in future
studies.

Though still preliminary, our data suggest that the
SCS climate did not respond to the short episodes of
North Atlantic cooling that appear to constitute a 1470-
year cycle in the Holocene (Bond et al., 1997). The
Holocene SCS climate reconstructed from MD972146
instead shows more coherent patterns of climate
changes on longer time scales, i.e., middle and late
Holocene intervals, suggesting that mechanisms other
than those driving the 1470-year cycle are important.
One possible mechanism having global teleconnections
involves the phases of the Arctic Oscillation (AO)
(Thompson and Wallace, 1998), which may be
important in determining the relationship among
Northern Hemisphere high-latitude air temperature,
North Pole sea—ice cover, Aleutian low and Siberian
high pressure air, and East Asian monsoons. For
example, one recent study (Gong et al., 2001) showed
that there is significant correlation between late spring
AO and the East Asian summer monsoon on interannual
time scales, with Arctic cooling linked subsequently to
increased rainfall in later seasons in southern China. If
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the teleconnections were dominated by Holocene
millennial-scale variability, our MD972146 SST and
SSS data could provide evidence for further under-
standing such linkages.

5. Conclusions

Variations in planktic foraminifer 6'0 and a
composite terrestrial index (CTI) derived from a suite
of terrestrial sediment proxies, as well as high-resolution
Holocene SST and SSS reconstructions in sediment core
MD972146 from the northern SCS, imply millennial-
scale climate changes linking low and high latitudes.
The variations of the CTI are interpreted to be largely
affected by fluvial and eolian input, though these two
terrestrial components are not quantitatively distinguish-
able in this sediment record. Short-term oscillations of
increased MD972146 CTI possibly reflect increased
fluvial input and appear to coincide with warm
interstadials in Greenland ice cores, higher precipitation
in Hulu Cave stalagmite records from southern China,
and Cariaco Basin marine records from the tropical
Atlantic. Increased CTI values are also observed during
the time intervals of Heinrich events, suggesting
increased terrestrial input from potentially both eolian
and fluvial sources. Holocene climate in the northern
SCS remained warm and humid during the short cooling
episodes of IRD deposition in the North Atlantic,
suggesting a stability of tropical climate on shorter time
scales. The relatively warm/humid middle Holocene (4—
6 ka) and cold/dry late Holocene (0—4 ka) exhibited in
the MD972146 SST and SSS records are considered to
be coherent with large-scale patterns predicted by an
ENSO-based climate dynamics. Our results imply that a
variety of mechanisms involving strong teleconnections
between the East Asian monsoon, the ITCZ, ENSO, and
possibly the AO affect the millennial-scale variability of
tropical climate.
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