10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

Bottom water hydrodynamic provinces and transport patterns of the northern
South China Sea: Evidence from grain size of the terrigenous sediments
Author names and affiliations
Yi Zhong, Key Laboratory of Marginal Sea Geology, South China Sea Institute of Oceanology,
Chinese Academy of Sciences, Guangzhou 510301, China
Tel: +86-20-89021046(0); Mob: +86-15602335786, Email: zhongyi@scsio.ac.cn
Zhong Chen, Key Laboratory of Marginal Sea Geology, South China Sea Institute of Oceanology,
Chinese Academy of Sciences, Guangzhou 510301, China
Tel: +86-20-89023149(0);, Mob: +86-13610001305, Email: chzhsouth@scsio.ac.cn
Liang Li, Marine Geology Survey Institute of Hainan Province, Haikou 570206, China
Tel: +86-20-66567278(0); Mob: +86-15348884237, Email: brighting_lee @ 163.com
Jianguo Liu, Key Laboratory of Marginal Sea Geology, South China Sea Institute of Oceanology,
Chinese Academy of Sciences, Guangzhou 510301, China
Tel: +86-20-89024537(0); Mob: +86-13826454085, Email: jgliu@scsio.ac.cn
Gang Li, Key Laboratory of Marginal Sea Geology, South China Sea Institute of Oceanology,
Chinese Academy of Sciences, Guangzhou 510301, China
Tel: +86-20-89022579(0); Mob: +86-13570278774, Email: gangli@scsio.ac.cn;
Xufeng Zheng, Key Laboratory of Marginal Sea Geology, South China Sea Institute of Oceanology,
Chinese Academy of Sciences, Guangzhou 510301, China
Tel: +86-20-89021046(0); Mob: +86-15521098650, Email: zxf@scsio.ac.cn;
Shuhong Wang, Key Laboratory of Marginal Sea Geology, South China Sea Institute of
Oceanology, Chinese Academy of Sciences, Guangzhou 510301, China
Tel: +86-20-89021046(0); Mob: +86-13533484970, Email: wshds @scsio.ac.cn;
Aibin Mo, Key Laboratory of Marginal Sea Geology, South China Sea Institute of Oceanology,
Chinese Academy of Sciences, Guangzhou 510301, China

Tel: +86-20-89023861(0); Mob: +86-15625043997, Email: abmo @scsio.ac.cn

*Corresponding author: Zhong Chen, chzhsouth@scsio.ac.cn

© 2016. This manuscript version is made available under the Elsevier user license

http://www.elsevier.com/open-access/userlicense/1.0/


mailto:zhongyi@scsio.ac.cn
mailto:chzhsouth@scsio.ac.cn
mailto:jgliu@scsio.ac.cn
mailto:gangli@scsio.ac.cn
mailto:zxf@scsio.ac.cn
mailto:wshds@scsio.ac.cn
mailto:abmo@scsio.ac.cn
mailto:chzhsouth@scsio.ac.cn

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

Bottom water hydrodynamic provinces and transport patterns of the northern
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Yi Zhong *°, Zhong Chen **, Liang Li ¢, Jianguo Liu *, Gang Li *, Xufeng Zheng *,
Shuhong Wang ®, Aibin Mo *°

* CAS Key Laboratory of Marginal Sea Geology, South China Sea Institute of
Oceanology, Chinese Academy of Sciences, Guangzhou 510301, China
® University of Chinese Academy of Sciences, Beijing 100049, China
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Abstract: Sediment transport in the source-to-sink systems of the northern South
China Sea (SCS) has been of increasing interest during the past few decades.
However, the mechanisms for sediment redistribution remain unclear. Sources and
transport patterns in the northern SCS were investigated in this study based on grain
size analyses of 205 surface sediment samples. Detailed characterizations of
hydrodynamic conditions and sediment transport have been made using the log-ratio
method to partition grain size components of surface sediments in the northern SCS.
Results reveal that sediment dispersal patterns in the region generally contain traction,
saltation, graded and uniform suspension modes. Based on the spatial distribution
characteristics, the study area can be classified into three hydrodynamic provinces.
Province A contains high traction concentrations that are exposed to the longshore
current and topographic features, which are distributed in the Taiwan Shoal, Dongsha
Islands and extends from the Pearl River estuary to the southeast of Hainan Island.
Province B is characterized by higher values of saltation and graded suspension,
which are widespread along the northern slope of the SCS, and its formation is
interpreted as the result of interactions between down- and along-slope processes.
Province C reaches its greatest concentration in the abyssal areas, particularly in the
vicinity of Luzon Island, which settles only under calm conditions. Combined with
previous data concerning magnetic susceptibility distributions of surface sediments
from the northern SCS, the sediment transport route near the mainland is traced.

Furthermore, based on distribution pattern of sortable silts and hydrodynamic
2
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provenance of the terrigenous sediments, the sediment transport route in the deep
water region of the northern SCS is outlined. It flows along marginal channels which
cut across the continental slope along isobaths. Taken together, the combination of
grain-size components and sortable silts of surface sediment used here is a promising
tool to better assess the modern variability of hydrodynamic conditions and transport

processes in marine environments.

Keywords: Grain size distribution; Sortable silt; Mathematical partitioning; Sediment

transport; Hydrodynamic conditions; Northern South China Sea

1. Introduction

The South China Sea (SCS) is an excellent case setting for the study of sediment
source-to-sink transport process, especially for enclosed or semi-enclosed systems
during sea level lowstands, in which case the sediment transport pathways can be
more easily defined (Liu et al., 2016). As the largest of the marginal seas separating
Asia from the western Pacific, the northern SCS has a special attraction for marine
geologists because of the very high sedimentation rate of its detrital sediments (Wang
and Li, 2009). The northern SCS is an area of active sedimentation with possible input
of terrigenous sediment from the Pearl, Red and Yangtze rivers, as well as the islands
of Taiwan and Luzon (Shao et al., 2009; Wan et al., 2007). After these river-derived
terrigenous sediments enter the sea, most are deposited on the continental shelf, but a
small amount is transported further where it is deposited on the abyssal basin (Liu et
al., 2011). Regardless, sediment transport and depositional dynamics involve ocean
circulation, which is comparatively complex in the SCS (Wan et al., 2010). Surface
currents in the SCS are driven by southwestern winds in summer and northeastern
winds in winter (Fernando et al., 2007; Hu et al., 2000b). The dynamic processes
driven by downslope and along-slope currents play a significant role in constructing
and shaping continental margins (Chen et al., 2014).

In recent years, a number of sedimentological and geochemical approaches,

including measurements of grain size distribution (Huang et al., 2011; Li et al., 2011;
3
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Wan et al., 2007) and the occurrence of clay and heavy minerals (e.g., Liu et al., 2012;
Liu et al., 2008b; Li et al., 2015, 2016; Zhong et al., 2017), as well as strontium and
neodymium isotopes (e.g., Shao et al., 2009; Wei et al., 2012; Huang et al., 2014) and
major and trace element geochemical properties (Cai et al., 2013; Liu et al., 2010c,
2013) of surface and core sediments in the northern SCS have been suggested as
proxies that are capable of constraining sources and transport pathways, as well as to
elucidating related paleoenvironmental and paleoclimatic information (Liu et al., 2012;
Liu et al., 2010c; Liu et al., 2015). Nevertheless, many previous suggestions and
proxies for sediment provenance in this area are not coincident and are sometimes
even controversial. What is more, the transport mechanisms of detrital terrigenous
sediments from various source areas in the northern SCS and conditions related to
their depositional hydrodynamics are less understood.

Grain size components were related to sources of hydrodynamic conditions in
marine sediments (Carranza-Edwards et al., 2005; McCave, 1978; Nordstrom, 1981;
Self, 1977; Visher, 1969). Sediment grain size is usually applied to studies of
sedimentary environment, depositional processes, and material sources, which can
also be used to infer the mode of sediment transport as an important indication of
environmental impact (Christiansen et al., 1984; Ghoshal et al., 2010; Miousse et al.,
2003; Purkait, 2006; Wang et al., 2003). Therefore, several approaches have been
employed to correlate variations in sediment grain size with the hydrodynamic
conditions that control sediment transport. The introduction of multivariate statistical
and statistical analysis methods has led to the realization of the environmental
significance of polymodal sediments and related cumulative log probability curves to
specific environments (Folk and Ward, 1957). Some studies of grain size subsequently
have focused on establishing links between sedimentary environments and the
summary statistics of grain size distributions (GSDs), such as the mean, standard
deviation (sorting), skewness and kurtosis (Folk and Ward, 1957; Friedman, 1979;
Shepard, 1954). Boulay et al. (2003) extracted “components” that are sensitive to
environmental conditions based on measured relationships between mean grain size

and standard deviation. Other studies have suggested a more dynamic concept in
4
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which spatial patterns of summary statistics were assumed to reflect net sediment
transport pathways (Gao et al., 1994; Le Roux and Rojas, 2007). Moreover, each
log-normal sub-population may be related to a different mode of sediment transport
and deposition, thus providing a quantitative measurement of importance in the
genesis of sediment dynamics (Visher, 1969). In this study, the characteristics of
sea-bottom sediment grain size have been evaluated by log-ratio analysis to gain a
better understanding of sediment dynamics in the northern SCS.

The grain-size characteristics of current deposits have been proposed as an
estimate of the strength of abyssal flow (Ellwood and Ledbetter, 1977). McCave et al.
(1995) put forward a more specific grain-size proxy, which is more sensitive to the
variation of flow strength. The terrigenous silt fraction in the 10—63 pm range was
termed sortable silt (SS), and the abundance of this fraction varies with current
intensity. Although the proxy of SS has been widely used around the world (Ellison et
al., 2006; Kissel et al., 2010; Negre et al., 2010), there have been limited analyses on
the transport trend based on the sortable silt of bottom sediments from the northern
SCS.

The objectives of this paper are to unravel the depositional dynamic conditions
and sediment transport system in the northern SCS. We first address hydrodynamic
partitioning by a log-normal sub-population of grain size. Then the influencing factors
of different sources are analyzed at various locations in the northern SCS. Finally,
their transport routes are explored by the sortable silts of terrigenous sediment sources

in the entire northern SCS.

2. Regional setting
2.1. Geological and oceanographic settings

The SCS is one of the largest marginal seas in the western Pacific. It is bounded
by the Indochina Peninsula to the west, by southern China to the north, by the
Philippine arc to the east, and by Malaysia and Indonesia to the south (Wang and Li,
2009) (Fig. 1a). The SCS, with an area of 3.5 x 10° km? and water depths in excess of

5000 m, extends to the northeast (Zhu et al., 2010). Its seafloor topography is very
5
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complex and widely variable, with several plateaus, troughs, valleys and island reefs.
The study area (17.5°-24°N and 109°-121°E) has a broad continental shelf (depths
shallower than 200 m) and a large deep basin (with the maximum depth greater than
4000 m) (Fig. 1b). This area is strongly dissected by deep-marine erosive channels,
submarine canyons, and slope gullies, all of which act as active conduits for the
delivery of clastic sediments from the SCS shelf and upper slope into the deep-marine
environment (Chiu and Liu, 2008; Gong et al., 2015).

Modern oceanic circulation in the SCS is influenced mainly by the
semi-enclosed-basin physiography, the main oceanic water masses, and atmospheric
circulation (Qu et al., 2006; Zhu et al., 2010). It preserves water exchange through
straits with the Pacific Ocean, Indian Ocean, and the adjacent marginal seas. There are
various water masses at different water depths in the SCS (Fig. 1b). The overall
surface current circulation of the SCS is dominantly cyclonic (counter-clock-wise) in
winter and anti-cyclonic (clockwise) in summer, driven by seasonal monsoons (Fang
et al., 1998; Shaw and Chao, 1994; Wan et al., 2010; Wyrtki, 1961; Xue et al., 2004).
The oceanic circulation over the continental shelf in the northern SCS is also heavily
impacted by the wind forcing, the Kuroshio intrusion, and mesoscale processes (Fang
et al., 2015; Qu et al., 2004; Zhang et al., 2006). The Kuroshio Current intrudes into
the northern SCS and transports the upper 300-500 m of water westward along the
northern continental slope of the SCS (Liu et al., 2011; Shaw and Chao, 1994). A
series of mesoscale anticyclonic eddies distributed along the continental slope from
the southwest of Taiwan to the west of Dongsha Islands (referred to as the Loop
Current and SCS Branch of Kuroshio/SCS Warm Current, respectively) were
suggested as the detachment of warm rings from the Kuroshio (Caruso et al., 2006;
Hu et al., 2000a; Yuan et al., 2006). The SCS Warm Current is a northeastward flow
separated from the SCS Branch of the Kuroshio Current. The Guangdong Coastal
Current flows northwest and is largely controlled by the winter monsoon. In summer,
the SCS Branch of the Kuroshio Current also shifts southeast and the Guangdong
Coastal Current is reversed, while the SCS Warm Current becomes the prevailing

northeasterly surface current forced by summer monsoon winds (Qu et al., 2009).
6



180 Besides, there exists a deep water current (20002500 m) that turns southwest
181  along the continental margin off the southeast China coast called the SCS Contour
182 Current (Qu et al., 2006; Tian et al., 2006; Wang et al., 2011; Zhao et al., 2014). The
183 Luzon Strait with a sill depth of about 2400 m is the only deep passage connecting the
184  SCS with the western Pacific (Wang and Li, 2009; Li and Gong, 2016). Influenced by
185  the southwestward intrusion of the NPDW through the Luzon Strait, the average
186  bottom current velocity exceeds 0.15 m/s at water depths of 2500 to 2600 m in the
187  Bashi Channel, with maximum velocities reaching 0.3 m/s (Xie et al., 2009a, b) (Fig.
188  la). As the NPDW flows along the northern margin of the SCS, a series of NE-and
189  WSWe-oriented migrational channels have developed in the northern slope of the SCS
190 (Heetal., 2013; Liet al., 2013).

191

192 2.2. Source regions

193 The terrigenous input derived from large rivers is greater than that from eolian
194 particles transported from mainland China or volcanic ashes from the Philippines and
195  Indonesia (Chung et al., 2004). At Ocean Drilling Program (ODP) Site 1146, only ~10%
196  of the total clay and ~10% of the terrigenous fractions are related to eolian supplies
197  (Boulay et al., 2007; Wan et al., 2007). A study of the inner shelf of the East China
198  Sea also revealed that the Yangtze River (loading of 470 Mt/a) (Milliman and
199  Farnsworth, 2011) does not supply significant sediment to the SCS through the
200  Taiwan Strait (Xu et al., 2009). As a result, in the northern SCS, predominant
201 sediment sources include the Pearl River, southwestern Taiwan and the Luzon arc
202  system (Fig. 1b) (Liu et al., 2010c; Liu et al., 2008b), which annually deliver a
203  substantial amount of terrestrial sediment to the northern SCS, making it as a
204  significant sediment sink.

205 Among these fluvial drainage systems, Pearl River sediment discharge (~80 Mt/a)
206  is mostly transported southwestward where these sediments are largely deposited on
207  the inner shelf (Ge et al., 2014; Liu et al., 2011; Liu et al., 2014). Luzon sourced
208  sediments (~11 Mt/a) are generally deposited to the northwest of Luzon and are not

209  significantly transported onto the northern shelf by the branch of the Kuroshio Current
7
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(Liu et al., 2011; Liu et al., 2009b). In contrast, southwestern Taiwan supplies large
amounts of sediments (~70 Mt/a) into the northeastern SCS via small mountainous
rivers (e.g., the Kaoping River) (Liu et al., 2008a). Meanwhile, Hainan Island, the
second largest island in China, is a continental-type island in the northern SCS from
which a low sediment flux (~4 Mt/a) is consistent with low mass accumulation rates

on the neighboring shelf (Hu et al., 2014; Wang, 1999) (Fig. 1b).

3. Materials and methods
3.1. Sample collection

A large number of unevenly distributed surface sediment samples (upper 5 cm of
the seafloor) from the northern SCS were collected using box or grab samplers by the
South China Sea Institute of Oceanology (SCSIO) of the Chinese Academy of
Sciences (CAS) during the past 10 years. The 205 sample stations in the northern SCS
are shown in Fig. 2 and Table 1. The distribution of sample locations was devised to
collect material from a broad range of hydrodynamic depositional environments. In
this paper, 131 samples were obtained from continental shelf sites, 40 samples were
located at on the continental slope, and other samples were deposited evenly in the

deep-sea basin within the study area.

3.2. Analytical methods
3.2.1. Grain-size measurements

The sediments deposited in the northern SCS originate from all the surrounding
regions. They are first transported by rivers flowing on the southeastern side of Asian
continent and on the various bordering the southern and eastern sides of the SCS
before being taken up by the different oceanic water masses and progressively
deposited at sea (Liu et al., 2016). Marine sediments include terrigenous, biogenic,
volcanogenic, cosmogenic and authigenic components, relationship between which
depend on specific facies environments (Sval’nov and Alekseeva, 2006). In order to
better use the composition of the marine terrigenous fraction as a tracer of

hydrodynamic conditions, it is first critical to isolate the terrigenous fraction of these
8
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sediments by the chemical extractions.

Grain-size distributions of the terrigenous sediment fraction were determined by
laser particle sizing after chemical removal of organic carbon, calcium carbonate
(CaCO3), Fe-Mn authigenic minerals and biogenic opal (Clemens and Prell, 1990;
Hovan, 1995; Rea and Janecek, 1981). About 200 mg of sediment from each air-dried,
disaggregated sample was pretreated with 10-20 mL of H,O, (30%.) to remove
organic matter, then with 10 mL of 10% HCI (15%.,,) with the sample solution boiled
to remove carbonates. About 2000 mL of deionized water were added, and the sample
solution was kept for 24 h to rinse acidic ions. The residues were further treated with
excess 0.3 M Naz;C¢Hs07, 1 M NaHCO; and a bit of Na,S,0, to remove Fe-Mn
oxides, then excess 2 M Na,COs with the sample solution boiled to remove biogenic
opal. Between every chemical reaction, samples were washed with demineralized
water. To avoid clay-mineral aggregation, 10 mL of 0.05 M (NaPO3)s were added to
the sediment solutions before analysis and by ultrasonic treatment for 10 minutes
before measurement.

The analyses were performed using a laser particle sizer (Malvern

Mastersizer2000) in the SCSIO. As the range of grain size measurement was
0.02-2000 pm , at 1 ¢ intervals, the samples were separated into two parts according

to the grain size. Samples within this range were measured directly, whereas coarse
particles (>2000 um) were sieved with a sieve mesh of 1 mm. The part over the sieve
was analyzed with standard sieving methods, and the part below the sieve was
measured directly, then the two parts data were combined using the simulated
program of Mastersizers2000 to get the whole grain size. Analyses were performed in
triplicate on each sample, the mean values of each parameter were calculated and the

associated standard deviations were <3%.

3.2.2. Partitioning of grain-size components
The identification of hydrodynamic partitions is an important part of this

research in the northern SCS. To interpret the genesis of each grain-size component
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within an individual polymodal distribution and to relate the constituent grain-size
components to specific depositional processes and sedimentary environments,
sedimentologists have made substantial efforts to define different types of grain size
distributions and partition the constituent components of ploymodal sediments with
the aid of mathematical methods (Chen et al., 2013a; Sun et al., 2002; Xiao et al.,
2009; Xiao et al., 2013; Yi et al., 2012). In this study, we use log-ratio methods to
analyze the relationships between the sedimentary components of the samples, which
represent the different hydrodynamic modes of the sea-bottom sediments.

Analysis based on log-probability distributions of sediment grain sizes has
suggested that each log-probability sub-population may be related to a different mode
of sediment transport processes (surface creep or rolling/traction, saltation and
suspension) (Visher, 1969), thus providing a measure of their importance in the
genesis of grain-size components. These transportation modes respectively represent
the traction component, the saltation component and the suspension component.
Moreover, the intercept point between the line segments of the suspension component
and the saltation component is called the fine intercept point. The intercept point
between the line segments of the saltation component and the traction component is
called the coarse intercept point. The fine intercept point represents the maximum
grain size of the suspension component. Generally, the smaller the fine intercept point
is, the stronger the hydrodynamic energy is. In contrast, the larger the fine intercept
point is, the weaker the hydrodynamic energy is (Folk, 1966; Folk and Ward, 1957).
Sensitive grain size components are the components that are sensitive to the
hydrodynamic energy of a specific depositional environment. Therefore, they can be
used to indicate the different hydrodynamic conditions with specific amounts of
hydrodynamic energy. Based on the above-mentioned log-probability analyses for the
northern SCS samples, combined with historical records of other recorded literatures,

we can infer the hydrodynamic volumes of northern SCS terrigenous sediments.

4. Results

4.1. Grain size composition and distribution
10
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Given that grain-size components in sea bottom sediments reflect different
transportation or depositional processes and preserve environmental information
about these processes (Yi et al., 2012), it is clearly desirable to be able to separate out
specific components in terrigenous samples. Grain sizes in terrigenous sediments are
controlled jointly by sediment provenance, hydrodynamic conditions, topography and
other factors of the sedimentary area. Therefore, the grain size potentially can be used
to identify different sources supplying sediment from mainland and dynamic
depositional environments.

The terrigenous sediments of the northern SCS are composed of gravel (5-38%,
average 20%), sand (0-97%, average 32%), silt (1-78%, average 46%) and clay
(0-54%, average 21%). The skewness range, kurtosis values and sorting coefficient
are —0.85 to 0.33, 0.60 to 8.02, and 0.35 to 3.87 with average values of —0.19, 1.16
and 2.09, respectively. The spatial distributions of these granular contents are shown
in Fig. 3. In the northern SCS, the gravel content is mainly transported out of Taiwan
Shoal, then deposited in the Pearl River Delta and offshore from Hainan Island (Fig.
3a). The high sand percentage (>60%) is primarily deposited on Taiwan Shoal and
southward along the continual shelf in the study area (Fig. 3b). The silt content is the
dominant component in the study area, with high levels (>60%) widely distributed in
the offshore, continental shelf, continental slope and deep sea (Fig. 3c). The clay
values display a trend that extends to the lower continental slope and deep-sea basin
(Fig. 3d).

The spatial distribution of the medium diameter of the sea-bottom sediments
shows a clear coarse-fine trend from the nearshore to the open sea. On average, the
diameter of sediments on the sea-bottom in the northern SCS averages 5.27 ¢, and
they show wide spatial variation, ranging from —0.42 ¢ to 8.12 ¢ [where, ¢ = —log2
(diameter in mm)]. Data presented in Fig. 4 indicate that changes in median grain size
are controlled by water depth and there is a big difference between shallow and deep
water. The median diameter of sea-bottom sediment on the continental shelf (water
depth <200 m) is more variable and reflects the feedback between morphology and

sediment exchange. The limited median diameter variation of sea-bottom sediment
11
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over a wide range of deeper water depths. The coarsest sea-bottom sediments in the
three main districts are present by those on the shelf of the SCS, while the finest are
present on the slope and in the deep ocean. Fine-grained sediments increase in
fraction on the continental slope (water depths 200-2000 m) to over 60%.
Furthermore, in the abyssal basin (water depths >2000 m), sediments are mostly
fine-grained with some coarse-grained material. In this study, only two samples had a
more coarse-grained fraction in the deep-water area (water depth >200 m). Therefore,
the topographic influence on grain sizes of terrigenous sediments should be obvious

when investigating sediment provenance and depositional processes.

4.2. Characteristics of grain-size components

The cumulative probability curves of Visher (1969) produce characteristic
grain-size distribution plots that reveal coarse and fine truncation points and specific
ranges for the percentage distribution of populations of particles transported by
traction, saltation and suspension. This approach has been used successfully to
analyze sands from several modern environments, such as dunes, beaches, rivers,
deltas, tidal channels, and turbidity currents (Luo et al., 2013). In addition to the
hydrodynamic characteristics of nearshore regions, there are various depths and
complex terrains in the northern SCS. So hydrodynamic partition in the surface
sediments of the northern SCS mainly consist of traction (17-100%, average 41%),
saltation (0—67%, average 26%), graded suspension (10-85%, average 32%) and
uniform suspension (11-34%, average 24%) (Fig. 5). Furthermore, Fig. 5 shows the
results of GSD and the log-probability cumulative curves for the studied samples in
the northern SCS. These results illustrates that differently sized subpopulations are
mixed in these sediments.

Traction content in the northern SCS is mainly distributed on the continental
shelf. There are two major areas with high traction contents (>40%), the first being
adjacent to the Taiwan shoal and the second being the northeastern Dongsha Islands.
Another high traction area extends to the shelf and even the slope between the Pearl

River mouth and eastern Hainan Island (Fig. 5a). For samples from high traction
12



359  content areas (sites 04E604 and 79-7), the curves have two types of segments,
360  including one and four segment modes. For example, the GSD of site 04E604 shows a
361 normal distribution, and the data indicate a well-developed traction population,
362  comprising all of the grains, and indicating coarse grain size. In contrast, the 79-7
363  sample has a high traction population (55.1%), low saltation (9.6%) and two types of
364  suspension (19.2% and 16.1%, respectively) with a similar normal distribution. Clear
365  coarse and fine truncation points occurred at 1.1 ¢ and 1.8 ¢, respectively.

366 In addition, areas of high saltation content (>40%) and graded suspension (>35%)
367  are mainly distributed on the continental slope (Fig. 5b-c). Each size distribution is
368  plotted in an identical fashion, and all show different subpopulations. The probability
369  cumulative curves for the high saltation value area show a three-segment mode. Site
370  09E109 has a normal distribution and a high saltation population (60.5%), low graded
371  suspension (14.6%) and moderate uniform suspension (24.8%). The coarse truncation
372  point occurs at 4.6 ¢. The probability cumulative curves for the high graded
373  suspension value areas show two kinds of modes: a four-segment mode and a
374  two-segment mode. The former mode (site 09E401) consists of two suspension
375  components (48.9% and 20.5%), a jumping component (1.4%) and a rolling
376 ~ component (29.2%). The coarse intercept point is 1.5 ¢ and fine intercept point is 4.4
377  ¢. The latter mode (site 79-54) consists of two suspension components including
378  graded (79.7%) and uniform (20.3%) suspension.

379 In contrast, high suspension content (>25%) was found mainly adjacent to the
380  Luzon Islands in abyssal basins (Fig. 5d). The sample (site 11E109) from the high
381  suspension area is composed of saltation (28.5%) and two suspension fractions (42.0%
382 and 29.5%) which is truncated at about 5.3 ¢.

383

384 5. Discussion

385  5.1. Sediment hydrodynamic provinces

386 The spatial distribution of sediment dynamics in the northern SCS can provide a
387  macro-scale view of the source-to-sink transport of terrigenous sediments on time

388  scales of years to tens of years. However, the lack of effective proxies and systemic
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analyses precludes detailed interpretations of the distribution and provenance of these
sediments hydrodynamic sediments. To better evaluate the dominant transport
processes based on these recently deposited surface sediments, a comprehensive
comparison of sediment hydrodynamics with various current systems in the northern
SCS is needed. Based on the spatial distribution of the four major dynamic partition
compositions, we divide the basin-wide area into three provinces (A, B and C) that

display distinct assemblages of hydrodynamics.

5.1.1. Province A

The Province A comprises the medium to coarse sand size range (—1 to 2 ¢). It is
sufficiently large that it may represent intermittent bed load transported during
high-energy currents or under storm conditions. It is characteristic of high traction
content (total ~45%) with minor saltation and suspension, which can be divided into
three traction partition content areas (named A1-A3). Area Al lies around the Taiwan
Shoal, mainly controlled by local topography and local currents. The Taiwan Shoal is
a tectonically raised platform that has been rebuilt by storm waves and strong winds
in previous glacial and interglacial periods (Yu and Song, 2000). Liu and Xia (2004)
proposed that the Taiwan Shoal not only consists of relict deposits but also modern
deposits. The sandwaves there are subjected to the action of tidal currents and
typhoon currents. The size and shape of sandwaves are proposed to have been
controlled by current velocity, sediment particle size, and water depth (Du et al.,
2010). In addition to its terrain fluctuation, the Taiwan Shoal was strongly influenced
by Pacific low-pressure cyclones and SCS cyclones, and the local hydrodynamics are
controlled by SCS flow, the Hanjiang River, a branch of Kuroshio Current, and
upwelling.

Area A2 lies in the western Dongsha Islands, extending from the lower slope to
the outer shelf. The area fits within a region of flow direction change from the
westward SCS Branch to the Kuroshio and SCS Warm Current. The SCS Branch of
Kuroshio and SCS Warm Current exist in both winter and summer, regardless of any

change of monsoon winds (Fang et al., 1998; Liu et al., 2013). In this case, they
14



419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

compose a series of mesoscale anticyclonic eddies distributed along the continental
slope from southwestern Taiwan to the western Dongsha Islands. Because of the
strong erosion of surface sediment since the tectonic uplift of Dongsha, there are
almost no modern sediments on the middle and outer shelves in the Dongsha area
(Liidmann and Wang, 2001; Li et al., 2008; Liidmann and Wong, 1999; Yan et al.,
2006). Sand materials in the study area mainly originate from the erosion of the bed
sediment formation. Moreover, very large subaqueous sand dunes were discovered on
the upper continental slope of the northern SCS (Reeder et al., 2011). Therefore, the
high traction content in the western Dongsha Islands seems to be transported mainly
by the surface current under the influence of the Kuroshio intrusion.

Area A3 in the northern SCS has a distinct tongue-shaped pattern extending from
the Pearl River estuary to southeastern Hainan Island. The distribution of high traction
values mostly can be coupled with local surface current water and river input. The
Pearl River drains through South China where the western region is dominated by
Paleozoic-Mesozoic carbonate rocks and the east mainly consists of
Mesozoic-Cenozoic granitic rocks and Paleozoic sedimentary rocks (limestone, shale
and sandstone) (Liu et al., 2007). Recent work has indicated that the Pearl River has
formed a 400-km-long elongated shore-parallel Holocene mud deposit, extending
from the Pearl River delta to the southwest off the Guangdong coast to the Leizhou
Peninsula (Ge et al., 2014; Liu et al., 2014). During the summer, the Pearl River
sediments entering the estuary are mostly trapped within the shelf area near the
estuary. The westward Guangdong Coastal Current during the winter along with the
longshore current should have resuspended and reworked any deposited sediments
(Ge et al., 2014; Liu et al., 2014). However, the high traction contents near the
southeast part of Hainan Island are most likely sourced from the small rivers on
Hainan Island, which can be associated with terrigenous input from the Wanquan and
Nandujiang rivers (Zhang et al., 2013). This probably indicates the dispersal pathway
of the Hainan sediments, transported by the northeastward flowing SCS Warm

Current.
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5.1.2. Province B

In the northern SCS, the surface sediments from the continental slope consist of
dynamic interaction currents, representing two different transport conditions and
presumably producing two separate populations of saltation and graded suspension in
different flow directions (Stow, 2009). The relationships of fractions in deep-water
sediments are influenced by the sediment supply, morphology, slope gradient, tectonic
movement and so on (e.g., Antobreh and Krastel, 2006; Cunningham et al., 2005;
Shepard and Emery, 1973). Province B is interpreted as a scour zone that includes
higher saltation and graded suspension populations with minor traction and uniform
suspension, which are considered evidence of significant deep water current
transportation in the northern SCS (Fig. 6).

In the previous study, the geometries, morphology, and internal seismic
reflection configurations confirmed giant elongated, confined, and slope sheeted drifts,
as well as sediment waves are widespread in the northern slope (Li et al., 2013).
Combined with content distribution and cumulative frequency plots (Fig. 5b and 5c),
Province B is mostly defined by the sand and silt (2 to 5 ¢) size range, which is
widespread on the northern slope of South China Sea, and the formation of high
saltation and graded suspension areas is interpreted as the result of the interactions
between down- and along-slope processes. Grain size distribution patterns of both the
sandy and silty facies are mostly fine- to medium-grained, sharing significant
similarities to those observed in many other contourites (Stow et al., 2008). In this
case, bottom current deposits are usually classified as mid-water bottom current
deposits between 300 and 2000 m and deep-water bottom current deposits in water
depths exceeding 2000 m (Stow et al., 2002). And most bottom current deposits are
elongated sub-parallel to the continental margins. Especially, large-scale undulating
bedforms found upon the lower slope of the SCS Slope off southwestern Taiwan at
water depths of 300-3200 m are interpreted to be sediment waves (Gong et al., 2012).
Furthermore, the integrated data and the depositional model show that the upper slope
of the study area is strongly dissected and eroded by down-slope gravity flows.

Sediments shed from the upper slope and transported basinward into the lower slope
16
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where interactions of down-slope turbidity currents and along-slope bottom (contour)
current induced by the intrusion of the Northern Pacific Deep Water into the study
area (Gong et al., 2012; Kuang et al., 2014; Zhong et al., 2015). Through erosion,
transport and deposition of sediments, such dynamic processes can generate complex
deep-water sedimentary systems, including turbidites, mass-wasting sand contourites
(Chen et al., 2013b). For example, deep-water contour currents may circulate
counterclockwise and be transported northeastward through Dongsha Islands to Xisha
Island, bifurcating in the Xiasha Islands because of topographical prominences (Li et
al., 2013). As discussed above, the deposition of the studied sediment is controlled by
the interactions between down- and along-slope processes with the seafloor

morphology.

5.1.3. Province C

Province C shows higher suspended content with a modal size <4 pum in the fine
clay size range. It is likely to represent uniform suspended load in the marine
environment, which settles only under calm conditions. Once settled, the load is
difficult to move because of the cohesive properties of the clay-sized particles. The
spatial pattern of Province C reaches its greatest concentration in the abyssal areas,
particularly in the vicinity of Luzon Island, suggesting that it is supplied by volcanic

sources.

5.2. Sediment transport patterns

Previous sedimentological investigations from the northern SCS are included
here to provide regional context for the source-to-sink studies. For example, such
studies include sediment transport in the Kaoping River Canyon systems in the
northern SCS (Liu et al., 2009a), sediment flux and transport in the Taiwan Strait (Liu
et al., 2008b), transport of clay mineral species in the northeastern South China Sea,
terrigenous supply from Taiwan to the northern South China Sea (Liu et al., 2010c;
Liu et al., 2008b). Unfortunately, not much work has been undertaken on sediment

transport patterns in the northern SCS, although they are equally as important as
17
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analyses of tectonics and structures both in terms of academic interests and petroleum
exploration. Regardless of which methods have been employed for determining
sediment transport, one of the most direct and obvious pieces of evidence in support
of sediment migration is that some fractions increase or decrease significantly in the
direction of sediment transport. Herein, through mathematical decomposition, content
changes of each sub-population have been estimated. These estimates can be used to

detect and evaluate the sediment transport mechanisms.

5.2.1. Sediment transport in the nearshore

The general surface circulation in the SCS changes largely on a seasonally basis
with monsoon wind. It is also strongly influenced by the intrusion of the Kuroshio
Current into the northern part of the SCS (Chen and Wang, 1998; Dongliang, 2002).
According to the traction content distribution, high traction sediments from the
Taiwan Shoal and Dongsha Islands are controlled by both Kuroshio intrusion into the
SCS and the China coastal current. High traction sediments from the Pearl River and
Hainan Island are transported southwestward under the coastal current in winter and
ultimately are mostly deposited between the Pearl River mouth and Hainan Island.
The main sediment provenances and the currents which could transport terrestrial
material in the northern SCS are summarized in Fig. 9. The direction could reveal the
source-to-sink course well in these three provinces, which is consistent with the
hydrodynamic setting.

Several studies have demonstrated that the magnetic properties of sediments are
sensitive to bulk sediment particle size, which in turn is strongly influenced by
hydrodynamics (Liu et al., 2010b; Oldfield et al., 2009; Oldfield and Yu, 1994; Zhang
and Yu, 2003). Furthermore, sediment source determinations and their distribution
based on the magnetic susceptibility (MS) of surface sediments can also confirm the
hydrodynamic conditions in the northern SCS (Liu et al., 2010a). Fig. 7 shows
sediment sources and their relationship with surface circulation in the northern SCS,
based on high MS values of surface sediments and provides an effective means to

track detrital sediment dispersal patterns (Ellwood et al., 2006).
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In these source areas, sediment deposits containing a large fraction of
high-coercivity magnetic minerals, such as the ilmenite, rutile, magnetite, zircon,
monazite, and xenotime (Li et al., 2015), could have been initially discharged from
major river systems in China and deposited in nearshore environments around the
Pearl River mouth and Hainan Islands. Turbulent mixing, as one of the most
important dynamic characteristics of these estuary and near-shore waters, plays a vital
role in the dispersal of terrestrial water enriched with metallic element and sediments.
They are mainly generated by bottom stress, internal shear instability, and wind
effects (Pan and Gu, 2016). After current sorting, selective fine grained sediments,
including fine-grained high-coercivity magnetic minerals, were probably transported
to the northwestern shelf of the South China by the China coastal current and South
China Sea Warm Current (Dong et al., 2004), as already revealed by mineral
assemblage investigations (Chen et al., 1986; Zhong et al., 2017). In addition, to the
west of Luzon Island, sediments with the highest MS values are transported
northwestward predominantly under the influence of Kuroshio intrusion, which brings
warm and salty waters from the western Pacific into the SCS through the Luzon Strait
(Liang et al., 2003; Wu and Chiang, 2007). The high MS values in samples from the
western Luzon islands reflect the contribution of Luzon island volcanic source
materials, and these sediments are subsequently deposited along the route of the
Kuroshio intrusion. For another, the spatial distribution of illite + chlorite contents in
the northern SCS displays a double tongue-shaped pattern extending from offshore
Taiwan to the southwest along the ~100 m contour and from southeastern Hainan
northeastwards along the continental slope (100200 m isobaths), which corresponds
well to the flow routes of the winter Guangdong Coastal Current and to the surface

northeastward of the SCS Warm current (Fig. 9) (Liu et al., 2010c¢).

5.2.2. Sediment transport in deep water
Deep-water sedimentary systems have been receiving intensive attention during
recent decades, because of their crucial importance for natural resource (e.g., deep-sea

mineral deposits and hydrocarbon reservoirs) and academic research (e.g.,
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paleoceanography and paleoclimatology) (Mulder, 2011). The dynamic processes
driven by downslope and along-slope transport play a significant role in the
construction and shaping of continental margins (Mulder, 2011; Stow et al., 2008).
The northern SCS provides an ideal laboratory to investigate deep-water depositional
process and their relationship with deep-sea circulation (Liu et al., 2008). Various
proxies have revealed that a deep-water current (DWC) may exist that affects
sediment transport and deposition in the northern SCS, and reflection seismic profiles
show that strong DWC activity leads to a complex sedimentary process in the
northeastern SCS (e.g. Liidmann et al., 2005; Shao et al., 2007; Zheng and Yan et al.,
2012). Nevertheless, there is still no detailed information about the full DWC
transport route in the SCS after it flows into the northern part of the sea through the
Luzon Strait.

Over the years, the definition of contourites has been broadened and they are
now considered to be sediments deposited or significantly affected by the action of
bottom current (Rebesco et al., 2014). The transport and deposition of contourites,
involving many cycles of erosion and deposition under intermittently strong deep-sea
currents, produces fine sediments that show some sorting (McCave, 2008). Using the
distribution of sediment components as a function of grain size, as well as size
parameters to the infer current strength, has been commonplace investigations of for
deep-sea sediments (Tegzes et al., 2015). This led McCave (2008) to propose the use
of the 10-63 um silt fraction, “sortable silt”, as a flow-speed indicator, because the
grains were more likely to have been deposited individually in response to fluid
stresses (McCave et al., 1995a). Changes in the coarseness of the 10-63 um
terrigenous silt fraction in marine sediments across successive layers of current-sorted
deposits are considered good indicators of variations in the strength of the depositing
current, with coarser sediments indicating intervals of relatively greater near-bottom
flow speeds (McCave and Hall, 2006; McCave et al., 1995b). The “sortable silt”
fraction thus reflects the degree to which deep-sea sediments have been reworked by
currents and is widely used as a proxy of bottom current strength (McCave et al.,

2008; McCave et al., 2013; McCave and Hall, 2006). Sortable silt component results
20
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from terrigenous sediments show that bottom current flow speeds in the northern SCS
are strongly coupled to deep water currents (Fig. 8).

Based on the sortable silt component distribution of surface sediments in the
northern SCS, the sediment transport route of the DWC is outlined in Fig. 8 and 9.
The high sortable-silt content (25-35%) is distributed in a NE-SW orientation
along-margin channels that cut across the continental slope following isobaths.
Specifically, after the intrusion of the southward flowing NPDW through the Bashi
Channel, the deep ocean current is deflected to the north by the topographic obstacles,
flows along the Kaoping slope of Taiwan, and then turns to the southwest along the
continental slope. Finally, the bottom current intensifies when it flows through the
Xisha trough. Throughout the whole process, the strengthening of bottom water is
influenced by slope turbidites and uplifted morphologies (Chen et al., 2014). This is
also observed in the other areas, such as Le Danois area, the Galicia Bank and Gulf of
Cadiz, topographic obstacles (e.g. mud volcanoes, salt diapirs, tectonic ridges) are
known to alter the current pattern and increase the flow speed (Hanebuth et al., 2015;
Somoza et al., 2003;Van Rooij et al., 2010). Recently, high-resolution seismic data
revealed a series of sediment waves that have migrated upslope, confirming the
existence of westward traveling deep currents in front of the SCS slope (Chen et al.,
2014; Gong et al., 2012; Gong et al., 2015; Kuang et al., 2014; Li et al., 2013; Zhu et
al., 2010). For example, a collisional type of sediment routing system (i.e. Penghu
Canyon-southwest Taiwan collision basin) is located along the oblique collision
boundary between two crossing margins parallel to the strike of the adjacent orogeny.
The axial canyon is supplied with sediments from both flanking continental slopes:
the Kaoping Slope and the South China Sea Slope (Zhong et al., 2015). The
tectonically active Kaoping Slope is characterized by frequent episodic events such as
earth quakes and floods, which allow intense erosion of canyons/channels and mass
movements that, act as the principal sediment supply (Hsiung and Yu, 2013).
Therefore, high-energy mass flows and sediment gravity-flows dominate over bottom
currents on the continental slope of the studied margin, forming erosional features,

mass-flow systems and sediment gravity-flow systems.
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At the same time, the dominance of the “sortable silt” fraction over other particle
sizes in the northern SCS strongly supports the hypothesis of current-controlled
sedimentation in the northern SCS (Fig. 9). Furthermore, the DWC transport route
gives significant evidence for sediment drift on the northeastern SCS slope, where the
DWC might also lead to the accumulation of Taiwan-sourced sediments with high
sedimentation rates (Fig. 9). To sum up, transport routes are based on the dynamic
partitioning of surface sediments in the northern SCS, where the saltation and graded
suspension percentage index (Province B) confirm the inflow of NPDW from the

Luzon Strait (Wang, 1999).

6. Conclusions

In this study, mathematical partitioning of sediment grain sizes has been used to
investigate the details of source, transport and hydrodynamic environment in the
northern SCS. On the basis of spatial distribution characteristics, the study area can be
classified into three hydrodynamic provinces. Province A covers the Taiwan Shoal
and Dongsha Islands, and extends from the Pearl River estuary to southeastern Hainan
Island, which is exposed to longshore currents and local topography. Province B is
widespread on the northern slope of the SCS; the formation of the high value areas
here is interpreted as the result of interactions between down- and along-slope
processes. Province C reached its greatest concentration in the abyssal areas,
particularly in the vicinity of Luzon Island, which settles only under calm conditions.
The sortable silt distribution of the terrigenous sediments can be used to examine the
deep water current route in the deep ocean. Combining the results of the high sortable
silt concentrations (25-35%), sediment transport appeared to take place in NE-SW
orientated along-margin channels that cut across the continental slope following
isobaths. We therefore suggest that these mathematical partitioning methods may have

broad applications in environments with complex hydrological conditions.
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Figure Captions:

Fig. 1. (a) Sketch map of the South China Sea and surrounding basins (modified from
Hu et al., (2014)); the red solid arrows are the intrusion of the North Pacific Deep
Water into SCS into the Luzon Strait (Liidmann et al., 2005; Gong et al., 2012). (b)
Monsoon winds and current system of northern South China Sea. Monsoon winds
after (Webster, 1994); surface current after (Fang et al., 1998) ; deep current deduced
from (Qu et al., 2006); longshore current after (Wang et al., 1986). Numbers for
winter and summer surface currents (Fang et al., 1998): 1, Loop Current; 2, SCS
Branch of Kuroshio; 3, NW Luzon Cyclonic Eddy; 4, NW Luzon Coastal Current; 5,
SCS Warm Current; 6, Guangdong Coastal Current. Large arrows with numbers
indicate annual sediment loading of surrounding major sources (from Zhang et al.,
2013; Milliman and Farnsworth, 2011). (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Locations of surface sediment samples in the northern South China Sea (see

Supplement Table A1 for their detailed GPS locations).

Fig. 3. Spatial distribution of (a) contents of gravel (b) sand (c) silt (d) clay in

sea-bottom terrigenous sediments.

Fig. 4. (a) Spatial distribution of contents of median grain size of surface sediments;
(b) Variances of median grain size of surface sediments with water depth in the

northern South China Sea.

Fig. 5. Spatial distribution of contents of (al) traction, (bl) saltation, (cl) graded
suspension, (d1) uniform suspension; the corresponding typical frequency curves and
cumulative probability curves (a2, b2, c2 and d2) of grain size distribution of

terrigenous sediment from northern South China Sea.
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Fig. 6. Hydrodynamic provinces in the northern SCS according to grain size
components. A, B and C denote high traction, transition and uniform suspension
province, respectively; Among them, Al area is on the Taiwan Shoal and Dongsha
Islands; A2 area is extending from the Pearl River estuary to the southeast Hainan
Island. Province B consists of high saltation and graded suspension. Province C

consists of uniform suspension.

Fig. 7. Magnetic susceptibility (MS) distribution from the northern South China Sea.
MS trends representing high detrital sediment flow trajectories into the northern South

China Sea (modified from Liu et al. (2010) and Li et al. (2014)).

Fig. 8. Sortable Silt (SS, 10-63um) distribution from the northern of South China Sea.

The red shadowed areas represent the sediment wave zones (Jiang et al., 2013).

Fig. 9. Schematic map showing the main sediment sources and transport patterns in
the northern SCS. Black symbols fork (x) represent sedimentary drifts on SCS
northern slope, based on explanation of seismic profiles (Shao et al., 2007); The
brown arrows are the inferred deep current circulation pathways in the northern SCS
(Chen et al., 2014; Li et al., 2013; Zheng and Pin, 2012); The red shadow areas
represent the sediment waves fields (Gong et al., 2012; Jiang et al., 2013). The red
dotted lines represent the main canyon route in the northern SCS. PHC=Penghu

Canyon; KPC=Kaoping Canyon; FC=Formosa Canyon.

Table 1. Locations and particle size information of surface sediment samples in the northern South
China Sea.

Granule content (%) Grain size parameters
Sample Long Lat Depth

Num no. N) (E) (m)

Gravel  Sand Silt Clay Mz Md Skf Kg oi
1 09E401 117.30  21.70 292 035 7694 2271 689 675 -0.19 105 150
2 08E703 115.01  20.02 675 007 7762 2231 686 6.65 -026 107 154
3 10JJW-70  111.50  19.00 153 448 7722 1830 639 622 -021 106 1.74
4 09E420 113.53  18.02 1929 0.41 58.63 4097 777 7.67 -0.14 107 134
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