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The South China Sea (SCS) serves as an excellent case for studying “source-to-sink”
sedimentary dynamics among the global marginal seas. Analysis of the grain size
distribution enables reconstruction of the sediment transport processes and dynamic
mechanisms. In this study, based on 232 surface sediment samples obtained from the
distal margin of the northern SCS, grain size trend analysis (GSTA) and end-member
analysis (EMA) were first applied to the deep-sea environment to reveal the sedimentary
dynamics around isolated carbonate platforms. The Zhongsha Atoll and Xisha
Archipelagos were the two main sources of gravity flows in the study area. The GSTA
results indicate the dominant transport trends that sediments initially originated from the
Zhongsha Atoll and Xisha Archipelagos, dispersed in surrounding areas, and eventually
formed a deposition center in the Zhongsha Trough. Furthermore, the sediment transport
trends in the northern, eastern, and southern boundaries of the study area bounded by the
oceanic basin were driven by deep circulation with seasonal variations. The grain size
distributions were unmixed into five end-members, with dominant modes of 0.62, 1.89,
3.31,7.14,and 10.17 @, corresponding to coarse sand, medium sand, fine sand, fine silt,
and clay, respectively. Gravity flows and deep circulation have a significant impact on the
distribution of end-members in the study area. The contents of EM1, EM2, and EM3
decreased while EM4 and EM5 contents increased outward from the Zhongsha Atoll to
deep-sea areas. Sediments with coarse grains are primarily retained in the Zhongsha Atoll,
and sediments with fine grains can be transported by gravity flows from platforms to deep-
sea areas and removed by deep currents. The sediment transport trends were consistent
with the results of sediment sources, seafloor topography, and current observations. The
results show that GSTA is applicable in degp-sea environments and its combination with
EMA helps to better understand sedimentary dynamics.

Keywords: grain size, end-members, sedimentary dynamics, transport trends, isolated carbonate platforms, distal
margin, South China Sea
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INTRODUCTION

Marine sedimentary dynamics are the natural result of the
comprehensive effects of sediment provenances, transport
processes, and hydrodynamic conditions (Friedman, 1967;
Hails, 1967). Sediment transport patterns can be determined
by grain size analysis, current observations, sedimentation
rates, and sedimentary textures or structures, which can
greatly reflect the sedimentary dynamic processes (Gao and
Collins, 1994; Venkatramanan et al., 2014; Yamashita et al.,
2018; Liang et al, 2020; Zheng et al, 2021). Grain size
provides abundant information regarding sedimentary
dynamics and is extensively applied to identify sediment
sources, recover depositional environments, illustrate sediment
transport processes, and discuss dynamic mechanisms (Folk and
Ward, 1957; Friedman, 1961; McCave, 1978; McLaren, 1981;
McLaren and Bowles, 1985; Flemming, 1988). In general, grain
size distribution is a mixture of multiple dynamic populations
from different sediment sources and is associated with different
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transport processes (Middleton, 1976; Ashley, 1978; Weltje and
Prins, 2003; Flemming, 2007). Therefore, many geoscientists have
attempted to invert the sedimentary dynamics based on an
analysis of the grain size distribution.

Grain size trend analysis (GSTA) aims to establish net
sediment transport trends, which can illustrate sediment
provenance, transport, and deposition processes (Gao and
Collins, 1992; Gao and Collins, 1994; Balsinha et al., 2014;
Sanchez et al., 2019; Wang et al., 2020). Likewise, end-member
analysis (EMA) attempts to partition grain size distributions into
geologically meaningful dynamic populations and enables the
extraction of environmental information represented by
irrelevant end-members (EMs) (Weltje, 1997; Prins and
Weltje, 1999; Sun et al.,, 2002; Weltje and Prins, 2007; Dietez
et al., 2012; Ha et al., 2021). However, the combination of GSTA
and EMA can greatly facilitate the geological explanation of grain
size distribution and reveal sedimentary dynamics (Liu et al,
2012; Yu et al, 2019). In previous studies, the GSTA has been
successfully applied in nearshore environments (Gao et al., 1994;
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FIGURE 1 | Location, oceanography, and topography of the study area. (A) Bathymetric map of the SCS revealing the location of the study area. Purple arrows

indicate the western Pacific waters entering the SCS through the Luzon Strait (Fang et al., 1998; Ludmann et al., 2005). The surface circulation is indicated by orange
arrows (winter) and pink arrows (summer) (Yang et al., 2002; Wang et al., 2018). The deep circulation is indicated by yellow arrows (Lan et al., 2015; Wang et al., 2018).
(B) Multibeam bathymetric map showing the submarine topography of the study area. Green patches indicate the reefs. Red dots and yellow stars mark the 232
samples and 4 ADCP stations analyzed in this study, respectively. The blue diamond indicates a sampling location of Liu et al. (2018). Red dashed lines indicate the profile
position displayed in Panel (C). (C) Bathymetric profiles show the geometry of seafloor topography in the study area. ZA, Zhongsha Atoll; XA, Xisha Archipelagos; NA,
Nansha Archipelagos. DA, Dongdao Atoll; LR, Langhua Reef; ZT, Zhongsha Trough; ZSB: Zhongsha South Basin; ZNR, Zhongsha North Ridge; ZSR, Zhongsha South
Ridge; SWSB, Southwest Sub-basin.
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Plomaritis et al., 2008; Ma et al., 2010; Liang et al., 2020; Wang
et al,, 2020) but has never been used in deep-sea environments.
Thus, the applicability of the GSTA in deep-sea environments is
yet to be evaluated.

The study area is located in the distal margin of the northern
South China Sea (SCS), which ranges from shallow carbonate
platforms to deep-sea basins (Figure 1A). The Zhongsha Atoll
(ZA) is the largest single atoll system of the SCS, forming a unique
isolated carbonate platform situated in the study area. Many
studies have focused on the stratigraphic evolution of the ZA and
the crustal structure of the Zhongsha Block (Huang et al., 2019;
Huang et al., 2021; Huang et al., 2020; Li et al., 2021; Chen et al,,
2022). However, an understanding of sediment transport
processes and dynamic mechanisms from carbonate platforms
along slopes to deep-sea basins requires further improvement.

In this study, the grain size distributions of 232 surface
sediment samples collected around isolated carbonate
platforms in the study area were studied using the GSTA and
EMA. The main objectives were to 1) clarify the characteristics of
the grain size distribution of surface sediments in the study area,
2) combine newly acquired current observation and multibeam
bathymetric data to examine the applicability of the GSTA in the
deep-sea environment, and 3) explore the sediment transport
patterns and dynamic processes and their interactions with
modern topography, hydrodynamics, and other environmental
factors.

REGIONAL SETTING
Geological and Topographic Settings

The SCS is the largest and deepest marginal sea in the western
Pacific Ocean, with an area of approximately 3.5 x 10° km”. The
SCS was formed by episodes of rifting and subsequent seafloor
spreading from the Late Cretaceous to Early Miocene (Taylor and
Hayes, 1983; Franke et al., 2014; Li et al., 2014). The oceanic basin
opened first in the north and moved south, forming the
Northwest Sub-basin, East Sub-basin, and Southwest Sub-basin
(SWSB). The Zhongsha Block is a microcontinent rifted from the
South China continental margin (Li et al., 2021). The study area is
located between the lower continental slope and the oceanic basin
of the northern SCS, spanning from shallow carbonate platforms
with a water depth of tens of meters to deep-sea basins thousands
of meters deep, which is bounded to the north by the Northwest
Sub-basin, to the east by the East Sub-basin, and to the south by
the SWSB (Figures 1A,B). This special transition zone is of great
significance to research on the geological evolution, sedimentary
structure, and paleoceanography of the SCS.

The topography and geomorphology of the study area vary
with water depth exceeding 4,300 m. The ZA is one of the largest
drowned atolls globally and is composed of a series of shoals and
reefs surrounding a lagoon with a water depth of 75-85m
(Huang, 1987; Huang et al., 2020). The most unique feature of
the ZA bordered by a terrace in the north is the development of
the ring-shaped submarine canyons around its periphery. Only
part of the Dongdao Atoll (DA) and Langhua Reef of the Xisha
Archipelagos (XA) are involved in the study area, which also
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developed many submarine canyons extending to the Zhongsha
Trough (ZT). The ZT is located at the intersection of the ZA and
XA, stretching to the northeast by the Northwest Sub-basin and
to the southwest by the Zhongsha South Basin (ZSB). The west of
the ZT has a gentle slope with a height difference of more than
500 m, whereas the east of the ZT has a steeper slope with a height
difference of up to 2,200 m.

Oceanographic Setting

The SCS has a deep oceanic basin surrounded by a steep
continental slope and links to the Pacific Ocean through the
Luzon Strait, whose largest sill depth is approximately 2,400 m
(Figure 1A). The western Pacific waters flowing into the SCS via
the Luzon Strait are estimated to have an annual mean transport
volume of 3.09 Sv (1 Sv = 10° m*/s) (Qu, 2000; Fang et al., 2009).
SCS circulation is endowed with a distinctive three-dimensional
structure “cyclonic-anticyclonic-cyclonic” as a result of an
“inflow-outflow-inflow” pattern in the surface, middle, and
deep layers of the Luzon Strait (Shu et al, 2014; Gan et al,
2016; Zhu et al.,, 2019). The surface circulation is overwhelmingly
dominated by the seasonally reversing Southeast Asian monsoon,
where the northeast monsoon prevails in winter and the
southwest monsoon prevails in summer (Wyrtki, 1961; Yang
et al, 2002; Lidmann et al, 2005, Wang et al., 2018).
Furthermore, the Kuroshio intrusion has a vital effect on
surface circulation (Wyrtki, 1961; Hu et al., 2000; Xue et al,
2004). Moreover, deep circulation is associated with the persistent
overflow of deep water through the Luzon Strait because of the
density and salinity variations of water (Qu et al., 2006; Wang
et al, 2011; Zhu et al, 2019). The Luzon Strait deep-water
overflow can upwell and affect the surface circulation (Chao
et al., 1996; Shu et al., 2014). The SCS possesses complex
circulation patterns and hydrodynamic environments under
the comprehensive influence of multilayer circulation and
seafloor topography.

DATA AND METHODS

Data Collection

A total of 232 surface sediment samples were collected using
gravity samplers during seven cruises from July to November
2020 in the study area that was operated by the Haikou Marine
Geological Survey Center, China Geological Survey. The position
was determined by using the HYPACE-integrated navigation
system. Among the 232 surface sediment samples, most were
distributed along slopes and deep-sea areas, and only 37 were
distributed on the platforms, including 36 on the ZA and one on
the DA (Figure 1B). In the meantime, the current observation
stations (C1-C4) were equipped with the RDI 300K ADCP fixed
on the mooring system during the cruises at about 120 m above
the seafloor in the study area (Figure 1B).

Grain Size Analysis Experiments

In this study, all surface sediment samples were processed using a
laser particle size analyzer, owing to the absence of gravel grains.
First, each surface sediment sample was immersed in 0.5 mol/L
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(NaPO3), for 24 h and stirred every 8 h to disperse the particles.
Subsequently, each sample was poured into a laser sample tank
and fully dispersed by ultrasonic vibration and high-speed
centrifugation. The grain size analysis experiments were
performed using a Beckman Coulter LS13 320 laser particle
size analyzer, which has a measuring range of -1.8 to 16.6 @,
repeatability error of <+0.5%, and an accuracy error of <+0.5%.
Each sample was tested three times, and the average result was
calculated. The grain size analysis results were primarily
distributed in the range of —1 to 11.4 ®. Moreover, the grain
size standard adopts the Udden-Wentworth standard
(Wentworth, 1922), and the grain size parameters of each
sample were calculated using the statistical moment method
(McManus, 1988), including the mean grain size (p), sorting
coefficient (o), and skewness (Sk).

Grain Size Trend Analysis

McLaren (1981) was the first to relate the spatial variations in
grain size parameters (y, 0, and Sk) to sediment transport trends.
The basic principle assumes that the grain size may become
coarser, better sorted, and more positively skewed or finer, better
sorted, and more negatively skewed along the sediment transport
direction, indicating a high- or low-energy environment,
respectively (McLaren and Bowles, 1985). Subsequently, Gao
and Collins (1992) proposed a two-dimensional GSTA model
to identify net sediment transport trends that have proven to be
effective in different sedimentary environments such as estuaries
(Gao and Collins, 1994; Venkatramanan et al.,, 2014; Su et al.,,
2016), nearshore (Plomaritis et al., 2008; Liang et al., 2020; Wang
et al., 2020), continental shelves (Gao et al., 1994; Cheng et al.,
2004; Balsinha et al., 2014), and submarine canyons (Liu et al.,
2002; Zhang et al., 2013).

The Fortran program for the GSTA introduced by Gao (1996)
was used to establish net sediment transport trends in this study.
First, the GSTA defined trend vectors by comparing the
distributions of the grain size parameters (g, o, and Sk) of
each sampling station with its adjacent stations within the
characteristic distance. In addition, all defined vectors were
aggregated to produce a single vector for each sampling
station with more than one trend vector. Furthermore, a
filtering operation was performed to eliminate background
noise by averaging the resultant vectors of each sampling
station and its neighboring stations. The residual vectors
formed a general pattern that reflects the net sediment
transport trends. The vectors are dimensionless and have unit
length, but the length of the vector only suggests the significance
of grain size trends and has no significance in depositional rates
(Gao and Collins, 1992).

End-Member Analysis

Weltje (1997) introduced a numerical-statistical algorithm end-
member modeling analysis to solve the explicit mixing problem
that has been successfully applied to the study of sediment
dispersal and depositional processes (Hamann et al, 2008;
Dietze et al., 2014; Li and Li,, 2018) and paleoclimate changes
(Moreno et al.,, 2002; Weltje and Prins, 2003). In recent years, a
range of new algorithms have become available, especially for
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unmixing grain size distributions (Heslop et al., 2007; Dietze
etal, 2012; Yu et al.,, 2016). EMA is a newly improved approach
that includes both non-parametric and parametric methods for
partitioning grain size distributions into subpopulations related
to dynamic processes. The non-parametric end-member analysis
(NEMA) was based on hierarchical alternating least squares for
non-negative matrix factorization, and the parametric end-
member analysis (PEMA) was based on the Gen. Weibull
distributions (Paterson and Heslop, 2015). In this study, we
performed the EMA to unmix the grain size distributions and
select the best number of EMs by MATLAB-based software
AnalySize designed by Paterson and Heslop (2015).

RESULTS

Grain Size Trend Analysis Model

We divided the sediments in the study area into three grain size
groups: sand, silt, and clay. Sand grains are coarser and harder
to move great distances than silt and clay grains. Sand grains
were primarily distributed in the ZA, where the sand
percentage exceeded 50%, and their outward extension
showed a gradual reduction (Figure 2A). Silt grains were
primarily found in deep-sea areas, with a silt percentage of
more than 40% (Figure 2B). The distribution of the silt content
was therefore negatively correlated with that of sand content.
Clay grains were mostly distributed in deep-sea areas where the
silt percentage surpassed 25% (Figure 2C), and the clay
content was positively associated with silt content in the
distribution. In general, sand grains comprised the largest
fraction of the platforms, whereas silt and clay grains
constituted the majority in deep-sea areas.

The mean grain size of surface sediments in the study area
varies from 0.62 to 7.81 @, with an average of 6.21 ®. Sediments
with the coarsest mean grain size were located in the ZA, ranging
from 0.50 to 4.50 @, and sediments with the finest mean grain size
were distributed in the northern part of the study area, most of
which were larger than 7.00 @. The mean grain size of the
sediments decreased outward from the ZA to deep-sea areas
(Figure 3A). The sorting coefficient of surface sediments in the
study area ranging from 0.58 to 3.16 with an average of 2.07
indicates poor sorting. The sorting coefficient in the ZA was
between 0.50 and 2.10, ranging from good to poor sorting. The
sorting coefficient in the northern part of the study area was
relatively poor, ranging from 1.70 to 2.10, and other deep-sea
areas were poorly sorted with a sorting coefficient of over 2.10
(Figure 3B). The skewness of surface sediments in the study area
varies from —1.32 to 2.71 with an average of 0.09. The skewness in
the ZA primarily ranges from 0.40 to 2.50, indicating positive
skewness (Sk > 0.33). Similarly, the northwestern region of the
study area exhibited a positive skewness. Furthermore, the
skewness of the other areas is between —1.40 and 1.00, most of
which are dominated by negative skewness (Sk <—0.33) with a
speckled distribution of positive skewness (Figure 3C).

The sampling stations in the study area are spaced at irregular
and unequal intervals, especially those on carbonate platforms,
which are scattered and may affect the accuracy of the sediment
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FIGURE 2 | Spatial distribution of sediment contents in the study area, including (A) sand, (B) silt, and (C) clay.

transport trends. As a result, the GSTA was performed for 195  and deep-sea basins. Owing to the variations in hydrodynamic
surface sediment samples, excluding those from the ZA and DA,  and sedimentary environments, the GSTA was conducted in the
to create sediment transport pathways from platforms to slopes  slope, trough-ridge, and deep-sea basin areas. The net sediment
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FIGURE 3 | Spatial distribution of grain size parameters in the study area, including (A) y, (B) o, and (C) Sk.

transport trends revealed by the GSTA took the maximum According to the different groups of vector directions and the
sampling interval of 0.3 decimal degrees as the characteristic =~ changes in water depth and topography, the sediment transport
distance, and the edge effects were removed. trends were divided into eight zones (Zone A-H) (Figure 4;
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FIGURE 4 | Net sediment transport trends were revealed by the GSTA in the study area. Vector directions were divided into eight zones (Zone A-H) by red dashed
lines. Black vector arrows indicate the sediment transport directions. The vector length suggests the significance of grain size trends and has no significance in

TABLE 1 | Classification and characteristics of sediment transport trends.

Zone Depth (m) Location Vector direction Zone Depth (m) Location Vector directions
A 1,000-2,500 Northeast slope of Southwestward E 500-3,000  North slope of the ZA Northward and
the DA northeastward
B 900-2,700  Southeast slope of Southeastward F 500-4,200  North and east of the ZNR Southwestward
the DA
C 500-2,700  West slope of the ZA  Northwestward G 2,600-4,200 ZSB and southwest of the SWSB Northward
Southwestward
D 1,000-3,600 South slope of the ZA  Southwestward H 500-4,300  East slope of the ZA and west of the  Eastward and northward

Table 1). Zone A was located on the northeastern slope of the DA,
with a water depth of 1,000-2,500 m. The vector directions of
Zone A are nearly southwestward, which is opposite to the
extension direction of the submarine canyon. Zone B was
situated on the southeastern slope of the DA at a water depth
of 900-2,700m. The vector directions were primarily
southeastward, which is consistent with the extension direction
of the submarine canyons and landslides. Although both Zones A
and B were located on the southeastern slope of the XA, the
sediment transport trends were significantly different. Zone C
was distributed on the western slope of the ZA, extending to the
ZT at a water depth of 500-2,700 m. The vector directions were
northwestward in the north and southwestward in the south.
Zones B and C were located at the intersection between the ZA

SWsSB

and XA. The ZT area formed a deposition center, receiving
sediments transported from the ZA and XA. Controlled by the
height difference in the topography of the ZT (Figure 1C), the
sediments were transported northeastward and southwestward.
Zone D was located on the southern slope of the ZA, with a water
depth of 1,000-3,600 m, and the vector directions were primarily
southwestward. Zone E was located north of the ZA with a water
depth of 500-3,000 m, and the vector directions were primarily
northward and northeastward. Zone F was situated north and
east of the ZNR, with a water depth of 500-4,200 m, and the
vector direction was southwestward. The vector directions of
Zones E and F presented opposite trends because the sediment
transport pathways were separated by the high topography of the
ZNR. Zone G was distributed in the ZSB and west of the SESB at a
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FIGURE 5 | Fitting effect of the end-member analysis of surface sediments in the study area. (A) Linear and EM correlation of the NEMA. (B) Angular deviation of the
NEMA. (C) Linear and EM correlation of the PEMA. (D) Angular deviation of the PEMA.

water depth of 2,500-4,200 m, and the vector direction was nearly
northward. Zone H was located on the eastern slope of the ZA,
extending to the SWSB at a water depth of 500-4,300 m. The
vector directions were eastward on the slope and northward in
deep-sea areas, displaying a counterclockwise trend. Zones C, D,
E, and H around the peripheral slope of the ZA indicate that the
vector directions are consistent with the extension direction of the
submarine canyon.

End-Member Analysis Model

The grain size distribution of 232 surface sediment samples in the
study area was unmixed between the NEMA and PEMA. The
optimal number of EMs was selected by comparing the fitting
effects of different EMs from 2 to 10. The results indicated that
the PEMA and NEMA had little difference between the linear
correlation and angular deviation; however, the EM correlation of

the PEMA was better than that of the NEMA, and the PEMA
displayed a better EM correlation with an increase in the EM
number (Figure 5). The linear correlation increased and the
angular deviation decreased, with an increase in EMs, but the EM
correlation initially decreased and then increased. Therefore, the
EMA presented the best fitting effect when the EM correlation
decreased to the lowest value. The EM correlation was reduced to
0.05 with a linear correlation of 0.93 when unmixed into four EMs
using the NEMA (Figure 5A), and the EM correlation reached
0.02 with a linear correlation of 0.92 when unmixed into five EMs
by the PEMA (Figure 5C). Consequently, when unmixed into
four EMs by the NEMA and five EMs by the PEMA, the EMA
provided a better fitting effect to the original dataset and yielded a
model closer to the true unmixing regime. In general, the fitting
effect was better for smaller angle deviations. However, the
angular deviation of the EMA was large overall because of the
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TABLE 2 | Characteristics and components of five end-members.
EM Number Grain 1] Percentage Average Sand Silt Clay
size (D) (%) percentage (%) (%) (%)
(D) (%)
EM1 59 -1-5.06 0.94 0-94.07 21.55 99.83 0.17 0
EM2 78 0.35-5.86 215 0-92.78 17.82 98.50 1.50 0
EM3 216 0.88-8.28 3.61 0-65.04 17.16 66.92 33.06 0.02
EM4 227 1.15-9.36 6.76 0-81.15 55.78 1.99 79.79 18.22
EM5 223 5.86-11.36 9.82 0-31.12 18.70 0 2.19 97.81

large sampling interval of surface sediments and rapidly changing
topography with deep water depth in the study area (Figures
5B,D), but it exhibited little influence on selecting the number
of EMs.

Based on the distribution of the four EMs unmixed by the
NEMA, each EM showed a multimodal distribution, and even the
modes of one EM were similar to those of the other EMs
(Figure 6A); however, in light of the distribution of the five
EMs unmixed by the PEMA, each EM displayed only one mode,
and the modes of each EM were sufficiently irrelevant
(Figure 6B). Additionally, EM4 of the PEMA exhibited two
dominant modes in the fine-grained portion, and these two
modes can be unmixed by the PEMA into two independent
EMs (EM4 and EMS5). Although the calculation speed of the
NEMA was faster, the unmixing efficiency of the PEMA was
better than that of the NEMA for highly mixed datasets.
Therefore, the PEMA exhibited a better EM fitting quality
through the combination and comparison of the PEMA and
NEMA. The EMA results indicated that the PEMA had the best
fitting effect on surface sediments in the study area, with grain
size distributions unmixed into five EMs, which explained the
related sedimentary dynamics represented by EMs. The

dominant modes of these five EMs were 0.62, 1.89, 3.31, 7.14,
and 10.17 ®, corresponding to coarse sand, medium sand, fine
sand, fine silt, and clay, respectively (Figure 6B).

Among the 232 surface sediment samples, 59, 78, 216, 227, and
223 sediment samples contained EM1, EM2, EM3, EM4, and
EM5 components, respectively. The characteristics and
compositions of the five EMs are listed in Table 2. EM1, EM2,
and EM3 were practically absent in the clay component, while
EM4 and EM5 contained little sand. EM1 had a grain size varying
from -1 to 5.06 @ with a maximum sand content of 99.83%,
primarily representing the coarse sand component. EM2 had a
grain size range of 0.35-5.86 @ with a sand content of 98.50%,
suggesting medium to fine sand components. EM3 had a grain
size ranging from 0.88 to 8.28 ® with a sand content of 66.92%
and silt content of 33.06%, indicating very fine sand to coarse silt
components. EM4 had a grain size varying from 1.15 to 9.36 ®
with a silt content of 79.79% and clay content of 18.22%,
representing medium to fine silt components. EM5 had a
grain size ranging between 5.86 and 11.36 ® with a maximum
clay content of 97.81%, indicating the clay components.

EM1 was primarily distributed in the ZA and largely absent in
deep-sea areas, with an average percentage of 21.55%
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FIGURE 7 | Spatial distribution of five end-members in the study area, including (A) EM1, (B) EM2, (C) EM3, (D) EM4, and (E) EM5.

(Figure 7A). EM2 was primarily located in the ZA and scattered
in deep-sea areas, with an average percentage of 17.82%
(Figure 7B). EM3 was universally distributed throughout the
study area, with an average of 17.16%. The highest percentage
(>30%) of EM3 was located in the ZA and XA with the maximum
percentage on the terrace (Figure 7C). EM1, EM2, and EM3 had a
common feature in that the ZA was an obviously high percentage
center in the study area, and the farther away from the ZA, the
lower was the percentage. EM4 showed a relatively high
percentage between 40% and 70% in the study area, with an
average of 55.78% (Figure 7D). There was a low EM4 percentage
center (<30%) in the ZA. The greater the distance from the ZA,
the higher was the percentage. EM5 mainly displayed a gentle
percentage between 10% and 30%, with an average of 18.70%.
Similar to EM4, there was a low percentage center (<10%) of EM5
in the ZA (Figure 7E). EM4 and EMS5 were primarily
concentrated in deep-sea areas north and west of the ZA, and

the greater the distance between the ZA and XA, the higher was
the percentage. In general, the spatial distributions of EM4 and
EMS5 displayed trends opposite to those of EM1, EM2, and EM3.

Deep Current Observations

The flow velocity and direction of the deep currents were recorded
by the ADCP in the study area (Figure 8; Table 3). C1 was situated
southeast of the Langhua Reef at a water depth of 2,424 m. The flow
velocity of CI ranged from 0.01 to 0.11 m/s with an average of
approximately 0.06 m/s, and the flow direction changed strongly
from northeast to the southeast (Figure 8A). C2 was located
northeast of the ZT, with a water depth of 2,653 m. The flow
velocity was primarily between 0.03 and 0.23 m/s with an average
of approximately 0.15 m/s, and the flow direction began eastward
and rotated clockwise with a relatively large flow velocity during the
observation period (Figure 8B). C3 was located northwest of the ZA
at a water depth of 2,709 m. The flow velocity of C3 ranged from 0.01
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to 0.15 m/s with an average of 0.07 m/s, and the flow direction was
stable in northwestward to northeastward direction (Figure 8C). C4
was situated in the deep-sea basin east of ZNR, with a water depth of

3,733 m. The flow velocity of C4 varied from 0.01 to 0.08 m/s with an
average of approximately 0.04 m/s, and the flow direction was
primarily southwestward to northeastward (Figure 8D).
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TABLE 3 | Flow velocity and direction of deep currents and the associated sediment transport trends.

Station Water depth Flow velocity Average flow Flow direction Sediment transport
(m) (m/s) velocity (m/s) trends

C1 2,424 0.01-0.11 0.06 Northeastward to southeastward Southeastward

c2 2,653 0.03-0.23 0.15 Clockwise rotation Southeastward and northwestward
C3 2,709 0.01-0.15 0.07 Northwestward to northeastward Northwestward

C4 3,733 0.01-0.08 0.04 Southwestward to northeastward Southwestward

113°E 114°E 115°E
170N | | 1

15°N-

landslides.

FIGURE 9 | Sediment transport pattern in the study area. Blue circles indicate the sources of gravity flows. Yellow and purple arrows represent the sediment
transport trends driven by gravity flows and bottom currents, respectively. Orange lines indicate the submarine canyons. Brown lines mark the traces of submarine

DISCUSSION

Sediment Transport Pattern Affected by

Gravity Flows

Numerous submarine canyons developed around the platforms,
and sediments can be transported from the platform top to deep-
sea areas. The ZA and XA were the two main sediment sources of
gravity flows in the study area. As a result, gravity flows had a
crucial influence on the transport trends of sediments. The
sediment transport trends surrounding the platforms indicated
that sediments were primarily transported from platforms along
platform slopes to deep-sea areas, and the transport pathways
were in the same direction as the extension of the submarine
canyons around the platforms (Figure 9).

EM1, EM2, and EM3 are sand-dominated components. The
contents of EM1, EM2, and EM3 were higher in the ZA and lower
in the deep-sea areas (Figures 7A-C). They were the coarser EMs
of the analyzed samples and were difficult to transport by deep

currents. The presence of EM1, EM2, and EM3 in deep-sea areas
indicated that gravity flows were essential for the transport of
sediments from platforms to deep-sea areas. However, the
outward decreasing trend of the contents of EM1, EM2, and
EM3 suggested that coarse-grained sediments were primarily
retained on the ZA, and fine-grained sediments can be
transported by gravity flows from platforms to deep-sea areas.
The ZA had the coarsest mean grain size ranging from 0.50 to
4.00 ® (sand grains) with good sorting, indicating a high-energy
environment.

EM4 and EM5 are the finer EMs of the analyzed samples with
a dominance of silt to clay components, which are easily
suspended and transported by gravity flows. The contents of
EM4 and EM5 were higher in the deep-sea areas and lower in the
ZA, in contrast to EM1, EM2, and EM3 (Figures 7D,E).
Therefore, the outward increasing trend of EM4 and EM5
indicated that fine-grained sediments were capable of being
transported by gravity flows from platforms to deep-sea areas.
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Sediment Transport Pattern Affected by

Deep Circulation

The SCS deep circulation driven by the Luzon overflow is
characterized by a basin-scale cyclonic circulation with
seasonal variations (Figure 1A), which is prominent in
summer, corresponding to a higher volume transport of the
deep-water overflow but is insignificant in winter, as suggested
by the lower volume transport of the deep-water overflow (Lan
et al, 2015; Gan et al, 2016). Large-scale deep circulation
observations in the northeast of the study area found that the
southwestward and northeastward currents constitute the
cyclonic circulation, and the annual averaged current exhibited
a maximum velocity of 2.25-2.52 cm/s (Zheng et al., 2021). The
deep circulation flowed southwestward with an average velocity
of 0.02 m/s and volume transport of 1.65 Sv (Zhou et al., 2017).
However, the interaction between multilayer circulation and the
detailed interior structures and seasonal variations of deep
circulation remains vague. The four current observations in
this study supplement the data gaps of deep circulation in the
distal margin of northern SCS. Among the four observation
stations, station C4 was located in the deep oceanic basin area.
The flow direction observed here indicates southwestward
dominance, which is consistent with the deep cyclonic
circulation pattern established for the SCS. The flow velocity
suggests an average of 0.04 m/s higher than that observed in
previous studies, which might be influenced by the short period of
observation and variable hydrodynamic environment.

Geochemical studies have manifested that sinking particles at
the SCS-W station with high Eu* values originate from the
Philippine Arc (Liu et al., 2018) (Figure 1B). The winter
samples have a broader range than the summer samples; thus,
the sediment sources and hydrodynamic conditions are more
variable in winter than summer (Liu et al., 2018). Therefore,
surface sediments in the study area can be transported by deep
circulation with seasonality in the SCS. The northern and western
regions of the sediment transport trends were primarily driven by
the southwestward cyclonic deep circulation, and the deep
circulation was then blocked by the high topography of the
XA and ZNR (Figure 9). The sediment transport trends were
northward in the south of the study area, including the ZSB and
south of the SWSB, which may be controlled by seasonal changes
in deep circulation, eddies, or other hydrodynamic conditions.
EM3, EM4, and EM5 were broadly dispersed in the deep-sea areas
and dominated by fine-grained components (Figures 7C-E).
Fine-grained sediments transported from platforms to deep-
sea areas can be removed by deep currents. As a result, deep
circulation had a significant influence on the transport trend of
sediments in the study area.

The sediment transport trends defined by the GSTA were
compared to the flow direction and velocity obtained by the
ADCP (Table 3). The sediment transport trends around C1 were
southeastward, which were consistent with the flow direction
changing from northeast to southeast. The sediment transport
trends near C2 point in the southeastward and northwestward
directions, and the flow direction revolved clockwise with a higher
flow velocity, implying that C2 is located at the intersection of

Sedimentary Dynamics Around Carbonate Platforms

numerous currents with diverse flow directions. The sediment
transport trends next to C3 were primarily northwestward, which
agreed with the flow direction switching from northeastward to
southeastward. The sediment transport trends around C4 show
southwestward dominance, which corresponded to the flow
direction shifting from southwestward to northwestward. To
summarize, the transport trends revealed by the GSTA are
consistent with the results of the deep current observations.

Applicability of Grain Size Trend Analysis
The GSTA has proven to be an effective tool in the study of
shallow water environments with water depths of tens to
hundreds of meters, such as the Gulf of California (Sdnchez
et al, 2019), Gulf of Thailand (Wang et al., 2020; Feng et al,
2022), East China Sea (Cheng et al., 2004; Liu et al., 2012; Liang
et al,, 2020), and northern SCS (Zhang et al., 2013; Li and Li,,
2018). For the first time, we applied the GSTA to deep-sea areas in
the distal margin of the northern SCS, where the water depth
ranged from shallow platforms to deep-sea basins with complex
topography, and the greatest depth exceeded 4,300 m. Moreover,
owing to the variations in hydrodynamic and sedimentary
environments, the GSTA was conducted in the slope, trough-
ridge, and deep-sea basin areas. With the separation method, the
sediment transport trends obtained by the GSTA appeared to be
more pronounced and consistent with the actual conditions in the
study area. The sediment transport trends defined by the GSTA
were consistent with the results of gravity flows and deep
circulation in the study area, indicating that the GSTA can be
applied in deep-sea areas.

Factors that may affect the applicability of the GSTA were not
significant in the study area, such as sediment sources, sampling
intervals, and edge effects (Gao, 2009). For example, when
sediments from different sources are physically mixed, the
grain size composition and distribution of sediments must be
changed, but its effect on sediment transport trends remains
unclear (Flemming, 2007; Moore et al., 2007). In this study, the
sediment transport trends revealed multiple sediment sources,
which were consistent with previous studies. Moreover, sampling
stations with regular intervals were beneficial for obtaining
accurate sediment transport trends. The sampling interval in
the study area was not regular; however, the sediment transport
trends can be better presented and were in accordance with the
results of the current observations. Additionally, each sampling
station has eight adjacent sampling stations inside the square
sampling grid, whereas the sampling stations on the edge do not
have more than five adjacent sampling stations. This limitation
may lead to inaccurate results; therefore, the vectors of the
sampling stations on the edge were precluded in this study.

In deep-sea environments, different mechanisms of sediment
transport and deposition can reverse the vectors and affect the
formation and distribution of sediment transport trends under
the influence of numerous current activities, such as gravity flows,
deep currents, or a combination of multiple dynamics. Therefore,
when interpreting the results of the GSTA, in addition to the
regional geological background and hydrodynamic conditions,
the comparison with transport evidence should be considered,
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such as current observations, sedimentation and

sedimentary textures or structures, etc.

rates,

CONCLUSION

The sediment transport trends revealed by the GSTA reflected the
dominant circulation patterns, which were primarily controlled
by gravity flows and deep circulation in the study area. The ZA
and XA regions were the main sediment sources of gravity flows
in the study area. Gravity flows can transport from platforms
along platform slopes to deep-sea areas, and the transport
pathways followed the same direction as the submarine
canyons surrounding platforms. Sediments formed a
deposition center in the ZT and were transported
northeastward and southwestward, affected by the height
difference in topography. In addition, the sediment transport
trends on the northern, eastern, and southern boundaries
adjacent to the oceanic basin were significantly driven by deep
circulation with seasonal variations. Sediment transport trends
were the comprehensive responses of the sediment sources,
seafloor topography, and current activities in the study area.

Five grain-sized EMs were identified using the EMA. The
distribution of EMs was significantly influenced by gravity flows
and deep circulation. EM1, EM2, and EM3 were dominated by
sand components, and the contents of these EMs decreased
outward from the ZA to deep-sea areas. In contrast, EM4 and
EMS5 were dominated by silt and clay components, and their
contents increased outward from the ZA to deep-sea areas. As a
result, sediments with coarse grains were primarily retained in the
ZA, and sediments with fine grains can be transported by gravity
flows from platforms to deep-sea areas and carried by deep
currents.

The sediment transport trends defined by the GSTA agreed
with the study results of sediment sources, seafloor topography,
and current observations in the study area, demonstrating the
applicability of the GSTA in deep-sea environments. To
strengthen the accuracy of the GSTA, we should
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