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Dynamic control on grain-size distribution of terri-
genous sediments in the western South China Sea:
Implication for East Asian monsoon evolution
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State Key Laboratory of Marine Geology, Tongji University, Shanghai 200092, China

High-resolution oxygen isotope stratigraphy of Core MD05-2901, which is located off eastern Vietham
in the western South China Sea (SCS), was established and indicated that the core spans a time period
of the past 450 ka. Based on the bulk density, fractional porosity and lithogenic content of the sedi-
ments, terrigenous mass accumulation rate (TMAR) was obtained, which is 4.9—6.0 g cm™ ka™' on
average during interglacial stages, higher than that during glacial stages, i.e. 1.9—5.0 g cm™ ka™',
which is different from northern and southern SCS which show higher TMAR in glacial stages. By
principle component analysis of grain size distribution of all the samples, two main control factors (F1
and F2) were obtained, which are responsible for about 80% variance of granularity. The contents of
grain size population 1.26 —2.66 um% and 10.8 —14.3 um% which are sensible to F1 show
high-frequency fluctuation, and correlate well with the summer insolation at 15°N. They exhibit a dis-
tinct cyclicity with frequencies near 23 ka and 13 ka, in contrast to a strong frequency peak near 100 ka
obtained in proxies 4.24—7.42 ym% and 30.1—43.7 um% controlled mainly by F2. The sedimentary
character of this part of the SCS was controlled by variations of input flux from two main source areas,
namely the southwest and north SCS, which were transported by different circulations of surface cur-
rent forced by East Asian summer monsoon and winter monsoon respectively. We believe that the East
Asian summer monsoon has fluctuated with high frequency and been forced by changes in solar in-
solation in low latitude associated with precession and half precession, while ice-volume forcing is
probably a primary factor in determining the strength and timing of the East Asian winter monsoon but
with less important insolation forcing.
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As the significant component of the global climate, the
finer details of East Asian monsoon are now coming to
light through investigation of records from land and sea.
The South China Sea, the largest marginal sea in the
western Pacific, gives us the ideal materials to trace East
Asian monsoon evolution, because it received abundant
terrigenous products of chemical weathering and physi-
cal erosion in adjacent continents'’. Through the re-
search on the deep sea sediments, especially the sedi-
ment cores collected in ODP 184 cruise, abundant in-
formation about the tectonic history of the South China
Sea and East Asian monsoon evolution during the Ce-
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nozoic has become known"*. More and more pa-

leo-oceanographic information such as changes of ther-
mocline depth, sea water temperature and paleoproduc-
tivity, has been discovered mainly by studies on bio-
genic materials®=2,

The South China Sea, a semi-closed basin with the
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Asian continent and Taiwan lying in the north and west,
and the volcanic islands in the south and east, is charac-
terized by much higher terrigenous mass accumulation
rate than open oceans. And the continental materials
contain lots of information about tectonic sedimentary
history, chemical weathering and physical erosion, and
East Asian monsoon evolutiont. However, the studies
on terrigenous sediments have not been paid enough
attention relative to biogenic materials™ %,

Grain-size distribution of terrigenous sediments pre-
serves abundant information about source area, transport
and sedimentation processes. Grain-size distribution of
loess sediments has been widely used to study the East
Asian monsoon evolution™=2%, Much knowledge about
global and regional climate has been gained by extracting
different grain-size components of sediments. Grain-size
distribution of marine sediments also provides much in-
formation about changing environment such as source
region’s climate, monsoon evolution and ocean currents,
which was well applied to studies in the north Atlantic2!,
the north Pacific®?, Arabian Sea2¥, offshore southwest
coast of Africa®?% the East China Sea®Z, the South
China Sea®! and so on. In order to track the changes of
the past environment, it is critical to extract grain-size
populations sensitive to environment and their character-
istics (such as mode, range of grain-size distribution,
content of different populations, etc.). Recently scientists
have developed many mathematical methods to partition
grain-size populations of sediments, which mainly include
fitting function based on Weibull distribution®, end-

23-25.30.31

member modeling of grain-size , and grain-size

vs. standard deviation#®32.

In this paper, we report the grain-size analytical re-
sults of the deep sea terrigenous sediments from Core
MDO05-2901 in the western South China Sea (Figure 1).
Additionally, based on the high-resolution oxygen iso-
tope stratigraphy combined with other physical parame-
ters, the variation trend of terrigenous mass accumula-
tion rate over the past 450 ka was calculated. Here we
present a new method, namely the principle component
analysis, to extract grain-size populations sensitive to
sedimentary environments, and to further analyze dy-
namic control on grain-size distribution of terrigenous
sediments in the western South China Sea during late
Quaternary, to study the history and mechanism of East
Asian summer monsoon and winter monsoon evolution.
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Figure 1  Bathymetry of the South China Sea and location of Core

MD05-2901. Gray solid arrows indicate the surface current forced by
summer monsoon and gray dashed arrows present the surface current
drived by winter monsoon. The drainage area of Zhujiang River and Me-
kong River and locations of some other cores mentioned in the study are
also displayed.

1 Materials, methods and age model

1.1 Introduction to Core MD05-2901

Core MDO05-2901 (14°22.50'N, 110°44.60'E, water
depth 1454 m, core length 36.49 m) was collected from
the western slope of the South China Sea during the in-
ternational cruise Marco Polo (IMAGES XII). The core
consists of olive green or green gray hemipelagic mud
sediments enriched with well-preserved calcareous and
siliceous microfossils without obvious disturbance. No
turbidites were detected. The section between 13.65 and
14.35 m was absent because of the shipboard coring
disturbance. Magnetic susceptibility, bulk density, frac-
tional porosity, colour reflectance, etc. were measured
on board. The detailed procedures of sampling and
measurements and the physical parameter results are
included in Marco Polo cruise report®.

1.2 Oxygen isotope stratigraphy

Oxygen isotope compositions (5'*0) have been meas-
ured with 8 cm intervals on planktonic foraminifera G
rubber (white) using a Finnigan MAT252 mass spec-
trometer in the State Key Laboratory of Marine Geology,
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Tongji University. The measurements are reported ver-
sus PDB with a mean external reproducibility of
+0.08%o. The age model has been established mainly by
using the high-resolution oxygen isotopic stratigraphy
combined with the first and last occurrences of G rubber
(pink) at 3337 cm (404 ka in age) and 1273 cm (120 ka
in age)¥, respectively. The chronology was finally es-
tablished by correlating to the benthic foraminifera
oxygen isotope stratigraphy at the Ocean Drilling Pro-
gram (ODP) Site 67722 The result indicates that the
bottom of Core MD05-2901 is located in marine oxygen
isotope stage (MIS) 12, with an approximate age of 447
ka.

1.3 Grain-size measurement

A total of 912 samples with a depth resolution of 4 cm
were taken from the core for grain-size measurement
following the methodology of ref. [36]. First, take 0.15 g
sample, and input 10 mL 30% H,0,, in order to remove
organic matter; second, add 15 mL 25% acetic acid,
boiling for 1 min, then shift to 1000 mL beaker with full
purified water, stabilizing for 24 h to remove carbonate;
Third, shift to 300 mL beaker, and add 6 g NaOH, boil-
ing for 5 min, then shift to 1000 mL beaker with full
purified water, stabilizing for 24 h to remove biogenic
silica. Forth, shift to 300 mL beaker, add 300 mg
(NaPOs)s, boiling for 1 min, then scatter it using ul-
tra-sonic for 3 min. Finally, the samples were measured
on a Laser Particle Size Analyzer Beckman Coulter
LS230 at the State Key Laboratory of Marine Geology,
Tongji University.

2 Results

2.1 Terrigenous mass accumulation rate

According to sub-bottom seismic profile®, the sedi-
mentary environment in the coring area is very stable,
and turbidity is absent. It indicates that the terrigenous
detrital particles have settled stably. The marine sedi-
ments consist of biogenic materials such as foraminifer,
opal and diatom, and terrigenous clastics that comprise
mainly of different types of detrital minerals like clay
minerals and quartz. In order to understand sedimentary
mechanism of the terrigenous clastics, here we calcu-
lated the terrigenous mass accumulation rate (TMAR)
with unit g cm™ ka™' as follows=™:
TMAR=SR*x(BD-PxWD)xwt%, (1)
where SR is the linear sedimentation rate with unit

cm/ka. BD is bulk density of sediment with unit g/cm’,
measured on board using Teotek Multi-Sensor-Core-
Logger®2. WD is density of sea water, 1.025 g/cm’.
wt% is weight percentage of terrigenous sediment which
is from ref. [9].

P is fractional porosity, calculated by using the fol-
lowing formula®*!

P=0.7263x¢1%% )
where z is the depth of the sample below sea floor.

The TMAR varied with time in a range of 1 —10 g
cm “ka”' (Figure 2). The average value of TMAR in
glacial stages is 4.9—6.0 g cm “ka ', higher than 1.9—
5.0 g cm’ka' in interglacial stages. Especially since
MIS7, TMAR shows strong glacial-interglacial cycles,
and more terrigenous clastics settled in this area during
interglacial stages with the highest value 10 g cm “ka .
The sedimentary characteristics in the western South
China Sea is different from that in the north South China
Sea and in the south South China Sea. For example,
TMAR exhibits a higher value in glacial stages in Core
17961 and Core ODP1144[§1, which is the main sedi-
mentary trend in the South China Sea”
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Figure 2 Terrigenous mass accumulation rate (TMAR) and planktonic

foraminifera oxygen isotope stratigraphy over the past 450 ka of Core
MD05-2901. The average TMAR in each MIS is also presented.

2.2 Principle component analysis of grain-size data

In scientific research, we usually have a big set of data
and want to analyze the set in terms of the relationships
between the individual points in the data set. It is very
important to find a feasible analytical method that re-
duces the data without loss of the information contained
in the data. Principle component analysis is a common
useful statistical technique for finding information in
data of high dimension. The main applications of this
kind of factor analytic technique are: (1) to reduce the
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number of variables and (2) to detect structure in the
relationships between variables, that is to classify vari-

ables.

Table 1 Correlation coefficients between content of each grain-size
fraction in the range of 0—60 pum and the two main control factors (F1
and F2) at Core MD05-2901

Grain size (um)  F1 F2 Grain size (um) Fl1 F2
0.38 0.735  0.392 5.11 0.181 —0.941
0.41 0.734  0.392 5.61 0.057 —0.953
0.45 0.734  0.396 6.16 -0.071 -0.944
0.50 0.736  0.405 6.76 -0.202 0911
0.54 0.741  0.419 7.42 -0.334 -0.852
0.60 0.747 0.434 8.15 -0.469 —0.760
0.66 0.754  0.451 8.94 -0.601 -0.627
0.72 0.762  0.467 9.82 -0.716 —0.451
0.79 0.771  0.485 10.8 -0.796 —0.243
0.87 0.781  0.500 11.8 -0.831 -0.028
0.95 0.791  0.509 13.0 —0.829 0.169
1.05 0.802 0.510 14.3 —0.803  0.333
1.15 0.814  0.498 15.7 -0.772  0.455
1.26 0.826  0.474 17.2 -0.749 0.534
1.38 0.838 0.435 18.9 -0.741 0.574
1.52 0.849  0.380 20.7 -0.742  0.587
1.67 0.860 0.311 22.7 -0.730 0.588
1.83 0.868  0.227 25.0 -0.697 0.594
2.01 0.872  0.128 27.4 —0.650 0.618
2.21 0.867 0.013 30.1 -0.599 0.661
2.42 0.851 -0.115 33.0 —0.545 0.708
2.66 0.821 -0.254 36.2 —0.485 0.737
2.92 0.772  -0.396 39.8 -0421 0.721
3.21 0.705 -0.535 43.7 -0.361  0.660
3.52 0.620 -0.661 47.9 -0.307 0.572
3.86 0.522  -0.767 52.6 -0.249 0474
4.24 0.414 -0.849 57.8 -0.173  0.387
4.66 0.300 -0.906

Sedimentary characteristics of terrigenous clastics in
the marine sediments are controlled by source area,
transport and sedimentation processes, which of course
effect the grain-size distribution of the sediments. In this
paper, principle component analysis, a powerful tool for
factor analysis, was used to analyze the grain-size data
of all samples in order to extract grain-size populations
sensitive to environment, and further to understand the
dynamic control on sedimentation in this area. All the
particles above 60 pum were not considered, because
their content is almost below 0.1% for all samples. In
order to do principle component analysis of grain-size
data, a database of all the samples is constructed, in
which the grain-size in the range of 0—60 um is subdi-
vided into 55 fractions (Table 1), and the content of each
grain-size fraction is used as a variable. Here we used

SPSS13 (Statistical Package for the Social Science, a
world-famous statistical and analytical software) to do
principle component analysis.

Two main control factors (F1 and F2), which are re-
sponsible for 46% and 32% variance of the grain-size
distribution of all the samples respectively, were ob-
tained. The correlation coefficients in Table 1 reflect the
intensity of relationship between the content of each
grain-size fraction and the two factors. Positive number
(negative) indicates positive (negative) correlation. The
bigger the number’s absolute value is, the more repre-
sentative this grain-size fraction is to this factor. Taking
the 2.01 pum for example, its load on factor F1 is 0.872,
and its load on factor F2 is 0.128. It means that the
variation of the content of this grain-size fraction is
mainly controlled by F1, but much less by F2. The loads
figure (Figure 3) can visually reflect the intensity of
correlation between each grain-size fraction and the two
factors. It was obtained through projecting each
grain-size fraction’s load to the two axes of F1 and F2.
As shown in Table 1 and Figure 3, the 9 grain-size frac-
tion between 1.26 and 2.66 and the 4 grain-size fraction
between 10.8 and 14.3 are sensitive to F1, but not to F2.
Whereas, the 7 grain-size fraction between 4.24 and 7.42
and the 5 grain-size fraction between 30.1 and 43.7 are
sensitive to F2, but not to F1.

The variations of 1.26—2.66 um%, 10.8—14.3 pm%,
4.24—7.42 um% and 30.1—43.7 um% over the past

450 ka is shown in Figure 4. 1.26—2.66 um% and
1
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Figure 3 Correlation coefficients between content of each grain-size
fraction in the range of 0—60 pum and the two main control factors (F1
and F2) at Core MDO05-2901. The grain-size fraction in deep gray area is
mainly controlled by F1, while the grain-size fraction in light gray area is
mainly controlled by F2.
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Figure 4 1.26—2.66 um%, 10.8—14.3 um%, 4.24—7.42 um%, 30.1—43.7 um% and planktonic foraminifera oxygen isotope stratigraphy over the past

450 ka at Core MD05-2901, and the comparison between the grain-size proxies and the kaolinite/(illite+chlorite) ratio and the summer insolation of low
latitude in the Northern Hemisphere. The summer insolation refers to an average insolation during July at 15°N following the Laskar solution™*”, using the
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Figure 5 The average grain-size distribution of interglacial samples and
glacial samples from Core MD05-2901.

10.8—14.3 um% shows high-frequency fluctuation and
obvious negative correlation, because the two popula-
tions correlate with F1 positively and negatively respec-
tively. For the same reason, 4.24 —7.42 um% and
30.1—43.7 um% also exhibit an obvious negative cor-
relation. They are in accordance with oxygen isotope,
and show clear glacial-interglacial cyclicity. Even in
interstadials of MIS 5 and MIS 7, the two populations
also had strong correspondence.

Interglacial and glacial average grain-size distribution
curves are achieved through averaging every grain-size
fraction’s contents of all the samples (Figure 5). What-
ever glacial samples or interglacial samples, the average
content of particles above 60 pm is very little, less than
0.1 %. The average content of each grain-size fraction in
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the ranges of 0—2.66 um and 10.8—14.3 um in inter-
glacial and glacial samples are nearly the same, which
indicates that the two populations do not show a gla-
cial-interglacial cyclicity. For each grain-size fraction in
the population of 4.24—7.42 um, the content in inter-
glacial stages is higher than that in glacial stages. Mean-
while, for the population of 30.1 —43.7 um, the content
in glacial stages is higher than that in interglacial stages.
So we can conclude that the two populations of 4.24—
7.42 um and 30.1—43.7 um vary on the scale of gla-
cial-interglacial cycles. The conclusion is consistent
with the results of principle component analysis of
grain-size distribution data.

3 Discussion

3.1 Source of terrigenous materials and dynamic
control

The South China Sea has broad continental shelves in
the north and southwest, which emerged or disappeared
with the sea level changes during glacial-interglacial
cycles in late Quaternary™. The marine sediments in the
South China Sea consist mainly of calcareous and sili-
ceous microfossils and rich lithogenic products of
chemical weathering and physical erosion in adjacent
continents, which provide a good record of East Asian
monsoon evolution and paleoceangraphy information
such as sea current changes in the past.

The northern continental shelf is very broad and flat
with very low gradient. The southwestern South China
Sea is the channel to the Indian Ocean which is only
30—50 m deep. While the sea level decreased, the Sunda
shelf emerged broadly and the channel shut down, and
made the South China Sea become a semi-closed sea
basin. The sea level could decrease about 120—140 m in
glacial stages“**!
tinental shelves and moving ahead of estuaries of the
Zhujiang River and Mekong River that would favor the

. It generated broad exposure of con-

transport of terrigenous materials to adjacent continental
slope and sea floor. Controlled by the regular changes of
sea level and river input, the TMAR showed glacial-
interglacial cycles. In the northern and southern South
China Sea, the sedimentation rate in glacial stages is
higher than that in interglacial stages, which was the
case for Core 17961 and Core ODP1144% Because
the exposure of more continental shelves and moving
ahead of estuaries to sea produced more terrigenous ma-

terials, combined with the shortened distance between
estuaries and the deep sea, it was easier to transport
more materials to hemipelagic areas in glacial stages.

According to the studies of pollen™ and charcoal
records from the northern South China Sea, the climate
was relatively cold and dry, and the emerging continen-
tal shelf was mainly covered by grass vegetation in gla-

[45]

cial stages. Grain-size distribution of carbonate-free
fraction of sediments form Core ODP1144 exhibits sig-
nificant variation between glacial and interglacial
changes, suggesting a higher proportion of coarse parti-
cles in glacial stages®®l. It indicates that the northern
continental shelf was mainly controlled by strong
physical erosion, but weak chemical weathering during
glacial stages.

The contribution of eolian dust to the marine
sediments in the South China Sea needs further studies.
The dust from the Loess Plateau in China could be en-
trained to an elevation of >5000 m, moved north and
northwestward, ultimately reaching 50°N, where the
dust was transported by the westerly jet stream mainly to
the remote high latitude area™®, like north Pacific!2.
However, modern meteorological investigation discov-
ered that the Asian inland dust can be transported to
Hong Kong by strong dust storms. Therefore, we sug-
gest that the contribution of dust to the sediments in
middle and high latitude areas was relatively obvious
which otherwise has not been quantitatively estimated.
Relatively large contribution of eolian dust for the total
marine sediment accumulation was previously reported
for the northern part of the South China Sea®*>*¢l. The
dust possibly came from adjacent continental shelf. In
glacial stages, large continental shelf north to the South
China Sea exposed in the relatively dry and cold climate
and strong winter monsoon2.. They all favored the pro-
duction and transport of eolian dust, which is possibly
one of the reasons why the particles in glacial stages
became coarse in the north of the South China Sea. The
western South China Sea is adjacent to the very narrow
continental shelf in Middle Vietnam and far from the
northern continental shelf. The obvious contribution of
dust to the sediments in this area has not been previously
reported. The grain-size distribution of most sediment
samples from Core MDO05-2901 exhibits single mode,
which indicates that the influence of eolian dust was
little, if existed. Additionally, some tiny volcanic dusts
originated from Luzon Island could arrive at this area™
because of the prevailing westward wind in high-eleva-
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tion sky at 15°N"% The volcanic dust caused high
magnetic susceptibility values and double mode of
grain-size distribution of some samples, and was also
responsible for the peaks of 30.1—43.7 pum% curve!.

Studies on clay minerals of Core MD05-2901 con-
firmed the sedimentation of terrigenous materials origi-
nated from Red River and Zhujiang River on the north-
ern shelf through the transport of anti-clockwise current
forced by winter monsoon™.. The content of kaolinite
mainly from Zhujiang River exhibits strong gla-
cial-interglacial cyclicity™. The southwestern conti-
nental shelf, Sunda shelf near the South China Sea, had
different climate environments from the northern conti-
nental shelf. Tropical lowland rainforest and mangroves
grew on the Sunda shelf, which indicates that the Sunda
shelf experienced only a marginally lower temperature
but not drier than today™. The smectite that was sup-
plied mainly by Mekong River and paleo-rivers on
Sunda shelf exhibits high-frequency fluctuation™, We
can conclude that the supply of terrigenous materials
from the southwestern source area did not exhibit gla-
cial-interglacial cycles, which was different from that of
the northern source area.

Previous studies once suggested that mountain belts
in Middle Vietnam are the major source of terrigenous
clastics in the western South China Sea™. Small moun-
tainous rivers may input huge continental clastics to the
ocean because of their special geomorphology and tec-
tonics™>. For example, although rivers surrounding
Taiwan have small drainage areas, their physical erosion
rate may be the highest in the world and discharge
185x10° t suspended sediment annually®™. The rain-
storm was reported as the most important forcing factor
of denudation in Taiwan™>. But the situation of moun-
tain in Middle Vietnam is very different. When blowing
over the Indochina Peninsula, the southwesterly summer
monsoon, which is situated in the transition zone be-
tween South Asian and East Asian monsoons, released
rain mainly in western Indochina and on the western
slope of mountains in Middle Vietnam. The runoff on
the eastern slope may actually be very low. In addition,
the rivers’ drainage area is very small (Figure 1), there-
fore large sediment discharge to the sea could not hap-
pen here. Grain-size distribution of terrigenous clastics
indicates that the particles larger than 60 pum are very
few, and the mean grain-size is only 6—8 um, which
also confirmed the impossibility of sediment discharge

from the nearby mountains in Middle Vietnam.

The variation of grain-size distribution of terrigenous
clastics at Core MD05-2901 was mainly controlled by
two factors, F1 and F2, which represent the different
clastics provenances and transport processes that origi-
nated from southwestern and northern continental
shelves respectively. In glacial-interglacial cycles, the
sea surface current pattern in the South China Sea ex-
perienced significant changes because of coastline’s
changes and evolution of East Asian monsoon™=%., In
interglacial stages, the southwesterly clockwise sea sur-
face currents forced by winds in summer was prominent
(Figure 1), and transported more terrigenous clastics
originated from southwestern continental shelf to this
area. In contrast, the South China Sea was characterized
mainly with strong anticlockwise sea surface currents
forced by winter monsoon in glacial stages (Figure 1),
which brought relatively more materials from northern
continental shelf. Because of different climate environ-
ments of source area, sea current intensity, and transport
distance, the grain-size distribution of terrigenous clas-
tics from northern continental shelf is quite different
from that from the southwestern continental shelf. And
different grain-size fraction has different sensitivity to
the two different processes, as shown in Table 1 and
Figure 3. 1.26—2.66 pm% and 10.8—14.3 um% sensi-
tive to F1 exhibit high-frequency fluctuation. It may
correlate with the southwestern source, since the two
populations are relatively thin. In contrast, the gla-
cial-interglacial cyclicity dominates the variations of
4.24—7.42 um% and 30.1—43.1 um% sensitive to F2,
which is related with the northern source. Moreover, the
estuary of Mekong River is closer to this area, and
TMAR is higher in interglacial stages which are charac-
terized with clockwise sea surface current. It indicates
that the terrigenous materials input from southwestern
source were relatively high. As mentioned above, F1 is
responsible for 46% variation of grain-size distribution,
and F2 for 32%, which also confirmed that F1 and F2
correlate with southwestern source and northern source
respectively.

3.2 East Asian monsoon evolution implicated by
grain-size proxy

The above analysis indicates that the two main control-
ling factors actually reflect the variation of terrigenous
clastics input from different sources that was influenced
by sea surface currents. They controlled the changes of
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grain-size distribution of terrigenous clastics of Core
MDO05-2901 over the past 450 ka. The surface circula-
tions in the South China Sea are forced mainly by the
East Asian monsoon, with clockwise or anticlockwise
surface current driven by summer or winter monsoon
respectively®®. Thus, F1 and F2 can reflect variations
on prevailing monsoons in the western South China Sea.
On the one hand, the southwesterly surface current
forced by the summer monsoon carried relatively fine
terrigenous clastics provided mainly by southwestern
source through intense chemical weathering to the west-
ern South China Sea; on the other hand, the anticlock-
wise surface current forced by the winter monsoon
transported relatively coarse terrigenous clastics origi-
nated mainly from northern source by strong physical
erosion to the western South China Sea. The content of
each grain-size fraction in the population 1.26—2.66 um
(10.8—14.3 um) has high positive (negative) correlation
with F1. Therefore, higher 1.26 —2.66 pm% (10.8—
14.3 um%) indicates the strong (weak) summer mon-
soon. For the same reason, higher 30.1 —43.7 um%
(4.24—7.42 um%) mainly indicates the strong (weak)
winter monsoon.

1.26—2.66 uym% and 10.8—14.3 um% for terri-
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Frequency (ka™)
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genous clastics from Core MD05-2901 exhibit high fre-
quency fluctuation over the past 450 ka (Figure 4). Their
spectral analysis presents 23-ka precession period and
13-ka semi-precession period as well (Figure 6(a), (c)).
This is the same as the spectral analysis results of other
East Asian summer monsoon proxies-. The precession
and semi-procession period is a character of the tropical
process™Z, indicating the feature of low-latitude summer
monsoon evolution. 30.1—43.7 um% and 4.24—7.42
pm% show an obvious glacial-interglacial cyclicity
(Figure 4). They have a strong 100-ka eccentricity pe-
riod (Figure 6(b), (d)), which is the main feature effected
by high-latitude ice sheet. It indicates that the East Asian
monsoon’s evolution was controlled by high-latitude ice
sheet, which further confirms the close relation between
the winter monsoon records in the South China Sea and
glacial cycles™. In addition, 30.1 —43.7 um% and
4.24—7.42 um% also show the 23-ka precession period.
It because that the content of terrigenous clastics from
southwestern source varied with large amplitude, which
effects the relative content of other materials.

The ratio of kaolinite/(illite+chlorite) of Core MDO05-
2901 was reported as a mineralogical indicator of the
East Asian winter monsoon evolution™. The good cor-
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Figure 6 Spectral analysis results of different grain-size proxies at Core MD05-2901. (a) 1.26—2.66 pm%; (b) 4.24—7.42 um%; (c) 10.8—14.3 pm%;

(d) 30.1—43.7 um%. Dashed lines indicate 80% coherence levels.
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relation between 30.1—43.7 um% and kaolinite/(illite +
chlorite) (Figure 4) further confirmed that 30.1—43.7

pm% can also be used as a grain-size indicator of the
East Asian winter monsoon evolution. It presents an ob-
vious glacial-interglacial cyclicity with higher values
during glacials and lower in interglacials, and the spec-
tral analysis shows a strong 100-ka eccentricity period
(Figure 6(d)), implying that the ice sheet-forced winter
monsoon evolution strengthened during glacials and
weakened during interglacials. Moreover, we can adopt
10.8—14.3 um% as an indicator of East Asian summer
monsoon evolution. The linear correlation between
10.8—14.3 um% and the summer insolation of low lati-
tude in the Northern Hemisphere implies the tropi-
cal-forced summer monsoon evolution with strength-
ened summer monsoon during higher insolation and
weakened summer monsoon during lower insolation. We
suggest that the East Asian summer monsoon has fluctu-
ated with high frequency and been forced by changes in
insolation in low latitude associated with precession and
half precession, while ice-volume forcing is probably a
primary factor in determining the strength and timing of
the East Asian winter monsoon but with less important
insolation forcing.

4 Conclusions

Based on the high-resolution oxygen isotope chronology
and grain-size analysis of terrigenous clastics over the
past 450 ka for Core MDO05-2901 in the western South
China Sea, combined with the calculation of TMAR, we
achieved the following conclusions:

(1) TMAR was 4.9—6.0 g cm > ka™' on average of
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