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The lateral advection of sinking particles is a well-known phenomenon in the South
China Sea (SCS) and has a significant impact on the estimation of the efficiency of the
biological carbon pump. However, little is known about the sources and pathways of
sinking particles. Here, we present benthic and freshwater diatom fluxes and relative
abundances collected by a sediment trap deployed at a water depth of 1,000 m
and more than 500 m above the seafloor in the northwestern SCS, indicating that
laterally transported resuspended sediment accounts for a significant part of the
particle flux to the deep sea. A Lagrangian particle tracking model (LPTM) revealed
that the resuspended particles likely originated from the neighboring continental slope,
approximately 12—145 km to the west of the study site. Sediment trap observations and
the LPTM together indicated that the impact of resuspended sediment occurred mainly
in the deep water, and especially strong sediment resuspension was related to summer
monsoon-induced coastal upwelling. The results suggest that particle resuspension
has an important impact on the biological pump as well as on paleoenvironmental
reconstructions of the SCS.

Keywords: sediment trap, diatom, Lagrangian particle tracking model, sediment resuspension, South China Sea

INTRODUCTION

Sediment traps are used as an effective tool for monitoring marine organic carbon export, i.e., the
biological carbon pump, by collecting time-series sinking particles in the deep ocean, which are the
major carrier of organic carbon from the surface ocean to the deep sea. Earlier studies have assumed
one-dimensional particle settling to link surface ocean properties, e.g., primary productivity, with
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the deep water fluxes of particulate matter (Honjo et al., 2008).
However, as particles sink to the deep ocean, horizontal advection
of water may significantly displace particles from their original
location (Siegel and Deuser, 1997; Waniek et al., 2000, 2005;
Wekerle et al., 2018) and lead to bias in evaluations of the
biological carbon pump (Deuser et al., 1990). The trajectories of
particle transport between the location of a sediment trap and
the region of particle sources largely depend on the horizontal
velocity field, the particle sinking velocity, and the depth of
the trap (Siegel and Deuser, 1997; Waniek et al., 2000, 2005;
Siegel et al., 2008; Wekerle et al., 2018). Therefore, traps
moored at a given site but different depths can collect particles
originating from different sources, which in turn may vary both
by season and by year.

The South China Sea (SCS), as the largest marginal sea of
the western Pacific, has attracted widespread attention in ocean
research (Wang P. et al,, 2015). Due to the strong influence of
the East Asian monsoon, the surface circulation exhibits clear
seasonality, especially in the northern SCS (e.g., Wyrtiki, 1961;
Hu et al, 2000). In general, basin-wide cyclonic circulation
occurs in response to the northeast monsoon in the winter,
while anticyclonic circulation occurs mainly in the southern
SCS in response to the southwest monsoon in the summer (Hu
et al., 2000). This significant seasonal environmental variation
results in seasonal changes in the upper ocean nutrient content,
primary productivity, and organic carbon export (Liu et al., 2002,
2013; Ran et al.,, 2015a,b; Li et al., 2017). Moreover, monsoon-
induced upwelling, mesoscale eddies, internal solitary waves
(ISWs), typhoons, and atmospheric dust deposition frequently
influence the SCS, resulting in highly complicated and variable
marine environments and biogeochemical processes in the SCS
(e.g., Wang et al., 2012, 2016, 2018; Zhou et al,, 2013; Li et al,,
2017; Yuetal,, 2019, 2020; Zhang et al., 2019). To understand the
complex biogeochemical processes and biological carbon pump
in the SCS, bottom-tethered sediment traps have been widely
used since the 1980s, particularly in the northern and central
parts of the basin (Wiesner et al., 1996; Lahajnar et al., 2007; Gaye
et al,, 2009; Ran et al., 2015a,b; Li et al., 2017; Zhang et al., 2019;
Tan et al., 2020).

The clear impact of lateral particle transport on sinking
particle fluxes in the deep SCS has been investigated using
sediment trap observations (Chen, 2005; Liu et al., 2014; Ran
et al, 2015a,b; Dong et al., 2016; Priyadarshani et al., 2019).
In addition, lateral advection can not only significantly displace
particles from their original location during sinking but also
transport resuspended sediment from continental margins into
the deep ocean (e.g., Priyadarshani et al., 2019; Ma et al., 2021),
which increases the complexity of particle composition. Shen
et al. (2020) showed that laterally transported particles from
continental margins serve as major sources of carbon (60 £ 11%
below 100 m and 85 4= 14% below 374 m in the northern SCS) and
energy for the deep ocean ecosystems in the SCS. Nevertheless,
little is known about the specific sources and transport pathways
of the laterally transported particles entering the deep SCS.

In recent years, a Lagrangian particle tracking algorithm
with a high-resolution velocity field was applied to determine
the catchment area of a bottom-tethered time-series sediment

trap (e.g., Wekerle et al,, 2018). Particles were treated as if
they rose from the mooring location to the surface with a
negative settling velocity and were horizontally displaced with the
reversed horizontal velocity. In the northern SCS, Ma et al. (2021)
employed a Lagrangian particle tracking model (LPTM) forced
by the three-dimensional currents of eddy composites derived
from the Global Hybrid Coordinate Ocean Model (HYCOM)
to study the role of eddies in the lateral transport of sinking
particles. According to their findings, the trap-collected slow-
sinking particles (sinking velocity = 5 m-day~!) may have
originated from the subsurface tens to hundreds of kilometers
from the trap location.

In an earlier study, extremely high contents of lithogenic
matter in the sinking particles were observed by sediment traps
in the northwestern SCS subbasin (Zhang et al., 2019), which
suggested that resuspended sediment was a possible source of
settling particles. However, little is known about the source
and trajectories of these resuspended sediments as well as the
importance of resuspended sediment contributing to the sinking
particles in the SCS. In this paper, (1) diatoms in the sinking
particles collected by sediment traps in the northwestern SCS
were analyzed to better understand the potential source of sinking
particles, and (2) the LPTM was utilized to trace the sources
and identify the transport pathways of the sinking particles,
especially the resuspended sediment in the sinking particles, in
the northwestern SCS subbasin.

MATERIALS AND METHODS

Sampling of Sinking Particles

The sediment trap (Mark78H-21, McLane) was deployed at
station SCS-NW in the northwestern SCS subbasin (Figure 1,
with one trap mounted at a depth of 1,000 m at 17°25.8'N,
110°40.2'E; total water depth was 1,548 m) from July 2012 to
April 2013. In total, 16 sinking particle samples were collected
by the sediment trap. The variations in the total particle fluxes
(TPFs, mg-m~2-day~!) of the sinking particles collected by the
sediment trap and fluxes of the main chemical components, i.e.,
biogenic opal, calcium carbonate (CaCO3), organic matter and
lithogenic matter, in the sinking particles were described in Zhang
etal. (2019).

Diatom Analysis

For each sample, approximately 5-6 mg of well-mixed and freeze-
dried particles was used for diatom analysis. The samples were
precisely weighed with a precision of 0.1 mg. The chemical
treatment was applied and permanent slides were prepared
for microscopic observations according to Ran et al. (2015a).
Hydrochloric acid (HCI) (10%) and hydrogen peroxide (H,O3)
(30%) were added to the sample and heated to remove calcareous
and organic matter. After complete digestion, the mixture was
carefully stirred with distilled water and kept for 24 h to settle the
particles. Subsequently, the supernatant was removed by a cycle
of syphoning and washing four times to remove redundant HCI
and H,O; and the reaction solution. The remaining sample was
diluted to 20 ml, and then 2 ml of gelatin solution was added
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FIGURE 1 | Site location of the sediment trap station and the sketch diagram of the sediment trap mooring in the northwestern SCS.
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to accelerate the following settlement process. The well-mixed
sample solution was gently decanted into a petri dish, in which
two 24 mm x 24 mm cover slips were fixed beforehand. After
24 h of settling, the supernatant in the dish was removed by
a strip of absorptive paper. When the material was completely
dried, the cover slips were transferred onto a labeled slide
and mounted with Naphrax (dn = 1.72). A phase-contrast
microscope (Motic BA410) was used to count and identify
diatoms at 1,000 x magnification. The sinking fluxes of diatoms
(valves:m~2.day~!) and relative abundances of diatom species
and groups were calculated.

N xAXxXF
nxaxm

f=

where f is the diatom flux (valves-m~2-day '), N is the number
of diatoms counted under a microscope, A is the area of the petri
dish, F is the TPF (mg-m~2-day™!), n is the number of fields of
vision counted for diatoms under the microscope, a is the area of
one field of vision, and m is the weight of the sample (mg) used
for diatom analysis.

Lagrangian Particle Tracking Model
The LPTM was used to calculate the sources and trajectories of
the sinking particles collected by the sediment trap at a water

depth of 1,000 m during five selected periods, i.e., August 6
to 21, September 5 to 20, October 5 to 20, and November
19 to December 14 in 2012 and February 2 to March 4 in
2013, which were chosen because of the TPF maxima and
minima (Zhang et al., 2019). The movement of particles was
tracked using the HYCOM reanalysis product of expt_53.X',
which has a horizontal resolution of ~0.08° and 41 vertical
layers. The HYCOM model uses the Navy Coupled Ocean Data
Assimilation (NCODA) system for data assimilation (Cummings
and Smedstad, 2013). The validation of HYCOM outputs against
remote sensing data, Argo profiles, and drifter observations for
the SCS was reported in Yan et al. (2019). Overall, the modeled
temperature, salinity and current agree with the observations
very well in all seasons (see Figures A1-A4 in Yan et al,, 2019).
The application of HYCOM outputs for the analysis of ocean
circulation was performed in the northeastern and western SCS
(Zhang et al., 2010; Wang A. et al,, 2015; Yan et al., 2019).

The LPTM toolbox PATATO was used to perform backward
tracking (Fredj et al., 2016). On each day, 1,000 particles were
released from 1,000 m with sinking velocities of 50, 100, and
200 m-day—!, which were adopted from the literature and
considered to be realistic for the bulk material collected by

Thttps://www.hycom.org/data/glbvOpt08/expt-53ptx
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FIGURE 2 | Time-series variations of (A) the fluxes of diatoms, fluxes (bars) and proportions (dashed lines) of (B) biogenic opal, (C) organic matter, (D) CaCOgz, and

(E) lithogenic matter (gray bars indicate the three TPF peaks).
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sediment traps (Waniek et al., 2000). Particles were tracked
backward until they reached the sea surface or impinged on the
seafloor because bathymetry was considered in the model. The
detailed backtracking algorithm is described in Fredj et al. (2016)
and Ma et al. (2021).

Auxiliary Data

Additional datasets were used to help interpret the data collected
in this study. Two surface sediment samples near station SCS-
NW (Figure 1; 07Qian, 17.2°N, 110.34°E, 1,366 m; 05S1,
17.16°N, 110.27°E, 1,330 m) collected by a box corer were
provided by the Key Laboratory of Ocean and Marginal Sea
Geology, Chinese Academy of Sciences. The main chemical
components and diatom assemblages in the surface sediment
were analyzed as a reference for the resuspended sediment
from the neighboring seafloor. The analysis of the main
chemical components of the surface sediment followed the

method described in see section “Diatom Analysis” in Zhang
et al. (2019). Data on dust deposition within a 2 x 2° area
(16.5°-18.5° N, 109.5°-111.5° E) around station SCS were
downloaded from Giovanni, which is managed by the Goddard
Earth Sciences Data and Information Services Center (GES
DISC). These data were used to estimate the contribution
of dust deposition to the lithogenic matter collected in
the sediment trap.

RESULTS

Diatoms in the Sinking Particles

The diatom fluxes varied from 0.5 t0 9.1 x 107 valves-m~2-day~ !,
generally following the variations in the TPFs and fluxes
of the primary components (biogenic opal, organic matter,
CaCO3, and lithogenic matter, Zhang et al, 2019), with
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three flux peaks identified in the summer, autumn, and
winter (Figure 2 and Supplementary Dataset 1). Among the
three flux peaks, the first peak in the summer of 2012 was
especially outstanding, and the diatom flux in this period
was approximately twice as high as the other two flux peaks.
This especially high flux of diatoms corresponded to an
especially high flux of biogenic opal (Figure 2B); however,
variations in organic matter, CaCOs, and lithogenic matter
fluxes were not observed. Lithogenic matter was the dominant
component of sinking particles at 1,000 m, contributing
634 £ 7.3% to the total particle flux. The proportion of
lithogenic matter was generally high during the high flux
periods, and the other chemical components were diluted by
lithogenic matter.

The variations in diatom species with a relative abundance
>2% are plotted in Figure 3 (see details in Supplementary
Dataset 2). Nitzschia, including N. frustulum, N. bicapitata,
N. solita, N. brarudii, etc., was the most common diatom
species in the sinking particles, contributing 42.4-65.5% of the
diatom flora in the northwestern SCS. N. frustulum was the
dominant diatom species. Thalassionema nitzschioides, including
its varieties, ie., var. parva and var. inflata, Thalassiosira
eccentrica, Fragilaria berolinensis, and Pseudo-nitzschia spp. were
also common. The temporal variations in the relative abundances
of different diatom species are shown in Figure 3; however,
there was no obvious seasonal variation pattern for specific
diatom species. Additionally, no apparent correlation between
the variation in diatom species relative abundance and the
variation in diatom fluxes was distinguished.

A group of benthic diatoms, such as Diploneis
spp.. Pleurosigma spp., Paralia sulcata, and Triceratium
cinnamomeum, and freshwater diatoms, such as Fragilaria spp.
and Achnanthes spp., were frequently found in the SCS-NW
trap, although in relatively low abundances (total of 1.5-6.9%).
Interestingly, the variations in the fluxes and relative abundance
of the benthic and freshwater diatoms generally followed the
variation in the total diatom fluxes (Figure 4). In particular, the
highest fluxes and relative abundance of benthic and freshwater
diatoms were found in August 2012 (6.9%), when the fluxes of
diatoms and biogenic opal were especially high.

Backtracking of Sinking Particles

The local source regions of the sinking particles in three periods
of diatom flux maxima (August 6 to 21 and October 5 to 20 in
2012 and February 2 to March 4 in 2013) and two periods of
flux minima (September 5 to 20 and November 19 to December
14 in 2012) were determined by the LPTM (see details in
Supplementary Dataset 3). The positions where the particles
reached the sea surface or impinged on the seafloor are shown
in Figure 5.

Clear seasonality was observed in the sinking particle source
regions, which generally followed the seasonal change in the sea
surface current field (Figure 6). During the southwest monsoon
period in August 2012, most of the particles originated from the
southwest and west of the station as the sea surface current was
generally from southwest to the northeast. During the monsoon
transition period (September 5 to 20) when the surface current
velocity decreased significantly, particles came from southwest
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FIGURE 4 | Time-series variation in the fluxes and relative abundances of
benthic and freshwater diatoms (gray bars indicate the three TPF peaks).

and south of the trap. In October 2012 (at the onset of the
northeast monsoon), particles originated from a large area along
the continental shelf break to the northeast and southwest of the
trap location, corresponding to the strong sea surface current
from the northeast to the southwest in the coastal area off
Hainan. From November to December 2012, when the monsoon
attains its maximum strength and the sea surface currents flowed
from east and northeast to west, particles were generally from

the east of the trap location. From February to March 2013,
when the sea surface wind started to switch from northeasterly
to southwesterly directions and the sea surface current velocity
became much weaker, most of the particles originated from the
south of the trap (as in September 2012).

In addition, apparent differences in the sinking particle source
regions were indicated in the LPTM results with different sinking
velocities. In general, the catchment area of sinking particles
gradually decreased with increasing particle sinking velocity
(from the upper panel to the lower panel in Figure 5). In
particular, the LPTM result obtained with a sinking velocity of
50 m-day~! showed that some particles released from 1,000 m did
not arrive at the sea surface but impinged on the continental slope
to the west at depths of 300-900 m (Figure 7). However, all the
particles released with sinking velocities of 100 and 200 m-day~!
reached the sea surface. The probability of particles released at
1,000 m with sv = 50 m-day~! reaching the continental slope
varied in the range of 4.5-11.7%, with the highest probability in
August (Figure 7A).

DISCUSSION

Resuspended Sediment From the
Continental Slope as a Source of Sinking
Particles

As shown in Figure 4, benthic and freshwater diatoms were
frequently found in the sinking particles. Benthic diatoms are
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FIGURE 5 | Source regions calculated by LPTM backtracking for sinking particles released at a water depth of 1,000 m with different sinking velocities (sv) (upper
panel A-E: sv = 50 m-day~'; middle panel F-J: sv = 100 m-day~'; and lower panel K-O: sv = 200 m-day~1).
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the main primary producers in shallow water and coastal
environments and normally live on the seafloor or are attached
to benthic plants or animals, and freshwater diatoms are primary
producers in fresh waters, such as rivers and lakes. The frequent
appearance of benthic diatoms indicated that some particles
originated from the seafloor of coastal areas and the shallow
continental shelf, and the frequent appearance of freshwater
diatoms indicated that some sinking particles originated from the
nearshore estuarine area. There are several small rivers draining
Hainan Island that may serve as potential sources of freshwater
diatoms collected in the sediment trap. The Wanquan River flows
eastward into the northwestern SCS. However, a very small daily
discharge of ~100 m*.s™! (Wu et al,, 2013) and the generally
high salinity of the water along the east coast of Hainan (Herbeck
et al., 2013; Chen et al.,, 2020) suggest a very limited impact
of Wanquan River runoff in the Hainan coastal area and the
northwestern SCS. In addition, the LPTM results indicate that

the source region of the sinking particles was generally far from
the coast of Hainan Island in the whole sampling year (Figure 5).
Therefore, freshwater and benthic diatoms may not be directly
transported from estuarine and coastal waters. On the other hand,
the frequent appearance of freshwater and benthic diatoms in the
surface sediment (~7.8%, Figure 1 and Supplementary Dataset
4) near station SCS-NW suggest that the resuspended sediment
near the trap location was another potential source of the
freshwater and benthic diatoms collected in the sediment traps.
As shown in Figure 2E, lithogenic matter was the dominant
component of sinking particles at 1,000 m, contributing
63.4 £ 7.3% to the total particle flux. Fluvial sediment, dust
deposition and sediment resuspension were the main potential
contributors of the sinking lithogenic particles in the study area.
As discussed before, the nearest river runoff from Hainan Island
was very limited, and dust deposition (dry + wet) in the study area
(16.5°-18.5° N, 109.5°~111.5° E) was 1.7 £ 0.7 mg-m~2.d~ 1,

Frontiers in Marine Science | www.frontiersin.org

February 2022 | Volume 9 | Article 819340


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Ran et al.

Sediment Resuspension Contributes Sinking Particles

Sep 5-20, SV50

Aug 6-21, 2012, SV50
A B
0 0
500 400 -500
E E
£ 1000 £ 1000 |
s S
o o
@ @
o -1500 800 O -1500
2000 | -2000 |
18 18
175 " 175
% o IR
0,‘.0 L m G,e L4
% 165 195 % 165
® ®
fa{ 1095 d ,;L
Y % o Long““’ Y 16 409
Nov 19-Dec 04, SV50
D 0
{
0 p
,f/l
-500 ) - 1400
- { -
€ & & 3
P i =
s s
& &
Q -1500 800 O -
-2000
18
Q” 5 -1200
2% U m
’0% w 1105
e 1005 °E)
Y %o ng(\‘“de(

FIGURE 7 | Backtracking of particles released at a water depth of 1,000 m with sv = 50 m-day~ ' and reaching the continental slope (A) from August 6 to 21, (B)
from September 5 to 20, (C) from October 5 to 20, and (D) from November 19 to December 4 of 2012, and (E) from February 2 to March 4 of 2013.

Oct 05-20, SV50

1 -400

Depth (m)
8

-800

-1200 1200

1105

de e

ng“"

which contributed only ~0.45% of the lithogenic matter collected
in the sediment trap (360.2 &+ 331.8 mg:m~2.d~!). On the
other hand, the content of lithogenic matter in sinking particles
in the northwestern SCS traps was much higher than that
in the northern SCS basin (22.7 4+ 10.3% at ~1,000 m, Ran
et al, 2015a; Tan et al., 2020) and the central SCS basin
(26.5 £ 9.2% at ~1,000 m, Li et al., 2017) but closer to the
lithogenic matter content in the surface sediment near the SCS-
NW trap location in the northwestern SCS (75.2 and 79.2%,
data in Supplementary Dataset 4). Therefore, the resuspended
surface sediment near the trap location was likely one of the
most important sources of the sinking particles collected in
the sediment trap.

The LPTM results showed that some particles with a
relatively low sinking velocity (sv = 50 m-day~!) originated
from the continental slope at depths of ~300-900 m, ~12-
145 km to the west of the SCS-NW station (Figure 7).
The continental slope to the west of the SCS-NW station
was the source region of the resuspended particles collected
in the sediment trap. In contrast to the apparent seasonal
variation in particle sources at the sea surface in response
to monsoon-driven changes in sea surface wind and current
directions (Figures 5, 6), the resuspended particles originated
from a relatively restricted area on the continental slope.
In addition, no significant difference in the probability of
particles reaching the continental slope was found between the
high TPF period and the low TPF period. This indicates the

persistent rather than episodic influx of sediment resuspension
in this area, in accordance with the continuous appearance of
benthic and freshwater diatoms and generally high contents
of lithogenic matter in the sinking particles during the
whole sampling year.

The lateral transport of resuspended sediment in the deep
northwestern SCS was also confirmed by another sediment
trap observation at the Xisha station (Figure 8, 17°24.50'N,
110°55.0'E, two traps mounted at 500 and 1,500 m,
with a water depth of 1,690 m), which is ~27 km to
the east of the SCS-NW station. The TPFs at 500 m
(Figure 8, 128.7 + 48.8 mg-m_z-d_l) were much lower
than those at 1,500 m (322.7 + 161.6 mg-m~2.d~!) at the Xisha
station (Liu et al., 2014; Dong et al., 2016) and lower than those
at 1,000 m at the SCS-NW station (531.5 + 444.5 mg-m~2.d~!),
indicating a significant input of laterally transported particles to
the deep northwestern SCS subbasin (at least > 500 m). Dong
et al. (2016) found that the total particulate phosphorus content
in sinking particles at 1,500 m (23.1 & 11.6 umol pg~!) was much
lower than that at 500 m (47.0 & 26.3 pmol pg’l) at the Xisha
station but very close to that in seafloor sediments (22.73 pmol
pg~ !, Dang et al., 2013). In addition, in the trap at 1,500 m, they
also found a higher percentage of detrital P (46%) and a high
percentage (~58%) of organic P in CaCOj3-bound P, which was
related to benthic input by carbonate sediments; the percentages
of detrital phosphorus and organic phosphorus in CaCO3-bound
P are similar to those in the sediment (Dong et al., 2016).

Frontiers in Marine Science | www.frontiersin.org

February 2022 | Volume 9 | Article 819340


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Ran et al.

Sediment Resuspension Contributes Sinking Particles

Total Particle Flux (mg-m-2-day-')

locations.

FIGURE 8 | Sketched map of the SCS-NW and Xisha sediment trap moorings and comparison of the total particle fluxes at different depths between the two trap

1600

SCS-NW 1000 m

2012-04 2012-06 2012-08 2012-10 2012-12 2013-02 2013-04 2013-06

All the evidence above indicate that large amounts of sediment
resuspended from the neighboring continental slope could have
been advected into the northwestern SCS subbasin, probably
mainly to depths > 500 m. The source region of sinking particles
at 500 m at the Xisha station was also analyzed by the LPTM,
which showed that none of the particles originated from the
seafloor or other submarine obstacles (Supplementary Dataset
3), further confirming that the impact of sediment resuspension
from the continental slope was mainly in the deep water of the
northwestern SCS (>500 m).

Enhanced Input of Resuspended

Sediment by Summer Upwelling

The highest probability of particles reaching the continental
slope was found in August 2012 (Figure 7), when the benthic
and freshwater diatom fluxes and abundance were also highest
(Figure 4), indicating the highest contribution of resuspended
sediment to the sinking particles during this period. Assuming
that surface productivity in the upper ocean and resuspended
sediment from the continental slope were the two sources
of the sinking particles collected by the sediment trap at
1,000 m, in which the resuspended sediment with ~7.8%
benthic and freshwater diatoms was the only supplier of
benthic and freshwater diatoms, the contribution of diatoms
in the resuspended sediment to the diatoms in the sinking
particles can be roughly estimated to be ~18.6 to 88.2%,
with the greatest contribution (~88.2%) during the summer
upwelling period.

It is worth noting that the especially large contribution of
resuspended sediment also followed the maximum biogenic
opal and diatom flux (Figure 2) and the maximum flux of
coccolithophores (Figure 3 in Ran et al, 2015b), implying
significantly enhanced primary productivity in the particle source

region in the surface ocean during this period. Zhang et al. (2019)
suggested that the enhanced biogenic fluxes were attributed to
summer monsoon-induced coastal upwelling off Hainan, which
was demonstrated by the low sea surface temperature, high
salinity, and high nitrate concentration observed in the coastal
area off Hainan (Figure 7 in Zhang et al., 2019). The co-
occurrence of enhanced primary productivity and the greatest
amount of resuspended sediment during the summer upwelling
period further suggest that coastal upwelling induced by the
summer monsoon may not only inject nutrients from the
subsurface to the surface ocean but also enhance the intrusion
of resuspended sediment into the adjacent deep ocean. The
capability to erode and transport sediment particles by upwelling
was indicated by both observations (Villacieros-Robineau et al.,
2013) in the coastal upwelling system of the northwestern Iberian
Peninsula and modeling of the upwelling system offshore Walvis
Bay, Namibia (Huhn et al,, 2007). Our results showed that,
being one of the most important hydrodynamic processes at
ocean margins, upwelling not only is a key factor controlling the
biogeochemical process but also acts as a driving mechanism for
sediment transport.

Possible Hydrodynamic Force for

Sediment Resuspension

In general, the velocity of the current in the intermediate-
deep SCS (<5 cm/s, Shu et al., 2014) was considered too
weak to resuspend sediment from the seafloor (Chorley et al.,
1984; Chen et al, 2019). However, the persistent input of
resuspended sediment into the deep water of the northwestern
SCS was indicated by the continuous appearance of benthic and
freshwater diatoms, the perpetually high content of lithogenic
matter in the sinking particles and the consistent probability
of particles originating from the continental slope in the
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LPTM. This result suggests that persistent sediment resuspension
and transportation may be triggered by other hydrodynamic
processes in addition to seasonal upwelling.

In addition to the hydrodynamic process of upwelling, it was
also suggested that deep-reaching mesoscale eddies and ISWs
could dramatically amplify the bottom flow velocity, especially
when they pass over rough topography, such as continental
breaks, sills or ridges, and erode and resuspend sediments
(Bogucki et al., 1997; Zhang et al., 2016; Chen et al.,, 2019;
Jia et al, 2019). Furthermore, sediment resuspension at the
seafloor usually results in a bottom nepheloid layer (BNL);
subsequently, an intermediate nepheloid layer (INL) could be
derived from the BNL after the layers become detached and
spread along isopycnal surfaces (Pak et al., 1988). Based on
mooring observations in the northern SCS, Jia et al. (2019)
observed that both the BNL and the INL are related to ISW-
induced sediment resuspension and estimated that ISWs alone
could suspend and transport 787 Mt/yr of sediment from the shelf
of the northern SCS to the deep sea. Likewise, a deep-reaching
mesoscale eddy could also trigger sediment resuspension and,

subsequently, a nepheloid layer (Gardner et al., 2017; Chen et al.,
2019).

Mesoscale eddies and ISWs have been observed in the
northwestern SCS (Wang et al., 2003; Li et al, 2008; Xiu
et al., 2010; Chen et al., 2011; Alford et al., 2015; Zhang et al.,
2016). Moreover, Xu et al. (2010a,b, 2011, 2013) indicated that
ISWs can be generated locally at the continental shelf break
in the northwestern SCS as a result of the interaction among
internal tides, typhoons, and topography. Although no eddy
was found to pass the catchment areas in the upper ocean and
the direct impact of eddies may have been minimal during
2012-2013 (not shown), we cannot exclude the possibility of
sediment resuspension induced by ISWs or deep eddies that
could be generated by seamount wakes (Chen et al, 2015)
due to the scarcity of ISW and deep eddy observations in
this area. Time-series acoustic Doppler current profiler (ADCP)
measurements at the Xisha site (16.85°N, 112.31°E) from May
2009 to September 2010 showed that the current in the subsurface
ocean (>300 m) could occasionally reach 0.2-0.3 m/s (20-
30 cm/s) (Yang et al, 2015), which is enough to erode and
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resuspend the upper slope sediment (Chorley et al., 1984).
Recently, an especially high near-bottom current (~100 m
above the seafloor) was also found by ADCP observations
in the northern SCS continental slope area, with the highest
current speed reaching 80-90 cm/s (yearly average of 50-
60 cm/s) as a result of the interaction among internal tides,
internal waves, and topography (personal communication in
November 2021 with Dr. Chenghao Yang from the Second
Institute of Oceanography, MNR). These multiple lines of
evidence indicate that high current velocities are possible under
the effect of active hydrodynamic processes and complicated
topography in the northwestern SCS continental slope. However,
more observational data are needed to better understand
the hydrodynamic and sedimentary dynamic mechanisms of
persistent sediment resuspension in the study area.

CONCLUSION

Diatoms in the sinking particles collected by bottom-tethered
time-series sediment traps in the northwestern SCS from July
2012 to May 2013 were analyzed in this work. The frequent
appearance of benthic and freshwater diatoms suggest that
resuspended sediment was an important contributor to the
sinking particles. These diatoms originated from the nearshore
area and were repeatedly resuspended and transported long
distances to the deep water of the northwestern SCS subbasin.
The LPTM using the HYCOM velocity field substantiated the
contribution of sediment resuspension and further revealed that
the continental slope off Hainan was the nearest source region of
the resuspended sediment (Figure 9). In particular, the highest
contribution of resuspended sediment was found in the summer
of 2012. The coincidence between the high input of resuspended
sediment and the high primary productivity in the summer
monsoon-driven upwelling period indicate that upwelling not
only is important in the biogeochemical process but also acts
as a driving mechanism for sediment transport in the study
area (Figure 9B).

This work strongly suggests that resuspended sediment from
continental margins should be considered in biological carbon
pump observations and estimations. Although resuspended
sediment has a relatively low organic carbon content, it could
serve as an important input of material to the deep ocean,
not only resulting in biased estimates of the biological carbon
pump but also causing misunderstandings in palaeoceanographic
research in marginal seas, e.g., the SCS. The dynamic mechanism
responsible for the generation and lateral transport of and
variations in sediment resuspension remains unclear, so
continuous and interdisciplinary (hydrological, biogeochemical,
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