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Cross-shelf transport of particulate organic carbon (POC) is an essential but poorly quantified process regulating
the POC flux and the biological pump efficiency in marginal seas. Here, we estimated the cross-shelf export flux
of 2*Th and POC from the northern South China Sea (NSCS) shelf based on a dataset of 2**Th in the water
column and the underlying sediments over the shelf (bottom depth < 200 m) and the adjacent slope (bottom
depth > 200 m). Based on a full mass balance of **Th throughout the water column and the underlying sedi-
ments, we found that besides radioactive production and decay, sedimentary accumulation and cross-shelf export
associated with drifting particles were the most important processes in the 23*Th budget. The input via horizontal
shelf-slope water exchange and along-shelf water transport was a 2>*Th source to the shelf water, and neglecting
this component would underestimate the actual vertical 2*Th and POC fluxes by ~10-33%. The POC flux via
vertical export from the euphotic zone was 26 + 1 mmol m~2 d~! while that via cross-shelf transport was 9.9 +
3.4 mmol m 2 d ™. The cross-shelf exported POC presumably inject into the intermediate/deep waters and could
be trapped for several decades in the SCS. Our results highlight the importance of cross-shelf POC transport in
regulating carbon storage in the SCS on seasonal to longer time scales. A compilation of the case studies
regarding cross-shelf transport suggests its role in the carbon cycle might be more important than previously

recognized and needs to be re-evaluated.

1. Introduction

Transport of particulate organic carbon (POC) from the euphotic
zone to the deep ocean is one of the crucial processes that drive the
biological carbon pump (BCP) and modulate the oceanic uptake of at-
mospheric CO, (Honjo et al., 2014). Continental shelves receive
tremendous loadings of carbon and nutrients that stimulate high pri-
mary production. They contribute to higher primary production
(~15-21%; Jahnke, 2010) and CO3 uptake (~17%; Cai, 2011) relative
to their fraction in the global ocean area (~8%). Some photosyntheti-
cally fixed carbon is effectively remineralized within the shelf water or is
deposited and accumulated into the shelf sediments. However, the
remainder can be transported off-shelf via strong intermediate and
benthic particle plumes facilitated by intense sediment resuspension or
turbidity and gravity currents (Bacon et al., 1994; Jahnke, 2010). The
off-shelf exported carbon is presumably stored in the intermediate and
deep waters, which have residence times of several decades (Liu and

Gan, 2017; Ma et al., 2017; Shih et al., 2019; and references therein). As
such, cross-shelf transport of POC could be a powerful mechanism that
controls the BCP efficiencies on continental shelves (Wong et al., 2000).
Globally, this process, to a certain extent, determines the capacity of
carbon storage in marginal seas over seasonal to decadal time scales
(Baumann et al., 2013; Jahnke, 2010; Lepore et al., 2007; Shih et al.,
2019).

Cross-shelf transport of POC used to be the core topic of some pro-
grams, such as the Shelf Edge Exchange Program (SEEP) and Kuroshio
Edge Exchange Processes (KEEP) (Falkowski et al., 1988; Walsh et al.,
1988; Wong et al., 2000). However, previous studies using the tradi-
tional sediment trap method could underestimate this cross-shelf flux
and the BCP efficiencies in marginal seas. The short-lived particle
reactive radionuclide 2**Th (half-life = 24.1 d) is a robust proxy of
particle dynamics and export over the time scale of days to weeks
(Waples et al., 2006). Unlike 234Th, its long-lived parent uranium-238 is
soluble and conservatively distributed with respect to salinity in the
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ocean (Chen et al., 1986; Pates and Muir, 2007). As a result, effective
scavenging and particle export create a 22*Th deficit relative to 23%U in
the upper ocean. This deficit can be applied to estimate the vertical flux
of POC with an appropriate model (Savoye et al., 2006) when the POC to
234Th ratio in sinking particles at the export horizon of interest is
measured (Buesseler et al., 2006). Similarly, a full mass balance of 234ThH
in the water column and the underlying sediment package has excellent
potential in quantifying the cross-shelf fluxes of particles and associated
POC in shelf systems with the measured POC to 23*Th ratio in the par-
ticles at the shelf-slope boundary (Baumann et al., 2013; Lepore et al.,
2007).

The northern South China Sea (NSCS) has broad continental shelves
and an abyssal basin with water depths of up to ~4500 m. The
monsoonal-driven surface gyres effectively reduce the supply of terres-
trial nutrients to the basin. As a result, the basin is oligotrophic with low
primary production while the shelf is more productive (Chen, 2005).
Previous studies on POC mainly focus on the spatial/temporal variation
of the downward flux from the euphotic zone and its controlling
mechanisms (e.g., Cai et al., 2015b; Chen et al., 2008; Shih et al., 2019;
Wei et al., 2011; Zhou et al., 2013, 2020). Lateral transport of POC into
the deep NSCS is evidenced by elevated POC fluxes in the intermediate
and deep waters (e.g., Ma et al., 2017; Shih et al., 2019; and references
therein). The laterally-exported POC could be stored in the ocean for
millennia via various processes, such as deposition and accumulation
into the deep sediments or being utilized as a major energy and organic
carbon source for the enhanced dark carbon fixation in the deep
ecosystem (Shen et al., 2020). Nevertheless, the magnitude of the cross-
shelf POC flux and its influence on the BCP efficiencies remains to be
quantified. Here, we measured the 23*Th activities in the water column
and the underlying sediments over the NSCS shelf. We constructed a full
mass balance of 23*Th to estimate the cross-shelf flux of POC and eval-
uate its role in regulating the BCP efficiency in the NSCS.

2. Materials and methods
2.1. Sample collection

Water column and sediment core samples were collected over three
cross-shelf transects in the NSCS during the summer of 2012 (Fig. 1).
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Water samples for total and particulate 2*Th were collected throughout
the water column. Sediment sampling using a box corer (50 x 50 x 80
cm®) was attempted over the shelf. Unfortunately, we failed to retrieve
sediment samples at some stations where the sediments are character-
ized by coarse gravel (Zhong et al., 2017). Sediment samples were
checked visually to assure that the sediment-water interface was intact.
Sediment sub-cores were retrieved by inserting transparent acrylic tubes
(inner diameter = 65 mm, length = 30 cm) into the bulk sediments. Sub-
cores were sectioned with intervals of 0.5 cm in the upper 1 cm and 1 cm
below. Sediment sub-samples were freeze-dried, grounded, and ho-
mogenized before the analysis of excess 234ThH (234Thex).

2.2. 2*Th analyses

The procedure for determining total and particulate 2*Th was
detailed in our prior studies (Cai et al., 2006b, 2010). Total 234Th ac-
tivities in seawater (4 L) were analyzed using the small-volume MnO,
coprecipitation method with a 230TH spike (Cai et al., 2006b; Pike et al.,
2005). For particulate 2>*Th, ~4-8 L of seawater was filtered onto a pre-
combusted QMA filter (diameter: 25 mm; pore size: 1.0 pm). All the
Z34Th samples were dried, mounted under one layer of Mylar film and
aluminum foil (density: ~7.2 mg cm™~2). Samples were counted onboard
with gas flow proportional low-background beta counters (RIS@) for the
initial 23*Th activities and at the same counters after 150 days for the
final counts. After counting, the recovery of 2>°Th was determined by
inductively coupled plasma mass spectrometry (Agilent 7700x) after the
addition of a 22°Th internal standard and chemical purification. The
recoveries were high and stable (94.1 + 4.2%, 1 SD, n = 112). All 234Th
data were decay and recovery-corrected and reported with uncertainties
propagated from the counting as well as the errors associated with the
detector efficiency and the chemical recovery (Eq. (S.5)). Thorium-234
activities were calibrated with seawater collected between 500 and
3000 m of the South East Asian Time-series Study (SEATS) station,
which showed a secular equilibrium between 2>*Th and 238U (average
234Th/238( ratio: 1.01 + 0.05,1SD,n=9). 234Th data from our lab are
in good agreement with the GEOTRACES inter-calibration results of
234Th (Maiti et al., 2012). Uranium-238 activities were estimated using
the relationship of 238y (dpm L_l) =(0.0713 + 0.0012) x salinity (Pates
and Muir, 2007). The associated uncertainties of ~3% for 238U activities
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Fig. 1. Sampling locations of water column (open circle) and sediment (cross) in the northern South China Sea during the summer of 2012. The model-simulated

surface currents (blue arrow) in summer were redrawn from Ding et al. (2017).
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were propagated to the total 22*Th activities and the 23*Th/238U ratios.

234Th, in sediments defined as the 23*Th unsupported by 238y was
determined involving two parallel measurements of duplicate samples:
one upon return to the land-based laboratory (total 234Th) and the other
5-6 months after the cruise (**®U-supported 2>*Th). The procedure was
detailed in our previous studies (e.g., Cai et al., 2014; Hong et al., 2017).
Briefly, sediment samples (~5 g) were leached with 6 N HCI + H,0,
solution three times. After purification on an anion-exchange column
(AG1-X8, 100-200 mesh), 23*Th was co-precipitated with MnO, and
counted on beta counters. 2>*Th., was calculated as the difference be-
tween the two measurements. The chemical yield was assessed with a
standard addition method that involves the measurement of replicate
samples with a succession of 238_234Th standard solutions (Cai et al.,
2014). The regression of the measured 23*Th vs. 23*Th addition derived a
high yield and low uncertainty (97.4 + 7.0%), which was consistent
with our previous determination (96.3 + 5.9%; Cai et al., 2014) and
indicated that the protocol is reliable for the measurement of 234They.
The reported 23*They activities were decay-corrected to the sampling
time, with associated errors propagated from the counting statistics, the
counter efficiency, and the chemical yield.

2.3. POC analyses

After 234Th analyses, the particulate samples were analyzed for POC
according to the JGOFS protocols (Knap et al., 1996). The samples were
acid-fumed with concentrated HCI to remove the carbonate fraction, and
POC were determined with a PE-2400 SERIES II CHNS/O analyzer. The
average blank was 5-8 pg C, which accounted for less than 5% of the
POC measured in the samples. All the reported data were corrected for
the blank. The precision for POC was better than 10% based on duplicate
analyses of random samples.

2.4. Sediment porosity

Sediment porosity (pg) was determined from the mass difference

Table 1
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before and after drying at 60 °C using a dry density of marine sedimsents
(2.65g cm_g; Burdige, 2006).

2.5. Vertical flux of ?**Th and POC from the euphotic zone

2.5.1. Vertical flux of ?*Th
0A 2347,

The change of 234TH activity in the water column (—5—%) can be
described as a balance between the production from 238y (AmmAy) and
the loss via decay (ArpA 2347p,), particle export (P zsg,: dpm m2dh,
and transport by advection and diffusion (V xsp,: dpm m™> d71) as
follows (Savoye et al., 2006):

0A 2 Thr

o = Am X (AU —A 2347-;,1) — P g, +Vooug, (€8]

where A 2agy,, is the activity of total 24Th (dpm m™3), Ay is the 238U
sactivity (dpm m~3), and Ag, is the decay constant of 234Th (0.02876
M;# = 0), the vertical
flux of 23*Th from an export horizon of interest (P 247pa,: dpm m2d™)
can be estimated with the equation:

d’l). Assuming a steady-state condition (i.e.,

P sippa, = / [/11/, (AU —A zsaThT) + Vg, ]dz 2
0

The export horizons were set to be 15/25, 50, and 75/100 m for the
stations with bottom depths of <60 m, >60-110 m, and >110 m,
respectively. They were roughly consistent with the bottom of the
euphotic zone defined using PAR data but slightly shallower than those
determined using fluorescence data (Table 1 and Fig. S.1). They lay
above the benthic nepheloid layer (BNL; Fig. S.2). As such, the influence
of sediment resuspension on the estimate of vertical fluxes of 2>*Th and
POC was minimized. Besides, they were similar to those set by Cai et al.
(2015b) and allowed comparison between different cruises/seasons (Cai
et al., 2015b; Chen et al., 2008).

Depth of the euphotic zone (Ez), the selected export horizon, POC/?**Thy ratios in suspended particles (size: >1.0 pm) at the selected export horizon, residence time of
total 2*Th with respect to scavenging in the euphotic zone (t), >>*Th and POC fluxes, as well as the net primary production (NPP) from/in the euphotic zone in the
northern South China Sea during the summer of 2012.

Station Bottom depth Ez? Export horizon” 234Th flux POC/***Thp POC flux T NPP¢ Export efficiency
[m] [m] [m] [dpm m~2d '] [pmol dpm ] [mmol m2d ] [d] [mmolm2d'1  [%]
A9 35 27(21) 15 1160 + 30 41.7 +5.1 48.3+ 6.5 28+ 04 186+ 90 26 + 13
A8 47 — 15 460 + 40 17.6 + 1.8 81+1.3 58 + 6 104 + 19 8+2
A7 72 60(58) 50 2130 + 70 23.8+ 2.9 50.7 + 6.9 28 4+ 1 4849 106 + 23
A6 89 50 50 1590 =+ 70 9.4+ 0.7 148+ 1.5 49 4 2 36+5 4147
A5 103 67 50 1700 + 60 7.2+ 0.5 123+ 1.1 42 +2 27 +2 46 +5
A4 187 94 100 2300 + 130 7.6 + 0.4 175+ 1.5 76 +5 25+ 1 7246
A2 395 102(70-108) 100 2080 + 100 8.9 + 0.6 18.4+ 1.5 84 + 4 2241 83+7
Al 737 116(76-115) 100 670 + 110 5.4+ 0.4 3.6 £ 0.7 194+ 3 2140 18 +3
A0 1418 92 100 130 + 120 7.9+ 0.6 1.0 £0.9 — 20+0 5+5
E700 26 20 15 1070 + 40 43.9 + 5.1 46.6 + 6.6 8.8+1 170 + 30 2846
E701 45 33(38) 25 1070 + 50 34.1+73 36.3 + 8.4 29 +2 102 + 30 36 + 14
E703 73 55 50 2090 + 70 16.3 + 2.1 33.9 + 4.7 29 £1 28+ 4 121 + 24
E705 87 68 50 1860 + 70 17.6 £ 1.5 32.7 + 3.3 36+ 1 2340 142 +13
E706 115 82 75 1680 + 90 8.2+ 0.6 13.8+ 1.4 81+ 4 22+1 62+ 6
E707 172 102(52-84) 100 1500 + 100 7.1+ 0.4 10.7 + 1.1 13349 21+1 51+5
QD2la 38 — 15 900 + 30 35.8 + 6.7 32.2 + 6.4 14+1 91+15 35+9
QD21 60 46 25 740 + 40 30.5 + 6.0 22.6 + 4.9 57 4+ 3 47 £ 2 48 + 10
QD41 89 68 50 890 + 70 6.3+ 0.4 5.5+ 0.7 114+10 27 +2 20+ 3
QD51 101 80 50 1200 + 70 28.4 + 4.3 34.1+59 74+5 22+0 156 + 26
QD61 146 105 75 650 + 110 19.9 + 1.9 12.8 + 2.8 262+44 2140 60 + 12
QD71 193 103 100 1160 + 100 3.7 £ 0.2 43405 184+17 21+1 2142

a: The euphotic depth was determined with the ‘primary production zone’ method using in situ fluorescence data (Owens et al., 2015) or the 0.1-1% of the incident PAR
density (in brackets); for the stations where 0.1% PAR level cannot be reached, only one value was presented.
b: The selected export horizons were roughly consistent with the bottom of the euphotic zone. For station QD51 and QD61, 50 and 75 m were selected respectively as

the export horizon due to the influence of sediment resuspension (evidenced by high turbidity).

c: An 80-day average from 96 days before the sampling date, derived with VGPM using MODIS data. The uncertainties derive from the standard deviation of the 8-day

products.
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2.5.2. Vertical flux of POC

The vertical flux of POC (Ppocaz; mmol m ™2 d 1) can be determined
by multiplying the 23*Th fluxes (P xippa,) by the POC/23*Thp ratio in
sinking particles at the export horizon (Buesseler et al., 2006):
Ppoca; = P sigya, X {%} N

In this study, POC/23*Thp ratios in sinking particles collected by
pumps or traps were unavailable. Thus, we used the ratios in suspended
particles (size > 1.0 pm) to derive POC fluxes, which was also applied to
a high-resolution seasonal study (Cai et al., 2015b). It has been sug-
gested that POC/2**Thyp ratios in small particles (size: 1-10 pm and
10-53 pm; 0.96-9.4 pmol dpm™!) were consistent, within a factor of
1-2, with those measured in large particles (size > 53 pm; 1.1-7.2 pmol
dpm’l) in the NSCS (Cai et al., 2006a). Besides, small particles dominate
the particle reservoir (>90%) and bulk fluxes of 234Th and POC (up to
80%) in the NSCS (Cai et al., 2006a; Hung and Gong, 2010), which is
consistent with the significant contribution of small particles in carbon
export (Le Moigne et al., 2013b; Puigcorbé et al., 2015; and references
therein). As such, the utilization of the POC/?**Thp ratios in particles >
1 pm will provide a first-order estimate of the vertical POC fluxes in the
dynamic shelf zone.

2.6. Calculation of net primary production (NPP) and the terms in the
mass balance model of 3Th

NPP was estimated with the standard Vertically Generalized Pro-
duction Model (VGPM; Behrenfeld and Falkowski, 1997) using MODIS
R2018 data (http://www.science.oregonstate.edu/ocean.
productivity/standard.product.php). The terms in the 2>*Th mass bal-
ance (total area, water volume, inventories of 234Th and 238U, vertical
POC flux, and NPP) were calculated using a multiple triangle box
approach (Fig. S.3; Tan et al., 2018). The details of the calculation were
provided in the Supplementary Material.
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3. Results
3.1. 24Th/?38U disequilibrium in the water column

3.1.1. Distributions of 2>*Th, TSM, and POC

Total and particulate 234Th activities (234ThT and 234Thp), POC
concentrations, and potential temperature and salinity in the NSCS
during the summer of 2012 are compiled in Table S.1. These parameters
and the 2%Th/238y activity ratios, as well as total suspended matter
(TSM, filtered using polycarbonate membrane filters with a pore size of
0.45 pm) are shown in Fig. 2 and Fig. 3. Swimmers and micro-
phytoplanktons were identified in some particulate samples (5 m at
E703 and E705, 25 m at QD51) by the naked eye. They do not signifi-
cantly bias the total 2*Th flux. However, these samples were excluded
from the discussion since swimmers have notably high POC/?**Thp ra-
tios and can significantly bias the POC flux (Buesseler et al., 2007). TSM
and POC concentrations fell in the range of 0.03-3.34 mg L™} and
0.79-12.7 pmol L1, respectively, and both decreased offshore (Fig. 3).
POC concentrations were generally high in the surface water, while TSM
showed elevated contents in the bottom layers. Remarkably high POC
concentrations were observed throughout the water column in the
innermost stations (closest to the shore in each section). 234ThT varied
from 0.15 + 0.04 to 2.97 + 0.09 dpm L~! for all samples (Table S.1).
Deficits of 2*Th were evident in the upper 100 m (Fig. 2). Below the
euphotic zone, 23*Th deficits increased towards the seafloor on the shelf.
The most pronounced deficit was observed in the bottom layers, with
BA4Thy activity dropping to as low as ~0.2 dpm L~! in the innermost
stations. Strong gradients of turbidity in the bottom layers (Fig. S.2a)
indicated the presence of a BNL in the area. The high concentrations of
particles, together with pronounced 2**Th deficits (low 23*Th/238U ra-
tios) and elevated 2*Thp/?**Thp ratios within the BNL (Fig. 3 and
Fig. S.2¢) suggest enhanced scavenging and cross-shelf export of 23*Th
via strong particle plumes. Similar patterns in the shelf stations were
observed in other cruises (Cai et al., 2015b; Chen et al., 2008). 23*Th
excess (234Th > 238U) was measurable below ~100 m in the slope
(Fig. 2), where contents of TSM and POC were low (Fig. 3). The excess
may be related to the remineralization of the particles settling from the
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Fig. 2. Depth profiles of total ?**Th (***Thy) and **®*U in the water column of the northern South China Sea during the summer of 2012. The gray area denotes the
bottom sediment. Error bars are shown if larger than the symbol size, but they are negligible on this scale.
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northern South China Sea during the summer of 2012. Plots are created with Ocean Data View (Schlitzer, 2018).

euphotic zone or those laterally exported from the shelf.

3.1.2. 23*Th deficit and inventory in the water column

The site-specific deficit of 234TH (Def s4r: dpm rn’z) can be deter-
mined as the integral disequilibrium between 2**Th and 233U in the
water column:

Def sy, = / (Ay — A g, )dz 3
0

234Th deficits were integrated throughout the water column at the
shelf stations and to the depth where 23*Th reached secular equilibrium
with 238y (~50-125 m) at the slope stations. 234Th deficits (Fig. 4a;
Table S.2) varied in the range of 4.3 + 0.3-12.1 + 0.3 x 10* dpm m~?2
(average +1SD: 7.9 +£ 2.3 x 10* dpm m’z; n = 18) for the shelf stations
and 0.9 + 0.3-7.0 + 0.4 x 10* dpm m—2 (average + 1 SD: 3.3 £+ 3.2 x
10* dpm m~2% n = 3) for the slope stations.

The site-specific 234Th inventories (I; = f;l A 2, dz) varied in
0.7-41.3 x 10* dpm m 2 (average + 1 SD: 14.6 + 12.7 x 10* dpm m2;
n = 18) for the shelf and 86.7-382 x 10* dpm m—2 (average 1 SD: 214
+152 x 10* dpm m’z; n = 3) for the slope (Table S.2). 234Th inventories
increased offshore due to the increase of 234ThT activities and bottom
depth.

3.2. 234Thex and the inventory in the sediment

234Th,, was confined to the upper 5 cm of the sediment cores (Fig. 5).
234Th,, showed a rapid decrease downward the cores, which could be
ascribed to the decay of 23*Th after deposition into the seabed. 23*They
activities in the surficial 0-0.5 cm varied from 0.45 + 0.11 to 7.20 +

0.51 dpm g ! and showed considerable spatial variability over the shelf.
However, the distribution did not show a regular pattern with increasing
distance offshore or bottom depth. These 234Th,y activities were com-
parable to those measured in the China coastal seas (Cai et al., 2015a,
2014; DeMaster et al., 1985; Hong et al., 2017; Huang et al., 2013; Wang
et al., 2016).

The site-specific sedimentary inventories of 234They presented
remarkable spatial differences (Fig. 4b). However, no clear correlation
was observed between inventories and the contents of silt and clay
(Fig. S.4). The inventories (Table S.2) varied from 0.2 + 0.1 t0 9.4 + 1.0
x 10* dpm m~2 (average + 1 SD: 3.6 &= 3.1 x 10* dpm m~% n = 11).
They fell within the range in China coastal seas (Cai et al., 2015a, 2014;
Hong et al., 2017; Wang et al., 2016) and other marginal seas, such as
the Long Island Sound, the Bering Sea, and the northwestern Iberian
margin (Aller and Cochran, 2019; Baumann et al., 2013; Schmidt et al.,
2002).

4. Discussion
4.1. 2*Th mass balance over the shelf of the NSCS

A full mass balance of 2>*Th over the NSCS shelf was used to
constrain particle transport rates during the summer of 2012 (Fig. 6).
The processes responsible for the mass balance include continuous 2**Th
production via radioactive decay of 238U (Foroduction) transport via water
exchange, radioactive decay (Fpeqy), particle accumulation into the
underlying sediments (Fs.q), and cross-shelf export presumably associ-
ated with drifting particles within the BNL (Fp4eq).- The mass balance
model neglects the input of 2**Th from riverine freshwater discharge
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Fig. 4. Site-specific 234Th deficit in the water column (a) and 2**They inventory in the sediment (b) of the northern South China Sea during the summer of 2012.

because 2>*Th activities in freshwater are negligible (Rutgers van der
Loeff et al., 2006). Since the currents run predominantly along the shelf
(Fig. 1), the transport via water exchange can be further divided into two
components: the horizontal shelf-slope water exchange (Fcs) that is
deemed to be dominated by eddy diffusion, and the advection-
dominated along-shelf transport parallel to the coast (F4s). It should
be noted that F¢g and Fp gy are different as they denote transport fluxes
associated with different carriers, i.e., water fluid versus particles drift-
ing within the BNL (Walsh et al., 1988). Under steady-state, a mass
balance of 23*Th over the shelf (Fig. 6) can be set up:

Frroduciion + Fes + Fas = Fpecay + Fsea + Frateral @

These terms are summarized in Table 2. Their calculation is detailed
in three sub-sections: 1) production (Fpreducion) and decay (Fpecqy) in the
water column, as well as sedimentary accumulation (Fs) (Section
4.1.1). These terms are calculated based on the inventories of 2**Th and
238(7 in the shelf water, and the 234Thex inventories in the sediments; 2)
diffusion-dominated horizontal shelf-slope water exchange (F¢s) and
advective along-shelf transport of water (Fss), which are determined by
the direction of net water exchange and the difference of 2>*Th activities
(Section 4.1.2); 3) the unknown flux via cross-shelf particle drifting

(Fraterar; Section 4.1.3), which is computed as the difference between the
other terms (Fig. 6; Table 2). Then, the cross-shelf export fluxes of other
particulate components (e.g., POC) can be determined by multiplying
Fpaerq With the ratio of the component concentration to 234 activity
(unit: pmol dpm™?) in the particles within the BNL of the shelf-slope
boundary:

i

i — N
FLc/zeral = Fratera 234ThP

(5)

Here Fi . is the cross-shelf export flux of component i, C;, and >**Thp
represent the content of particulate component i and activity of 234Thin
the suspended particles respectively within the BNL of the shelf-slope

boundary.

4.1.1. Production, decay, and sediment accumulation of 2>*Th

The estimates of the production, decay, and accumulation of 23*Th
require the total inventories of 2387 and 234Th—r in the water column, as
well as the total 23The, inventory in the underlying sediments. The
calculation of these inventories involving a multiple triangle boxes
approach (Tan et al., 2018) was detailed in the Supplementary Material.
The reported uncertainties were the standard deviation of the site-
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specific inventories in the triangle boxes (1 SD, n = 20), which accounts
for the uncertainties associated with the spatial coverage of sampling.
The total inventories of 238U and 2**Thr in the water column were
estimated to be 12.3 + 0.3 x 10*® and 7.2 + 0.2 x 10%° dpm, respec-
tively. The area-weighted average production rate (Fproduction) and
radioactive decay rate (Fpeqy), which can be calculated based on the
total inventories of 238U and 23*Th respectively, the total area, and the
decay constant of 24Th (F; = ﬂTh-ms\T]%), were estimated to be 5820 +
120 dpm m~2 d~! and 3430 + 100 dpm m~2 d~}, respectively (Table 2).
The sediment accumulation rate (Fsqq; Fig. 6) was estimated in the
same manner of Fprguction and Fpecqy. Considering that sandy sediments
have a lower binding capacity of thorium isotopes than finer-grain
sediments (Cai et al., 2014; Emerson and Young, 1995), two extreme
scenarios of 234Thex inventories were evaluated for the stations with
sandy sediments and then combined with the locations containing
234Th,, measurements to derive the total inventories and subsequently
the sediment accumulation rate. In an extreme scenario that the sandy
sediments have 22*Th.y inventories equivalent to the muddy sediments,
ie, I saqp, =3.6 £ 3.1 x 10* dpm m’z, we derive a total 234Thex in-
ventory of 2.4 + 0.1 x 10'® dpm or an area-weighted average accu-
mulation rate of 1140 + 50 dpm m~2d! (Table 2). In another extreme
scenario, the sandy sediments are completely devoid of 234Thex, ie.,
I 234, =0, the total inventory and the area-weighted average accumu-
lation rate of 2**Th were 1.6 + 0.1 x 10'®> dpm and 770 =+ 30 dpm m 2
d!, respectively. The actual values likely lie somewhere in between.

The sedimentary accumulation was a major process responsible for the
234Th removal, accounting for <18% of the total 2>*Th supply to the
shelf water or 25-40% of the removal besides decay. According to the
mass balance of 2**Th (Eq. (5); Table 2), the two extreme scenarios
respectively constrain the lower and upper bounds of the cross-shelf
transport flux (see Section 4.1.3).

4.1.2. Horizontal shelf-slope exchange and along-shelf transport of 2>#Th

The diffusion-dominated horizontal shelf-slope water exchange (F¢s)
and the advection-dominated along-shelf transport (Fs) are bidirec-
tional (Fig. 1). Whether they act as a source/sink of 234Th for the shelf
water depends on the net water transport and the difference of 22*Th
activities. Transport of waters with higher 23Th activities into the shelf
would increase 23*Th activities. As such, they would be a source, i.e., F¢s
and Fxs would be positive. Conversely, they would become a sink if the
shelf water is replaced by waters with lower activities.

The diffusion-dominated horizontal shelf-slope water exchange (Fcs;
Fig. 6) can be estimated by multiplying the cross-shelf eddy diffusivity

0A 234 Thy

(k¢s) by the gradient of 234Th activity (—5—5): Fcs = kes x M;# (see
Supplementary Section 1.4 for the calculation of k¢s and OA;%). The
gradients of 234Th for section A, E7, and QD were estimated to be 0.0062
+0.0011 dpm m * (R?2=0.82,n =9, P < 0.001), 0.0064 + 0.0013 dpm
m*(R?=0.86,n =6, P < 0.01), and 0.0061 + 0.0011 dpm m~* (R% =
0.89, n = 6, P < 0.005), respectively. As such, Fcs was estimated to be
140 + 30-280 + 50 dpm m~2 d™! (1 SD; Table 2), which accounted for
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Fig. 6. Schematic of the 234Th mass balance over the northern South China Sea shelf. The numbers denote the 2**Th fluxes (unit: dpm m~2 d ™). The blue terms

represent the supply, while the black and the red terms represent the loss of 2>*Th.

2.2-4.4% of the total 2**Th supply rate.

The along-shelf transport of 2>*Th (F,s; Fig. 6) depends on the cur-
rent velocity (vas) and the activity difference ((AThr),s) between the
two boundaries of the along-shelf current (the inflow through section
QD and the outflow through section A). Within the 100 m isobath
domain, the currents form a closed cyclonic circulation (Fig. 1), and the
difference of 23*Th between the inflow and outflow was minimal
(Fig. S.5h). As such, the net along-shelf transport of 2>*Th in this domain
could be assumed to be zero. For the stations located within the
100-200 m isobaths, the water column was divided into two layers ac-
cording to the different velocities of the along-shelf currents and the
little change of 23*Th activities (Fig. S.5): the upper 10 m with a current
velocity of ~ 0.20 m s}, and the underlying layer from 10 to 75 m with
a current velocity of 0.10 m s~ ! (Ding et al., 2017; Gan et al., 2009). The
differences of 23*Th activities for these two layers were estimated to be
450 + 90 and 490 + 60 dpm m ™~ using the depth-averaged activities
(Thr; Supplementary Section 1.4). As such, a maximum of the along-
shelf transport of 23*Th was estimated to be 20 + 8 x 10'2 dpm d!
(1 SD) using the expression: 3 [vas-(AThr) .g-W-D |. Here, W denotes the
average width of the 100-200 m domain: 57 x 10% m; D is the depth of
the layers, i.e., 10 and 65 m, respectively. On average, the along-shelf
transport resulted in an input of 330 + 130 dpm m™2 d~! (Table 2),
which accounted for 5.2% of the total 23Th supply.

4.1.3. Cross-shelf export of particle-associated 2>*Th from the NSCS shelf

The imbalance between the supply and loss terms detailed above
could be reasonably ascribed to the cross-shelf export associated with
drifting particles within the BNL (Fgerqi; Fig. 6). The cross-shelf export
flux was estimated to be 110 + 13-140 =+ 13 x 10'2 dpm d~! with an
average of 1720 =+ 200-2230 + 210 dpm m~2 d~}, which accounted for
~28-35% of the total ?>*Th supply (Table 2). It was consistent with the
studies in the Bering Sea and the Middle Atlantic Bight, which showed
that ~20-30% of the total 23*Th or 2!°Pb supply to the shelf waters were
laterally exported to the adjacent slope/basin on seasonal to decadal
time scales (Bacon et al., 1994; Baumann et al., 2013). In particular, the
cross-shelf export of 2*Th exceeded the accumulation into the under-
lying sediments in the NSCS (Table 2).

Production and decay of 22*Th in the water column were the largest
terms in the 2*Th mass balance. Their uncertainties were well evaluated
and not subjected to the sampling resolution since the vertical profiles of
234Th have captured the main distribution features on the shelf. The
largest source of the uncertainty associated with Fjeq lies in the sedi-
ment accumulation rate (Table 2), which is controlled by the spatial
coverage in the sediment sampling. However, the narrow range of Fygerq;
indicates that our mass balance model is rather insensitive to the sam-
pling resolution. As such, our finding supports the early hypothesis that
cross-shelf particle export is a major process responsible for 2>Th (and
by inference, particulate components, such as POC and trace metals)
export out of shelf waters in marginal seas (Walsh et al., 1988; Wong
et al., 2000).

4.2. Export flux of particulate organic carbon

4.2.1. Vertical export of Z*Th from the euphotic zone

The total supply via horizontal shelf-slope water exchange and net
along-shelf transport was included to represent the V z.p, term and
simply assumed to be evenly distributed in each site’s entire water
column. This assumption is reasonable as the impact of V 241y, should be
more significant at shallower depths (e.g., Savoye et al., 2006; and ref-
erences therein). In this regard, this simplification provides a first-order
approximation of this term: V g, = 2801330,

The vertical fluxes of 2*Th from the euphotic zone were estimated to
vary from 130 & 120 to 2300 + 130 dpm m 2 d ! in the NSCS (Table 1),
with mean fluxes of 1340 + 540 dpm m 2 d ! (1 SD, n = 18) and 960 +
1000 dpm m~2d ! (1 SD, n = 3) for the shelf and the slope, respectively.
They were consistent with the range obtained in the NSCS during
summer (Cai et al., 2015b; Chen et al., 2008). It should be noted that the
actual vertical fluxes of 2*Th and POC would be underestimated by
~10-33% if the total supply of 2*Th via horizontal shelf-slope water
exchange and net along-shelf transport was neglected (1010 + 500 dpm
m 2 d! and 870 + 950 dpm m~2 d~! for the shelf and the slope,
respectively).

4.2.2. Vertical export of POC from the euphotic zone
POC/?3*Thp ratios in suspended particles ranged from 2.0 + 0.1 to
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Table 2

Parameters in the 2>*Th budget on the shelf of the northern South China Sea
during the summer of 2012. See the text for details.

Term Description Calculation and value
ATh Decay constant of 2>*Th 0.02876 d!
Stot The total area of the shelf Sum of the areas in the triangle boxes:
60.7 + 1.0 x 10° m?
Vot The total water volume of Sum of the water volumes in the triangle
the shelf boxes: 5.10 + 0.01 x 10’2 m?
INVro¢ The total inventory of Sum of the products of the average
234Th or 238y inventories and the area at each
triangle:INVyy = Z(Ti X Si)
L Length of the shelf-slope ~300 km
boundary at 200 m
isobaths
T Water flushing time of the 1-2 yr (Cai et al., 2004; Liu et al., 2010)
NSCS shelf
kes Cross-shelf eddy diffusivity =~ Dividing the total water volume by the
water flushing time and the length of the
V:
shelf-slope boundary: k¢s = %.kcs =
2.3-47 x 10*m?d!
0A iy, The cross-shelf gradient of ~ Linear regression of the site-specific
ox 234Th activities depth-averaged activities of water
column versus distance offshore: 0.0061
+ 0.0011-0.0064 + 0.0013 dpm m~—*
Vas Along-shelf current 0.2 m s~ ! in the upper 10 m, and 0.1 m
velocity s~! below 10 m (Ding et al., 2017; Gan
et al., 2009)
(AThr) 45 234Th activity difference The difference of the depth-averaged
between the inflow activities between section QD and section
(Section QD) and the A for the stations located within the
outflow (Section A) of the 100-200 m isobaths: 450 + 90 dpm m~3
along-shelf currents for the upper 10 m; 490 + 60 dpm m 3
from 10 to 75 m
Fproduction Supply of 2*Th via in situ Multiplying Ag, by the average inventory
238 INV-
decay of U of 238U: Foroduction = Ath——2U. It was
Tot
calculated to be 5820 + 120 dpm m 2
dl
Fes Supply of 2**Th via Multiplying the cross-shelf eddy
horizontal shelf-slope diffusivity by the cross-shelf gradient of
h 0A
water exchange 234Th activities: Fog = kcs-il;;w“ LIt
was estimated to be 140 + 30-280 + 50
dpmm~2d1
Fas Supply of 2*Th via along-  Multiplying the current velocity (vas) by
shelf current transport the activity difference ((AThr),g)
between the inflow and outflow. The
change of 2**Th activity limited in the
upper 75 m water, as well as the varying
current velocities in the upper 10 m layer
and the underlying layer from 10 to 75 m
were considered. It was estimated to be
330 + 130 dpm m2d%.
Fpecay Loss of 2**Th via in situ Multiplying A, by the area-weighted
decay average inventory of 2>*Th:
INV.
Fpecay = Amn = Tot. T The flux was
Stot
estimated to be 3430 + 100 dpm m 2
dl
Foeq * Loss of 23%Th via Multiplyingis;, by the area-weighted
accumulation into average inventory of 2>*The:
i INV. 3
sediments Fsed = App—2 "Thes The flux was
STOt
770 + 30-1140 + 50 dpm m 2d 1.
Frateral™ Loss via cross-shelf Difference between the known supply

export associated with
drifting particles

and loss terms. That is Fjgerq =
Fproduction + Fcs + Fas — Fpecay — Fsea- It
was estimated to be 1720 + 200-2230 +
210 dpm m2d~%

*: The two extreme scenarios of sandy sediments, i.e., devoid of 2**The,
(I 2047h,,=0) and that with ***They inventory equal to those in muddy sediments
(I 2s47h,,=3.6 + 3.1 x 10* dpm m~2) will set the lower and upper bounds for
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234Th accumulation rates into the sediment, and consequently constrain the
upper and lower limits of the cross-shelf flux of 23Th.

100 + 20 pmol dpm ! and decreased with distance offshore (note that
the samples with swimmers were excluded in the discussion). They
showed remarkably high values in the surface layer of the innermost
stations (Fig. S.2b), which was presumably due to the input of terrestrial
organic matter and/or phytoplankton growth (Cai et al., 2015; Chen
et al., 2008). The ratios at the export horizons varied in the range of 3.7
+ 0.2-43.9 + 5.1 pmol dpm ! for the shelf, and 5.4 + 0.4-8.9 + 0.6
pmol dpm™! for the slope (Table 1). They were comparable to previous
high-resolution seasonal measurements conducted in the study area, i.e.,
2.6 + 0.1-41.1 + 6.5 pmol dpm ! during the summer (Cai et al., 2015b;
Chen et al., 2008). According to Eq. (3), the vertical POC fluxes from the
euphotic zone were estimated to vary between 1.0 + 0.9 and 50.7 + 6.9
mmol m2d~! (Table 1), and were within the range reported in the SCS
and other marginal seas (e.g., Cai et al., 2015b; Le Moigne et al., 2013a;
Zhou et al., 2013). On average, the vertical POC fluxes changed from 24
+15mmolm2d'(1 SD, n = 18) in the shelf to 7.7 + 9.4 mmol m 2
d™' (1 SD, n = 3) over the slope, following a shift from diatom (size:
2-20 pm) to haptophytes 8 and prasinophytes (<2 pm) in the phyto-
plankton community structure of the NSCS as reported by Cai et al.
(2015b). These fluxes were within the range of 15 + 16 and 3.6 + 1.1
mmol m~2 d™? for the shelf and basin of NSCS, respectively (Cai et al.,
2015b; Zhou et al., 2013).

An 80-day average of NPP from 96 days before sampling was esti-
mated to vary from 20 to 186 mmol C m~2 d™! (Table 1; see Supple-
mentary Section 1.1 for the calculations). High NPP occurred in the
innermost stations, where primary production was presumably stimu-
lated by the terrestrial input of nutrients (Cai et al., 2015; Chen et al.,
2008). The total POC flux and the total NPP were estimated to be 1580
+57 x 10 and 3040 + 110 x 10° mol Cd ™! (1 SD, n = 20), respectively.
They were equivalent to an area-weighted average of 26 + 1 mmol C
m~2 d! for vertical POC flux and 50 + 2 mmol C m™2 d~* for NPP,
which are in line with previous measurements in the study area during
summer (Cai et al., 2015b). On average, the efficiency of vertical POC
export from the euphotic zone was 52%, which was higher than those in
the SCS basin (8-31%; Li et al., 2018; Liu et al., 2002) and comparable to
the efficiencies in other shelves (e.g., ~40% in the shelf off Peru; Black
et al., 2018).

4.2.3. Cross-shelf export of POC

We assume that cross-shelf transport processes mainly occur via
drifting particles within the BNL (Section 4.1), which are more vulner-
able to cross-shelf transport than sinking particles. The low POC/?**Thp
ratios within the BNL of the shelf-slope boundary (Fig. S.2b), which
could be the result of preferential remineralization of POC relative to Th
(e.g., Buesseler et al., 2006; Cai et al., 2006a) and/or binding of 234Th to
lithogenic material (Passow et al., 2006), are considered to be repre-
sentative for particles laterally exported out of the shelf. As such, the
POC/?3*Th ratios used here will provide a first-order approximation of
the final cross-shelf POC flux. The ratios within the BNL of the shelf-
slope boundary (i.e., from 100 m to the bottom of A4, E707, and
QD71) varied between 2.0 + 0.1 and 8.8 & 0.5 ymol dpm ™, and aver-
aged 5.0 & 2.3 pmol dpm ™! (1 SD, n = 12). Using this range and the total
cross-shelf flux of 23*Th (Table 2) yields a cross-shelf POC flux of 210 +
30-1200 + 130 x 10° mol d~! (average + 1 SD: 600 + 210 x 10° mol
d’l), which was 7-39% of the total NPP in the shelf water. It corre-
sponded to an area-weighted average cross-shelf flux of 3.5 + 0.4-20 + 2
(average = 1 SD: 9.9 + 3.4) mmol m~2 d~%, which is roughly 0.8-4.7
times the reported vertical POC fluxes in the basin (e.g., Cai et al,,
2015b). This result is in line with an estimate that in the intermediate
and deep waters of the NSCS, the laterally transported POC was ~1-4
times higher than the POC settled from the euphotic zone (Shen et al.,
2020; and references therein).

This cross-shelf transport occurred below 200-1000 m and within
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500 m above the seafloor as indicated by the turbidity at the slope sta-
tions (Fig. S.6), which is consistent with previous studies showing
similar depths of lateral transport in the SCS (Ma et al., 2017; Shih et al.,
2019; and references therein). Therefore, POC laterally exported out of
the shelf could be trapped within the intermediate and deep waters
(>500 m) for several decades considering the long residence times of
these water parcels (~40 years; Liu and Gan, 2017). It could also serve
as a major energy and organic carbon source that enhances the dark
carbon fixation in the deep SCS for millennia (Jiao et al., 2010; Shen
et al., 2020). In this regard, cross-shelf transport could play an essential
role in the long-term carbon sequestration in the SCS.

The cross-shelf POC flux was comparable to the 2**Th-derived ver-
tical fluxes without the influence of episodic events (e.g., bloom) in the
global ocean (Fig. S.7), i.e., 5.4 + 8.9 (n = 202), 5.3 £ 6.1 (n = 270), 6.6
+8.7(n=172),and 7.0 & 6.5 (n = 56) mmol m2d! during the spring,
summer, autumn, and winter, respectively (updated from Le Moigne
et al., 2013a). However, it was lower than the vertical fluxes in some
marginal seas influenced by upwelling (e.g., >30 mmol m~2 d~! in the
Peruvian shelf; Black et al., 2018), and/or by phytoplankton bloom (e.g.,
up to 41 mmol m~2 d~! in the North Atlantic; Buesseler et al., 1992).
Note that the choice of the reference depth matters for the 234Th-derived
vertical fluxes and the BCP efficiencies (Buesseler et al., 2020). Though
the dataset of the global ocean assessed at fixed depths of 100/150 m or
the base of the euphotic zone differs between sites, the straightforward
comparison here illustrates the key role of cross-shelf export in the ocean
BCP.

The cross-shelf POC flux in the NSCS was comparable to those from
the eastern Bering Sea shelf, the Chukchi Sea, and the shelf of Middle
Atlantic Bight during spring and summer, as well as that from the
Hebrides Shelf west of Scotland during autumn (Table 3). However,
there is no work performed in winter or regarding the seasonal variation
in a single region. A compilation of other studies and our result showed a
relatively narrow range of cross-shelf POC flux (10 £ 5 mmol m2d%1
SD, n = 6), though they were occupied from subtropical to arctic mar-
ginal seas in different seasons. It was approximately three times the
annual fluxes from the global shelves estimated based on a mass balance
of carbon (Chen et al., 2003; Table 3). In this regard, our results argue
for caution in global extrapolations from limited regional data and urge
high data coverage over global shelves to provide accurate quantifica-
tion of the cross-shelf POC flux on a global scale (Liu et al., 2010; and
references therein).

5. Concluding remarks

Cross-shelf transport of POC is essential in controlling the export
efficiency of primary production on shelves. Nonetheless, the flux and its
contribution to the biological pump remains poorly constrained. Here,
the radionuclide 23*Th was used to quantify the cross-shelf flux of POC
from the northern South China Sea (NSCS), where this process is ubig-
uitous but not quantified. On a seasonal basis, cross-shelf transport is a
major process responsible for the removal of 2>*Th (and by inference,
particulate components like POC) from the shelf water. Horizontal shelf-
slope exchange and along-shelf transport of water were taken into
consideration in the estimate of vertical fluxes of 23*Th and POC,
otherwise fluxes would have been underestimated by ~10-33%. The
vertical POC flux via vertical export from the euphotic zone was esti-
mated to be 26 = 1 mmol m~2 d~!, while that via cross-shelf transport
along the BNL was 3.5 + 0.5-20 + 2 mmol m~2 d™!. The cross-shelf
exported POC was presumably transported into the intermediate/deep
waters that have long residence times. Thus, it plays an essential role in
long-term carbon storage in the NSCS. The compilation of the mea-
surements regarding cross-shelf POC transport suggested that this cross-
shelf flux might be larger than the previous global estimate (Chen et al.,
2003). However, we call for caution against extrapolating limited
regional data to a global scale and urge improved data coverage for an
accurate evaluation of the role of the cross-shelf POC transport in the
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Table 3
Comparison of the cross-shelf POC fluxes over the global shelves.
Study area Flux [mmol Method Time Reference
m2d1]
eastern Bering 18 £ 41 234Th mass Spring and (Baumann
Sea shelf balance summer etal, 2013)
Chukchi Sea 12+ 16 234Th and Spring and  (Lepore
carbon mass summer et al., 2007)
balance
Mid-Atlantic 6.4+7.8 210pp mass Spring and (Bacon et al.,
Bight shelf balance summer 1994)
Hebrides shelf, 2.1-22.3 Ekman Autumn (Painter
west of (10.0 £ 7.4) drainage et al., 2016)
Scotland
East China Sea 21+1.1 Carbon mass Annual (Chen et al.,
balance 2003)
Global shelves 3.0+ 1.5 Carbon mass Annual (Chen et al.,
balance 2003)
northern South 3.5 + 0.5-20 234Th mass Summer This study
China Sea +2(099+ balance
shelf 3.4)

Fluxes in the brackets denote the average values.
global ocean.
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