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Introduction: The quantitative distribution of grain size of sediments could imply
the hydrodynamic conditions as well as terrestrial material composition; and thus,
it is indicative of sea-level fluctuations, regional sources and climate changes. The
environmentally sensitive components extracted from grain size data serve as
excellent indicators of the sedimentary environment and monsoon intensity.

Material and methods: The drilling data from the shelf margin of the northwestern
Qiongdongnan Basin provide an excellent opportunity for studying hydrodynamics and
climate change in the Quaternary South China Sea (SCS). The 49 obtained samples of
Quaternary sediments are primarily composed of clay and silt, with a low sand content.
The environmentally sensitive components are extracted from the sediment samples,
based on multiple attempts including grain size-standard deviation, the end-member
modelling analysis and the principal component factor analysis methods.

Results: The increased grain size as supplemented by ratios of rolling movement on
the sediment probability accumulation curves indicate enhanced hydrodynamic
conditions in the Quaternary northwestern SCS. The alternative indicators of the
Quaternary East Asian monsoon are obtained after a comprehensive comparative
analysis. The changes in the content of the grain size components of 5.21-6.72 um
and 27.4-35.3 um are used as the proxy indicators for the Quaternary East Asian
summer and winter monsoon of the NW-SCS, respectively. It is likely indicated that
the East Asian winter monsoon remarkably strengthened since 1.3 Ma but reached its
maximum intensity around 0.8 Ma. During this period, the magnitude of both climatic
temperature and sea-level fluctuations are significant, thus, the coarse-grained
component increased at falling or low sea-level stages.

Discussion: The grain size characteristics of the Quaternary shelf margin

sediments are indicative of hydrodynamic conditions, source-sink systems and
environmental monsoon climate changes in the northwestern SCS.

grain size characterization, environmentally sensitive components, depositional
environments, Quaternary, Northwestern South China Sea
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1 Introduction

Sediments deposited in different environments are
characterized by their unique grain size parameters as well as
assemblage properties. The grain-size parameters of sediment
samples and the pattern of change are integrated responses to the
regional source-sediment transporting pattern, hydrodynamic
conditions, and regional paleoclimate changes (Sun et al.,, 2003;
Zheng et al., 2008; Hao et al., 2023). Grain size analysis methods are
mainly subdivided into two categories, one is the traditional grain
size analysis method centered on sieve analysis, and the other is
laser grain size analysis based on computer technology (Chen et al.,
2002). The latter has been widely applied for palaeoclimate and
palaeoenvironmental reconstruction.

The East Asian monsoon is an important component of the
climate system (Ding et al., 2017), and changes in the East Asian
monsoon influence precipitation in the SCS and its neighboring
areas. It affects the components and content of river sediment
input. Climatic conditions are drier and colder during periods of
sea level drop, which is generally accompanied by enhancement of
the East Asian winter monsoon (Zhang, 2015). In the
northwestern SCS, proxy indicators to establish periodic
evolution of the East Asian monsoon include clay minerals
(Tuo, 2008; Liu et al., 2017), sporopollen (Luo et al., 2012),
planktonic foraminifera (Su et al., 2021), grain size (Wan et al.,
2006; Boulay et al., 2007; Chen et al., 2007; Yang et al., 2008), and
major and trace elements (Qu and Huang, 2019). Previous studies
have confirmed that changes in fine- and coarse-grained fractions
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in deep-water sediments can indicate changes in the intensity of
the East Asian summer and winter monsoon, respectively (Wan
et al., 2006; Boulay et al., 2007). Xiang et al. (2005) concluded that
changes in the components and average grain sizes of sediments
are indicative of changes in the strength of the East Asian winter
monsoon. Sensitive grain-size fractions of sediment samples from
various parts of the SCS indicate that specific grain size
compositions can be indirectly linked to the evolution of the
East Asian monsoon (Boulay et al., 2006; Chen et al., 2007; Zheng
et al., 2008). However, previous studies have mainly focused on
deep-sea sedimentation-related paleontology, magnetic
mineralogy, grain size and other indicators. The shelf edge, as a
sensitive zone in the transition between shallow and deep water, is
actually lacking in related studies. Thus, studies focus on the
relationship between shelf and shelf-edge depositional regimes
and changes in monsoon intensity are in need, looking for
alternative indicators to indicate changes in Asian monsoon and
depositional environments.

In this paper, based on the grain size data of Quaternary
sediments on the shelf margin of the northwestern SCS,
quantitative parameters of the grain size are statistically analyzed.
And then, the environmentally sensitive factors are extracted by
using the grain size-standard deviation, the end-member modelling
analysis, and the principal component factor methods, respectively.
At last, the distribution of the grain size and hydrodynamic
conditions in the shelf edge area of the northwestern SCS are
discussed, for establishing the alternative indexes for the
Quaternary monsoon evolution of the SCS.

Borehole

Red River Provenance
— — => Central Vietnam Provenance

Hainan Island Provenance

Drainage

Geographic location map of the YC 2 well, the source supply and sampling well location in the northwestern South China Sea (modified from Ma

et al, 2022). NYR, Ningyuan River; LSR, llingshui River; WQR, Wanquan River.

Frontiers in Marine Science

02

frontiersin.org


https://doi.org/10.3389/fmars.2024.1489786
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Ge et al.

2 Geological setting

The study area is located in the northwestern shelf margin of the
SCS (Figure 1). The SCS is a major depositional area for fluvial
materials from the East Asian continent and an ideal location for
recording East Asian monsoon information (Wan et al., 2007a).
The combined effects of runoff, littoral currents, and ocean currents
have led to complex depositional dynamical conditions on the
northwestern shelf and shelf-margin of the SCS. The diversity of
sources also leads to the complexity of sediment distribution (Zhao
et al, 2016). The Red River and Vietnam drainages and Hainan
Island coastal river systems are considered to be the main sediment
sources in the northwestern SCS, with possible contributions of
material from the Pearl River and Taiwan Islands (Zhao et al,
2016). The SCS is a marginal sea in the western Pacific region that is
strongly influenced by the East Asian monsoon climate. A well-
developed surface and deep-sea current system were active in the
Quaternary SCS, making it an ideal marine area for studying the
evolution of the East Asian monsoons (Liu et al., 2016).

The northwestern SCS shelf and shelf margin area consists of
mega-thick Pliocene (lower Yinggehai Formation) and Quaternary
(upper Yinggehai Formation and Ledong Formation) sediments. The
Yinggehai Formation is subdivided into upper and the lower units,
namely U5 and U4, respectively (Figure 2). The lithology is mainly
composed of grey-green to grey mudstone, interbedded with thin
layers of siltstone (Li et al, 2024). The Ledong Formation can be
subdivided into three units, namely U3, U2 and Ul from bottom to
top, respectively (Figure 2). The lithology is mainly composed of light
grey to green-grey claystone, siltstone, and fine sandstone. Abundant
bioclastic debris are extensively observed within the unconsolidated
sediments. In this study, we adopt the stratigraphic age framework
established by our predecessors based on the Milankovitch
Cyclothymic results in the Pleistocene YC1 well of Li et al. (2024).
In this paper, the upper (Ul: present-0.8 Ma), middle (U2: 0.8-1.3
Ma), and lower (U3: 1.3-1.8 Ma) units of the Ledong Formation in
YC2 well are defined by the well-seismic calibration with the YC1
well. Similarly, the upper (U4) and lower (U5) units of the Yinggehai
Formation are 1.8-2.6 Ma and 2.6-5.5 Ma, respectively. The detailed
depth ranges of U5-U1 in well YC2 are presented in Figure 2.

10.3389/fmars.2024.1489786

3 Materials and methods

3.1 Sample sources and
processing methods

The samples were pretreated to remove the organic matter,
bioclastic, and calcium cement, before grain size measurement.
Beckman Coulter LS 13 320 laser diffraction particle size analyzer
(measuring range 0.017~2 000 pm, resolution 0.1 @) was used for
grain size measurement, and 20% of the samples were taken to
repeat the test, and the error of repeat test was <1%.

The rock chip samples were taken from the YC2 well (Figure 1)
located in the shelf-margin of the Qiongdongnan Basin, the
northwestern SCS, and collected from the core house of CNOOC-
Zhanjiang Branch. The sampling interval is from the upper
Yinggehai Formation and Ledong Formation, with a total of 49
sediment samples collected with a sampling interval of 15-20 m.
The predominant lithology is argillaceous siltstone, with some silty
mudstone and a small amount of fine sandstone.

From bottom to top, the U4 and U3 units are dominated by silty
mudstone, interbedded with thin layers of fine-grained sandstone
and muddy medium-grained sandstone. The U2 unit is dominated
by silty mudstone; while the Ul unit is dominated by mudstone
with some conglomerates. The samples were processed using
standard grain size analysis methods (Hao et al., 2023; Zheng
et al,, 2008), and the grain diameters were measured with a laser
grain size analyzer, after which the Folk and Ward formulae (Folk
and Ward, 1957) were chosen for the calculation of the relevant
grain size parameters.

3.2 Methods for extracting environmentally
sensitive components

3.2.1 Grain size-standard deviation method

The grain size-standard deviation method is a mathematically
centered calculation of the standard deviation values of the contents
of different grain size fractions. It is usually considered that one or
more grain sizes with larger standard deviation values constitute the
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(A) The Quaternary age framework and lithology of the YC 2 well in the northwestern South China Sea; (B) seismic section and stratigraphic unit

(modified from Li et al., 2024).
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environmental sensitivity factors (Chen et al., 2013). The larger the
standard deviation value of the grain size corresponding to the
sensitivity factor, the more complex and drastic the changes in the
depositional environment are indicative for the specialized grain
size levels (Cheng et al., 2018).

3.2.2 End member modelling analysis

In this paper, the Matlab software-based AnalySize program
developed by Paterson and Heslop (2015) was selected. This
program provides a non-parametric EMA and four parametric EMA
methods. The criteria for determining the number of end-elements are
generally a combination of parameters such as R* (indicating the
degree of correlation between the original grain size data set and the
end-elements), EM R* (indicating the degree of correlation between
individual end-elements, with larger values indicating a higher degree
of overlap between end-elements), and 0 (the angle of deviation of the
end-elements from the sample grain size curve in the shape fit).
Provided that the fit is good and there is no overfitting, a small
number of end elements are chosen (Liu et al., 2021).

3.2.3 Principal component factor analysis

Principal Component Factor Analysis (PCA) is a method of
correlation analysis for different grain size fractions, where highly
correlated grain size components are integrated into a single factor.
Each factor is then analyzed and its contribution to the grain size is
calculated by SPSS software. Generally, the factor with the largest
contribution is defined as the main control factor, and the range of
grain sizes corresponding to this factor is the environmentally
sensitive component (Chen et al., 2013).

10.3389/fmars.2024.1489786

4 Results
4.1 Characterization of sediment grain size

4.1.1 Characterization of grain size parameters

The median grain size of unit Ul is mainly between 11.5 and
16.3 wm, with an average value of 13.29 um; the average grain size is
mainly between 11.3 and 14.9 um (6.07-6.46 ¢), with an average
value of about 12.5 um. The average value of the graphic standard
deviation is up to about 1.56. The graphic skewness SK value is
generally between 0.03 and 0.2, with an average value of about 0.08;
all of these values show positive skewness. The kurtosis Kg ranged
from 0.89 to 0.94, with an average of about 0.91 (Figure 3).

The average grain size of unit U2 is mainly between 9.27 and
10.84 um (6.53-6.69 @), with an average of about 10.25 um. The
average value of the graphic standard deviation is about 1.51. The
graphic skewness SK values ranged from -0.05 to 0.06, with a mean
value of about 0.02; they are mostly positively skewed. The graphic
Kurtosis KG ranged from 0.89 to 0.98, with a mean value of about
0.95 (Figure 3).

The average grain size of unit U3 is mainly in the range of
7.62~24.66 um (5.34~7.04 @), with an average value of about 9.61
um. The average value of the graphic standard deviation is about
1.53 @. The graphic skewness SK values ranged from -0.54 to 0.04,
with a mean value of about -0.03 but mostly show positive skewness.
The graphic kurtosis KG ranged from 0.93 to 1.5, with a mean value
of about 1.0 (Figure 3).

The average grain size of unit U4 section is mainly between 5.66
and 9.0 um (6.8-7.47 @), with an average value of about 7.49 pum.
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Characteristic grain size profiles of Quaternary sediments from YC 2 well in northwestern South China Sea.
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The average value of the graphic standard deviation is about 1.53 @.
The graphic skewness SK value is between -0.04 and 0.1, showing a
normal distribution. The graphic kurtosis KG is between 0.93 and
1.09, with an average value of about 0.99 (Figure 3).

The sediments in well YC2 are mainly fine silt with less clay and
sand content. The average grain size of sediments increases
upwards, the content of silt increases, the overall change of
sorting coefficients is not significant, and the sorting become
better from Unit U4 to Ul. There are some positive and some
negative graphic skewnesses in Unit U4, but most of the sections of
Units U1, U2, and U3 show positive skewness, which indicates that
the grain sizes of the sediments in Units Ul, U2, and U3 have
become coarser than those in Unit U4. The overall kurtosis in
sections from U4 to Ul is relatively flat, and the hydrodynamic
conditions would have been low to moderate (Figure 3).

4.1.2 Grain size frequency curve characteristics
Units Ul to U4 show overall unimodal curves, most of which
are normally distributed (Figure 4). The frequency curves of Unit
U1 show unimodal distributions, with peaks mainly in the range of
5.5-6.5 @ (medium silt). The frequency curves of Unit U2 show

10.3389/fmars.2024.1489786

unimodal peaks, with peaks centered in the range of 6.5-7.5 ¢ (fine
to very fine silt, Figure 4).

Most unit U3 sediment samples show unimodal peaks, with
peaks centered in the vicinity of 6.5-7.5 ¢ (Figure 4). One sample is
bimodal, with peaks centered in the vicinity of 0.5 @ (coarse sand)
and 7.5 . The frequency curves of Unit U4 are dominated by single
peaks, with peaks occurring in the interval of 7-8 ¢ (very fine
silt; Figure 4).

From Units U4 to U1, the average grain size increases, and the
complexity of the depositional environment increases, but the
overall depositional environment is relatively stable, and the
hydrodynamic conditions are relatively homogeneous.

4.1.3 Probability cumulative curve characteristics

The overall probability cumulative curves of YC2 sediments are
similar, showing rolling-saltating-suspension depositional
mechanisms; U4-U3 show three sections, but Ul shows four
sections. For units U2-U4 the slopes of the curves of the rolling
and suspension fractions are larger, and the slope of the curve of the
saltating fraction is smaller than that of the other two fractions, but
the content of the saltating fraction is the largest (Figure 5).
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The probability accumulation curves of the three samples
selected in Unit Ul show a four-fold pattern, with overall slopes
greater than 50°. The slopes of the corresponding curves for the
rolling and suspension components are larger, with better sorting.
The saltating component consists of two subgroups, with relatively
smaller slopes, and the coarse cutoff points of the saltating
components are in the vicinity of 4 @, with the content of the
rolling component in the range of 5~10% (Figure 5). The samples
selected from Units U2-U3 all show three sections, and the curve
patterns are relatively similar. The coarse intercepts of the saltating
components in Unit U2 are between 3 and 4 ¢, and the content of
the rolling component is between 3 and 12%, with better sorting of
the rolling and suspended components (Figure 5). The slopes of the
rolling and suspended components of the three sediment samples in
Unit U3 are relatively large, and the coarse intercepts of the saltating
fractions are around 4 ¢, with the content of the rolling component
being around 5% (Figure 5). Samples from Unit U4 show a three-
sections pattern, but one sample shows a four-sections pattern, with
the content of the rolling component accounting for about 5-10% of
the sample (Figure 5). The rolling component has the largest
percentage of content, and the sorting is relatively poor compared

Frontiers in Marine Science

to the other two components. The coarse cutoff point of the
saltating component is between 3 and 5 ¢, and the content of the
rolling component is around 5%.

4.2 Environmentally sensitive components

4.2.1 Grain size - standard deviation method

The overall grain size-standard deviation curves of Units Ul1-U4
show a pattern of 4-peak distributions, which appear at 0.594 pm,
5.21 pum, 31.1 um, and 666 um, respectively (Figure 6). Each peak
had its corresponding environmentally sensitive grain size range,
which consist of 0.46-0.767 um (A0 component), 4.03-6.72 um (Al
component), 27.4-35.3 um (A2 component), and 586-756 um (A3
component), respectively (Figure 6). The largest standard deviation
value was found for the A2 component, followed by Al and A3, and
the smallest standard deviation value was found for the A0
component. This reflects the drastic changes in the percent
content of the A2 component with time and deposition
environment. In addition, the 11.2-14.5 pm and 163-310 um
grain size ranges have less content and lower standard deviation

frontiersin.org
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Grain size-standard deviation curve of Quaternary sediment samples from YC 2 well in northwestern South China Sea.

values, which are not suitable to be extracted as environmentally
sensitive fractions (Figure 6).

4.2.2 End-member modelling analysis method

The end-member modelling analysis model was used to
calculate the sediment grain size data, which was decomposed
into two to four end-elements (EM) according to the Weibull
function. The values of each fitting parameter are shown in
Table 1. Compared with the other two end-elements, the EMR?
value of end-element number (n=3) is smaller; its R* value is higher
than 0.98, with an angular deviation < 5°. This indicates the fitting
effect is the best (Figures 7A, B). A significant change point is
observed when the number of end-elements in the model is 3. The
extremely slight change in R* and © for end-element numbers
between 3 and 10 indicates that the 3-end-element model meets the
criterion of a minimum number of end-elements with high R*
values. The associated R* value is as high as 98.66%, indicating that
the three-end-element model is able to reconstruct 98.66% of the
variance in the grain size distribution (Figure 7A).

The grain size frequency distribution curves of the three
extracted end elements are all single-peaked, and their overall
curve patterns are close to normal distributions. The EM1 to

TABLE 1 Fitting parameters for grain-size end-member analysis of
sediment samples from well YC2 in northwestern SCS.

End- End- linear angular
element element correlation  deviation
number correlation

n EMR? R? 0

2 0.0186 ‘ 0.9754 5.8270
3 0.1215 ‘ 0.9866 4.2886
4 0.1233 ‘ 0.9953 3.8159

Frontiers in Marine Science

EMS3 plurality of grain sizes are 4.58 um (7.77 ¢), 7.64 pm (7.03
@), and 27.4 um (5.19 @), which are classified as very fine or
medium silt, and the grain sizes of EM1 to EM3 gradually increased
vertically upwards (Figures 7C, D). The main grain sizes of EM1-
EM3 range from 2.42 to 8.68 um, 5.21 to 12.7 um, and 18.7 to 40.1
um, respectively. The grain size content of EM1 ranged from 0.01 to
66.52% with an average content of 25.01%. The grain size content of
EM2 ranged from 28.16 to 99.98 with an average content of 55.06%.
The grain size content of EM3 ranged from 0.01 to 53.2% with an
average content of 19.92% (Figure 7D).

4.2.3 Principal component analysis

The principal components of 49 sediment samples are analyzed,
and three principal control factors F1, F2 and F3 were obtained.
The contribution rates of the three principal control factors are
46.878%, 34.894% and 8.752%, respectively, which can explain
more than 90% of the information in the original matrix
(Figure 8). These three principal control factors basically control
the characteristics of the whole sediment samples in terms of grain
size variation (Table 2).

The grain size principal component F1 can explain 46.878% of
the variance contribution, with a broad positive correlation peak at
6.72 um, a narrower negative correlation peak at 40.1 um with
lower undulation, and its highly correlated sensitive grain-size
fractions are 1.65-11.2 um and 18.7-86.4 um (Figure 8). The
grain size principal component F2 can explain 34.894% of the
variance contribution, with a narrower positive correlation peak at
0.991 um, a narrow negative correlation peak at 14.5 um, and its
highly correlated sensitive grain-size fractions are 0.314-2.42 um
and 12.7~16.4 pm (Figure 8). The grain size principal component
F3 explains 8.752% of the variance contribution, with a narrow
positive correlation peak at 127 um, with which it is highly
correlated with the sensitive component grain sizes ranging from
98.1 to 144 um. The sensitive grain size of F3 in sediment sample
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content contained less and varied less, which was not discussed in
this study (Figure 8).

5 Discussion

5.1 Implications of grain size parameters
for depositional hydrodynamics

In the frequency distribution curve, the peak distribution range of
a sediment grain size is approximately positively correlated with the
sedimentary hydrodynamic conditions, while the number of peaks is
closely related to the complexity of the depositional environment
(Zhang, 2015). The results of sedimentary dynamics research show
that the contents of various genesis components can differ depending
on factors such as transport mode and transport distance. In general,
the frequency curves of single-causal components are single-peaked
distributions, and the frequency curves of multiple-causal
components are multi-peaked distributions (Sun et al., 2018). The
sediment source in well YC2 is mainly the input from the Red River,
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that is transported into the SCS by the surface circulation influenced
by the monsoon (Chen et al., 2019; Zhao et al.,, 2019; Li et al,, 2024).
The vertical evolution of various grain size metrics in the YC2 well in
the northwestern SCS could provide information for additional
depositional hydrodynamics.

The sediments in U4 are mainly dominated by fine silt with
good sorting coefficients (Figure 3). The frequency curves are
unimodal focused on the interval of 7~8 ¢ (Figure 4). It is
suggested that the sediments in U4 were influenced by relatively
stable dynamic conditions during deposition. Additionally, the
probability cumulative curves show a three-fold pattern, with a
relatively high content of saltating grains (Figure 5). It indicates an
extensive influence of alternating fluvial and wave currents with a
relatively strong hydrodynamic condition (Visher, 1969).

The sediments in U3 are similar to U4, and are mainly
dominated by fine silt, with an average grain size value of 8.56
um (Figure 3). The sorting factor is about 1.53; it indicates that the
sediments in U3 are well sorted. The frequency curves are also
unimodal with the peak appearing between 6.5 and 7.5 @, but one
sample is bimodal (Figure 4-U3). The probability accumulation
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Principal component factor loadings of Quaternary sediment
samples from well YC 2 in the northwestern South China Sea.

TABLE 2 Cumulative contribution of main control factors of grain size
of Quaternary sediment samples from YC 2 well, northwestern SCS.

. o Total
Controlling Score Contribution contribution/
factor rate/% o
%
F1 22,970 46.878 46.878
F2 17.098 ‘ 34.894 81.772
F3 4.289 ‘ 8.752 90.524

curves exhibit a three-fold characteristic, with a junction between
rolling and saltating grain transporting at near 4 ¢ (Figure 5). It
indicates that the depositional environment was relatively complex,
and the hydrodynamic conditions are strong.

The sediments in U2 are dominated by fine silt, with an increased
content of coarser silt compared with those in U3 and U4 (Figure 3).
The average value of the sorting coefficients is about 1.51, indicating
good sorting. The frequency curves are unimodal (Figure 4), with the
peak values concentrated in the interval of 6.5~7.5 ¢, indicating that the
depositional process may only be affected by a single transporting force.
The sediments in U1 show a decrease in clay content but an increase in
fine sand content, thus, the sediment grain size has coarsened
(Figures 3 and 4). The grain size frequency curves are unimodal with
the peak values concentrated between 5.5 and 6.5 @ (Figure 4). The
probability accumulation curves of the three samples are four-
segmented, and the overall slope is basically above 50° (Figure 5).
Among them, the rolling and levitation components have larger slopes
and better sorting. The saltating component contains two sub-sets with
the coarse intercepts of the rolling and saltating components near 4 ¢,
and the content of the rolling component is between 5 and 10%.
Consequently, this indicates that the Ul has the most complex
depositional environment, with the coarsest grain size of sediments
implying a more enhanced and complicated hydrodynamic condition.
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In summary, the sediments in units U4-Ul are mainly
dominated by fine silt. The overall sorting is better, and the
frequency curves are mostly unimodal curves (Figures 4, 5),
indicating that the depositional process may be affected by one
prominent hydrodynamic force. The probability accumulation
curves of U4-U3 are mostly three-segmented, while Ul is four-
segmented. The grain sizes of the rolling-saltating intercepts of U4-
U1 become coarser and the content of saltating fractions increases;
this indicates that the depositional environment became more
complicated, and the hydrodynamic conditions appears to be
enhanced (Liu et al, 2016; Li et al, 2024). The latter may be
related to the influence of regional circulation (Fang et al., 1998; Xia
etal., 2001; Liu et al., 2016). The rapid rises and falls of sea level and
the enhancement of circulation controlled by the monsoon
increased the total amount of sediment transported and imported,
and the grain size increased upwards (Miller et al.,, 2005; Clift et al.,
2008; Li et al., 2024).

5.2 Environmental sensitivity factors
extracted by comparative methods

Three environmentally sensitive components (EM1-EM3) were
extracted by the end meta-fraction analysis method (EMMA) where
the main grain size ranges were 2.42-8.68 um (EM1), 5.21-12.7 um
(EM2) and 18.7-40.1 um (EM3), respectively (Figure 9A). Four
environmentally sensitive fractions were extracted from YC2 well
sediments by the grain size-standard deviation (STD) method,
which were 0.46-0.767 um (A0 fraction), 4.03-6.72 um (Al
fraction), 27.4-35.3 um (A2 fraction), and 586-756 um (A3
fraction, Figure 9B). In addition, four environmentally sensitive
components were extracted by principal component factor analysis
(PCA), corresponding to grain sizes of 1.65-11.2 um (F1-1), 18.7-
86.4 um (F1-2), 0.314-2.42 pum (F2-1), 12.7-16.4 um (F2-2) and
98.1-144 um (F3), respectively (Figure 9C). Comparison of the
environmentally sensitive grain sizes extracted by the three methods
revealed that the Al component (4.03~6.72 um) extracted by the
grain size-standard deviation method, the EM1 (2.42~8.68 um) and
EM2 (5.21~12.7 um) extracted by the end-member modelling
analysis method, and the F1-1 (1.65~11.2 um) extracted by the
principal component factor analysis. These metrics of the grain size
showed a consistent trend with depth. In addition, the main control
factor F1-2 (18.7~86.4 um) extracted by principal component factor
analysis contains the corresponding grain size ranges of component
A2 (27.4~35.3 um) extracted by the grain size-standard deviation
method and EM3 (18.7~40.1 um) extracted by the end-member
modelling analysis method (Figure 9).

The above integrated methods coevally indicate that there are
obvious differences among the three methods in the process of grain
size parameter selection and calculation. However, some of the
sensitive grain sizes extracted by them show good compatibility,
and the metrics of these grain sizes show the same trends with depth
change (Figure 9). In contrast, the relationship between the main
control factors F2 and F3 extracted by the principal component
factor analysis method and the A0 and A3 components extracted by
the grain size-standard deviation method were not well reflected,
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—— EM1/(EM2+EM3)

Core
number . o o .
/ Methods Environmentally sensitive grain size Indicator Reference
borehole
name
Zheng et al.
MD05-2901 fi i
05-290 PCA 10.8-14.3 um,30.1-43.7 pm Summer monsoon (fine grain) (2008); Chen
(western SCS) Winter monsoon (coarse grained)
et al. (2007)
STD 13-24 um/10-19 pm Relative strength of winter and
summer monsoon
ODP 1146 EMI indicates the strength of winter Wan et
(northern SCS) monsoon; EM1/ (EM2+EM3) al., (2007b)
EMMA 11 um (EM1), 7.5 um (EM2), 2 um (EM3) indicates the strength of winter
monsoon relative to
summer monsoon
ODP 1144 Summer monsoon (fine grain) Boulay
STD 2.5-5 ,20-40
(northern SCS) Hm. Hm Winter monsoon (coarse grained) et al. (2006)
EMI1 and EM4 indicat: level
PC 338 EMMA 0-2 pm (EMI), 2-10 pm (EM2) ,5-28 pm (EM3), changes EM? indicates East Asian Li (2018)
3 i
(northwestern SCS) 15-100 um (EM4) 8
summer monsoon
$20 (northern SCS) STD Average grain size of the fine-grained fraction (<19 um) Winter monsoon Tian et al. (2015)
MDO05-2905 Summer wind (fine grain) Yang
TD 2- , 15.5-63.
(northern SCS) S 9 m, 15.5-63.5 pm Winter monsoon (coarse grained) et al. (2008)
MD05-2903
STD 3-5 , 13-16 d Xie et al. (2014
(northern SCS) pm pm ! fe et al. ( )

Frontiers in Marine Science

10

frontiersin.org


https://doi.org/10.3389/fmars.2024.1489786
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Ge et al.

which was due to the low content of the corresponding grain sizes
represented by these sensitive components (Figures 3, 4 and 9). The
change of the grain size content within this range of grain sizes was
not obvious, and it is not appropriate to discuss these components.

The trends of the fine-grained environmentally sensitive
components extracted by the three methods of grain size-standard
deviation method, end-member modelling analysis and principal
component analysis are basically the same with depth. The range of
the included grain sizes is also highly overlapped, which can reflect the
general trend of the summer monsoon in East Asia, among which 5.21-
6.72 um is the common range of grain sizes shown by the three
methods. Therefore, the 5.21~6.72 um component can be used as a
proxy indicator for the East Asian summer wind/monsoon (Figure 9;
Table 3). Similarly, for the East Asian winter monsoon, the trends of
the coarse-grained silt environmentally sensitive components extracted
by the three methods with depth are also basically the same. The three
grain size ranges are also highly overlapped, and have similar trends
with the winter monsoon recorded by the Lingtai Loess and the wind-
dust accumulation in the northern SCS (Sun et al., 2010). Therefore, the
grain size content change of 27.4~35.3 um silt at the intersection of the
three can be used as a proxy indicator of the Quaternary East Asian
winter monsoon in the northwestern SCS (Figure 9; Table 3).

Comparing the research results on sensitive grain size in
different study area, it can be seen that the range of sensitive
fractions extracted by the grain size-standard deviation method
mainly relies on estimation. Moreover, this method focuses on the
overall size of the grains, and may neglect the variability of the
individual grains (Wan et al, 2007b, 2010). Grain size-standard
deviation (STD) is a method to visualize the degree of dispersion in
the volume percent content of different grain sizes (Shen et al., 2015;
Teng et al.,, 2018). Differences in grain size content are reflected by
the size of the standard deviation and reveal changes in the
associated hydrodynamic strength and depositional environment.
However, the method extracts a single sensitive component and
lacks an effective method for determining the number of end-
member components, which may lead to ignoring inter-individual
differences. In contrast, the end-member modelling analysis
method (EMMA) is able to extract the sensitive grain size with
actual depositional significance, consider all sediment samples
comprehensively, and accurately judge the amount of end-
member modelling (Dietze et al., 2012; Yu et al,, 2016). In
addition, Principal Component Factor Analysis (PCA) accurately
identifies the correlation between different grain size components
and is more statistically significant (Hao et al., 2023).

5.3 Interpretation of sensitive components
and their environmental significance

To determine the grain-size-sensitive components of SCS
sediments and the monsoon evolution, a large number of studies
have been done by previous researchers, and it is summarized that
the fine-grained components in the range of 0-15 um are usually
considered as a valid indicator of the East Asian summer monsoon
(Boulay et al., 2007; Li, 2018; Yang et al., 2008; Zheng et al., 2008)
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whereas the 16-63.5 im range can generally indicate the East Asian
winter wind intensity (Zheng et al., 2008; Boulay et al., 2006; Yang
et al., 2007, 2008) (Table 3). However, there are some differences in
the range of sensitive grain sizes extracted from different
study areas.

Sediment sources in the SCS region are mainly influenced by the
East Asian monsoon. An enhanced summer monsoon leads to
increased precipitation and riverine input of fine-grained
components, while an enhanced winter monsoon is often
accompanied by relatively dry and cold climatic conditions, when
more coarse-grained silt and dusty materials are transported to the
northwestern SCS (Yang et al., 2008). Therefore, the changes in the
contents of fine- and coarse-grained silt components can be used as
proxy indicators for the evolution of summer and winter monsoon
in East Asia, respectively. Previous researchers have done a lot of
studies on the size-sensitive components of SCS sediments and the
evolution of the East Asian monsoon (Figure 10; Clift, 2006; Sun
et al, 2010; Wan et al,, 2010), and concluded that the fine-grained
components in the range of 0-15 um are usually considered to be
valid indicators of the East Asian summer monsoon, and the coarse-
grained material in the range of 15.5-63.5 um can generally be used
as a valid indicator of the East Asian winter monsoon.

In this study, EM1-EM3 are end-member modelling with actual
physical significance, and most of the previous interpretations of the
land-sourced detritus in the northwestern SCS are the combined
results of river transport (summer monsoon) and wind-dust
transport (winter monsoon). The fine-grained fraction is generally
interpreted as river mud, the intermediate fraction as river silt, and
the coarser silt fraction as wind dust (Wang et al., 1999; Wan et al,,
2006). Therefore, EM1 and EM2 obtained from this telogenetic
analysis are interpreted as riverine input mud and silt; the grain size
of EM3 is close to that of the wind dust fraction in the northwestern
SCS (Boulay et al., 2007; Li, 2018; Wan et al., 2007b). However, only
a very small fraction of the wind dust material would be deposited
in the northwestern SCS (Boulay et al., 2007; Wan et al., 2007b). It is
hypothesized that EM3 is a relatively distant source of land-sourced
debris or a mixed component of wind-dust transported.

In order to better explore the influence of sediment grain size
content changes on understanding the East Asian monsoon history,
the three principal control factors F1-F3 extracted by principal
component factor analysis were combined to form a new grain size
metric (GS). The sum of F1-F3 and their squared loadings was
calculated with the following equation:

GS = 46.878+F1 + 34.894xF2 + 8.752+F3 (1)

In addition, EM1/(EM2+EM3) was used to represent the
percentage of fine-grained material extracted by the end-member
component analysis method in the overall sediment. In order to
explore the role of these two metrics in indicating the East Asian
monsoon, some alternative metrics for the East Asian monsoon
were selected and plotted with reference to previous studies on the
East Asian monsoon climate (Figure 10; Wan et al., 2006; Clift,
2006; Wan et al., 2007a, 2007b; Sun et al., 2010).

The GS series can represent the intensity of the East Asian
monsoon (Yi et al., 2012). When the East Asian summer wind is
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(A-E) Evolution of proxy indicators for the East Asian monsoon in the South China Sea. a- Hm/Gt (hematite/acicularite) record from ODP1148 core
in the northern South China Sea (Clift, 2006); b-Clay/feldspar record from ODP1143 core in the southwestern South China Sea (Wan et al., 2007b);
c-Magnetization rate (x) of Lingtai Loess from the Loess Plateau (LTP); d-Quartz Grain Size (QGS) record from the Loess Plateau (Sun et al., 2010); e-
wind-dust accumulation rate of ODP1148 core in the northern South China Sea (Wan et al., 2007b). MPT, Middle- Pleistocene Climate Transition.

strengthened, precipitation increases, river action is enhanced, more
fine-grained materials are carried by the river into the
sedimentation area, and the GS value increases. When the East
Asian winter wind is strengthened, rainfall decreases, wind and dust
action is enhanced, more coarse-grained silt is carried into the
sedimentation area, and the GS value decreases (Hao et al., 2023).

The GS sequence shows the same trends as the EM1/(EM2
+EM3) curves. During U4 (>1.8 Ma period), both the GS series and
EM1/(EM2+EM3) show a trend of increasing and then decreasing,
indicating that the hydrodynamic strength of this period is first
enhanced and then weakened. This is consistent with the trend of
the fine-grained component content, reflecting that the East Asian
summer monsoon are also enhanced and then weakened during this
period. This change is consistent with the East Asian winter
monsoon climate recorded in the Lingtai Loess on the Loess
Plateau (Sun et al., 2010). During U3 (1.3~1.8 Ma period), both
GS series and EM1/(EM2+EM3) are further decreased, indicating
that the hydrodynamic component weakened during this period,
while the winter monsoon strengthened. During U2 (0.8~1.3 Ma
period), both the GS series and EM1/(EM2+EM3) gradually
decrease, but the overall change is smaller, which indicates that
the hydrodynamic conditions weakened and the winter monsoon
enhanced (Clift, 2006; Wan et al., 2007a; Clift et al., 2014). During
the 0.8~0.9 Ma period, the slope of the GS series and EM1/(EM2
+EM3) curves becomes larger, and the winter monsoon is further
enhanced and the summer monsoon is weakened. This is related to
an increase in the intensity of the global glacial-interglacial cycle
and the sea level rise after the Middle Pleistocene climate transition
(Clark et al., 2006; Elderfield et al., 2012; Barker et al., 2021). This
trend of change is consistent with the trend of the winter monsoon
recorded by the Lingtai Loess and wind-dust accumulation in the
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northern SCS, and summer monsoon recorded by the clay/feldspar
in the southwestern SCS and Hm/G (hematite/acicularite) in the
northern SCS (Clift, 2006; Wan et al., 2007a).

During Ul (<0.8 Ma period), temperature fluctuations in the
northwestern SCS increased in amplitude and the deposition rate of
land-sourced detritus was progressively elevated (Jin and Jian, 2008;
Tuo, 2008). During this period, the winter monsoon intensified, the
climatic conditions were dry and cold (Clark et al., 2006), resulting in
an increase of coarse-grained silt in the sediments (Figures 3 and 4).
The GS series and EM1/(EM2+EM3) showed a minimum near 0.6
Ma, when the intensity of the winter monsoon in East Asia reached
its maximum (Figures 9D and 10). This phenomenon has a similar
trend to the winter monsoon recorded by the Lingtai Loess and the
wind-dust accumulation in the northern part of the South China Sea
(Wan et al., 2006, 2007b).

6 Conclusions

In this paper, based on the 49 sets of Quaternary sedimentary grain
size data obtained from YC2 well on the northwestern shelf edge of the
SCS, we statistically analyzed the characteristics of the quantitative
parameters of the grain size, analyzed the hydrodynamic characteristics
and sedimentary evolution, and extracted the environmentally sensitive
components of the sediment samples by using the grain size-standard
deviation methods. The following insights were obtained:

1. The Quaternary sediments in YC2 well in the northwestern
SCS are mainly dominated by silts and the grain size is
gradually coarsened upwards, which indicates that the
depositional process may be affected by a single but
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enhanced hydrodynamic factor. The coarser sediments
observed in Ul imply a possible influence by the
monsoon-influenced surface circulation, being
transported by the South China Sea Warm Current.

. Four environmentally sensitive grain-size components
were extracted by the grain-size-standard deviation
methods. The end-member modelling analysis method:
2.42-8.68 um (EM1), 5.21-12.7 um (EM2), and 18.7-40.1
um (EM3). All three end-elements can be applied to the
extraction of environmentally sensitive components in the
northwestern SCS. The end-elements can be interpreted for
well YC2 as follows: EM1 and EM2 are interpreted as fine-
grained sediments, such as mud and silt, imported by the
river; and the grain size of EM3 is closer to that of the wind-
dust fractions from the northwestern part of the SCS.

. The trends of grain size sequences and EM1/(EM2+EM3)
with depth can reflect the trends of East Asian summer
monsoon. In this study, we consider the content change of
5.21-6.72 um grain size components as a proxy for the
Quaternary East Asian summer monsoon in the
northwestern SCS, and that the content change of 27.4-
35.3 um grains as a proxy for the Quaternary East Asian
winter monsoon in the northwestern SCS.

. In the northwestern SCS shelf and shelf edge area, the East
Asian summer monsoon weakened continuously from 1.3
to 0.8 Ma, but weakened considerably at 0.9 Ma. This is
presumed to be related to the Middle Pleistocene climate
transition. The East Asian winter monsoon shows the
opposite trend of evolution, from 1.3 Ma to the present.
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