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The cycling of particulate organic carbon (POC) in continental shelf regions of the Yellow
Sea (YS) and the East China Sea (ECS) was investigated by analyzing the concentrations
and carbon isotope signatures (δ13C, 114C) of POC, together with the particulate
aluminum (Al) concentration and 234Th activity over the period 10–20 August 2020.
POC concentrations in the surface layer (0–20 m) were twice as high as those in the
middle layer (20–50 m); the highest concentrations of all were observed in the bottom
layer (> 50 m) of the YS and the region affected by Changjiang Diluted Water (CDW).
Particulate Al concentrations in the bottom layer were three times higher than those in
the overlying water column, indicating extensive sediment resuspension. Based on the
three-endmember mixing model for the dual carbon isotopes, the estimated contribution
of resuspended sedimentary organic carbon to POC ranged from 18% in the surface
layer to 65% in the bottom layer. The contribution of riverine input to POC ranged
from < 5% in the CDW region to ∼45% in the surface layer of the YS region, whereas
that of in situ production was ∼40% in the entire study region. A deficiency of 234Th
relative to 238U indicates short residence times of particles in the entire water column
(2.6 ± 2.2 d). The flux of POC settling to the seafloor, calculated based on 234Th–238U
disequilibrium, was 47–125 mmol m−2 d−1. The POC settling flux was one to two orders
of magnitude higher than the burial rate of POC in the underlying sediment, implying the
rapid decomposition of POC before incorporation into the sediment. Thus, sediment
resuspension is prevalent and an important component of the POC cycling in this shelf
region. Overall, our study revealed the complex nature of POC cycling on this shelf,
quantified the relative importance of each source of POC, and determined POC flux to
the sediment.

Keywords: particulate organic carbon, stable carbon isotope, radiocarbon, Th-234, particle settling, sediment
resuspension

INTRODUCTION

The cycling of particulate organic carbon (POC) in continental shelf regions is affected by various
sources, including rivers, the atmosphere, groundwater, and in situ production. Primary production
in continental shelf waters accounts for ∼30% of the total primary production of the global ocean,
although these shelves account for only 10% of the oceans (Eppley and Peterson, 1979). Continental
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shelves also account for ∼80% of organic carbon burial within
sediments, and they contribute up to 50% of the organic carbon
supply to the open ocean through lateral transport (Muller-
Karger et al., 2005; Liu et al., 2010). Thus, continental shelves play
a crucial role in carbon cycling in the ocean.

The continental shelf of the Yellow Sea (YS), East China Sea
(ECS), and southern Sea of Korea (SSK) is one of the largest
continental shelves on the global ocean, having a total area of
∼0.9 × 106 km2. This shelf receives an extraordinarily large
volume of terrestrial material from rivers, groundwater, and the
atmosphere (Zhang et al., 1992; Kim et al., 2005). The Changjiang
(Yangtze River; water discharge = 0.9 × 1012 m−3 yr−1), which
is the third-largest river in the world, and other smaller rivers,
including the Yellow River (0.6 × 1011 m−3 yr−1) and the Han
River (1.7 × 1010 m−3 yr−1) discharge onto this shelf. The
Changjiang has an annual discharge of 3.1 × 106 t of organic
carbon (Wang et al., 2012), 500 × 106 t of sediments (Xu et al.,
2018), and 0.8 × 106 t of dissolved inorganic nitrogen (Shen
and Liu, 2009). The Yellow River has an annual discharge of
0.5× 106 t of organic carbon (Ran et al., 2013) and 1,100× 106 t
of sediments (Ren and Shi, 1986).

Primary production in the ECS averages 400 mg C m−2 d−1,
with a large seasonal variation (Gong et al., 2003). The maximum
value in summer reaches 940 mg C m−2 d−1. This region is
regarded as an important sink of atmospheric CO2 because of its
high primary productivity, and this shelf accounts for∼9% of the
total carbon burial within ocean sediments (Zhai and Dai, 2009;
Song et al., 2018). Hung et al. (2013) suggested that a high portion
of the suspended POC (50–90%) is derived from sediment on this
shelf based on a vertical endmember mixing model. However,
the relative contributions of various sources of POC, together
with processes such as settling, resuspension, decomposition, and
burial of POC, in the sediment are still poorly understood in this
area. In addition, Zhu et al. (2006) reported that the cross-shelf
flux of POC from these shelf regions to the open ocean is also
significant, equivalent to∼2% of the Changjiang POC discharge.
Thus, the characterization of POC cycle in this shelf is important
to better understand the global carbon cycle.

In this study, we investigated the sources of POC and
the settling fluxes of POC and Al to the seafloor. Stable
carbon isotope ratio (δ13C) was used to differentiate terrestrial
vs. marine sources of POC (Cifuentes et al., 1996; Kohn,
2010), and radiocarbon isotope ratio (114C) was used to
determine the contribution of POC from sediment resuspension
(Kim et al., 2020). 234Th (half-life: 24.1 days) was used to
determine particle scavenging rates because it is particle-reactive,
whereas its parent, 238U (half-life: 4.5 × 109 y), is chemically
conservative in seawater. The fluxes of POC and trace elements
were determined using a box model based on 234Th–238U
disequilibrium (Buesseler et al., 2006; Black et al., 2019).

MATERIALS AND METHODS

Sampling
Samples were collected onboard the R/V Onnuri from 10
to 20 August 2020 (Figure 1). Hydrographic parameters,

including salinity and temperature, were obtained at 21 stations
using a conductivity–temperature–depth (CTD) instrument
(Seabird, SBE-911 plus). Chlorophyll-a (Chl-a) concentration
was determined by a fluorescence sensor (Wet Labs Eco-
AFL/FL) calibrated by an independent measurement using
a high-performance liquid chromatography (HPLC, Waters
2695). Water and particulate samples were collected at nine
stations using a Rosette sampler equipped with Niskin bottles
and in situ large volume filtration units with dual-filter
heads (WTS-LV, McLane Labs, United States), respectively. For
total 234Th (234Tht), 6 L water samples were collected in
10 L polyethylene bottles without filtration and immediately
acidified to pH = 1 using 8 N HNO3. Particulate samples
for measurements of 234Th (234Thp), POC, δ13C, 114C, and
trace elements were collected using a GF/F filter (Whatman,
0.7 µm pore size, 47 mm diameter) or a Supor filter (Pall,
0.8 µm pore size, 142 mm diameter) following pre-filtration
using a 51 µm pore-size filter. The average filtration volume
through the Supor and GF/F filters was ∼190 L and ∼15 L,
respectively. Filter pads were stored immediately in a freezer
at –70◦C.

234Th Analysis
The method used to obtain 234Tht in this study is described
in Seo et al. (2021). Briefly, an internal standard (230Th, 6.5
dpm) and Fe carrier (70 mg) were added to each acidified
seawater sample. After isotopic equilibration for 12 h, pH was
adjusted to ∼8 by adding 7% NH4OH solution. The supernatant
was siphoned off, and Fe precipitates were collected on a filter
paper (Whatman Grade 54). The recovered Fe precipitates
were dissolved with 8 N HNO3 and heated to release Th
to the solution. After heating, the solution was loaded onto
UTEVA resin (Eichrom Industries, Darien, IL), and Th was
eluted with 6 N HCl onboard. In the land-based laboratory,
Th was micro-precipitated with Ce for preparation of the
counting source. The Ce precipitates were collected on filter
paper (Eichrom, 0.1 µm pore size, and 25 mm diameter)
and placed on a stainless-steel plate. The 234Th activity was
measured using a beta counter (low-level RISØ beta counter,
Denmark) and was corrected for chemical recovery, decay,
and ingrowth from 238U. A series of counting was performed
to validate the decay curve of 234Th. 234Thp activity was
determined using the same method as for 234Tht , following acid
digestion (using a mixture of concentrated HCl and HNO3) of
a portion of the Supor filter that corresponded to ∼95 L of
seawater volume. The time delay between sampling and beta
measurement was 8 ± 1 d for all 234Th samples. The overall
measurement uncertainty was < 2% based on replicate analyses,
and the uncertainties for 234Th activities are based on 2-sigma
counting statistics.

Particulate Organic Carbon and Carbon
Isotope (δ13C and 114C) Analyses
For measurements of POC concentrations, a portion of the
GF/F filter corresponding to ∼2 L of water volume was
freeze-dried and then de-carbonated by HCl fumigation in
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FIGURE 1 | Bathymetric map showing the locations of sampling stations in
the study region. Triangles indicate sites where water sampling and particle
filtration were performed, and circles indicate hydrographic sampling sites.
Transects 1, 2, and 3 represent the Yellow Sea (YS), the East China Sea
(ECS), and the southern Sea of Korea (SSK), respectively. The arrows indicate
current systems in operation during the sampling period.

a desiccator (< 12 h) (Hedges and Stern, 1984). The de-
carbonated sample was heated (80◦C, 2 h) to remove residual
HCl. The POC content was measured using an elemental analyzer
(EA 2400 CHNS/O Series II, PerkinElmer, United States). The
procedural blank for POC (n = 3) was ∼1% of the average
sample concentration, and the relative uncertainty based on
multiple duplicate analyses was ∼0.2%. For measurements
of the δ13C and 114C of POC, a portion of the GF/F
filter corresponding to 7 ± 5 L of filtration volume was
used. The filter sample was de-carbonated and placed in
a double pre-combusted quartz tube with cupric oxide and
silver. The quartz tube was then flame-sealed and combusted
(850◦C, 4 h) to convert POC to CO2 gas; this CO2 was
cryogenically purified and stored in a Pyrex tube. Carbon
isotope ratios were determined at the National Ocean Sciences
Accelerator Mass Spectrometry Facility (NOSAMS) at the Woods
Hole Oceanographic Institution (WHOI), United States. The
procedural blank for isotope ratio analyses was < 1% of the
sample, and the measurement uncertainty for δ13C and 114C was
0.1 and < 10h, respectively.

Particulate Aluminum Analysis
A portion of the Supor filter, corresponding to ∼20 L water
volume, was placed in a Teflon acid-cycle digestion vessel
(60 mL), and 1 mL of 10% HF/50% HNO3 (v/v) digestion
solution was added (Ohnemus et al., 2014). The filter was
placed above the solution to enable sample digestion by
the acid fumes. A closed vial was placed on a graphite
surface hot plate at 130◦C for 6 h, and the solution
was dried after the filter was removed. The solution was
converted to 2% HNO3 and further diluted to an appropriate
concentration to enable measurement using a magnetic sector-
field inductively coupled plasma–mass spectrometer (ICP–MS,

Element 2, Thermo Scientific). The measurement accuracy
was verified using marine sediment reference materials (HISS-
1 and MESS-3, National Research Council of Canada). The
experimentally determined concentrations of the reference
materials were 94 ± 2% of the certified values. The procedural
blank (n = 5) was < 3% of the lowest sample concentration in
the study region.

RESULTS

Hydrographic Conditions
Temperature and salinity in the study region ranged from
4 to 29◦C and 26.7 to 34.7, respectively (Figure 2 and
Table 1). The surface mixed layer (SML) was 20–30 m
thick, except for the ECS sites where it was > 50 m thick.
A temperature-salinity (T–S) diagram for the study region
shows six major water masses (Figure 2D); the Shelf Mixed
Water (SMW); the warmer, less saline Changjiang Diluted
Water (CDW); the more saline Kuroshio Surface Water
(KSW); Kuroshio Subsurface Water (KSSW); the cold Kuroshio
Intermediate Water (KIW); the less saline Yellow Sea Bottom
Cold Water (YSBW).

We named each of the particle-sampling stations of the YS,
CDW, ECS1, and SSK according to the occurrences of the various
water masses (Figure 1). The bottom layer of the SSK stations
exhibited the lowest temperature and mainly comprised KIW.
The relatively high temperature (> 15◦C) observed in the 30–75
m layer at the ECS1 station was identified as KSSW and KSW
on the T–S diagram (Figure 2). The CDW, characterized by
the lowest salinity, was observed in the surface layer of the five
ECS stations (Figure 1, transect 2). The Chl-a concentration in
the surface water (< 20 m) was generally low (< 100 ng L−1),
except for a few hot spots (Figure 2C). A subsurface chlorophyll
maximum (SCM) was observed within the 20–50 m layer, with
the highest values (> 800 ng L−1) at the YS station. The Chl-
a concentrations were higher than the typical Kuroshio current
summer values (∼100 ng L−1), but lower than typical values in
the equivalent region during the spring and fall (500–2,000 ng
L−1; Kim et al., 2009).

234Th Activity
The activity of 234Tht varied from 0.22 to 1.57 dpm L−1, with
an average of 0.79 ± 0.03 dpm L−1 (n = 49) (Figure 3). 234Tht
activity was highest in the upper waters (< 30 m) except for the
ECS1 station, where the maximum value was observed at 100 m
depth. 238U activity, based on salinity (Owens et al., 2011), ranged
from 1.82 to 2.41 dpm L−1. The deficit of 234Tht relative to 238U
varied from 30 to 90%. The highest deficiency was observed at
the CDW and SSK stations. The deficiency of 234Tht in the study
region is similar to that in the Gulf of Maine and the continental
shelf off the Changjiang (McKee et al., 1984; Gustafsson et al.,
1998).

234Thp activity (0.8–51 µm particle size) ranged from 0.02 to
0.31 dpm L−1 (0.10 ± 0.01 dpm L−1, mean ± σ) (Figure 3). The
activity of 234Thp was 2–89% of 234Tht , with the highest value
in the bottom layer of the SSK1 station. In the surface layer, the
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TABLE 1 | Temperature (T), salinity (S), 234Th (total and particulate) and 238U activities, and POC concentrations in the East China Sea and the Yellow
Sea in August 2020.

Station Depth(m) T (◦C) S 234Tht (dpm L−1) 234Thp (dpm L−1) 238U (dpm L−1) POC (µM)

YS1 0 25.14 31.44 1.51 ± 0.07 0.035 ± 0.003 2.16 2.35

(124.10◦E, 36.93◦N) 10 23.99 31.44 1.39 ± 0.07 − 2.15 −

20 10.90 32.30 1.15 ± 0.06 0.252 ± 0.004 2.22 3.23

30 10.17 32.31 0.80 ± 0.05 − 2.22 −

50 10.12 32.30 1.03 ± 0.06 0.081 ± 0.003 2.22 2.30

68 10.12 32.09 1.03 ± 0.06 0.313 ± 0.007 2.22 8.70

YS2 0 25.90 31.47 1.23 ± 0.08 0.040 ± 0.002 2.16 4.19

(124.00◦E, 35.90◦N) 10 25.15 31.47 1.19 ± 0.08 − 2.16 −

20 16.43 32.11 1.23 ± 0.13 − 2.20 −

30 10.79 32.43 1.18 ± 0.08 − 2.24 −

50 9.59 32.55 0.50 ± 0.04 0.199 ± 0.008 2.24 3.75

68 9.68 32.56 0.52 ± 0.04 − 2.24 −

YS3 0 25.92 31.74 0.92 ± 0.07 0.079 ± 0.005 2.16 2.28

(124.00◦E, 34.72◦N) 10 25.32 31.79 1.15 ± 0.08 − 2.15 −

20 21.73 31.97 1.01 ± 0.08 − 2.22 −

50 10.89 33.14 0.94 ± 0.05 0.222 ± 0.009 2.22 2.66

74 10.88 33.13 0.55 ± 0.05 − 2.22 −

YS4 0 26.72 31.55 1.00 ± 0.11 0.127 ± 0.004 2.17 4.04

(124.00◦E, 33.80◦N) 10 26.23 31.60 1.01 ± 0.11 − 2.17 −

20 22.84 32.03 0.85 ± 0.08 0.104 ± 0.008 2.20 13.7

30 12.15 33.22 0.64 ± 0.09 0.087 ± 0.004 2.29 2.23

50 11.36 33.29 0.32 ± 0.05 − 2.30 −

65 11.37 33.28 0.56 ± 0.08 0.229 ± 0.011 2.30 4.99

CDW1 0 27.90 29.67 0.42 ± 0.04 0.020 ± 0.002 2.02 9.91

(124.90◦E, 32.60◦N) 10 25.24 30.64 0.45 ± 0.09 − 2.11 −

20 22.66 31.07 0.49 ± 0.04 0.015 ± 0.002 2.13 3.23

30 19.75 31.54 0.29 ± 0.04 0.033 ± 0.002 2.16 3.18

55 15.00 32.37 0.29 ± 0.03 0.077 ± 0.005 2.25 3.45

CDW2 0 29.43 27.14 0.46 ± 0.04 0.019 ± 0.002 1.82 4.97

(126.10◦E, 31.40◦N) 10 29.06 27.12 0.43 ± 0.05 − 1.83 −

20 23.62 31.06 0.70 ± 0.06 0.161 ± 0.018 2.15 1.93

30 17.18 32.15 0.42 ± 0.04 − 2.22 −

50 17.48 32.71 0.41 ± 0.04 0.104 ± 0.005 2.26 1.52

65 18.04 33.40 0.25 ± 0.03 0.046 ± 0.003 2.30 3.51

ECS1 0 29.41 32.17 1.13 ± 0.13 0.038 ± 0.002 2.21 3.01

(127.50◦E, 33.10◦N) 10 29.28 32.37 1.02 ± 0.09 − 2.24 −

30 27.39 33.90 1.26 ± 0.12 − 2.26 −

50 24.40 34.41 1.30 ± 0.12 0.058 ± 0.003 2.39 2.43

100 18.68 34.71 1.57 ± 0.20 0.051 ± 0.002 2.41 0.86

130 15.48 34.59 1.04 ± 0.06 0.117 ± 0.003 2.40 0.30

SSK1 0 23.89 29.92 0.47 ± 0.07 0.044 ± 0.002 1.98 35.5

(128.60◦E, 34.40◦N) 10 21.88 32.28 0.57 ± 0.08 − 2.19 −

30 16.87 33.51 0.37 ± 0.13 − 2.32 −

50 15.38 34.13 0.23 ± 0.07 0.201 ± 0.009 2.37 2.47

SSK2 0 21.83 31.28 0.44 ± 0.03 0.124 ± 0.017 2.11 4.12

(129.40◦E, 35.25◦N) 10 20.76 32.38 0.67 ± 0.06 − 2.26 −

30 17.12 34.17 1.31 ± 0.07 0.152 ± 0.005 2.37 1.07

50 15.32 34.33 0.35 ± 0.04 0.028 ± 0.003 2.38 1.60

75 12.94 34.40 0.69 ± 0.05 0.036 ± 0.002 2.39 0.29

activity of 234Thp ranged from 0.02 to 0.13 dpm L−1 (0.06± 0.04
dpm L−1), with the YS4 and SSK2 stations having slightly higher
values. The activity of 234Thp in the layer close to the seafloor

was about three times higher than that in the surface layer, except
for the CDW2 and SSK2 stations. The activity of 234Thp in large
particles (> 51 µm) was below the detection limit in all samples.
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FIGURE 2 | Distributions of (A) temperature (◦C), (B) salinity, (C) chlorophyll-a (ng L−1), and (D) temperature-salinity (T-S) diagrams in the study region. Water
masses are also indicated on the T-S diagram: CDW, KSW, KSSW, SMW, YSBW, and KIW refer to Changjiang Diluted Water, Kuroshio Surface Water, Kuroshio
Subsurface Water, Shelf Mixed Water, Yellow Sea Bottom Cold Water, and Kuroshio Intermediate Water, respectively.

Particulate Organic Carbon
POC concentration (0.8–51 µm particle size) showed a large
variation, ranging from 0.3 to 35 µM (3.5 ± 2.8 µM, mean ± σ)
(Figure 4A). Unusually high POC concentrations were observed
in the surface layer at the CDW1 (10 µM) and SSK1 (36 µM)
stations. These high values were validated by an independent
analysis of POC, using pressure measurement of the CO2 gas
obtained during POC combustion for carbon isotope analysis.
These anomalously high concentrations appear to be associated
with site-specific events that were not reflected in the distribution
of Chl-a. POC concentrations were higher in the surface and
bottom layers than in the middle layer, and they were higher at
the YS and CDW stations (4.1 ± 2.6 µM) than at the ECS and
SSK stations (1.8 ± 1.3 µM). The range of POC concentrations
is similar to that previously observed in the ECS during summer
(< 8 µM) (Hung et al., 2007).

δ13C and 114C Values of Particulate
Organic Carbon, and Aluminum
Concentration
The δ13C values of POC ranged from –29.4 to –18.9h. The
vertical variation at a given station (up to 3.2h) was much
smaller than the variation between stations (up to 11.0h)
(Figure 4B). δ13C values at the CDW stations were much higher

than those at other stations. The 114C values of POC ranged
from –312 to –28h (Figure 4C). 114C was generally lower in
the bottom layer, except for the SSK2 station, where the surface
value was also very low. The 114C values in the bottom layer were
lower than the range observed in the continental shelf regions of
the Atlantic (–120 to –50h) (Bauer et al., 2001; Raymond and
Bauer, 2001). The 114C values in the surface layer (–146 to –
28h) were also much lower than those of the dissolved inorganic
carbon (DIC) observed in this region (–8h—+12h, n = 3; Oh
and Hwang, 2021, unpublished results).

Particulate Al concentrations (0.7–51 µm size) ranged from
0.01 to 8.14 µM (Figure 4D). Al concentrations in the bottom
layer were much higher than in the overlying water column.
A similar range (< 5 µM) has been reported previously in this
region (Hsu et al., 1998), but these Al concentrations are higher
than those typically found in other shelf regions such as the Gulf
of Maine and the South Atlantic Bight (1–100 nM) (Windom and
Gross, 1989; Weinstein and Moran, 2004).

DISCUSSION

Sources of Particulate Organic Carbon
In surface waters, the 114C value of POC should be the same
as that of DIC if fresh biological production is the only source
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FIGURE 3 | Vertical distributions of 234Th in the Yellow Sea (YS), the East
China Sea (ECS), and the southern Sea of Korea (SSK). Circles and squares
indicate the total and particulate 234Th activities, respectively. The solid line
indicates 238U activity. Seafloor depths are indicated by horizontal bars. The
uncertainties of 234Th are 2-sigma counting statistics. The uncertainties of
234Thp are smaller than the symbol size.

of POC (Druffel et al., 1992). However, in the surface layer of
the study region, the 114C values of POC (–146 to –28h) were
much lower than those expected from the 114C values of DIC,
indicating inputs of aged POC, either from land or underlying
sediments. High concentrations of POC in the bottom layer,
together with low 114C values (–312 to –180h), indicate a
considerable contribution of resuspended sediments to the water
column. This is expected in light of the shallow bottom depths
and active tidal regime in this region. The δ13C values at the
YS stations (–25.5 to –23.9h) were lower than at the other
stations, implying a larger contribution of terrestrial POC. At
the ECS stations, δ13C values (–22.0 to –18.9h) were close to
the marine signature, indicating a dominant contribution from
in situ production, presumably via utilization of the nutrients
supplied by the Changjiang (Kwon et al., 2018).

To evaluate the respective contributions of POC from in situ
production, sediment resuspension, and riverine input, we used a
dual-isotope, three-endmember model (Drenzek et al., 2007):

f insitu + f sediment + f river = 1

114Cobserved = [finsitu × 114Cinsitu]

FIGURE 4 | Distributions of (A) POC concentration, (B) δ13C, (C) 114C, and
(D) particulate Al concentration, along the transect shown in Figure 1.

+ [f sediment × 114Csediment] + [f river × 114Criver]

δ13Cobserved = [finsitu × δ13Cinsitu]

+ [f sediment × δ13Csediment] + [f river × δ13Criver]

where fin situ, fsediment , and friver represent the fraction of POC
contributed by in situ production, sediment resuspension, and
riverine input, respectively. For this calculation, the mean 114C
value of DIC in the surface water of this region (0 ± 10h) was
used as the in situ production endmember (114Cin situ). The
mean 114C value of the surface sediments (–342 ± 82h) in
the ECS and YS regions was used as the sediment endmember
(114Csediment) (Bao et al., 2016), and the mean 114C value
of POC measured from the lower reaches of the Changjiang
(–114 ± 13h) was used as the riverine POC endmember
(114Criver) (Wang et al., 2012). The 114C of POC measured
in the Yellow River was extremely low (–531 ± 102h) (Wang
et al., 2012). The Yellow River was reported to be the major
source of the sediment in the central southern YS (Yang et al.,
2003). In this sense, the contribution of the Yellow River can be
considered to be included in the sediment endmember. Thus,
we excluded the Yellow River as a riverine POC source in
our calculation (Figure 5). Riverine input represented by the
Changjiang also includes the riverine POC from the Korean
peninsula. The in situ production value (δ13Cin situ; –19.7h) was
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assigned based on the assumed fractionation (–20h) from the
δ13C values of DIC (0.3h) (Oh and Hwang, 2021, unpublished
results). For the riverine POC endmember of δ13Criver , we used
the mean δ13C value of the POC (–27.7 ± 1.0h) measured
from the lower reaches of the Changjiang (Zhang et al., 2007;
Wang et al., 2012). The mean δ13C value of surface sediment
(–22.6 ± 0.72h) measured in the ECS and YS regions was
used as the sediment endmember (δ13Csediment) (Bao et al.,
2016). For the values located outside the lines of the three-
endmember model (Figure 5), only the influence of the other two
endmembers was considered.

The mean values of fin situ, fsediment , and friver in the surface
layer (0–20 m) were 51± 29, 18± 18, and 31± 25%, respectively
(Figure 6). Except for a few samples, POC from in situ production
and riverine input accounted for the majority of the POC in this
surface layer. In the middle layer (20–50 m), POC contributions
from in situ production (51± 28%) and riverine input (32± 27%)
were higher than those from sediment resuspension (17 ± 11%).
However, in the bottom layer (below 50 m), the major POC
source was sediment resuspension (65 ± 17%), with much lower
contributions from in situ production (18 ± 22%) and riverine
input (17 ± 13%) (Figure 6). Overall, the contribution of POC
from riverine input was highest in the YS region (46 ± 17%),
whereas in situ production was most important at the CDW
stations (66 ± 22%) (Figure 6). Low contribution of riverine
input at the CDW stations is counterintuitive. In situ production
at the mouth of the Changjiang and on its path may dilute the
riverine POC and thus δ13C value of the suspended POC shifts
toward higher values (Wu et al., 2003). It should be noted that

FIGURE 5 | Cross-plot of 114C and δ13C values of POC. The endmember
values of the Changjiang and the Yellow River are from Zhang et al. (2007) and
Wang et al. (2012), respectively. The endmember values of surface sediment
are from Bao et al. (2016). The endmember values of in situ production are
from the 114C, and fractionation-corrected δ13C values of DIC are observed
in this region (Oh and Hwang, unpublished, 2021; data).

the POC of low δ13C values at the YS sites may have been more
influenced by the sediment, which is composed mainly of the
Yellow River material with a smaller amount of the Changjiang
material (Shi et al., 2004). The cyclonic eddy in the southern
YS transports the resuspended sediment toward the center along
with the bottom layer (Shi et al., 2004). Thus, sediments from the
Yellow River with low δ13C values can thus be transported to the
YS stations upon resuspension. The extremely small contribution
of in situ production at the surface of SSK2 station may have been
caused by large riverine input at the time of sampling, suggested
by low salinity.

There was decoupling between the sediment δ13C values (–
22.6 ± 0.72h; mean ± σ) and the water column δ13C values
(–24.2 ± 0.84h) at the YS stations. Such a phenomenon was
also reported for the month of May in the study region (Cai
et al., 2003; Shi et al., 2004). This difference of δ13C value
between sediment and water column may be associated with
episodic riverine inputs, despite the sedimentary POC being
controlled mainly by marine sources over longer time scales.
Another potential cause could be isotopic fractionation via the
selective degradation of organic matter during sedimentation
(Bao et al., 2018).

Settling Rates and Fluxes of Particulate
Organic Carbon to the Seafloor
The residence times of 234Thp were determined using 234Th–
238U disequilibria. If the advection and diffusion of 234Th
are negligible at steady-state, the residence time of 234Thp is
expressed as follows (Coale and Bruland, 1987):

τp =
Ap
Th

AUλTh − Ad
ThλTh − Ap

ThλTh

where τp (d) is the residence time of 234Thp, AU is the activity
of 238U (dpm L−1), and λTh is the decay constant of 234Th
(0.0288 d−1). Ad

Th and Ap
Th are the activities of dissolved and

particulate 234Th (dpm L−1), respectively. Using this equation,
the residence times of 234Thp in the sampled water columns
ranged from 1 to 5 days, with an average of 2.6 ± 2.2 days
(Figure 3). The residence time was shortest at the CDW stations
(∼1 days), implying the efficient removal of 234Thp. Although
advection and diffusion of 234Th are important in dynamic
coastal waters, our sampling resolution was too low to allow
a more complicated model incorporating these components.
This simple assumption of negligible advection and diffusion
of 234Th is generally valid over a shelf scale (Cai et al., 2008;
Chen et al., 2008). The 234Thp residence times in the study
region were shorter than those observed in other continental shelf
regions such as the Gulf of Mexico and the northeast polynya
in Greenland (4–50 days) (Cochran et al., 1995; Baskaran et al.,
1996), but similar to those previously determined in this shelf
region (0.5–11 days) (McKee et al., 1984). The unusually rapid
settling of particles might have resulted from the large volume
of riverine particles, intense resuspension, and high biological
productivity in the study region, especially in the CDW.
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FIGURE 6 | (A) Relative and (B) actual contribution of each source to POC (green = in situ production, yellow hatched = sediment, and blue = riverine input).

Similarly, the flux of 234Th was calculated based on the
following equation (Owens et al., 2015):

PTh@z = λTh

∫ z

0
(AU − ATh)dz

where PTh@z is the particulate flux of 234Th, which is
integrated to depth z. In this study, we calculated 234Th flux to
the seafloor because 234Th-238U disequilibrium was persistent
throughout the water column. POC and Al fluxes to the seafloor
were then calculated by multiplying the ratio of each component
to 234Thp in the particles. The estimated POC settling flux to the
seafloor was 47 ± 2, 125 ± 3, 80 ± 10, and 60 ± 1 mmol m−2

d−1 for the YS, CDW, ECS, and SSK stations, respectively. These
POC settling fluxes, calculated using 234Th, include POC not
only from in situ biological production but also from sediment
resuspension and from riverine input. The CDW stations showed
the highest POC flux, together with high 114C values and short
234Thp residence times, indicating high in situ POC production
and rapid settling. The POC fluxes to the seafloor were similar to

the net primary production (106 ± 66 mmol C m−2 d−1) based
on satellite observations from 12 to 20 August 2020 obtained
from NOAA’s Center for Satellite Applications and Research.1

Considering the water column respiration, this observation
implies that other processes supply POC to the seafloor as
well. This is consistent with our estimate that the in situ POC
accounted for ∼50% of the suspended POC based on our dual-
isotope mixing model.

High concentrations of Al in the bottom layers of the YS
and CDW, and in the entire water column at the SSK1 station,
indicate the resuspension of bottom sediments, consistent with
the high POC concentrations and low 114C values at these
locations (Figure 4). Al is the major constituent of clay
minerals (Taylor, 1964) and thus can represent fine resuspended
sedimentary particles. The settling fluxes of Al were 8.0 ± 0.4,
3.8 ± 0.1, 1.1 ± 0.2, and 5.1 ± 2.1 mmol m−2 d−1 for
the YS, CDW, ECS, and SSK stations, respectively. The Al

1https://coastwatch.pfeg.noaa.gov/erddap/griddap
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that accumulates in the sediment of the ECS (0.13–1.21 mmol
m−2 d−1, an average of 0.52 mmol m−2 d−1) (Fang et al.,
2009) should be derived originally from riverine input, given
that atmospheric deposition was only 0.08 mmol m−2 d−1

(Uematsu et al., 2003; Figure 7). The net settling flux of Al,
based on 234Th, was about eight times higher than the burial
rate. Because Al represents lithogenic particles and its loss
by dissolution can be ignored, net Al flux to the sediment
should be equal to the burial rate unless it is lost by lateral
off-shelf transport. Thus, our results imply that the sediments
experience several cycles of resuspension and settling before they
are buried (Figure 7).

The net POC settling flux based on 234Th–238U disequilibrium
was one to two orders of magnitude higher than the POC
burial rates (1–3 mmol m−2 d−1) (Deng et al., 2006; Hu et al.,
2016; Figure 7), implying that > 90% of POC that settles to
the seafloor is oxidized before burial. Repeated resuspension
and settling likely facilitate oxic remineralization, in addition
to anoxic microbial processes within the sediment. During this
sedimentation process, dissolved organic carbon, fluorescent
dissolved organic matter, and inorganic nutrients are released
into the water column, as observed in previous studies (Chen and
Wang, 1999; Kim et al., 2018; Cho et al., 2019).

SUMMARY AND CONCLUSION

We examined the summertime distribution and carbon
isotope signatures (δ13C, 114C) of POC, together with the
concentrations of associated Al and 234Th, in a large continental
shelf region that includes the Yellow Sea (YS) and the East China
Sea (ECS). POC concentrations ranged from 0.3 to 35 µM, with
two-fold higher concentrations present in the bottom layer of the
YS and Changjiang Diluted Water (CDW) stations. These higher
POC values are caused by the active resuspension of sediments,
as evidenced by low 114C values and high Al concentrations.
Based on a three-endmember model using dual carbon isotope
ratios (δ13C, 114C), we found that POC was derived mainly from
in situ production (51 ± 29%) in the surface layer and sediment
resuspension (65 ± 17%) in the bottom layer, respectively. There
was a ∼25% POC contribution from riverine input in the entire
water column. POC contribution from in situ production was
more important in the CDW region, whereas riverine input was
more important in the YS region.

A deficiency of 234Th relative to 238U suggested short particle-
residence times in the water column (2.6 ± 2.2 days). Using
POC:234Th ratios, POC settling fluxes to the seafloor were
estimated to be 47–125 mmol m−2 d−1. This POC settling flux

FIGURE 7 | Schematics of Al and POC fluxes in (A) the Yellow Sea (YS) and (B) the Changjiang Diluted Water (CDW) regions. Riverine input of particulate Al was
estimated as the difference between the burial flux and atmospheric input. Uncertainties in the in situ production, riverine input, and sediment fluxes are assigned
as ± 30%, unless mentioned otherwise, based on the ranges of the endmember values in the source-apportionment calculations.
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was one to two orders of magnitude higher than the POC burial
rates, indicating effective oxidation (> 90%) of the settled POC
via repeated resuspension/re-deposition cycle before burial.

Overall, our results show that POC in this shelf setting has
various sources and undergoes complex processing, including
resuspension/re-deposition and extensive decomposition before
burial. We were able to identify several sources and quantify
their relative contributions to the suspended POC pool in the
shelf. The complexity of the studied region demonstrates the
necessity of using various tracers to understand the continental
shelf systems. The multi-pronged approaches we used may also
be applied to other continental shelf systems.
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