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Abstract

Monsoon climate is an important component of the global climatic system. A comprehensive understanding of its
variability over glacial^interglacial time scales as well as of its effects on the continent and in the ocean is required to
decipher links between climate, continental weathering and productivity. A detailed multiproxy study, including bulk
and clay mineralogy, grain-size analysis, phosphorus geochemistry (SEDEX extraction), organic matter characteriza-
tion, and nitrogen stable isotopes, was carried out on samples from ODP Sites 1143 and 1144 (Leg 184, South China
Sea), covering the past 140 000 years. We tentatively reconstruct the complex sedimentation and climatic history of the
region during the last glacial^interglacial cycle, when sea-level variations, linked to the growth and melting of ice caps,
interact with monsoon variability. During interglacial periods of high sea level, summer monsoon was strong, and
humid and warm climate characterized the adjacent continent and islands. Clay minerals bear signals of chemical
weathering during these intervals. High calcite and reactive phosphorus mass accumulation rates (MARs) indicate
high productivity, especially in the southern region of the basin. During glacial intervals, strong winter monsoon
provided enhanced detrital input from the continent, as indicated by high detrital MAR. Glacial low sea level resulted
in erosion of sediments from the exposed Sunda shelf to the south, and clay mineral variations indicate that warm and
humid conditions still prevailed in the southern tropical areas. Enhanced supply of nutrients from the continent, both
by river and eolian input, maintained high primary productivity. Reduced circulation during these periods possibly
induced active remobilization of nutrients, such as phosphorus, from the sediments. Intense and short cold periods
recorded during glacial and interglacial stages correlate with loess records in China and marine climatic records in the
North Atlantic, confirming a teleconnection between low- and high-latitude climate variability.
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1. Introduction

The South China Sea (SCS), with a total area
of 3.5U106 km2, represents one of the largest
marginal basins in the Paci¢c. The SCS is sensi-
tive to changes in East Asian monsoon intensity
and duration, to changes in detrital input (river/
eolian) from the continent, as well as to variations
in atmospheric and oceanic circulation and ex-
changes with the open Paci¢c ocean (Wang et
al., 2000). Moreover, the SCS is highly suitable
to study and reconstruct relationships between
continental weathering, productivity and climate,
as the basin receives detrital £uxes from three of
the largest rivers in the world (Mekong river in
the south, Red and Pearl rivers in the North; Fig.
1).
The primary objective of ODP Leg 184 was to

obtain records of the climatic and paleoceano-
graphic history of the SCS (Wang et al., 2000).
The goals of this multiproxy study are: (i) to de-
cipher changes in the sedimentation history of the
SCS related to variations in monsoon regime, (ii)
to understand patterns and gradients in detrital
material distribution and nutrient concentration
between the northern and the southern SCS, and
(iii) to obtain a better insight into connections
between monsoon and climate variations, conti-
nental weathering and productivity, during the
last glacial^interglacial cycle (140 000 years).
Bulk and clay mineralogy, organic matter analy-
ses, grain-size analysis, nitrogen stable isotope
analyses, and determination of four sedimentary
phosphorus reservoirs have been performed. The
investigated samples are from ODP Sites 1143
and 1144, drilled in the southern and northern
regions of the SCS, respectively (Fig. 1).

1.1. East Asian monsoon

The Asian monsoon is a major component of
the climate system. An important teleconnection
between the Asian monsoon and high-latitude cli-
mate is suggested by the correlation between low-
(e.g. SCS and Arabian Sea) and high-latitude re-
cords (e.g. GRIP; Sirocko et al., 1996; Wang and
Oba, 1998; An, 2000). Monsoon circulation re-
sults from the heating capacity contrast between

continent and ocean. This situation, linked to the
annual cycle in incoming solar energy, produces
extreme seasonality in wind direction, rainfall and
temperature patterns over the Asian continent
(Webster, 1987). During summer, the formation
of a low-pressure cell on the Tibetan plateau con-
trasts with a high-pressure cell on the Indian
Ocean, causing southwesterly winds to blow
from the sea to the continent. These winds bring
along moisture and heavy rains and promote a
humid and hot climate on land. During winter,
the low-pressure cell is located on the Indian
Ocean and winds blow from the interior of the
continent, which is characterized by cold and
dry conditions, to the ocean (Fig. 2). The East
Asian monsoon is characterized by strong
summer and winter monsoonal circulation, unlike
the Indian Monsoon, which shows strong summer
and weak winter monsoonal circulation (Prell and
Kutzbach, 1992; Huang et al., 1997).

1.2. Area description and site location

The SCS is a semi-enclosed marginal sea con-
nected to the East China Sea (ECS) through the
Taiwan strait, to the Paci¢c Ocean through the
Bashi strait, to the Sulu Sea through the Min-
doro, to the Java Sea through the Gasper and Ka-
rimata straits, and to the Indian Ocean through
the Malacca strait (Fig. 1). Sea surface circula-
tion is controlled by monsoon activity: during
summer, subtropical waters are advected into
the SCS through the southern straits. They £ow
northward along the Indochina and China coasts,
following an anticyclonic pattern, and exit the
SCS through the Taiwan strait (Wang et al.,
1995). This pattern is reversed during winter
time, with cold and saline waters entering the
SCS from the north. According to (Wang and
Wang, 1990) glacial periods are characterized by
a marked seasonality of temperature, as much as
9^10‡C, while the gradient decreases to 4^6‡C
during interglacials and interstadials. Summer
monsoon sustains upwelling cells along the SE
coast of Indochina and the NW coast of the Phil-
ippines; their activity might cease or diminish
during glacial periods, in relation to weakened
SW monsoons.
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During glacials, the Asian continent experi-
enced cold and dry conditions, as testi¢ed by loess
accumulation and pollen data (An, 2000), while
the southern islands were characterized by a trop-
ical to subtropical climate (Wang et al., 1999).
Lowstands of sea level exposed wide areas of
the continental shelf of the SCS (Fig. 1). Because
of the shallow depth of most of the sills, only the
Bashi strait (2500 m water depth) between Taiwan
and Luzon remained open during glacials, allow-
ing only the in£ow of temperate waters from the
Paci¢c Ocean (Wang and Wang, 1990). The

southern SCS was more sensitive to these glacio-
eustatic changes, as the emergence of the Sunda
shelf closed the connections with the Indian
Ocean and allowed the development of a wide
drainage system (Molengraa¡ and Mekong rivers;
Pelejero et al., 1999). High nutrient levels were
most likely maintained by enhanced input from
the continent and the exposed shelf (Scho«nfeld
and Kudrass, 1993; Wang et al., 1999). Weak
circulation, increased £uvial discharge in the
south, and enhanced accumulation of organic car-
bon prompted oxygen depletion of intermediate

Fig. 1. Map of the SCS and location of ODP Sites 1143 and 1144. Black arrows indicate summer monsoon direction, while white
arrows indicate winter monsoon direction. The thick solid line represents the 200 m isobath, considered as the limit between the
continental shelf and the slope. The dotted line (ABC) represents the track of the bathimetric pro¢le used in the schematic mod-
els of Figs. 10 and 11.
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and bottom waters, especially along the southern
coast of the SCS, as deduced by stable carbon
isotopes (Wang et al., 1999).
Site 1143 (9‡21.72PN, 113‡17.11PE, 2777 m

water depth) is drilled within a depression of the
carbonate platform that forms the southern con-
tinental shelf of the SCS, south of the Indochina
upwelling region and close to the Mekong river
estuary and the Sunda shelf. It is below the West-
ern Paci¢c Warm Pool, a region of relatively high
and stable sea surface temperature (SST). Sedi-
ments consist of bioturbated green and gray clay
mixed with nannofossil ooze.
Site 1144 (20‡3.18PN, 117‡25.14PE, 2037 m

water depth) is drilled on a sediment drift on
the northern continental margin of the SCS,
southeast of Hong Kong and of the Pearl River

mouth. Bioturbated sediments consist of hemipe-
lagic clay mixed with minor amounts of quartz silt
and nannofossil ooze, and are characterized by
high organic carbon content and black spots of
iron sul¢des. This site has an extremely high sed-
imentation rate (80 cm/kyr for the last 1 Ma;
Bu«hring et al., in prep.).

2. Methods

A total of 132 samples were taken from Sites
1143 and 1144 (61 and 71, respectively), leading to
a time resolution averaging 2.5 kyr for Site 1143
and 2 kyr for Site 1144. The stratigraphy of the
two sites was inferred by interpolation from the
age models of Tian and Wang for Site 1143 (Tian

Fig. 2. Percent phyllosilicates, quartz, calcite, K-feldspar and plagioclase and concentration of detrital P of bulk sediment from
(a) Site 1143 and (b) Site 1144. Stable oxygen isotope curves for Site 1143 and Site 1144 are taken from Tian et al. (2002) and
Bu«hring et al. (in prep.), respectively. Age is in kyr; MIS are labeled on the left of the graphs. Glacial stages are represented in
dark gray, interstadials in light gray and interglacials in white. The gray bar crossing Site 1144 records represents the hiatus rec-
ognized using isotopic stratigraphy (see Bu«hring et al., in prep.).
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et al., 2002), and by Buering and Sarnthein for
Site 1144 (Bu«hring et al., in prep.). Based on the
isotope stratigraphy, the investigated interval at
Site 1143 is continuous, while a hiatus of about
6 kyr has been identi¢ed at Site 1144 (Fig. 2;
Bu«hring et al., in prep.).
Analyses were performed at the Geological In-

stitute in Neucha“tel, except for ICP-AES and ni-
trogen stable isotope analyses, which were per-
formed at the State Environmental Laboratory
in Neucha“tel, and at the ETH in Zu«rich, respec-
tively. All samples were oven-dried at 50‡C and
divided into subsamples. Five gram of dried sedi-
ment was ground to obtain a homogeneous pow-
der 6 40 Wm in size. Clay mineral analyses were
based on methods by Ku«bler (1987). An aliquot
of the sample was mixed into de-ionized water
(pH 7^8). The carbonate fraction was removed
by 10% HCl (1.25 N) at room temperature. The
insoluble residue was washed and centrifuged (5^6
times) until a neutral suspension was obtained
(pH 7^8). Separation of 6 2 Wm and 2^16 Wm
size fractions was obtained by the timed settling
method based on Stokes’ law. XRD analyses of
oriented clay samples were made after air-drying
at room temperature and ethylene^glycol solva-
tion. Clay mineral relative abundances are given
in percent. Smectite contents, measured on the
fraction 6 2 Wm treated with glycol, were esti-
mated using the method of Moore and Reynolds
(1997). The relative error does not exceed 10%.
The geochemical composition and nature of micas
and chlorites was determined using ternary dia-
grams with relative percentages of selected di¡rac-
tion peaks, as proposed by Rey and Ku«bler
(1983), and Oinuma et al. (1972). The other ali-
quot was pressed (20 bar) into a powder holder to
determine bulk sediment mineralogy by XRD
based on a semi-quantitative estimation and using
external standards (Ku«bler, 1987). This method
allows quanti¢cation of a certain number of min-
eral species (i.e. quartz, calcite, K-feldspar, plagio-
clase), while a variable percentage is ‘unquanti-
¢ed’. This aliquot is mainly constituted by
amorphous minerals (e.g. Fe-oxides and hydrox-
ides), some clay minerals, and organic material.
The impossibility of quantitatively determining
these mineral components arises from the lack

of appropriate standards and from technical com-
plications (for a review, see Ku«bler, 1987). The
relative error of the bulk rock mineralogy is
V5%. The relative error on the bulk sediment
percentages is about 5%. For both bulk and clay
mineralogy analyses a Scintag XRD 2000 di¡rac-
tometer was used. Grain-size analysis was per-
formed on the insoluble, carbonate-free residues
prepared for the clay mineralogy analyses using a
Granulometry Laser Oriel CIS. The relative error
is 10%. We performed a physical grain-size sepa-
ration on selected carbonate-free samples, using a
Retsch Ultra-Sonic Sieving Apparatus, which al-
lows the separation of ¢ve fractions (s 60, 35, 20,
10 and 5 Wm). The di¡erent aliquots of sediments
were then visually analyzed with an Environmen-
tal Scanning Electron Microscope (ESEM) at the
Institute of Microtechnology of the University of
Neucha“tel.
The characterization of organic matter was per-

formed on about 100 mg of dried and ground
sediment, with a Rock-Eval 6, and using a stan-
dard whole-rock pyrolysis method (Espitalie¤ et
al., 1986; Lafargue et al., 1996). The method con-
sists of a pyrolysis step (temperature at 300‡C for
3 min, then gradual increase to 650‡C) and an
oxidation step (temperature gradient from 400
to 850‡C). Total organic carbon (TOC) is ob-
tained as the sum of four peaks: the S1 peak
(hydrocarbons released at 300‡C, FID-curve),
the S2 peak (hydrocarbons produced between
300 and 650‡C), the S3 peak (CO2 from pyrolysis
of organic carbon up to 400‡C, IR-curve), and the
S4 peak (CO2 released from residual organic car-
bon below ca. 550‡C during the oxidation step).
The ratio of S2/TOC (also referred to as hydrogen
index HI) is characteristic for the type of organic
matter. Nitrogen contents and stable isotopic
analyses of the bulk sediment were performed us-
ing a Carlo Erba CNS2500 CHN Elemental Ana-
lyzer coupled with a Fisons Optima mass spec-
trometer. Mean errors, calculated as the relative
standard deviations on measurements, are about
0.15x. All data are reported in the N notation
with respect to atmospheric nitrogen (airx). To-
tal nitrogen is here considered as representing the
organic nitrogen fraction.
The distribution of sedimentary phosphorus
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phases was determined using a four-step sequen-
tial extraction technique, adapted from the SE-
DEX method (Ruttenberg, 1992; Anderson and
Delaney, 2000). This method consists of a pro-
gressive dissolution of solid phases to extract
phosphorus associated with well-de¢ned sedimen-
tary components : iron and manganese oxi-hy-
droxides, authigenic apatite, detrital apatite and
organic matter (Table 1). Phosphorus extracted
during the second step of the SEDEX method
(see Table 1) mainly accounts for authigenic apa-
tite, ¢sh debris, and for P associated to smectite
(Ruttenberg, 1992). In all cases, as dissolved P is
removed either from the water column or from
the sediments prior to its association to these
phases, we could consider and refer to them as
authigenic. For all the steps other than the iron-
bound P, the ascorbic acid molybdate blue tech-
nique was employed to determine P concentra-
tions (Eaton et al., 1995). A Perkin-Elmer UV/
Vis spectrophotometer Lambda 10 with a 4-cm
quartz cell was used to calculate P concentrations.
Concentrations of the iron-bound P phase and
ferric Fe were determined using an Optima 3000
Perkin-Elmer ICP-AES. Reagent blanks, stan-
dards and consistency standards were used to per-
form calibration curves for each step and check
analytical reproducibility over time.

3. Results

3.1. Bulk sediment mineralogy

Detrital silicate minerals (quartz, phyllosilicates
and plagioclase) are present in higher percentages
at the northern site (32% on average) than at the
southern site (22% on average). K-feldspars, low
at both sites (averages 1.06% and 1.33% for Sites
1143 and 1144, respectively), show no signi¢cant
changes between glacial and interglacial periods,
and it is not shown here. Calcite shows high val-
ues at Site 1143 (up to 25% of total bulk sedi-
ments), while at Site 1144 it is not higher than
10% (Fig. 2).
Site 1143 shows high phyllosilicate contents, up

to 45% of total detrital silicates, while quartz rep-
resents only 25% of the detrital silicate fraction.
Quartz, phyllosilicates, and to a certain extent
plagioclase show a quite similar trend, with mini-
ma at the beginning of Marine Isotopic Stages
(MIS) 5 and 1, and higher values during stages
3 and 2. In contrast to other minerals, calcite at
Site 1143 shows important changes between gla-
cial and interglacial values. Maxima are observed
at the beginning of stage 5 (30% at 120 ka) and
stage 1 (25%), while lowest values are character-
istic of stage 4 and, to a lesser extent, of stage 2.

Table 1
Sequential extraction technique applied for phosphorus phase determination (Ruttenberg, 1992; Anderson and Delaney, 2000)

Step name Treatments P component isolated Errorsa Detection limitsb

Iron-bound P 10 ml CBD solution (6 h) Exchangeable or loosely sorbed P 3^6% 0.03
(0.22 M sodium citrate, 0.11 M
sodium bicarbonate 0.13 M sodium
dithionite)

Reducible or reactive iron-bound P

10 ml 1 M MgCl2 (2 h)
10 ml H2O (2 h)

Authigenic P 10 ml 1 M Na-acetate bu¡ered to
pH 4 with acetic acid (5 h)

Carbonate £uorapatite (CFA)
biogenic hydroxyapatite

2^7% 0.025

10 ml 1 M MgCl2 (2 h)
10 ml 1 M MgCl2 (2 h)
10 ml H2O (2 h)

Detrital P 10 ml 1 N HCl (16 h) Detrital £uorapatite-bound P 3^5% 0.003
Organic P 1 ml 50% (w/v) MgNO3, dry in low

oven, ash at 500‡C (2 h)
Organic-bound P 2^5% 0.004

10 ml 1 N HCl (24 h)
a Typical mean errors for each phase were calculated as the relative standard deviation of the consistency standards.
b Detection limits (in mgP/g) for each phase were calculated as three times the standard deviation of blank measurements.

6



Quartz is the most abundant mineral at Site
1144, with concentrations reaching about 50% of
total detrital silicates (Fig. 2). Two marked mini-
ma are present at the beginning of stages 5 and 1,
and are paralleled by phyllosilicates, plagioclase,
and calcite. Higher values of quartz are found
during glacial periods, with peaks of up to 25%.
Phyllosilicate percentage remains fairly constant,
and averages about 12%. Calcite is generally less
than 9% and mirrors the detrital silicate pattern,
suggesting a detrital origin.
The presence of iron sul¢des and of pyrite was

detected at Site 1144 already during onboard de-
scription (Wang et al., 2000). The XRD analyses
of the bulk sediments and ESEM images reveal
the presence of authigenic pyrite at really low

percentages (average = 0.11%). Highest values are
observed at the top of stage 2.
Mass accumulation rates (MARs) for each

proxy are calculated as the product of the concen-
tration of each parameter in mg/g of sediment, the
dry bulk density, as recorded onboard during Leg
184, and sedimentation rates, estimated from iso-
tope stratigraphy. Detrital silicate MARs at Site
1143 show a clear glacial^interglacial change, with
higher values during MIS 3 and 2, and at the end
of stage 5, and minima at the beginning of MIS 5
and 1. MARs of all indices at Site 1144 generally
show high variability, due to strong changes in
sedimentation rates during the studied interval
(Bu«hring et al., in prep.). MARs are generally
higher during MIS 4^2, and at the boundary be-

Fig. 3. Mass accumulation rates (MARs) of calcite, detrital silicates, detrital P, reactive P, organic carbon and ferric Fe from
(a) Site 1143 and (b) Site 1144. Age and MIS as in Fig. 2. MARs were calculated using the concentration of the di¡erent indices
as determined by XRD (calcite and detrital silicates), by SEDEX extraction (ferric Fe, detrital and reactive P) and Rock-Eval
analysis (organic carbon). Dry bulk density determined onboard and sedimentation rates as inferred from isotopic stratigraphy
(Tian et al., 2002; Bu«hring et al., in prep.) were used. Detrital silicates represent the sum of quartz, phyllosilicates, plagioclase
and K-feldspar. Reactive P is the sum of Fe-bound, authigenic and organic-bound P (see text for details).
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tween stages 5.3 and 5.2. The boundary between
stages 2 and 1 is marked by a signi¢cant drop in
sedimentation rates, which dominates the di¡erent
MAR records, except for ferric Fe MAR and de-
trital P (Fig. 3).

3.2. Clay mineralogy (6 2 and 2^16 Wm fraction
mineralogy)

Illite is the most abundant clay mineral at Site
1143, representing on average 45% and 60% of
the 6 2 and 2^16 Wm fractions, respectively
(Fig. 4). Higher values of illite in the 2^16 Wm
fraction are observed during MIS 3 and 2, and
in the 6 2 Wm fraction at the lower boundaries
of glacials. Chlorite is quite abundant, averaging
15% and 25% of the 6 2 and 2^16 Wm fractions,
respectively. Kaolinite abundance (2^16 Wm frac-
tion) is rather constant throughout the core, with
values averaging 15%. The 6 2 Wm kaolinite con-
tent shows an increasing trend starting at the be-

ginning of stage 4 and reaching the highest values
during MIS 3, at around 40 ka (25%). High values
are also recorded in the Holocene section of the
core. Smectite presents a scattered pattern: high
values, up to 25^30%, are recorded during MIS 5
and the base of stages 3 and 2. A di¡erent picture
is present at Site 1144, where illite and chlorite
represent the most abundant clay minerals of
the 2^16 Wm and 6 2 Wm fractions, averaging
50% and 45%, respectively (Fig. 4). Kaolinite
and illite (2^16 Wm fraction) show a decreasing
trend from the base of stage 5. Chlorite (6 2
Wm fraction) shows nearly invariable values dur-
ing stage 5 and starts increasing at the base of
stage 3. A minimum in chlorite (2^16 Wm fraction)
characterizes stage 5.5. Smectite represents on
average 15% of clays of the 6 2 Wm fraction.
The relative percentages of selected di¡raction

peaks for micas and chlorite were used and plot-
ted in ternary diagrams (not shown) to determine
their geochemical composition, as proposed by

Fig. 4. Relative percentages of illite, chlorite, kaolinite (fractions 2^16 and 6 2 Wm) and smectite (fraction s 2 Wm) from (a) Site
1143 and (b) Site 1144. Age and MIS as in Fig. 2.
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Rey and Ku«bler (1983) for micas and by Oinuma
et al. (1972) for chlorites. No di¡erences in the
composition of micas and chlorites are observed
between glacial and interglacial samples and be-
tween the two sites. The 6 2 Wm fraction is
mainly constituted by illite^phengite micas, while
the coarser-fraction composition is shifted toward
the muscovite pole. Chlorites at both sites are
enriched in iron concentrated in the silicate layers.
Illite crystallinity in sediments not a¡ected by

strong burial can be considered as a proxy, indi-
cating (1) the degree of weathering (hydrolysis) of
clay minerals, and/or (2) the nature of the detrital
illite (i.e. poorly crystallized illite from soils versus
well crystallized illite from lithic sources). This
parameter is calculated using the width of the
illite peak at 10 AV , measured at half of the length
of the peak itself (Ku«bler, 1984; Chamley, 1989).
Generally, high values of illite crystallinity indi-

Fig. 6. Koopmann’s diagram, grain-size distribution and median grain size for (a) Site 1143 and (b) Site 1144. In a Koopmann
diagram, percentages of the fraction 6 6 Wm and values of the silt mode (6^63 Wm fraction) are plotted. The three ¢elds indicate
I = eolian (E), II = £uvial (F) and III =winnowed (W) sediments. The nature of the sediments as determined using Koopmann’s
diagram, is also reported on the side of the median grain-size graphs. In the grain-size distribution graphs, the 6 6 Wm fraction
is represented in light gray, while the 6^63 Wm fraction is dark gray. Sediments at Site 1143 are clearly ¢ner than at Site 1144.

Fig. 5. Illite crystallinity from (a) Site 1143 and (b) Site
1144. Age and MIS as in Fig. 2. On average, values at Site
1144 are lower than at Site 1143 (0.32 and 0.34, respectively),
indicating that illite is relatively less weathered at the north-
ern site.
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cate highly degraded illites, while low values char-
acterize relatively unaltered illites. Illite crystallin-
ity from both sites exhibits comparable values
(averaging 0.3) and similar trends, increasing to-
ward stage 4 and then decreasing, reaching values
of about 0.2, similar to stage 5.5 values, in the
Holocene (Fig. 5).

3.3. Grain-size analysis

Fine material with particles 6 6 Wm is more
abundant at Site 1143 (more distal) than at Site
1144 (Fig. 6). This is also shown by the median
(in volume) of the grains, averaging 3 Wm for Site
1143, and 4.6 Wm for Site 1144. Fine material
contents are higher during interglacials and inter-
stadials at Site 1143 (Fig. 6). Low values are ob-
served during MIS 6, 4 and 2, when coarser ma-
terial is up to more than 50%. The sediments are
generally coarser at Site 1144. Visual inspection at
the ESEM of selected samples showed that detri-
tal material (quartz, phyllosilicates, and, to a less-
er extent, plagioclases) is mainly concentrated in

the 6 20 Wm fraction. Fine material is abundant
during stages 5 and 2 and at the base of stage 3.
Silt and coarser sediments are present in high
amounts during stage 4, at the top of stage 3
and during the Holocene (Fig. 6).
In order to characterize the nature of the sedi-

ments (eolian vs. £uvial vs. winnowed) at the two
sites, we used the Koopmann index, which con-
sists of an empirical relationship between the per-
centage of the siliciclastic ¢ne fraction (6 6 Wm)
and the modal grain size of the silt fraction (s 6
Wm; see Koopmann, 1981). This semi-quantitative
approach was ¢rst used to study siliciclastic ma-
terial deposited along the West African coast
(Koopmann, 1981), and then employed to charac-
terize sedment samples from the SCS (Wang et
al., 1999). At Site 1143, eolian deposits are
present throughout the sequence, but are more
frequent during glacial stages. Fluvial sediments,
characterized by less sorted material, are observed
during interglacial stages 5.5, 5.1 and 1, but also
during glacial periods (Fig. 6). At Site 1144, most
of the samples fall in the ¢eld of winnowed sedi-

Table 2
Depth (mcd) and age (kyr) of peaks in median grain size from Sites 1143 and 1144 compared to age of peaks in quartz abun-
dance (fraction s 40 Wm) from the Luochan Loess section

ODP 184-1143 ODP 184-1144 Luochan section Notes

Depth Age Median grain size Depth Age Median grain size Age
(mcd) (kyr) (Wm) (mcd) (kyr) (Wm) (kyr)

0.32 6.76 3.95 3.8424 8.1 5.09
0.77 16.35 6.5 14.043 16.82 4.4 15 1
0.92 18.32 5.95 16.974 18.44 4.52
1.22 21.54 3.92 20.393 20.42 4.7 21.5 1
1.67 26.37 2.72 29 25.37 4.79 25.5^27.5 1
2.12 31.16 2.86 34.751 30.23 5.5 33.5^35 1
2.72 37.62 1.44 41.678 35.28 4.58

45.302 39.51 5.82 42^43.5 1
4.27 52.62 3.96 61.004 52.73 4.4 49.5^50.5 1

67.449 59.19 5.86 58.5 1
4.87 60.67 3.94 70.204 61.73 6.59 61.5 1

74.089 65.21 6.06 63.5^64 1
66.5^67.5 1

6.07 75.69 3.78 80.598 72.01 4.98 69^71 2
6.52 82.34 3.74 89.899 85.02 4.51 81.3^84 2

102.85 98.47 5.08 99.5^102 2
6.97 103.73 5.15
7.42 113.84 3.3 113.5^115 2
7.87 119.24 3.13 119^121.6 2

1: Data from Porter and An (1995); 2: Data from An and Porter (1997).
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ments, eolian deposits are scarce and concentrated
only during stage 2, while no sample falls in the
¢eld of £uvial deposits. At both sites, samples of
the eolian ¢eld generally correspond to samples
with higher median grain size. Despite the uncer-
tainties due to stratigraphy, peaks in median grain
size correspond between the two sites (Fig. 6 and
Table 2).

3.4. Sediment geochemistry: sedimentary P and
iron

Total phosphorus concentrations are about
1 mg P/g sediment at Site 1144 and not higher
than 0.5 mgP/g at Site 1143. Authigenic P and
the Fe-bound P are the most abundant phases
at both sites (see Table 3), representing together

Fig. 7. Organic carbon percentage, Fe concentration, Fe-bound, authigenic and organic-bound phosphorus concentrations from
(a) Site 1143 and (b) Site 1144. Age and MIS as in Fig. 2. For Site 1144, chlorins measured onboard are plotted against TOC
%. Chlorin concentrations are given as relative abundance per gram dry weight (see Explanatory Notes in Wang et al., 2000).
The smoothed record of pyrite percentages, determined by XRD, is plotted against ferric Fe. Raw data are not shown.

Table 3
Relative percentages of the di¡erent sedimentary phases of phosphorus

Fe-bound P Authigenic P Detrital P Organic-bound P
(%) (%) (%) (%)

Site 184-1143 29 34 9 28
Site 184-1144 31 38 16 15
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more than 60% of total P. The authigenic fraction
is the most abundant at Site 1143, but the iron-
and the organic-bound fractions are present in
considerable amounts, and important variations
in relative abundance are observed (Fig. 10). De-
trital P represents on average only 9% of total P.
Authigenic P, generally a carbonate^£uorapatite
mineral (CFA), correlates to calcite, with high
amounts occurring at the beginning of stage 5.
Iron-bound P occurs in amounts around 0.1
mgP/g and at the beginning of stage 3 it increases
to the maximum value of 0.22 mgP/g at around 14
ka. Organic-bound P decreases downward, prob-
ably associated with diagenesis and organic mat-
ter degradation.
Authigenic P in sediments from Site 1144 aver-

ages 0.22 mgP/g and represents 38% of total phos-
phorus. The steep increase at the top of the core
can be linked to the precipitation of authigenic P
or of a precursor mineral, which is consistent with
high PO33

4 pore water concentrations found at
this site (see Site 1144 Inorganic Geochemistry
chapter in Wang et al., 2000). Iron-bound P, the
second most abundant P species at Site 1144,
shows signi¢cant variations, with peaks during
MIS 5.3, 4 and 1. Organic-bound P occurs in
quantities comparable to Site 1143. Detrital P
averages 0.7 mgP/g (Fig. 2). Ferric iron is present
at relatively high amounts in both cores (on aver-
age 3 mg/g). At Site 1144, Fe concentrations show
a pronounced minimum at the transition between
stages 2 and 1.
Higher MARs of reactive P (sum of Fe-bound,

authigenic and organic-bound P) are observed
during glacial periods at both sites, but a maxi-
mum is recorded at the beginning of stage 5 at
Site 1143, corresponding to peaks in calcite, and
organic carbon MAR (Fig. 3). As for other index
MARs, reactive P MARs at Site 1144 display a
pronounced maximum at around 90 ka. Detrital
P and Fe MAR are typically high during glacial
periods at both sites. At Site 1144 Fe, detrital and
reactive P MARs start decreasing before the end
of stage 2, at around 20 ka (Fig. 3).

3.5. Organic carbon and N
15N

TOC at Site 1143 is low, between 0.2 and 0.5%.

Prominent minima in the TOC curve are found
during interstadial 5.4 and at the top of stage 2.
The latter is associated with a minimum in organ-
ic-bound P. TOC at Site 1144 correlates with
chlorin concentrations, considered as re£ecting
marine productivity (Higginson et al., 2003; Fig.
7). The correlation between chlorins, measured

Fig. 8. (a) TOC % vs. S2 values from Rock-Eval analysis.
All samples fall in ¢eld III, indicating organic matter of con-
tinental origin. The correlation between the samples is signi¢-
cant. S2 values from Rock-Eval should be taken with caution
because of the low TOC content of the sample and the possi-
ble absorption of organic matter on clay minerals. (b) Ntot

% vs. TOC % data from Site 1143 and Site 1144. Linear ¢t-
ting for samples from Site 1143 (solid circles) yielded an ex-
tremely low correlation (not shown). The positive intercept
of the x-axis for Site 1144 indicates that inorganic nitrogen
is present, most likely adsorbed onto clay minerals. Samples
from Site 1143 and Site 1144 are represented by solid circle
and solid square symbols, respectively.
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onboard (Wang et al., 2000), and TOC is not
signi¢cant (r2 = 0.48), but both records display a
similar trend, which mimics detrital index varia-
tions. Organic matter MARs are similar to MARs
of the other indices, showing highest values dur-
ing glacial stages 4^2. A pronounced peak is ob-
served at Site 1143 during stage 5.5, which corre-
lates to the maximum in calcite MAR (Fig. 4).
The graph in Fig. 8a represents S2 and TOC

parameters from the Rock-Eval. As TOC % are
quite low, above all for Site 1143, values should
be interpreted with caution, but all samples fall in
the type III kerogen ¢eld, which stands for terres-
trial organic material (Langford and Blanc-Valle-
ron, 1990). The negative y-axis intercept of the
regression line calculated for all samples indicates
adsorption by a mineral matrix, presumably clays

(Langford and Blanc-Valleron, 1990). The sam-
ples, linearly distributed, display a signi¢cant cor-
relation coe⁄cient (r2 = 0.73), pointing at a coher-
ent group in terms of origin/source. Analysis of
variance performed on HI values, which represent
the S2/TOC ratio and on average the slope of the
regression curve of the S2 vs. TOC graph, con-
¢rms that all samples belong to the same popula-
tion. The TOC/organic phosphorus (TOC/Porg)
ratio at Site 1143 is close to the TOC/Porg Red-
¢eld ratio (106, Red¢eld et al., 1963; or 117, An-
derson and Sarmiento, 1994) for non-degraded
phytoplankton material, while it is higher at Site
1144 (Fig. 9). TOC/total nitrogen (TOC/Ntot) mo-
lar ratio averages 11 for Site 1143 and 6 for Site
1144. Values at Site 1143 are quite high (up to 20)
during stages 6, 5.5, 2 and the beginning of the

Fig. 9. Nitrogen isotope record, TOC/Ntot, TOC/Porg and TOC/Preac molar ratios from (a) Site 1143 and (b) Site 1144. Age and
MIS as in Fig. 2.
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Holocene, while at Site 1144, highest values (up to
8) are observed during stages 5.3 and 5.2, stage 2
and the Holocene (Fig. 9).

N
15N values from Site 1143 correlate with cal-

cite, with higher values during interglacial periods
(Figs. 2 and 9). At Site 1144, N15N presents more
constant values, averaging 6x. From around 20
ka to the top of the interval, the nitrogen isotope
signature decreases to 4x (Fig. 9).

4. Discussion

4.1. Detrital material: key to weathering, oceanic
and eolian circulation

Clay distribution in recent sediments from the
SCS is controlled by provenance. Chen (1978)
recognized seven di¡erent provinces, where the
relative amount of clay minerals is determined
by the mixing of clays coming from two main

sources: the Asian continent, characterized by
high contents of illite and chlorite, and the south-
ern tropical islands, which, due to more humid
and warm conditions, are characterized by impor-
tant amounts of kaolinite and smectite. Relative
variations of clay in time at these sites may be
interpreted as resulting from changes in monsoon-
al regime, which a¡ected weathering on the Asian
continent, and in source, due to changes in ocean-
ographic conditions.
Clay distribution at Sites 1143 and 1144

roughly corresponds to Chen’s pattern: at Site
1144, clays from the northern Asian continent,
e.g. illite and chlorite, are the main clay compo-
nents. Illite and chlorite at Site 1143, which have
probably the same origin as those at Site 1144, as
suggested by the illite crystallinity and by triangu-
lar diagrams, are mixed with kaolinite and smec-
tite, supplied from the surrounding tropical is-
lands and by the weathering of volcanic rocks
(Chen, 1978; Chamley, 1989).

Fig. 10. Schematic model of the oceanographic, climatic and sedimentological situation of the SCS characterizing glacial periods,
during the last 140 000 years. Glacial conditions are considered as denoted by strong winter monsoon activity and low sea level.
Most of the continental shelf surrounding the SCS is exposed. See text and legend for details.
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At Site 1143, clay distribution is fairly invaria-
ble during the last 140 kyr, and the most impor-
tant changes are recorded during glacial periods,
when kaolinite and, to a lesser extent, illite in-
creased (Fig. 4). High values of kaolinite at Site
1143 are the result of (1) increased chemical
weathering on the southern islands, due to the
persistence of tropical climatic conditions (Wang
et al., 1999); (2) increased eolian input from the
interior of the Asian continent, characterized by
dry climate; and (3) reworking of older sediments
from the exposed Sunda shelf (Fig. 10). Quartz
and iron are also higher during glacial periods,
resulting from the enhanced eolian input from
the Asian interior and from reworking of shelf
sediments. MARs of detrital material clearly in-
dicate increased accumulation during glacials
(Fig. 3), con¢rming the hypothesis of strength-
ened erosion and enhanced eolian supply pro-
vided by clay minerals. Changes in grain size at
Site 1143 are most likely related to the same fac-

tors: the establishment of the large Molengraa¡
River system and the increased winter monsoon
strength could have provided coarser material to
the site. Because both glacial and interglacial pe-
riods in the tropical regions of the SCS are char-
acterized by humid and warm conditions, £uvial
material contribution to Site 1143 is observed
throughout the studied interval (Fig. 6).
Studies on modern sediments indicate that re-

working of material from the Pearl River supply
(Wang et al., 1999), and current transport from
the ECS through the open Taiwan strait (Chen,
1978) should be considered as the main vectors
responsible for clay and mineral distribution at
Site 1144 (Fig. 11). During glacials, clay distribu-
tion at Site 1144 is opposite compared to Site
1143: low amounts of kaolinite and illite are par-
alleled by increased quantities of chlorites. During
stages 2^4, conditions were more arid on the in-
terior of the Asian continent, as also suggested
by decresing illite crystallinity values. Thus, we

Fig. 11. Schematic model of the oceanographic, climatic and sedimentological situation of the SCS characterizing interglacial pe-
riods, during the last 140 000 years. Interglacial conditions are considered as denoted by strong summer monsoon activity and
high sea level. See text and legend for details.
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would expect illite contents to increase at Site
1144. But the closing of the Taiwan strait inter-
rupted the input of material from the ECS shelf,
whose sediments are rich in illite, and the connec-
tion between the SCS and the Paci¢c Ocean was
only provided by the Bashi strait (Fig. 1). Surface
sediments east of the coast of Luzon are rich in
chlorite, because of the presence of chloritic schis-
tose rocks, but relatively depleted in illite com-
pared to Asian continent sediments (Kolla et al.,
1980). Oceanic circulation during stages 4^2 could
have prompted the transport of chlorite-enriched
sediments from Luzon into the SCS, diluting the
signal of the supply from the Asian continent
(Fig. 10). As for Site 1143, MARs of detrital ma-
terial at Site 1144 are highest during stages 2^4,
and peaks correspond to peaks in median grain
size, most likely related to enhanced eolian trans-
port from the continent. Coarser material at
around 9 ka could be the evidence of early Holo-
cene strengthened summer monsoon, which could
imply increased rainfall and consequent high £u-
vial input (Wang et al., 1999), which could have
been transported to the site.
Despite the fact that Site 1144 is a site of fo-

cused sedimentation (Wang et al., 2000), where
most of the deposits are originated by winnowing
(Fig. 6b), and that Site 1143 is located far away
from the continent (Fig. 1), episodes of strength-
ened eolian input are clearly recorded at both
sites. Peaks in median at Site 1144 correlate with-
in error with peaks at Site 1143 (Table 2). We
observe a remarkable correspondence between
the high values in the median grain size at both
sites and peaks in quartz median diameter mea-
sured in the Luochan loess succession (Porter and
An, 1995; An and Porter, 1997). Porter and An
interpreted these features as representing periods
of increased winter monsoon intensity and loess
development also during interglacial periods, and
they related them to cold events recorded in the
North Atlantic region. As a matter of fact, eolian
input to Site 1143 occurs also during interglacial
stage 5, possibly during short-lasting cold periods,
when winter monsoon was stronger. Also, high
clay contents observed during stage 3 are prob-
ably related to eolian deposits, as indicated by
Koopmann’s classi¢cation (Fig. 6).

4.2. Organic matter and nutrients: key to
productivity and sedimentation

Organic geochemical proxies (e.g. Rock-Eval
indices, elemental ratios and stable isotope ratios
of the organic matter) have been extensively used
to determine both the nature and the degree of
degradation of organic matter in marine sedi-
ments. Rock-Eval data and TOC/Ntot values in-
dicate that organic material at Sites 1143 and
1144 is composed of a mixture of degraded ter-
restrial and marine organic matter (Figs. 8 and 9).
Generally, TOC/Ntot ratios of sediments from
Sites 1143 and 1144 average 6 and 11, respec-
tively. The low correlation between TOC and to-
tal N at both sites (r2 = 0.019 for Site 1143 and
r2 = 0.327 for Site 1144; Fig. 8b) implies that or-
ganic matter is constituted by a variable mixture
of a terrestrial and a marine end-member. The
di¡erence in the TOC/Ntot ratios between the
two sites is in agreement with the ¢nding that
sediments from Site 1144 bear an important per-
centage of inorganic nitrogen (see discussion be-
low).
TOC/Porg ratios give contradictory informa-

tion: while at Site 1144 TOC/Porg ratios are high
(average of 250) and characteristic of a marine/
terrestrial melange of organic material, TOC/Porg
ratios at Site 1143 are close to the Red¢eld value.
High organic P relative to organic carbon has
been observed in various marine environments,
especially in settings characterized by ¢ne-grained
sediments, as is the case for Site 1143 (Ruttenberg
and Go‹ni, 1997). Sorption of organic P onto clay
mineral surfaces may prevent remineralization of
phosphorus and preferentially preserve it com-
pared to organic carbon (Ruttenberg and Go‹ni,
1997). High values of TOC/Porg ratios at Site 1144
especially at around 100 ka and during cold stages
4^2 may re£ect (1) the enhanced eolian input of
terrestrial material during strengthened winter
monsoon intervals, and (2) the preferential pres-
ervation of organic C compared to organic P,
caused by low oxygen conditions in pore waters
(Ingall and Jahnke, 1994).
Because degradation of organic material is con-

sidered as the main source of reactive P to pore
waters and sediments (Broecker and Peng, 1982;
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Froelich et al., 1982; Delaney, 1998), the TOC/
Porg ratio is generally used to constrain the behav-
ior of P in marine sediments and the nature of the
organic matter (Anderson and Delaney, 2001).
After degradation of the organic material, regen-
erated P is generally redistributed to di¡erent
sedimentary phases or di¡used back to the bot-
tom water (Jarvis et al., 1994). Thus, the ratio
between organic C and reactive P in sediments
may give more detailed indications about envi-
ronmental conditions and diagenetic processes
in the sediments (e.g. Anderson and Delaney,
2001). TOC/Preac ratios lower than the Red¢eld
ratio indicate an excess of reactive P compared
to organic carbon in sediments from both sites
(Fig. 9). This surplus of P could be attributed to
the presence of ¢sh debris, as is the case for Oman
margin sediments (Schenau et al., 2000), or to the
supply of particulate phosphorus from the conti-
nent.
Relatively higher values of the TOC/Preac ratios

are observed during stages 2^4 at both sites, and,
only at Site 1144, they parallel TOC/Porg ratio
trend. This behavior may be explained either by
reduced input of P to the SCS compared to inter-
glacial intervals, or to regeneration and loss of P
to the water column, due for instance to severe
oxygen depletion and/or high alkalinity levels in
pore waters, which may have hampered the pre-
cipitation of authigenic Ca^P (Ingall and Jahnke,
1994). High reactive P MARs during glacial peri-
ods, as well as other detrital index MARs, all
indicate increased glacial continental contribution
to sedimentation (Fig. 3), reasonably excluding
the hypothesis of a decreased input of P during
glacials. This suggests that dissolved regenerated
P was probably recycled back to the water col-
umn. According to Wang et al. (1999) reduced
circulation and increased oxygen de¢ciency in in-
termediate and bottom waters characterized gla-
cial intervals in the SCS. Moreover, during those
periods, Site 1144 was characterized by extremely
high sedimentation rates (up to 2 m/kyr; see
Bu«hring et al., in press), and the consistent eolian
input of detrital material as well as organic mat-
ter, as testi¢ed by TOC MARs, could have rein-
forced already existent dysaerobic conditions, and
raised alkalinity in pore waters. Glacials in the

southern region of the SCS are characterized by
a tropical climate, with enhanced precipitation
and the establishment of the Molengraa¡ £uvial
system. The enhanced input of fresh water, corro-
borated by the reconstruction of sea surface salin-
ity (SSS) values using foraminifera (Wang et al.,
1999, and references therein), may have triggered
periodic strati¢cation of the water column and
consequent oxygen depletion.
Glacial^interglacial patterns of productivity at

the two sites are di¡erent: upwelling occurs along
the Vietnamese coast during summer monsoon
periods (Wiesner et al., 1996), and evidence of
the same phenomenon during interglacial times
exists (i.e. N

13C data of G. ruber, Wang et al.,
1999). At Site 1143, high percentages of calcite
are observed at the boundaries between stages
6^5 and 2^1, and persist all through stage 5.5
and the Holocene. Calcite MARs are high during
stage 5.5, while relatively low values during glacial
stages possibly imply diminished marine produc-
tivity due to weakened upwelling.
At Site 1144, high nutrient levels during glacials

and deglaciation, resulting from strengthened eo-
lian input of material from the continent (see
MARs of Fe and detrital minerals) could have
sustained high primary production. Despite the
fact that TOC at this site is a mixture of marine
and terrestrial organic matter, the similarity in
trend between TOC concentration and chlorin
concentrations may indicate high productivity
during glacial and arid intervals, where the two
records display the highest values and similarity
(Fig. 7).
Provided adequate vertical mixing of the water

column, regenerated nutrients such as phosphorus
(see discussion above) could have helped in sus-
taining productivity. However, during glacial in-
tervals, there is no evidence of upwelling at either
site. Madhupratap et al. (1996) and Reichart et al.
(1998) explained high productivity during winter
monsoon season and glacial periods along the
coasts of the Arabian Sea as the results of deep
water mixing: the dry winter monsoon promoted
evaporation, cooling of surface waters and conse-
quent sinking, upwelling, thus nutrient-rich waters
from down to 800 m. Since the winter monsoon
strength increased during glacial times, it is not
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excluded that the above process could have
played a role also in the SCS, at least at Site 1144.
Recent studies on nitrate concentrations in SCS

surface waters (for a review, see Kienast, 2000)
indicate that nitrates are completely consumed
by primary producers and that the SCS is conse-
quently a nitrate-limited environment. Therefore,
sedimentary N

15N variability could be the expres-
sion of changes in circulation, of contribution of
terrigenous organic material, denitri¢cation, and/
or nitrogen ¢xation (Altabet and Francois, 1994;
Altabet et al., 1995; Farrell et al., 1995; Haug et
al., 1998; Higginson et al., 2003). One major con-
cern while studying nitrogen isotopes from clay-
rich environments is the potential in£uence of in-
organic nitrogen on the isotopic signature of the
bulk sediment. To estimate this in£uence, data
from both sites were plotted on a TOC wt% vs.
Ntot wt% diagram (Fig. 8b; see Hedges et al.,
1988). We performed statistical analysis on the
distribution of the residuals (di¡erence between
each data point and its estimate) in order to use
the correlation for data from Site 1144. The re-
siduals show a normal distribution, so despite the
low correlation coe⁄cient (r2 = 0.327 for Site
1144), we can con¢dently use the linear ¢t. The
positive x-axis intercept for Site 1144 samples in-
dicates that inorganic nitrogen, most likely sorbed
on clay minerals, may account for at least 30% of
the total nitrogen pool of these sediments. Sedi-
ments at this site are rich in clays whose main
constituent of the fraction 6 2 Wm is illite (Fig.
4), which may incorporate ammonium (NHþ

4 ) at
the place of Kþ in interlayer exchange sites (Schu-
bert and Calvert, 2001). If the isotopic signal of
sediments from Site 1144 were in£uenced by ad-
sorption of inorganic nitrogen, low values of N15N
should correspond to low values of the TOC/Ntot

ratio, which is not the case (Fig. 9). N
15N and

TOC/Ntot ratios show opposite trends, as the
low values in nitrogen isotopes observed during
glacial stage 2 and the Holocene coincide with
high values of the TOC/Ntot molar ratio (Fig.
9). This indicates that although inorganic nitrogen
is present in sediments at Site 1144, N15N values
bear information on the nature of the organic
material.
At Site 1144, N15N values indicate that higher

input of terrestrial organic material started prob-
ably before the boundary between stages 2 and 1,
and continued throughout the Holocene, where
nitrogen isotopes are lowest (Fig. 9). This could
result from the £ooding of the shelf and the con-
sequent reworking and transport of terrestrial or-
ganic matter to deeper locations. At Site 1143,
N
15N values are almost invariable. During glacial
stages 4^2, slightly low values (Fig. 9) may have
recorded (1) an increased contribution of terres-
trial organic matter, and (2) nitrogen ¢xation, due
to complete utilization of nitrate if other nutrients
are present (i.e. phosphorus and iron; Haug et al.,
1998; Cullen, 1999; Tyrrell, 1999). The shift at
stage 5.3 corresponds, in fact, to the increase of
both TOC and detrital concentrations and
MARs. In this scenario, the augmented input of
material from land and the exposed shelf could
also have led to elevated nutrient levels in surface
water during glacials (Fig. 10).
The distribution of Fe-bound P is controlled

mainly by redox conditions in the sediments, by
variations in sedimentation rates, and the degree
of crystallization of the Fe-oxides (Sundby et al.,
1986; Van Cappellen and Ingall, 1994; Slomp,
1997). The lack of correlation (r2 = 0.0221) ob-
served at Site 1143 between ferric iron and Fe-
bound P may be due to the presence of better
crystallized detrital iron-oxides (Slomp et al.,
1996; Schulz and Zabel, 2000): dissolved P is ad-
sorbed in small concentrations on the surface of
Fe-oxide-bearing minerals and it is released under
reducing conditions, while a large part of well
crystallized Fe-oxides is preserved. The upward
increase of Fe-bound P may be the result of a
larger amount of amorphous, diagenetically
formed Fe-oxides compared to glacial periods,
when Fe-oxides were provided by eolian and river
input from the continent. The situation is far
more complex at Site 1144, where the high sedi-
mentation rates and the sediments rich in organic
matter have promoted oxygen depletion in the
sediments, reducing the adsorbing capacity of
Fe-oxides. The most prominent peaks in Fe-
bound P concentrations are strongly related to
peaks in sedimentation rates, as is the case for
the interval at around 100 ka and during stage 4
(Fig. 7). High sedimentation rates may hasten the
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burial of sediments and P adsorbed on Fe-oxides
may have been preserved.
The ferric Fe record at Site 1144 presents a

well-de¢ned minimum at the stage 2^1 boundary,
already below the zone of sulfate reduction (see
Inorganic Geochemistry chapter, Site 1144 in
Wang et al., 2000), which corresponds to a max-
imum in authigenic pyrite (Fig. 7), and to a mini-
mum in magnetic susceptibility (see Kissel et al.,
2003). At the base of this minimum, where pyrite
percentages are higher, Fe-bound P is low, pos-
sibly recording important changes in sedimenta-
tion. Post-depositional enrichments of Fe sul¢des,
such as authigenic pyrite, have already been ob-
served in other sedimentary environments (i.e. the
Amazon deep-sea fan, Kasten et al., 1998). The
process responsible for this phenomenon is be-
lieved to be the installation of a non-steady-state
diagenetic regime, promoting the precipitation of
authigenic minerals. Kasten and co-authors recog-
nized the signi¢cant drop in sedimentation rates
and in organic carbon accumulation characteriz-
ing the transition between stage 2 and the Holo-
cene as the controlling factor (Kasten et al.,
1998). As is also observed for Site 1144, the
boundary between stages 2 and 1 is marked by
a four-fold decrease in sedimentation rates (Bu«h-
ring et al., in prep.). The decreased sedimentation
rate, as inferred both by isotopic stratigraphy and
sedimentary geochemistry at Site 1144, may indi-
cate that sea level started rising already during the
last interval of stage 2. Tropical sea-level records
south of 35‡N clearly indicate that sea-level
changes after the Last Glacial Maximum may
have begun as early as 18 ka (Winkler and
Wang, 1993).

4.3. Toward a reliable proxy for monsoon activity?

One important issue in studying monsoon sys-
tems in the past is to determine a reliable proxy
which excusively records monsoon variability
through time, without being a¡ected by other
processes. In this study, we have presented several
mineralogical, organic and inorganic geochem-
ical proxies from two di¡erent locations in the
SCS, which have recorded changes during the
last 140 000 years. It is clear to us that most of

them are not direct indicators of the monsoon
history.
Because of the geographic and bathimetric con-

¢guration of the SCS, this basin is extremely sen-
sitive to eustatic changes, which were recorded by
many proxies. Eolian input from the continent is
generally mixed with material reworked from the
shelf, and sometimes it is not straightforward to
unravel the ‘true’ monsoon signal. Only a careful
comparison between all the proxies at the two
sites helped in understanding the evolution of cli-
mate and monsoon during the last glacial^inter-
glacial cycle in the SCS. From our study, the best
proxy to infer eolian input and reconstruct winter
monsoon activity and strength seems to be pro-
vided by the median grain size and the use of
Koopmann’s classi¢cation (Fig. 6). As discussed
previously, peaks in median grain size correlate
between the two sites and are in agreement with
the age of intervals of enhanced winter monsoon
recorded in Chinese loess sections (Porter and An,
1995; An and Porter, 1997).

5. Conclusions

The multiproxy study of sediments from ODP
Sites 1143 and 1144 provides new information on
the evolution of sedimentation and climate in the
SCS area during the last glacial^interglacial cycle.
The complex interplay ofmonsoonal climate, which
controls river and eolian input as well as current
circulation, and sea-level variations, linked to glob-
al climate changes, drives the distribution of sedi-
ments, nutrients, and organic matter in the SCS.
(1) Interglacial periods are characterized by

high sea level, which permitted the connection
of the SCS both with the Indian and the Paci¢c
oceans. The circulation in the SCS was controlled
by wind direction and by the overturn between
summer and winter monsoons. Sediments were
derived from the Asian continent, the tropical is-
lands surrounding the SCS, and the ECS, brought
in by the in£ow through the Taiwan strait. High
productivity was fostered by the presence of up-
welling cells close to Site 1143 and by £uvial input
of nutrients. Short arid and cold periods, charac-
terized by enhanced eolian input, were common
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and possibly correlated with a more global cli-
matic variability.
(2) During glacial stages, sea level was about

120 m lower than during interglacial periods,
changing the con¢guration of the basin. Most of
the connections with the open ocean were shut
down, oceanographic circulation changed, and
the wide Sunda shelf was exposed and drained
by the large Molengraa¡ £uvial system. Sediments
previously deposited on the shelf were reworked
and deposited in deeper areas, and the changed
current system brought into the sites sediments
from other sources than the interglacial ones.
Arid conditions on the interior of the Asian con-
tinent promoted the development of loess deposi-
tion, and the strengthened winter monsoon
brought high amounts of detrital material and
nutrients to the SCS. Generally reduced circula-
tion, strati¢cation of the water column, in the
southern SCS, and high organic carbon £ux, in
the northern SCS, fostered severe oxygen deple-
tion in bottom waters and high alkalinity in pore
waters. These conditions hampered precipitation
of authigenic phosphorus, which was released
from the sediments and, provided there was su⁄-
cient vertical mixing, re-di¡used to the water col-
umn.
(3) The transition between stages 2 and 1 was

marked by a severe drop in sedimentation rates,
and, within the error given by isotopic stratigra-
phy uncertainty, the sea level started to rise as
early as 18 ka. The Holocene was characterized
by the re-establishment of humid conditions all
over the Asian continent and of open circulation
and connection with the Indian and Paci¢c
oceans.
Similar multiproxy studies of sediments from

the SCS at higher time resolution are now needed
to assess the importance and the extent of these
processes and of the related feedback mecha-
nisms, and the connection (leads and lags) with
other climate forcing factors (atmosphere and
ocean circulation, Milankovitch cycles).
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