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Abstract We present the carbon isotope (**C and **C), dissolved inorganic carbon (DIC), and dissolved
organic carbon (DOC) concentration measurements in the South China Sea (SCS) to reveal the different
sources and cycling time scales of the two major carbon pools in the SCS. The DIC concentrations ranged
from 1,776 to 2,328 pmol kg_l, and they were lower at the surface and increased with depth. Conversely,
the DOC concentrations ranged from 38 to 95 uM, and they were higher on the surface and decreased rapidly
in the upper 500-m water depth. The DIC A™*C and DOC AC values varied from —227%. to 68%. and
—557%o to —258%s, respectively, and both decreased with depth until 1,500 m and then remained relatively
constant. DOC A™C values were —330%o lower than DIC A™C, indicating that DOC has cycled for much
longer than DIC in the SCS. The lower A'*C-DIC and A'*C-DOC values at depths shallower than 700 m were
mainly influenced by intensified vertical mixing, which upwelled the deep water with low AM™C-DIC and
AMC-DOC values for thorough mixture with the upper layer water. Conversely, the small difference in
the A'C signature in deep water (>1,500 m) between the SCS and the North Pacific confirmed the rapid
water exchange through the Luzon Strait and rapid water mixing in the SCS basin, which plays an
important role in controlling carbon cycling in the deep SCS.

Plain Language Summary Dissolved inorganic carbon (DIC) is the largest carbon pool in the
ocean and is closely linked to dissolved organic carbon (DOC), which is the largest exchangeable organic
carbon pool in the ocean. Both DIC and DOC play important roles in the global carbon cycle, but their
sources, distribution, and cycling time are different and controlled by different processes in the ocean. Here
we report radiocarbon and stable carbon isotope measurements of DIC and DOC collected in the South
China Sea (SCS) to reveal the sources and cycling time scales of the two major carbon pools in the SCS. The
A'C values and "C ages indicate that DOC has cycled for much longer than DIC in the SCS. The rapid
water exchange and mixing between the SCS and the Kuroshio Current in the Northwestern Pacific play
important roles in controlling the distributions and cycling of DIC and DOC in the SCS.

1. Introduction

Dissolved inorganic carbon (DIC) and dissolved organic carbon (DOC) represent two major but well-linked
carbon pools in the ocean, and both play important roles in the global carbon cycle (Hansell et al., 2009; Key,
1996). The distribution and dynamics of DIC and DOC in the ocean are modulated not only by anthropo-
genic CO, invasion and biological processes but also by changes in physical processes and ocean circulation
(Bercovici & Hansell, 2016; Carlson et al., 2010; Gruber, 2011; Hansell et al., 2009; Wakita et al., 2010; Winn
et al., 1998). Radiocarbon measurements of dissolved carbon (both DIC and DOC) have provided valuable
information on the sources and cycling time scales of each carbon pool (Druffel et al., 1992, 2008; Key
et al., 1996; McNichol et al., 2000; McNichol & Aluwihare, 2007; Williams & Druffel, 1987). Studies have
revealed that DIC and DOC have very different '*C ages in the ocean, which is related to the mechanisms
and processes controlling the sources and cycling of DIC and DOC. The DIC ages in the North Atlantic
and North Pacific (NP) were found to be 650 and 2,000 '*C years old, and the DOC ages in the North
Atlantic and NP were found to be 4,000 and 6,000 *C years old, respectively. The older ages of DIC and
DOC indicate much longer cycling time scales in the NP than in the North Atlantic (Druffel et al., 1992,
2008; Key et al., 1996; McNichol et al., 2000; Williams & Druffel, 1987). The vastly different *C ages of
DIC and DOC in the deep North Atlantic and NP oceans have been largely attributed to the time scale of
the deep ocean conveyor (Broecker et al., 1985; Druffel & Griffin, 2015; Key et al., 2004; Stuiver et al.,

DING ET AL.

1of14


https://orcid.org/0000-0002-2526-0699
https://doi.org/10.1029/2020JC016073
https://doi.org/10.1029/2020JC016073
http://dx.doi.org/10.1029/2020JC016073
http://dx.doi.org/10.1029/2020JC016073
http://dx.doi.org/10.1029/2020JC016073
mailto:xuchenwang@ouc.edu.cn
https://doi.org/10.1029/2020JC016073
http://publications.agu.org/journals/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2020JC016073&domain=pdf&date_stamp=2020-04-02

~1
AGU

ADVANCING EARTH
AND SPACE SCJENCE

Journal of Geophysical Research: Oceans 10.1029/2020JC016073

1983). However, the much older DOC than DIC (3,300-4,000 years) in the deep ocean remains an unsolved
mystery of the carbon cycle in the ocean (Druffel et al., 2016; Follett et al., 2014).

The South China Sea (SCS) is a semienclosed marginal sea in the western Pacific Ocean with a total area of
3.5 x 10° km? (Figure 1). The average water depth of the SCS is 1,210 m, and the deepest water depth in the
basin reaches 5,300 m. The SCS has a wide shelf (150-300 km) and slope in its northern part covering a sur-
face area of more than 1.2 x 10° km? and is connected to the East China Sea through the shallow Taiwan
Strait. The northern shelf region of the SCS is influenced by the input of the Pearl River, the third longest
river (~2,200 km) in China, which discharges approximately 3.3 x 10" m® of freshwater annually into the
SCS (Dai et al., 2014). The Luzon Strait, located at the northeastern rim with a maximal sill depth of
~2400 m, is the only deep channel that connects the SCS with the western Philippine Sea in the
Northwestern Pacific (NWP); this connection allows for water exchange between the SCS and the NWP
(Liu et al., 2008; Qu et al., 2006; Shu et al., 2014; Tian & Qu, 2012; Wang et al., 2016).

Several studies have been conducted to assess the carbon cycle in the SCS, including both the DIC and
DOC pools (Cao et al.,, 2011; Dai et al., 2009, 2013; Hung et al., 2007; Wu et al., 2015). Few records of
water DIC *C have been documented in the SCS. Gao et al. (2019) recently suggested that the spatial
variations in A'C-DIC values in the surface water of the SCS were mainly due to lateral mixing between
the SCS and NWP. The only four intermediate-deep depth seawater A"C-DIC data points measured in
the central SCS basin showed a rapid deep-water exchange between the two basins (Broecker et al,
1986). Furthermore, the exchange of DOC between the SCS and open ocean would also have important
implications for the DOC dynamics in the ocean interior, with an estimated 3.1 + 2.1 Tg C year " of
DOC exported to the adjacent open ocean through the Luzon Strait (Dai et al, 2009; Wu et al., 2015).
However, no records of water DOC 'C have been documented, and thus, the *C ages of DOC in the
SCS are unknown.

Here we report radiocarbon (**C) and stable carbon (**C) isotope values measured for the whole water col-
umn of six stations in the SCS and two stations in the eastern Luzon Strait. These new results provide useful
information on the carbon cycles, water exchange processes, and circulation processes in the SCS.

2. Methods
2.1. Study Site and Sample Collection

Water samples used for DIC and DOC analyses were collected from eight stations in the SCS and in the east-
ern region of the Luzon Strait (Figure 1) during three cruises. Water samples from stations S1, S2, and S3
were collected on R/V Shiyan 3 during 11-20 July 2015, and water samples from stations A11, D2, and K2
were collected on R/V Dongfanghong 2 during 11-24 May 2016. Samples from stations C05 and C08 were
collected on R/V Science in July-August 2019. General information on the sampling stations is provided
in supporting information Table S1. Stations CO5 and CO08 from the eastern Luzon Strait are located in the
main path of the Kuroshio Current in the NWP. Station D2 is in the northern slope region of the SCS,
and the water depth is 1,700 m. Other stations (S1, S2, S3, A11, and K2) are in the SCS basin, and the water
depth ranges from 2,800 (S1) to 4,300 m (S3) (Figure 1).

Water samples were collected using 12 L Niskin bottles attached to a rosette sampler with conductivity, tem-
perature, and depth sensors that recorded the temperature and salinity profiles. For DIC water collection, we
used the protocol described in McNichol and Jones (McNichol & Jones, 1991). Water was collected (after
overflowing ~100 ml) into prebaked 100 ml glass bottles with fine-ground glass stoppers using precleaned
silicone tubing connected directly to the Niskin bottle and immediately treated with 50 pl of saturated
HgCl, solution. Then, the bottles were capped tightly with grease-coated, ground glass stoppers and secured
with rubber bands to make a gas-tight seal to avoid CO, exchange with the atmosphere. All DIC samples
were kept in the dark at room temperature. DOC samples were transferred directly from the Niskin bottles
into a 1 L precleaned and combusted (at 550 °C for 4 hr) glass bottle after rinsing three times with seawater.
The water was immediately filtered onboard through prebaked (at 550 °C for 4 hr) 47 mm Whatman GF/F
filters (0.7 pm pore size). Then, the filtered seawater was acidified with superhigh-purity 85% H;PO, to
pH = 2 and frozen at —20 °C until analyses could be conducted.
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Figure 1. Map of the South China Sea (SCS) and the Northwestern Pacific. The sampling locations from the three SCS
cruises in June-July 2015 (black circles), May-June 2016 (black squares), and July-August 2019 (black triangles) are
also shown. The blue arrows indicate the northward-flowing Kuroshio Current as the major western boundary current of
the North Pacific and its branch into the SCS. The map was created with ODV (Schlitzer, 2017).

2.2. DIC and DOC Concentration Analyses

DIC and DOC concentrations were measured using a Shimadzu TOC-L analyzer equipped with an ASI-V
autosampler. DIC concentrations were analyzed using the total inorganic carbon mode and calibrated using
a six-point standard calibration curve prepared from reagent grade sodium carbonate and sodium bicarbo-
nate dissolved in Milli-Q water. The instrument blank and DIC values were checked against DIC reference
materials (CRMs supplied by Dr. A. Dickson at Scripps Institution of Oceanography). The total blanks asso-
ciated with DIC measurements were less than 3.0 uM, which is approximately <0.15% of the seawater DIC
concentrations, and the analytic precision of triplicate injections was <2%.

Concentrations of DOC were analyzed by the high-temperature catalytic oxidation method (Sharp et al.,
1995). DOC concentrations were calibrated using a six-point standard curve generated by using DOC
standard solutions prepared from potassium hydrogen phthalate and UV-oxidized purity Milli-Q water.
The running blank was determined using high-purity Milli-Q water that was analyzed between samples.
The quality assessment involved verification against low-carbon water and deep seawater (CRM Batch 13
with 41-44 pM DOC concentration) references provided by the Hansell Biogeochemical Laboratory at the
University of Miami. The average blank associated with DOC measurements was <5 pM, and the coeffi-
cient of variation for the analysis of the triplicate injections was approximately 3%. All samples were ana-
lyzed in duplicate from different vials, and the standard deviations of the replicate measurements ranged
from +0.1 to 4.0 uM.

2.3. DIC and DOC Isotopic Measurements

DIC samples were processed in the laboratory within 2 weeks after each cruise. DIC was extracted as gaseous
CO, using our modified method (Ge et al., 2016) based on McNichol et al. (1994), with an extraction effi-
ciency >96%. Briefly, in a Ny-filled glove box, a 50 ml water sample was injected into a preevacuated
100 ml borosilicate glass bottle with ground glass joint stripping probes. After the injection of 1.0 ml of
85% H3PO, using a glass syringe and stainless steel needle, the glass bottle with the acidified water sample
was placed in a hot water bath (70 °C) for 30 min and shaken by hand several times. At pH < 2, all forms of
DIC (carbonate, bicarbonate, and CO,) dissolved in water become CO,. At 70 °C under vacuum, the solubi-
lity of CO, in water is calculated to be <6.0 X 10~ umol L™, and it is expected that all CO, dissolved in water
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0 x Cco8 § and a DOC standard (oxalic acid) solution, yielding a high oxidation
33.5 3'4 34.5 3'5 efficiency (~95%) of DOC and reasonable low blanks (<4 pgC). The
) blank level was approximately <2% of the typically collected sample
Salinity

Figure 2. Potential temperature versus salinity (T-S) diagram for the sam-
pling stations in the SCS and the NWP. Isopycnals (o) are included in the
diagram. The colored symbols correspond to conductivity, temperature,
and depth data, and the dashed lines denote typical SCS water (S3) and
typical Kuroshio water (C08) from the three cruises during 2015-2019.

size (~220 pgC).

Both 8"°C and A'*C measurements were performed at the National Ocean
Sciences Accelerator Mass Spectrometry (NOSAMS) facility at the Woods
Hole Oceanographic Institution (WHOI) and at the Center for Isotope
Geochemistry and Geochronology (CIGG) at the Qingdao National
Laboratory for Marine Science and Technology (QNLM) in Qingdao,
China. Purified CO, samples were graphitized for 14C analysis using AMS. The AMC results were reported
as fraction modern (McNichol et al., 1994), and the conventional radiocarbon ages (years before present)
were calculated using the Libby half-life as described by Stuiver and Polach (1977). The total uncertainties
of the A™C measurements are +4.0%o and +6.0%. for DIC and DOC, respectively. The '°C value of each
DOC sample was measured on a small split of CO, that was produced from UV-oxidized DOC using a
Thermo 253 Plus Isotope Ratio Mass Spectrometer (IRMS). For §'>C-DIC measurements, a water sample
(1.5 ml) was transferred into a 30 ml prevacuumed LABCO vial and automatically analyzed using a
Thermo Delta-V IRMS coupled with a Thermo Gasbench II system at CIGG. The 8"3C values are reported
in %o relative to the VPDB standard for DIC with a total uncertainty of <0.2%., and IAEA standards
(IAEA-CH; Cellulose and IAEA-600 Caffeine) for DOC with a total uncertainty of +0.6%o.

3. Results
3.1. Hydrography

All the hydrographic data on temperature and salinity are summarized in Table S2. The temperature exhib-
ited highly constant and similar profiles through the water column for eight stations, even though water
samples were collected from different cruises in three different years (July 2015, May 2016, and
July-August 2019) (Figure S1). Water temperature decreased rapidly from the surface down to 1,500 m
(~30.5 to ~ 2.9 °C) and then remained constant below 1,500 m at density levels of g, > 27.6 (Figures S1
and 2). The salinity ranged from 33.786 to 34.993 and exhibited different depth-profile patterns from that
of temperature for the eight stations (Figure S1). As shown in the temperature-salinity (T-S) diagram
(Figure 2), the overall hydrographic properties showed an inverse “S” shape with different curved patterns.
Salinity increased rapidly with depth to reach a maximum at the density range of 23.0-24.9 g, (50-200 m
water depth) and subsequently decreased to a minimum of approximately 600 m (density o ~ 26.8). The sali-
nity at all stations remained relatively uniform at deeper depths (below 1,500 m) with a density layer of
0o > 27.6 (Figures 2 and S1). While the salinity maximum was reached at depths of approximately
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Figure 3. Depth profiles of DIC and DOC concentrations measured at the eight stations in the SCS and NWP during the
three cruises in 2015-2019. Note that the depth below 2,500 m is on a different scale.

50-200 m (23.0-24.9 gy) at all stations, this maximum was much less pronounced at the SCS basin stations
S1,82,83, A11, and K2 than at the other three stations (stations D2, C05, and C08); thus, less curved patterns
of T-S distributions were observed in the SCS basin (i.e., stations S1, S2, S3, A11, and K2) than in the eastern
Luzon Strait (i.e., stations C05 and C08) (Figure 2, red dashed line).

3.2. Concentrations and Distributions of DIC and DOC

The DIC concentrations ranged from 1,776-2,328 umol kg ™' (Table S2) and were lower in the surface layer
(<5 m depth) and increased with depth for all stations (Figure 3a). DIC concentrations were higher at sta-
tions S1 and K2 but lower at S3 in the upper 1,500 m depth. Below a depth of 1,500 m, the concentrations
of DIC remained less variable for each station. The DOC concentrations were highest in the surface
100 m of water depth (53-95 pM, Figure 3b and Table S2) and decreased rapidly to 500 m across all stations,
then remained constant in the range of 38-45 uM in deep waters (approximately below 1,500 m depth
except station D2). The average DOC values below 1,500 m for most stations (except station D2) ranged from
39 to 44 uM. The DOC concentrations at slope station D2 were significantly higher than those at most
stations in the upper 1,700 m water depth, and station S3 in the central basin had the lowest DOC concen-
trations (38-40 pM).

3.3. Isotopic Distributions of DIC and DOC

The AC and 8'3C results for both DIC and DOC are listed in Table S2, and depth profiles are presented in
Figure 4. The A" C-DIC values ranged from —227%o to 68%, with high values in the upper 100 m water depth
and decreased rapidly down to 1,500 m, although the trend exhibited some variations among the eight sta-
tions (Figure 4a). The most variability in A'*C-DIC was observed between 200 and 1,500 m depth, where
higher A'*C-DIC values were seen for samples at stations C05 and C08 in the NWP, with a range of 24%.
to 68%o in the upper 500 m depth. However, between 500 and 1,500 m depth, the A"C-DIC values at station
S1(—216%o to —110%o) were generally lower than those at other stations. The A**C-DIC profiles for the other
five stations (82, S3, A11, K2, and D2) showed a high degree of similarity (Figure 4a). The 53C-DIC values
ranged from —0.61%o to 0.72%o, and the values decreased rapidly in the upper 200 m depth for all stations
(Figure 4b). The §'>C-DIC values were less variable below 500 m with the exception of two high values
(0.05%0 and 0.22 %.) at station CO8.

The A™C and 8"*C values of DOC were measured only for samples collected from four stations (S1, S2,
$3, and A11). The A™C-DOC values were generally much lower than the A™C-DIC values, by —330%o,
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Figure 4. Depth profiles of (a) Ac-piIC, (b) 5t 3'C-DIC, (c) A¥C-DOC, and (d) 5'3C-DOC measured at the eight stations
in the SCS and NWP during three cruises in 2015-2019. Note that the depth below 2,500 m is on a different scale. The

. 14 4 . . .
following A" C-DIC and A" "C-DOC values are also shown for comparison with the results in this paper: (a) the
Northwestern Pacific stations P10-74 (28.5°N 149.3°E) in 1993, P10N-73(29.2°N 149.3°E) and P10N-64 (22.5°N 149.4°E)in
2005 (Fukasawa et al., 2005; Key, 1996; Key et al., 2002); and (c) the central North Pacific stations Eve-1 (31°N 159°W) in
1987, P16-106 (19°N 152°W) and P16-130 (31°N 152°W) in 2015 (Druffel et al., 1992, 2019).

and ranged from —557%o to —258%. (Table S2). However, the A™*C-DOC profiles for the four stations
exhibited a similar pattern to those of A™C-DIC, ie., higher values at the surface decreased quickly
with depth and then remained relatively constant below a water depth of 1,500 m (Figure 4c). The
lowest value (—557%c) was found in the central basin deep water (4,267 m) at station S3. The
83C-DOC values ranged from —20.5%. to —23.5%. with no obvious systematic variations with depth
for each station (Figure 4d).
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4. Discussion
4.1. Profiles of A™C-DIC: Implications for Water Mixing Dynamics in the SCS

The A™C-DIC and DIC concentrations have been used as conservative tracers of water mass movement and
water parcel homogenization in the ocean (Beaupré & Aluwihare, 2010; Ding et al., 2018; Key et al., 1996).
The majority of DIC in the surface ocean (0-100 m) is from atmospheric CO, entering the ocean through
air-sea exchange and dissolved as carbonate species. The A'*C-DIC values in the surface ocean thus reflect
the atmospheric bomb '*C signals, and the values subsequently decrease with depth as a consequence of
deep water isolation from the atmosphere and net radiocarbon decay (Druffel et al., 2016). The A™C-DIC
profiles measured for all stations both in the SCS and east of the Luzon Strait clearly reflect this trend
(Figure 4a). The average A'*C-DIC value (45%o) in the surface 50 m in the SCS was lower than the surface
A'C-DIC values (135%o for P10-74 and 88% on average for PLON-64 and P10N-73) at three earlier stations
(see details in Figure 4a) in the NWP. As reported by previous studies, the global average A'Cvalue in atmo-
spheric CO, has decreased from ~150%o in 1990 to ~31%. in 2012 (Hua et al., 2013; Levin et al., 2013), which
could account for the surface A'*C-DIC differences between our sites and the three earlier P10-Line stations.
Although the bomb “c signals have been well mixed into the upper 1,500 m depth of the water column in
the SCS and the east of Luzon Strait (Figure 4a), the upper ocean has now become a source of bomb '*C and
is capable of transferring '*C back to the atmosphere (Gao et al., 2019).

Considering the T-S diagram (Figure 2) and A'*C-DIC profiles (Figure 4a), the water below 1,500 m depth in
the SCS basin was well mixed during sampling. The observed salinity and A'C-DIC variations appeared
only in the upper 1,500 m depth. As one of the largest semienclosed marginal seas with a deep basin in
the tropical NWP, the surface circulation in the SCS is driven mainly by the influences of strong seasonal
monsoons (Hu et al., 2000; Liu et al., 2008; Su, 2004). The lower surface salinity at the five stations in the
SCS basin than at the stations (C05 and CO08) in the east of the Luzon Strait (Figures 2 and S1) is attributed
to precipitation exceeding evaporation in the SCS (Wang & Li, 2009). The Luzon Strait is the only deep chan-
nel for water movement and exchange between the SCS and NWP (Figure 1) (Liu et al., 2008; Shu et al., 2014;
Tian & Qu, 2012; Wang et al., 2016). The Kuroshio, which is the major western boundary current of the sub-
tropical NWP, flows northward along the coast of Luzon, and a fraction of the Kuroshio water passes
through the Luzon Strait and enters the SCS (Liu et al., 2008). Studies have shown that the vertical water
transport through the Luzon Strait exhibits a sandwiched three-layer structure with a net inward flow in
the upper (0-500 m) and deep (>1,500 m) layers and a net outflow in the middle layer (500-1,500 m) (Liu
et al., 2008; Shu et al., 2014; Tian et al., 2006). It is believed that the vertical motion induced by strong diffu-
sive mixing could be the primary mechanism driving deep circulation and meridional overturning circula-
tion in the SCS (Lan et al., 2013; Shu et al., 2014; Tian et al., 2009; Wang et al., 2016). Our A'*C-DIC
profiles of the eight stations seem to support this mechanism, confirming that water was well mixed deep
(>1,500 m) in the basin of the SCS during different sampling periods. Another important clue is the very
small difference in A'*C-DIC values in the deep water below 1,500 m between the SCS and NWP, implying
rapid water exchange through the Luzon Strait.

To examine the influence of the intrusion of the Kuroshio water mass into the SCS, we compared the
AM™C-DIC profiles in the upper 1,300 m depth at two stations (S1 and $3) in the SCS basin with a station
(C08) located in the path of the northward-flowing Kuroshio Current east of the Luzon Strait. As shown in
Figure 5, A™*C-DIC values at 500 m in the SCS were —100%o to —150% lower than Kuroshio water at the
same depth. In the Kuroshio path in the NWP, water was well mixed with the surface bomb '*C signals down
to 500 m, below which radiocarbon values decreased rapidly with depth. However, in the SCS, this high sur-
face atmospheric bomb '*C signal (~50%.) was observed only in the upper 100 m and then diluted rapidly
with deep low-A'*C water (Figures 4a and 5). This large variation in A'*C-DIC values between the SCS sta-
tions and NWP station in the upper water column cannot be explained by the decreased air-sea "*C gradient
(Gao et al., 2019; Graven et al., 2012). Hence, the differences between the SCS and Kuroshio reflect the dif-
ferent water masses and mixing dynamics. Compared with the Kuroshio water, it was likely that the lower
AM™C-DIC values in the upper 250-700 m depth inside the SCS were not influenced by the upper layer
(0-500 m) of the Kuroshio Current that intruded into the SCS through the Luzon Strait, but by the inter-
mediate or deep water masses of the NWP. As evidence, station S1 is located in the middle of the Luzon
Strait entrance and could be directly influenced by the Kuroshio water intrusion. However, the A'*C-DIC
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of the Kuroshio and vertical mixing process are demonstrated more
clearly in Figure 6, which plots the longitudinal cross-section distributions
of salinity, DIC concentrations, and A'*C-DIC values for the five stations
(K2, A11, S1, C05, and C08) from west to east across the Luzon Strait.
Combined with the T-S diagram (Figure 2), the cross-section salinity plot
(Figure 6a) showed that the water characteristics in the SCS have reduced
extreme salinity signals and less curved inverse “S™ shapes than those in
the eastern Luzon Strait due to upwelling and enhanced vertical mixing
in the SCS interior (Cao et al., 2011; Dai et al., 2009; Tian et al., 2009).
Physical oceanographic studies have reported that the abyssal basin of
the SCS is filled by deep NWP water flowing down the sill of the Luzon
Strait (Chen et al., 2001; Gong et al., 1992), and the deep SCS water is
believed to upwell into intermediate depths between 350 and 1,350 m
(Chen & Huang, 1996; Su, 2004). It is likely that the deep NP water with
low A™C-DIC values upwelled and mixed with the surface water, thus
reducing the observed A'*C-DIC profiles for the stations in the upper
250-700 m in the SCS. However, it appears that intensive upwelling and

—a— S]
—h— 83
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vertical mixing are relatively strong in the Luzon Strait (Tian et al.,

2009), resulting in much higher DIC concentrations and lower

14 . - .
Figure 5. The AM*C-DIC values (%o) versus water depth (m) measured in A" C-DIC valuesin the upper 250-1,000 m, asshown in Figures 6b and 6c.
the upper 1,300 m at stations S1, S3, and C08 in the SCS and NWP.

4.2. DOC and A™C-DOC in the SCS

Concentrations and distribution of DOC in the SCS showed typical DOC
vertical patterns in the ocean with accumulated DOC in the upper layer of the water column and relatively
constant values below 1,000 m water depth, reflecting DOC production in the euphotic zone and microbial
consumption with depth (Carlson et al., 1994; Hansell et al., 2009; Hansell & Carlson, 2001, 2013). The DOC
concentrations (average 75 + 8 pM) in the upper layer (0-100 m) during the spring and summer seasons
were comparable to the values previously reported by Dai et al. (2009) and recently reported by Wu et al.
(2015) for the SCS. The Kuroshio intrusion was the dominant factor in enhancing the DOC contents in
the SCS during spring (Wu et al., 2015). The elevated DOC levels at northern slope station D2 could have
been influenced by the stronger intrusion of the Kuroshio Current and high primary production in spring.
However, this intrusion was weaker in summer and decreased with distance from the Luzon Strait (Du
et al,, 2013; Nan et al., 2015), resulting in DOC concentrations that were not significantly elevated at other
stations in the SCS basin. The newly produced DOC was labile and rapidly remineralized in the euphotic
zone, leaving the refractory fraction of DOC to cycle in the deep water (Carlson et al., 2010; Hansell &
Carlson, 2013).

The A'C-DOC values in the upper 1,000 m of the water column were higher (Table S2) and contained bomb
1C, which was fixed into organic matter during photosynthesis. Although the general shapes of the
A'C-DOC and A™C-DIC profiles are similar (Figures 4a and 4c), there is a consistent offset between the
two profiles with lower A'*C-DOC values, corresponding to DOC “c ages approximately 3,900 + 248 years
older on average, similar to the age differences between the DOC and DIC pools in the oceans (Druffel et al.,
2016; Druffel & Bauer, 2000). Comparing the SCS A'C-DOC with the values reported previously in the cen-
tral NP (Figure 4c) showed lower A*C-DOC values (—322%, to —258%0) in the SCS water shallower than
250 m because of intense vertical mixing of the deep waters that upwelled to the surface in this marginal
sea, bringing lower A'C waters to the surface. In contrast, higher A™*C-DOC values (greater than
—250%0) were found on the surface of the subtropical Pacific, where downwelling is dominant (Druffel
et al., 2019). The relatively constant A™C-DOC values for samples below 1,500 m in the SCS were similar
to those from the central NP, with averages that were nearly equal within an acceptable error range
(—525 + 15%0 and —533 + 17%o, respectively) (Figure 4c). No significant aging of the DOC can be seen for
deep water in the SCS basin, suggesting that DOC has been transported with the inflow from the NWP as
it traveled across the Luzon Strait and well mixed into the deep water. Additionally, &' 3C-DOC values in
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Figure 6. Distribution of (a) salinity, (b) DIC concentrations, and (c) A**C-DIC values of the water samples collected from
five stations during three cruises in 2015-2019 using Ocean Data View (Schlitzer, 2017).

the SCS ranged between —20.5%. and —23.5%o, consistent with the values reported recently for DOC in the
ocean (Druffel et al., 2019; Zigah et al., 2017), suggesting that DOC cycling in the deep ocean could derive
from mixed marine, terrestrial, and hydrothermal sources (Follett et al., 2014; Zigah et al., 2017). The
surface circulation gyres affected by the strong monsoon have effectively isolated the SCS basin from the
influence of land runoff in a wide oligotrophic area, such as the interior of the major ocean basins (Gong
et al,, 1992; Hu et al., 2000; Liu et al., 2008). This finding supports the A*C-DOC profiles discussed above,
where intense diffusive and vertical mixing could be the main factors controlling the distributions of DOC
and A'C-DOC in the SCS.

The positive relationship of DOC concentration and A™C-DOC (R* = 0.79, p < 0.001 in Figure 7b) for the
stations further suggested that vertical mixing could describe mass and isotope balances of DOC between
surface and deep waters. In our study, if surface DOC in the SCS was comprised of a mixture of deep
DOC below 1,500 m depth (42 + 3 uM and —525 + 15%c on average, respectively) and modern
surface-produced DOC (74-42 = 32 uM with an average A'*C-DOC nearly equal to surface A'"*C-DIC value
0f 44%), then the total surface DOC (74 uM) would have a A™C value of —279% in the SCS. This calculated
value agrees with the average measured A'*C-DOC values (—291%o) in the upper 50 m (Figure 4c).
Furthermore, there was a significant correlation (R*> = 0.93, p < 0.001) between the A'*C-DOC and
A'™C-DIC values obtained from water in the same Niskin bottles at the four stations in the SCS
(Figure 7c). The parallel profiles and significant correlation suggest that DIC and DOC A'C are tightly
coupled throughout the entire water column, and a common process would influence both carbon pools,
as shown previously using data from the central NP (Beaupré & Druffel, 2009; Druffel et al., 2019).
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Figure 7. (a) DIC concentrations and AMC-DIC, (b) DOC concentrations and AMC-DOC, and (c) A™c-pDOC and
A C-DIC correlation plots for samples collected from the stations in the SCS and NWP. The solid black lines denote
linear regressions fit to the data.

4.3. Application of the Keeling Plot in the SCS

Keeling plot analyses that identify the A'C value of an excess component added to a background pool have
been performed on both oceanic DIC and DOC depth profiles to discern the consistency with solution-based
two-component mixing (Beaupré & Aluwihare, 2010). We examined the Keeling plots of DIC and DOC for
the SCS, as shown in Figure 8.

The Keeling plot of DIC is linear and possessed a high coefficient with R* = 0.66 (p < 0.001, n = 63), as
determined by Model II regression (geometric mean regression) (Figure 8a), confirming that the main
controls on the observed distributions of DIC and A'*C-DIC were hydrodynamic mixing processes within
the SCS. The DIC Keeling plot in the SCS (slope = 3.5 x 10°) is consistent with those obtained in the
Kuroshio Extension region and the eastern NP (4 x 10° and 4.29 x 10°, respectively), confirming that
DIC concentrations and A'™C-DIC can be used as conservative tracers of water mass movement and
water parcel homogenization (Beaupré & Aluwihare, 2010; Ding et al., 2018), and thus the distribution
of A"C-DIC could be predicted by the solution mixing model in the SCS. If we use the average value
of 49%, for A'C-DIC of the Kuroshio water mass in the upper 500 m depth (Stations C05 and C08)
and —218%. for A'C-DIC of the NP deep water at depths deeper than 1,500 m (Figure 8a and
Table S2), we calculated that 46-82% of the NP deep water could have been upwelled and mixed with
Kuroshio water in the upper 250-700 m depth based on the mass balance, thus resulting in the observed
AMC-DIC profiles in the SCS, suggesting that water mixing in the upper 800 m depth in the basin of the
SCS is quite dynamic and the ventilation by water exchange is more rapid in the upper 800 m depth than
that in the deep basin water.
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Figure 8. (a) DIC and (b) DOC Keeling plots of measurements from six and four stations, respectively, in the SCS. A
Model II regression (geometric mean regression) was used to estimate the slope and intercept of the regression line.
The black lines indicate the Model II geometric mean regression of all points.

The DOC Keeling plot (Figure 8b) was also linear and possessed an even higher coefficient of determina-
tion (R* = 0.82, p < 0.001, n = 39) in all depth profiles. This seemingly linear relationship indicates that
the A'C-DOC value of an excess component added to a background pool (Mortazavi & Chanton, 2004).
The intercepts of the DOC Keeling plots in the Pacific (73-188%.) and Atlantic (10-117%.) were similar to
the surface water A™C-DIC values in both oceans, suggesting that the excess DOC (DOCys) component
originated from recent production in the surface ocean and was further rapidly transported to mesopela-
gic waters (Beaupré & Aluwihare, 2010; Druffel et al., 2016; Mortazavi & Chanton, 2004). However, the
Keeling plot of the SCS DOC data revealed an intercept (—12 + 31%o) that was lower than the surface
AM™C-DIC values (42 + 7%o). This could imply that the surface production is not the only source for
DOC,s component in the deep SCS. The DOCy could be a mixed component derived from recent produc-
tion, old DOC from land, and recalcitrant DOC in the deep water. As a large semienclosed marginal sea
in the tropical NWP, enhanced diapycnal mixing and vertical motion could be the main factors influen-
cing the hydrological characteristics and DOC distribution in the SCS basin, which could be different
from those in the open oceans.

5. Conclusions

Our combined radiocarbon, stable carbon isotope, and concentration measurements of DIC and DOC in the
SCS revealed the nature of rapid carbon cycling in the SCS. We drew the following conclusions from this
study:

1. The concentrations of DIC ranged from 1,776 to 2,328 umol kg ', low at the surface and increasing with
depth. The A'*C-DIC values varied in the range of —227% to 68%o, high at the surface and decreasing
rapidly with depth to ~1,500 m, then remaining constant. The large variability in the AC signature in
the upper 1,000 m between the SCS and NWP reflects the different water masses and mixing dynamics.
The relatively lower A'*C-DIC values for the stations in the upper 250-700 m depth in the SCS were pri-
marily controlled by intensified vertical mixing, which upwelled the NP deep water with low AYC-DIC
valuesin the proportion of 46-82% and mixed with the Kuroshio water in the upper layer. In contrast, the
small difference in A"C-DIC values in the water deeper than 1,500 m confirmed the rapid water
exchange through the Luzon Strait and good water mixing in the basin of the SCS.
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2. The concentrations and A™C values of DOC in the SCS showed typical vertical distribution patterns in
the open ocean, with ranges of 38 to 95 pM and —557%. to —258%., respectively. The relatively low
A'C-DOC values in the SCS upper layer water (100-250 m) indicated vertical mixing of deep waters with
lower DOC A'C upwelled to the surface. However, the similarity of A'*C-DOC values below a depth of
1,500 m between the SCS and central NP suggested that DOC was transported with the inflow across the
Luzon Strait from the NWP and well mixed in the deep SCS.

3. Together with the carbon isotope and concentration measurements of DIC and DOC in the SCS, the
dynamics of DIC and DOC in the deep SCS are mainly controlled by hydrodynamic processes, such as
diffusive mixing and intensified vertical motion. In addition, the much older ages of DOC '“C than
DIC (by 3,900 + 248 years) implied that a large fraction of deep DOC has been cycled for a longer time
than DIC in the deep SCS.
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