ADVANCING
EARTHAND
ﬂuu SPACE SCIENCE

Journal of Geophysical Research: Oceans

RESEARCH ARTICLE

10.1029/2017JC013405

Key Points:

« Shelf-scale submarine groundwater
discharge was estimated using Ra

« Submarine groundwater discharge is
an important source of nutrients and
carbon on shelves

« Submarine groundwater discharge
must be considered in shelf
biogeochemical studies considering
their wide occurrences

Supporting Information:
« Supporting Information S1
« Data Set S1

« Data Set S2

« Data Set S3

Correspondence to:
G. Wang,
gzhwang@xmu.edu.cn

Citation:

Tan, E,, Wang, G., Moore, W. S, Li, Q,, &
Dai, M. (2018). Shelf-scale submarine
groundwater discharge in the northern
South China Sea and East China Sea
and its geochemical impacts. Journal
of Geophysical Research: Oceans, 123,
2997-3013. https://doi.org/10.1029/
2017JC013405

Received 5 SEP 2017

Accepted 2 APR 2018

Accepted article online 6 APR 2018
Published online 26 APR 2018

© 2018. American Geophysical Union.
All Rights Reserved.

Shelf-Scale Submarine Groundwater Discharge in the Northern
South China Sea and East China Sea and Its Geochemical
Impacts

Ehui Tan'2 (), Guizhi Wang'-2:3 (), Willard S. Moore* (", Qing Li'2, and Minhan Dai-2

State Key Laboratory of Marine Environmental Science, Xiamen University, Xiamen, China, 2College of Ocean and Earth
Sciences, Xiamen University, Xiamen, China, >Fujian Provincial Key Laboratory for Coastal Ecology and Environmental
Studies, Xiamen University, Xiamen, China, 4Department of Earth and Ocean Sciences, University of South Carolina,
Columbia, SC, USA

Abstract To evaluate biogeochemical impacts of shelf-scale submarine groundwater discharge (SGD),
the northern South China Sea (NSCS) and the East China Sea (ECS) shelf were chosen for this study. Based
on a three end-member mixing model and a Ra box model, SGD fluxes on NSCS (west and east of the Pearl
River Estuary, WPRE and EPRE, respectively) and ECS shelf in winter were estimated to be 3.8-9.5 X 10°,
1.4-2.2 X 10% and 0.7-2.2 X 10" m? d ™', respectively. Our results were equivalent to the SGD flux to the
entire Mediterranean Sea, and were an order of magnitude greater than fluxes to the South Atlantic Bight.
SGD associated nutrient fluxes into WPRE, EPRE and ECS were almost in the same order of magnitude,
0.2-2.4 X 10°> mol m~" d ™! for dissolved inorganic nitrogen, 1.2-9.8 mol m~' d~" for soluble reactive
phosphorus, and 0.4-3.4 X 10> mol m~' d ' for dissolved silicate. Moreover, SGD delivered 1.1-2.8 X 10%,
0.6-0.9 X 10% 1.7-5.1 X 10* mol m~" d™' dissolved inorganic carbon and 1.1-2.7 X 10* 0.5-0.8 X 10%,
1.6-4.8 X 10* mol m~' d~" total alkalinity to WPRE, EPRE and ECS, respectively. Shelf-scale SGD is a
significant source of nutrients and carbon, and may pose great impacts on regional marine ecosystems.

1. Introduction

Submarine groundwater discharge (SGD), which has been defined as any and all flow of water on continen-
tal margins from the seabed to the coastal ocean, regardless of fluid composition and driving forces, con-
tains fresh water derived from land and saline water from seawater exchange (Burnett et al., 2003). In the
last few decades, there has been growing attention to SGD and associated dissolved solute fluxes into
coastal oceans (Charette & Buesseler, 2004; Kohout & Kolipinski, 1967; Liu et al., 2012, 2014; Moore, 1998;
Street et al., 2008; Valiela et al.,, 1990; Wang et al.,, 2015).

SGD is a significant component of land-ocean interactions and material transport pathways for coastal sys-
tems (Moore, 2010a). Abundant dissolved solutes are carried by SGD, for example dissolved inorganic nitro-
gen (DIN), soluble reactive phosphorus (SRP), dissolved silicate (DSi), dissolved inorganic carbon (DIC), total
alkalinity (TA), and trace metals, with concentrations that are often an order of magnitude higher than those
in seawater (Charette & Buesseler, 2004; Sanders et al., 2012). Thus, SGD may have great impacts on local
ecosystems and biogeochemical cycles in coastal zones. Recent studies have found that nutrients from SGD
can drive harmful algal blooms, coastal eutrophication, and coastal acidification. Smith and Swarzenski
(2012) discussed the relationship between submarine groundwater-borne nutrient fluxes and recurrent
harmful algal blooms on the west-central Florida coast. They found that SGD-derived loads could narrow
the deficit between observed nutrients and bloom demands even if it was not the dominant nutrients
source. According to Lee et al. (2009), the large and continuous supply of inorganic nutrients through SGD
may play an important role in eutrophication and the occurrence of red tides in Masan Bay in Korea. Wang
et al. (2014) demonstrated that SGD could be a contributor to acidification of a coastal fringing reef system
in Sanya Bay in the South China Sea.

In general, SGD studies are mainly focused on coastal zones, including estuaries, bays, and islands, such as
Jiulong River estuary (Wang et al., 2015), West Neck Bay (Dulaiova et al., 2006), Yeongil Bay (Kim et al., 2007),
and Balearic Islands (Garcia-Solsona et al., 2009). Few studies have quantified SGD flux in shelf-scale regions
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Figure 1. Sampling sites on (a) the northern South China Sea shelf and (b) the
East China Sea shelf. The cross-shelf transects are marked by numbers 1-7 in
NSCS and 1-5 in ECS. Gray quadrangles show the study areas; WPRE and EPRE
are separated by transect 4 in NSCS.

and evaluated the geochemical impacts of SGD-associated material
fluxes on shelf waters, especially the influence on the carbon budget
and biological production (Gu et al., 2012; Liu et al., 2012, 2014). We
thus chose the northern South China Sea (NSCS) shelf and East China
Sea (ECS) shelf, two major river-dominated shelves off the China main-
land, to quantify the SGD flux using radium isotopes and provide a
quantitative and comparative assessment on how SGD-derived mate-
rials affect the shelf water.

Four naturally occurring radium isotopes, two short-lived isotopes
(***Ra and ***Ra) and two long-lived isotopes (**°Ra and >?®Ra), are
found to be powerful tools to trace SGD and water masses (Moore,
1999). Ra isotopes are generated from decay of their thorium parents.
Ra is largely particle-bound in fresh water, but desorbs from particles
in contact with saline water (Moore, 2010a). Thus, Ra is highly
enriched in salty coastal groundwater relative to seawater, and small
inputs of SGD can produce a strong Ra signal.

To estimate SGD fluxes in winter, we conducted two cruises in the study
regions and collected groundwater samples along the NSCS and ECS
coasts (Figure 1). Based on radium isotopes, 2°Ra and #*®Ra, and salinity
in groundwater and seawater, a three end-member mixing model and a
Ra box model were applied to quantify the SGD fluxes and associated
nutrients and carbon fluxes on the shelf of NSCS and ECS. From these
studies the geochemical impacts of SGD were evaluated.

2. Materials and Methods

2.1. Study Area

The Pearl River and Yangtze River are the dominant rivers in the NSCS
shelf and ECS shelf, respectively; the effects of other small rivers on the
discharge of water and sediments into the study areas are insignificant
(Ministry of Water Resources of PRC, 2010; Hong et al, 2016; Mao &
Shen, 2001; Wang et al., 2010) (supporting information Table S1). The
NSCS shelf is a typical river dominated region, which is influenced by
fresh water from the largest river in southern China, the Pearl River. It
has an annual freshwater discharge of 3.26 X 10" m? yr ' (Guo et al,

2008). After leaving the Pearl River Estuary, the river plume moves westward into the NSCS shelf and reaches
as far south as the Hainan Island, driven by the northeasterly monsoon in the winter dry season (Dong et al.,,
2004). The surface sediments on the NSCS continental shelf show grain size gradations from gravel inshore to
silt offshore (Luo et al.,, 1985). The region along the shoreline of the NSCS is composed of thick and widespread
quaternary deposits, with terrigenous and biogenous detritus as the major components (Zhang et al., 2003).

The Yangtze River is the third longest river in the world and the largest river in China with an annual mean
freshwater discharge of 0.9 X 10" m* yr ' (Milliman & Meade, 1983). The freshwater discharge has a signif-
icant seasonal variation, with a maximum in July to August and a minimum in January to February each
year. In winter the river plume is confined to move southwestward along the east coast of China under the
strong northeasterly monsoon winds, where it converges with the Yellow sea coastal current to form the
Min-Zhe coastal current (MZCC) along the inner shelf (Liu et al., 2006). On the outer shelf, the Taiwan Warm
Current (TWWC), flows northward with warm and high salinity water, which originates mainly from the Kur-
oshio Current (Beardsley et al., 1985; Lee & Chao, 2003; Lian et al.,, 2016; Liu et al., 2006); This current domi-
nates the outer continental shelf during all seasons.

2.2. Sampling and Pretreatment

Our cruises were carried out in the winter dry season from 6 to 25 January 2010 in the NSCS, and from 29
December 2009 to 4 January 2010 in the ECS on-board R/V Dongfanghong Il. The NSCS shelf was divided
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into two parts, the west and east of the Pearl River Estuary, WPRE and EPRE, respectively, based on different
water masses (Figure 1a). The other cruise was conducted in the ECS from the Yangtze River mouth and
southward to the east of Taiwan Island, including five shore perpendicular transects, where water depths
and distance offshore ranged from 23 to 200 m and 40 to 460 km, respectively (Figure 1b).

Large volume samples (offshore 200 L) for Ra isotopes were pumped from the sea surface into a polypropyl-
ene container. Then the water temperature and salinity were directly measured using a WTW analyzer, before
the water was pumped with a small submersible pump through a 1 um cartridge filter, then passed through a
column of MnO, coated acrylic fiber (Mn fiber) at a flow rate less than 1 L per minute to remove Ra (Moore,
1976; Moore et al., 1985). Surface water samples for nutrients, DIC and TA were taken from Niskin bottles
mounted on a rosette equipped with a calibrated Sea-Bird Electronics (SBE)-19-plus conductivity-temperature-
depth (CTD) recorder. Profiles of temperature and salinity at each station were recorded by CTD.

Coastal groundwater was sampled from wells and sandy beaches along the NSCS and ECS coasts using peri-
staltic pump and PushPoint sampler (Moore et al., 2006) (Figure 1). The sample volume for Ra was 8 L, and
the sample was processed using the same preconcentration method as for seawater. Total alkalinity (TA),
dissolved inorganic carbon (DIC) and major dissolved nutrients (DIN, DSi, SRP) samples were collected and
measured in the laboratory. Both TA and DIC samples were poisoned upon collection using 50 uL saturated
HgCl, solution, and stored in 100 mL polyethylene bottles and 40 mL borosilicate glass vials, respectively.
Samples for dissolved nutrients were filtered through 0.45 um filters and stored in 100 mL polyethylene bot-
tles. DIN and SRP samples were stored at —20°C, and DSi samples were stored at 4°C after being preserved
with chloroform upon collection.

2.3. Measurements of Ra Isotopes

There are four naturally-occurring radium isotopes: two short-lived, ***Ra (half-life = 11.4 day) and ***Ra
(half-life = 3.66 day), and two long-lived, 22°Ra (half-life = 1,600 years) and **®Ra (half-life = 5.75 year), which
are useful in tracing oceanographic processes (Moore, 2010a). 2>Ra and ?**Ra were measured using radium
delayed coincidence counters (RaDeCC), a proven, precise and fast way to measure 2*>Ra and ?**Ra in water
samples (Moore, 2003; Moore & Arnold, 1996; Rapaglia et al., 2012). The principle for the RaDeCC system is
that the system can utilize the difference in decay constants of the short-lived Po daughters of 2'°Rn and
229Rn to identify alpha particles derived from 2'°Rn and ??°Rn decay and hence to determine activities of
223Ra and %2*Ra on the Mn fiber (Moore, 2008; Moore & Cai, 2013).

In the laboratory, the Mn-fiber was washed with Ra-free deionized water to remove sea salts, partially dried to
adjust to an appropriate moisture content and placed in a closed loop helium circulation system. Helium was
circulated through the RaDeCC system to sweep the 2'°Rn and 2?°Rn generated by >*>Ra and ***Ra that were
absorbed on the Mn-fiber through a 1.1 L scintillation cell (Lucas, 1957), where alpha particles from the decay
of Rn and daughters were recorded with a photomultiplier tube (PMT) attached to the scintillation cell. The sig-
nals from the PMT were routed to the RaDeCC system (Giffin et al.,, 1963; Moore & Arnold, 1996). The samples
were remeasured after three weeks to determine the activity of ?Th to correct for supported ***Ra activity.

After *Ra, ***Ra and 2?Th were measured, the Mn-fibers were leached with a mixture of 1 M hydrochloric
acid solution and 1 M hydroxylamine hydrochloride solution at 80-90°C to remove Ra. Then ?*°Ra and ***Ra
in the solution were co-precipitated with BaSO, and the precipitate was sealed in a small counting vial for
21 days to insure ?*?Rn equilibration prior to being measured using a Canberra germanium well-type
gamma detectors (Moore, 1984).

Standards prepared from ??’Ac and 2*2Th were used to calibrate **>Ra-2'°Rn and 2?*Ra-?>°Rn measurements,
respectively. The standards for *°Ra and 2*Ra measurements were from International Atomic Energy
Agency. The errors for Ra isotopes measurements were less than 10% based on propagation of counting
statistics and counter calibration (Moore, 2008; Moore & Cai, 2013).

2.4. Measurements of TA, DIC, and Major Nutrients

TA was determined with Gran titration on a 25 mL water sample using a Kloehn digital syringe pump at a
precision of 0.1%. DIC was measured with infrared detection at a precision of 0.1%-0.3% (Cai & Wang, 1998).
The standard seawater from Andrew G. Dickson’s lab was used to calibrate the system at the precision of 2
umol kg~ ' for both TA and DIC measurement (Cai et al., 2004; Zhai et al., 2007).
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Nitrite (NO,), nitrate (NO™) and ammonium (NH;) were measured using routine spectrophotometric meth-
ods with a Technicon AA3 Auto-Analyzer (Bran-Luebbe, GmbH) (Han et al,, 2012). The detection limits were
0.02,0.07 and 0.16 pM, respectively. DIN is the total sum of NO,, NO; and NH; . SRP and DSi were measured
using typical spectrophotometric methods with a precision of 2% and 2.8%, respectively (Dai et al., 2008;
Han et al,, 2012).

2.5. Methods
2.5.1. Box Model
A box model for long-lived Ra has been frequently used to quantify the SGD flux (Charette et al., 2008;
Kwon et al., 2014; Smoak et al.,, 2012). Under the assumption of steady state, the sinks of Ra in the study
region must be balanced by the Ra sources. In addition to SGD, other Ra sources on the shelf include local
river inputs (dissolved and that desorbed from particles) and diffusion from shelf sediments (including the
effects of bioturbation). Ra carried by alongshore transport can be a source or a sink depending on the dif-
ference of Ra fluxes between the boundary transects in the box. The sink comes from mixing with offshore
water. Decay of long-lived Ra was ignored due to their relatively long half-lives compared to the time scale
of mixing on the shelf. Therefore, the Ra mass balance model can be written as follows:

1
;I = [Z(inVXiRariv)] +(AsedXiFsed)+(ngdXiRasgd)+[(QAXiRaA)_(QBXiRaB)} M
where the left term is the total Ra exchange flux (dpm d ") with offshore seawater, /I represents the excess
225Ra or ?®Ra inventory in the study regions and 7 is the residence time (days). The right terms are the vari-
ous Ra sources. [3(Q,;, X'Ra,;)] denotes the Ra flux from local major rivers, Q,, is the river discharge and
'Ra,;, is the Ra end-member in each river estuary; (Asq X'Fieq) is the diffusion flux from sediments, Aseq
denotes the sediments areas where the mixed layer extends to the bottom and IF.oq is the Ra diffusion and
bioturbation flux from sediments (dpm m~2d™"). (Qsga X'Rasgd) is the flux from SGD, Ra,q represents the
average activities of Ra in the groundwater and Q¢ is the SGD flux. Finally, [(Qa X'Ras) — (Qg X'Rag)] repre-
sents the alongshore transport flux. The subscripts A and B denote the northern and southern boundaries
of the box, Q is the net water flux through each boundary transect (m*® d ') and Ra is the average Ra activ-
ity in each transect. We can calculate the flux of SGD (Q.44) after quantifying other terms.

The approach used in the southeastern U.S. continental shelf (Moore, 2007) was applied to evaluate the 2*°Ra
and ?*®Ra inventories. Firstly, the excess *°Ra and ?*°Ra in the shelf water were obtained by subtracting the
background oceanic Ra activities (7.44 and 3.09 dpm 100 L™' for ?*°Ra and ?*®Ra at station A4 in the NSCS,
5.63 and 1.64 dpm 100 L~ for *°Ra and **®Ra at station DH54 in the ECS, respectively). For the calculation of
Vs, the study area was divided into multiple triangle boxes connecting three adjacent study stations. The Ra
inventory in each triangle box was calculated by multiplying the average excess Ra activities of the three adja-
cent stations by the volume of water in each triangle box. The calculation was based on the assumption that
the surface samples were representative of the entire mixed layer. This assumption is supported by the mixed
layer analysis shown in the supporting information Figures S3 and S4. The calculation was as follows.

n
1= " (VswxJex'Ra) )
=1
where I is the excess 2*°Ra or 2?®Ra inventory, n is the number of box, Vs, represents the water volume
(m3) of the surface mixed layer in the study region. The water volume in each triangle was calculated by
multiplying the area of the triangle and the average depth of the mixed layer. The integration of water vol-
ume over all the triangles was Vg, sy denotes the water volume of triangle box j. Jex'Ra represents the
average excess *2°Ra or 2?®Ra activities in triangle box j.
2.5.2. Calculation of Residence Time
Radium in the shelf water of NSCS and ECS was influenced by mixing with the offshore water, river inputs,
inputs from sediment diffusion and resuspension, and SGD. We assume the systems under study were in
steady state on a 2-3 week time scale, that is radium additions including radium fluxes from sediment, river,
and groundwater are balanced by losses caused by mixing and its radioactive decay. We used the activity
ratio of >>Ra and *?®Ra to calculate the water residence time on the shelf of northern South China Sea
(NSCS) and East China Sea (ECS) for the regions where the water column was well mixed. Thus we adopted
the approach of Moore et al. (2006) that considers continuous radium additions from sediments or SGD
with the following mathematical equation to estimate the residence time:
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where ex*?®Ra denotes the measured *?®Ra activity in excess of the value in the offshore surface seawater
(3.09 dpm 100 L™ in the NSCS and 1.64 dpm 100 L™ in the ECS). We use ***Ra because its half-life is more
appropriate to the time scale of mixing and normalize to ex*?®Ra to eliminate the influence of mixing with

offshore seawater. Here 2,5 is the decay constant for 2**Ra; 7 is the water residence time; F(TgR) designa-

tes the 22®Ra/ex*?®Ra activity ratio (AR) in the input water; / (TSR> represents the 2*>Ra/ex*?®Ra AR in the sys-

tems. We take the average ?*>Ra/ex**®Ra AR of 0.039 + 0.025 in the groundwater along the NSCS, and
0.031 = 0.024 along the ECS as the initial ratio value in the input water and applied in this model. We will jus-
tify this approximation by later showing that SGD is the primary source of 2 Ra and ?*®Ra to the study region.

As the surface water encounters areas where the water column was stratified in the NSCS, equation (3) is no
longer applicable because the bottom source of new Ra to surface waters is lost. Here we must use an alter-
nate model, which assumes that there is only a single and constant value for the Ra activity of the source
region. Also there are no additions or losses of Ra except for mixing and radioactive decay after the water
mass leaves the source region (Moore, 2000a). This model can be expressed as:

23p, 23p, )
]

228 228
ex“°Ra] .. |ex““Ra];

23 223
where, [TQ?R} designates the activity ratio measured in water samples in the study region; and %:a
Ol

represents the initial activity ratio of the radium source. We neglected the decay of **®Ra here due to the
relatively small 1,,5. The average **>Ra/ex**®Ra AR of 0.008 = 0.006 in the station E500a, E602 and A6 in the
NSCS was applied in this model. Theoretically, #**Ra also can be applied for the water residence time calcu-
lation, however, the 3.66 days half-life restricts its application to ~15 days. In this study, the **>Ra-based
ages are more appropriate.

2.5.3. Three End-Member Mixing Model

The end-member mixing model has been widely applied in the SGD studies (Moore, 2003, 2006). In this
study, the long-lived Ra isotopes and salinity, parameters we consider conservative in the study regions,
were applied to set up a three end-member mixing model to determine fractions of water sources. The fol-
lowing equations were set up.

f}+fo+fGW:1 (5)
Sifi+Sofo+Sewfew =Sm 6)
iRajf}+iRaofo+iRagwaW:iRaM (7)

where f is the fraction of water derived from each end-member, S and Ra denote the salinity and radium
activities (dpm 100 L, subscripts O and GW represent the oceanic and groundwater end-members,
respectively. j refers to the Pearl River, MZCC, and Yangtze River end-member based on temperature and
salinity distributions in the WPRE, EPRE and ECS, respectively (Figures 1 and 2). M designates the measured
value for individual samples and superscript i is 226 or 228. We ignored the decay of ?*°Ra and ***Ra due to
relatively short time scales of mixing, usually tens of days (Liu et al.,, 2012), in the shelf region. We also
ignored any input of Ra from shelf sediments beyond the river mixing zones. These equations were solved
for the fractions of each end-member.

'Ray —'Ragw. Sm—Sew
"Rao—'Ragw So—Sew 8)
Ra, 'Ragw Sj—Saw
"Rap—"Ragw So—Sew
Sm—Sew "Ray—'Ragw
Sj—Sew 'Ra;—'Ragw ©)
So—Sew. RaO*’RaGW
Sj—Sew 'Raj— "Ra;—'Ragw
fow=1—f—fo (10)

The SGD fluxes in our study regions were then calculated using the following equation.
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Figure 2. Contour maps showing distributions of (a) temperature (°C), (b) salinity, (c) 223Ra (dpm 100 L"), (d) ex*?*Ra (dpm 100 L™, corrected for the ingrowth

Longitude (°E)

from 228Th), (e) 2*°Ra (dpm 100 L") and (f) *®Ra (dpm 100 L") on the northern South China Sea shelf during 7-25 January 2010.

where Q ;4 denotes the flux of submarine groundwater discharge (m® d™"), Vg represents the water vol-

fow X Vsw

Qsgd=
sg <

ume (m?) of the surface mixed layer in the study region and 7 is the residence time.

3. Results

3.1. Hydrography in the NSCS and ECS

As seen from the distributions of temperature and salinity (Figures 2a, 2b, 3a, and 3b), there is a clear signal
that large plumes from the Pearl River and Yangtze River, respectively spread southward over the shelf of
NSCS and ECS under the intense northeasterly monsoon in winter.
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Figure 3. Contour maps showing distributions of (a) temperature (°C), (b) salinity, (c) ***Ra (dpm 100 L"), (d) ex***Ra (dpm 100 L™, corrected for the ingrowth
from 222Th), (e) #*°Ra (dpm 100 L™ ") and (f) >*®Ra (dpm 100 L") on the East China Sea shelf during 24 December 2009 to 4 January 2010.

On the shelf of NSCS, there were two regions characterized by low temperatures (16.8-20.8°C, Figure 2a)
and low salinities (31.4-33.3, Figure 2b), one induced by the southward spreading plume from the Pearl
River and the other from the Minzhe coastal current (MZCC) driven by the northeasterly monsoon in winter.
MZCC, as one of the main current systems on the western side in the Taiwan Strait, emanates from the
Yangtze River outlet and Hangzhou Bay. It is composed mainly of the Yangtze River and Qiantangjiang River
plumes, incorporating the Oujiang and Minjiang River plumes during its southward spreading. The MZCC
occurs in autumn, winter, and spring seasons driven by the northeasterly monsoon: it is characterized by
low temperature and low salinity (Pan et al.,, 2012; Zhang et al., 2005). However, these two regions were sep-
arated by a water mass with relatively high temperature (21.2-22.6°C) and salinity (33.9-34.4) offshore sur-
face seawater (Figures 2a and 2b).
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Similar scenes emerged on the ECS shelf, where the southward spreading Yangtze River plume was appar-
ent along the ECS coast with low temperatures (9.3-17.4°C, Figure 3a) and salinities (27.1-31.9, Figure 3b).
Abundant nutrients from the Yangtze River plume carried by the MZCC lead to increased harmful algal
blooms in ECS and Taiwan Strait under strong northeasterly monsoons in dry seasons (Li et al., 2014; Liu
et al, 2007). Additionally, we observed a relatively high temperature (18.1-22.9°C, Figure 3a) and salinity
(32.3-34.6, Figure 3b) water mass offshore caused by the Taiwan Strait Warm Water and Kuroshio Current
Water, both with features of high temperature and salinity.

In addition, based on sectional distributions of temperature, salinity and sigma-t, the water mass in the
NSCS was well mixed nearshore and stratified offshore (supporting information Figure S1), while the water
column in the ECS was almost well mixed (supporting information Figure S2). The mixed layer depth of
each station was estimated from sigma-t profiles in the NSCS and ECS (supporting information Figures S3
and S4). The sigma-t distribution in Transect 6 on NSCS shelf showed a band of low density water nearshore
with increasing density offshore, but then the trend reversed with lower density water beyond station
S402a, and at station S403 the density was as low as the nearshore water (supporting information Figure
S1). This sigma-t anomaly was caused by the low temperature and low salinity water mass from MZCC
driven by the northeasterly monsoon in winter (Liu et al., 2007). Similarly, the low density water nearshore
and offshore in transect 4 on the ECS shelf were mainly controlled by the low salinity water nearshore and
high temperature water offshore, respectively (supporting information Figure S2). However, the high den-
sity water mass nearshore in transect 5 on the ECS shelf was caused by the Yangtze River plume with low
temperature (supporting information Figure S2).

3.2. Ra Isotopes Distributions on the Shelf of NSCS and ECS

3.2.1. Surface Distributions of Ra Isotopes on the NSCS Shelf

Distributions of surface Ra showed considerable spatial variations in the study region (Figures 2c-2f and
supporting information Data Set S1). ?Ra, ex***Ra, *°Ra and ??®Ra ranged from 0 to 1.8, 0.4 to 33.8, 6.6 to
14.9, and 3.1 to 67.1 dpm 100 L™, respectively (Figure 2). The distributions of the four Ra isotopes followed
a similar pattern of decreasing gradually with distance offshore due to decay and mixing with offshore sea-
water. The same pattern was observed in other areas, such as South Atlantic Bight (Moore, 1998, 2000b)
and Sicily (Moore, 2006).

The activity of Ra was relatively high in EPRE, which was mainly influenced by MZCC. The activities of *Ra,
ex*?*Ra, 2?°Ra and **®Ra ranged from 0.4 to 1.0, 10.4 to 15.4, 6.0 to 9.3, and 31.6 to 40.1 dpm 100 L™,
respectively (Figures 2c-2f). Additionally, there were higher Ra activities in the Pearl River plume, which
matched the lower temperature and salinity region (Figures 2a and 2b). The activities of ?**Ra, ex***Ra,
22°Ra and 2*®Ra at Station A9, the closest station to the Pearl River Estuary at a water depth of 34 m, were
05+0.1,82*04, 6.7 +04, and 33.7 1.3 dpm 100 L', respectively (supporting information Data Set
S1). Nevertheless, the highest Ra activity (in dpm 100 L™ ') appeared at Station FOOb, 1.8 for **Ra, 33.8 for
22%Ra, 13.6 for *°Ra and 67.1 for *°Ra, which was 155 km away from Station A9 and coincided with the
lower temperature and salinity center of the plume.

3.2.2. Surface Distributions of Ra Isotopes on the ECS Shelf

The distributions of Ra isotopes on the ECS shelf followed a similar distribution pattern to that on the NSCS
shelf (Figures 3c-3f and supporting information Data Set S1). Activities of **Ra, ex***Ra, **°Ra and ***Ra
ranged from 0.2 to 1.9, 0.4 to 49.25, 5.5 to 22.1, and 1.6 to 133.5 dpm 100 L, respectively. The station with
the highest Ra activities did not appear at the Yangtze River mouth, but at Station DH21, which was 245 km
away from the Yangtze River mouth, with 1.9 = 0.4 dpm 100 L' for **Ra, 49.2 + 1.6 dpm 100 L' for
ex***Ra, 22.0 = 2.7 dpm 100 L™ ' for *°Ra, and 96.8 = 4.6 dpm 100 L' for ?*®Ra. We suspected that the
high Ra activities were the evidence of SGD. However, high activities of **°Ra and ?**Ra were not limited to
Station DH21, but more widely distributed compared to those of ?*Ra and ex***Ra, due to relatively long
half-lives of ?°Ra and ***Ra.

3.3. Ra Isotopes and Other Dissolved Constituents in the NSCS and ECS Coastal Groundwater

The salinity in the NSCS and ECS coastal groundwater ranged from 0 to 29.8, including fresh groundwater
from wells (0-0.7) and brackish groundwater (8.5-29.8) as pore water within the beach sediments (support-
ing information Figures S5 and S6). Generally speaking, Ra isotopes were enriched in all of the groundwater
samples (supporting information Data Sets S2 and S3), with an average of 43 = 12, 921 + 302, 108 * 82 and
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490 *+ 257 dpm 100 L' for 223Ra, ex***Ra, 2*°Ra and **®Ra in the NSCS coastal groundwater, respectively. In
the ECS coastal groundwater, the average values for ?*>Ra, ex***Ra, *°Ra and ?*®Ra were 0.6 + 12.4,
949 * 324,97 =71 and 544 = 193 dpm 100 L, respectively. The errors are one standard deviation, indicat-
ing large spatial variability in the activity of Ra in groundwater.

The groundwater also contained high concentrations of nutrients, DIC and TA (supporting information Data
Set S2 and S3). However, the concentrations of DIN, DSi, SRP, DIC and TA in the coastal groundwater showed
huge spatial variability, with values in the NSCS coastal groundwater of 0.4-1,250, 0.1-20, 30-700, 1,724-
13,000 and 1,645-14,200 uM, respectively. Similarly high concentrations were present for these solutes in the
ECS coastal groundwater, with values of 13-433, 0.1-12, 27-492, 700-14,000 and 534-13,000 uM, respectively.

4. Discussion

4.1. Water Residence Time

In aquatic systems, the fate of dissolved materials delivered into estuaries and other coastal ecosystems is
strongly influenced by residence time. Recently, radium isotopes have been widely used as geochemical trac-
ers to determine the residence time of water masses and ocean circulation (Knee et al,, 2011; Moore, 2000a;
Moore & de Oliveira, 2008; Street et al., 2008). We used the flux ratio of *>Ra/**®Ra to calculate the residence
time on the shelf of NSCS and ECS. Based on equations (3) and (4), residence time thus determined ranged
from 3 to 48 days on the NSCS shelf and 7 to 47 days on the ECS shelf. On average, the residence time was
18 == 8 days in WPRE, 19 = 14 days in EPRE on the NSCS shelf, and 23 = 10 days on the ECS shelf. These high
standard deviations are due to the spatial variations in the study areas (Moore & Krest, 2004).

4.2. Submarine Groundwater Discharge

The relationships between radium isotopes and salinity can be applied to further examine different Ra sour-
ces. As shown in supporting information Figures S5 and S6, there were remarkable Ra additions with regard
to the conservative mixing line between the river and seawater end-members in our study regions. The
addition, however, was not apparent for ex***Ra in the shelf water, probably due to its faster decay (days vs.
years) during mixing compared with other Ra isotopes. The excess Ra isotopes can be contributed by SGD
and diffusion from sediments in nearshore regions where the water column is well mixed, but not at off-
shore stations where water is stratified. *°Ra and *®Ra have long half-lives and behaved conservatively on
the shelf. Moreover, they were enriched in groundwater relative to the river plume and offshore seawater.
Therefore, long-lived Ra isotopes may be used as tracers to estimate the SGD flux. The model established
two boxes, one for WPRE and the other for EPRE, to calculate the SGD flux using the three end-member mix-
ing model and the Ra box model in the NSCS.

4.2.1. SGD Fluxes Derived From Three End-Member Mixing Model

It was clear from the salinity versus long-lived Ra plots in the NSCS (Figures 4a-4d) that most of the surface
data could be explained by mixing of three end-members, namely Pearl River plume (PRP), offshore surface
water (OSW), and SGD in the WPRE, and Min-Zhe coastal current water (MZCCW), OSW, and SGD in the
EPRE. The Pearl River plume was not considered in the EPRE because the river plume is deflected southward
in winter. Similarly, a three end-member mixing model was established in ECS, with three potential end-
members, Yangtze River plume (YRP), offshore surface water (OSW), and SGD (Figures 4e and 4f). End-
member values for the Yangtze River water were from literature (Su et al., 2015). The value for the SGD end-
member is the mean value in groundwater samples, assuming the beach groundwater represents the com-
position of all SGD entering the near-shore waters. The values of *°Ra, **®Ra, and salinity for the three end-
members applied on the NSCS and ECS shelf were listed in Table 1.

The model results are shown in Figure 5. The fraction of SGD in WPRE on the NSCS shelf ranged from 0.5 to
11.7% (average 2.1 *+ 2.5%) based on the ?*°Ra-salinity mixing model and 0.3 to 14.4% (average 2.9 =+ 3.1%)
using the #?®Ra-salinity relationship. Meanwhile, the groundwater fraction in EPRE ranged from 0.1 to 3.8%
(average 1.2 = 1.2%) and 0.1 to 9.7% (average 1.9 * 2.5%), respectively. In addition, the fraction of ground-
water on the ECS shelf based on 2*°Ra-S and ?*®Ra-S mixing model ranged from 1.8 to 8.2% (average
3.9+ 1.5%) and 0.3 to 12.5% (average 3.9 = 3.6%), respectively.

Based on equation (11) and values of parameters in Table 2, the SGD fluxes were calculated to be 1.6-38 X
10° m® d ™" using **®Ra and 10-47 X 10° m®* d ' using ?*®Ra in WPRE, and 0.2-4.3 X 10° m® d"' based on
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Figure 4. Salinity versus 2?°Ra and **®Ra in the surface water of WPRE (a and b) and EPRE (c and d) on the northern South
China Sea shelf and East China Sea shelf (e and f). Error bars reflect the spatial variation (10).

225Ra and 0.2-11 X 10° m® d ™' based on ?*®Ra in EPRE. In the same way, the SGD fluxes on the ECS shelf
were 9.8-46 X 10° and 1.5-70 X 10° m® d ™', respectively.

4.2.2. SGD Fluxes Estimated Using Box Models

In addition, box models were used to quantify the SGD input based on equation (1) and values of parame-
ters listed in Table 2. Primarily, the total offshore *°Ra and *?®Ra fluxes were obtained using the excess
22°Ra and *?®Ra inventory divided by residence time in the study area. Here, based on equation (2) and the
residence time, the 2°°Ra fluxes in the WPRE, EPRE, and ECS were calculated to be 2.6-5.6 X 10'% 0.4-2.9 X
10" and 4.3-11 X 10" dpm d~ ', respectively. The **®Ra fluxes were 1.7-3.9 X 10'3, 0.3-1.9 X 10'® and
2.7-6.9 X 10" dpm d ", respectively.

The riverine sources of Ra include the dissolved Ra and Ra that desorbs from particulate matter. The dis-
solved flux was calculated by multiplying the river flow rate with the river Ra activity. The Ra activities in the
Pearl River (Wang, 2014) and Yangtze River (Su et al., 2015) were the sum of the dissolved Ra and 40% of
the Ra carried in suspension at the river mouth (Gu et al.,, 2012). The riverine ?*°Ra flux was calculated to be
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Pearl River
Plume

Table 1
End-Member Values Used for **°Ra-S, and ?>°Ra-S Three End-Member Mixing Model to Estimate Submarine Groundwater
Discharge Fluxes to the Northern South China Sea (WPRE and EPRE) Shelf and East China Sea Shelf

226Ra 228Ra
dpm 100 L' dpm 100 L' Salinity References

WPRE and EPRE

Offshore surface water 6.0+ 04 3.1+04 345 This study

Groundwater 107.8 £81.9 489.6 = 256.8 20.1 This study

Pearl river plume® 149 +09 66.9 = 3.1 337 This study

Min-Zhe coastal current water® 93+06 359+24 342 This study
East China Sea

Offshore surface water 56 *0.1 1.6*=0.1 346 This study

Groundwater 96.9*+71.0 544.5 +193.2 26.7 This study

Yangtze river water 186+ 0.2 511 %27 17.0 Su et al. (2015)

Note. “=" indicates one standard deviation.
2Endmember in WPRE. °Endmember in EPRE.

23 X 10" and 6.5 X 10" dpm d~ ', accounting for 6.6% and 8.5% of the total **°Ra flux to the WPRE and
ECS box model, respectively. Similarly, the riverine *®Ra flux was 4.4 X 10" and 9.3 X 10"" dpm d ',
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Figure 5. Ternary diagram illustrating percentage contributions from each endmember for surface water of the northern South China Sea (a for WPRE and b for
EPRE), and East China Sea (c) based on Ra and salinity mixing model.
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Table 2
Values of Parameters Applied to Estimate Submarine Groundwater Discharge Fluxes to the Northern South China Sea and
East China Sea Shelf

NSCS ECS
Parameters EERe R 226R3 Zhe Units
Ray;, 789+ 1.6 150.8 + 4.7 62.1 25 892+ 47 dpm 100 L'
Rasgd 107.8 +81.9 489.6 + 256.8 969+ 71.0 5445 + 1932 dpm 100 L~"
Qiiv 2.9 % 108 1.1 X 10° m3d™!
7 (Residence time) 18 +8? 23*+10 days
19+ 14P

Ased 3.9 X 10" 1.6 x 10" m?

32 % 10"
Vow 5.9 X 102 1.3 x 10* km?

22 % 10%°

Note. “=" indicates one standard deviation.
2Residence time, sediment area and water volume in EPRE.  ®Residence time, sediment area and water volume in WPRE.

accounting for 1.9% in both cases. Note that the Ra from the Pearl River plume did not influence the EPRE
due to the southward flow of the river plume.

An additional source of Ra is its release from benthic sediments due to diffusion, bioturbation, and irrigation.
This source can be calculated by multiplying the area of the region where the mixed layer extends to the
bottom with the Ra flux from the sediments. We assume that the sediments are in steady state so the rate of
Ra regeneration within the upper sediments equals its flux out of the sediment. Coarser-grained (sandy) sedi-
ments cover approximately 50% and 60% of the NSCS and ECS while the remaining is fine-grained (mud)
sediments (Niino & Emery, 1961). We used the regeneration rate of 31.42 and 0.63 dpm m? d~' for **®Ra
from fine-grained and coarser-grained sediments, respectively (Moore et al,, 2008). For 2°Ra we used the
global average regeneration rate of 045 dpm m? d ' for *°Ra in continental shelf sediment (Hancock et al,, 2000;
Liu et al, 2014). The ?*°Ra flux from benthic sediments diffusion account for only 0.5% (1.8 X 10" dpm d™ "),
0.09% (1.4 X 10'° dpm d™ "), and 0.9% (7.0 X 10'® dpm d~") of the total ?*°Ra flux to the WPRE, EPRE, and
ECS shelf, respectively. The percentage of *?®Ra flux contributed from benthic sediments accounted for
2.7% (6.3 X 10" dpm d "), 4.5% (5.0 X 10" dpm d~ "), and 4.2% (2.0 X 10" dpm d "), respectively.

The Ra flux derived from alongshore transport can be a source or sink of Ra. This is determined by the speed
and direction of the current at the two boundaries perpendicular to the coast, and the difference of the Ra
activities between the two boundaries. The current in the NSCS in winter was southward with the surface veloc-
ity ranging from 0.01 to 0.23 m s~ ' (Gan & Qu, 2008), and an average rate of 0.13 m s~ '. The water transport
flux was calculated by multiplying the water velocity and the cross-sectional area, and then the difference of
water transport flux between two sections was the net water transport flux in the study region. Thus, the net
water transport flux in the WPRE was 5.3 X 10'° m?® d . The difference in 2*°Ra and **®Ra activities were 0.6
and 16.3 dpm m 3, respectively. Thus the *°Ra and ***Ra fluxes produced by alongshore transport were esti-
mated to be —3.1 X 10" and 8.7 X 10" dpm d™ ', only 0.9% and 3.8% of the total 2*°Ra and %?®Ra fluxes in
the WPRE, respectively. It must be noted that the negative and positive number mean a Ra sink and source for
the box model, respectively. Similarly, for the EPRE, the water net transport flux was 3.6 X 10" m® d™’, and
the ?%°Ra and ??®Ra activities in the southern border were 0.36 and 0.54 dpm m™> higher than that in the
northern border, respectively. Compared to the total Ra flux, the alongshore transport provided about 0.8%
(=13 X 10" dpm d~ ") and 0.2% (—2.0 X 10'° dpm d~ ") for 2*°Ra and ??®Ra flux. Similarly, we did the calcula-
tion for the ECS shelf. Liu and Gan (2012) showed that the dominant current direction was southward with an
average speed of 0.14 m s~ ' within the 200 m isobath. This produced a net transport flux of 1.4 X 10'" m?
d™', and the Ra activities in the southern boundary was relatively high compared to the northern boundary
with #°Ra and ?*®Ra of 0.4 and 15.6 dpm m 3, respectively. Similarly, the *?°Ra and ***Ra flux contributed by
current were estimated to be —5.7 X 10" dpm d " and —2.2 X 10'? dpm d ', accounting for 0.7% and 4.5%
of the total Ra flux, respectively.

In summary, the total Ra inputs to the study regions from rivers and sediment diffusion accounted for sev-
eral percent of the total Ra budget (supporting information Table S2). Thus, the input from SGD was the
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Table 3

The Synthesis of SGD Fluxes (10° m® d~ ') Calculated by Two Models in the Study

most important Ra source (more than 90%), lending support to the
assumption in calculating the residence time. Finally, based on equa-
tion (1), the total SGD fluxes derived from the ??°Ra box model were

Areas
0.1-6.1 X 10% 0.1-3.2 X 10° and 0.9-13.5 X 10° m* d™ ' on the WPRE,
Caleulation models EPRE and ECS shelf, respectively; and for the 2?®Ra box model, the
Three end-member Box SGD fluxes were similarly 0.7-7.9 X 10°,0.1-4.2 X 10° and 3.7-13.7 X
mixing model model 10° m* d~" on the WPRE, EPRE, and ECS shelf, respectively.
Study areas ~Ra ~Ra *Ra The results of SGD using the two models were synthesized in Table 3.
WPRE 10-47 0.1-6.1 0.7-79  We found that the SGD fluxes calculated by the three end-member
EPRE 02-11 01-32 0.1-4.2 mixing model were larger than the results obtained using the box
ECS 15770 05714 3771 model. In the box model, we considered almost all of Ra sources to the
study area, including groundwater input, river input, benthic sediments
diffusion and alongshore transport. However, only three end-members (groundwater, offshore seawater and
river input) were included in the three end-member mixing model, possibly leading to the overestimation of
the fraction of groundwater end-member, and consequent higher SGD fluxes. Considering the large ranges in
the SGD flux estimates (Table 3), we thus used the SGD fluxes calculated taking the average values of each
parameter in the three end-member mixing models and box models to represent the SGD fluxes in our study
regions. The SGD fluxes were estimated to be 3.8-9.5 X 10° m® d~" in WPRE, 14-2.2 X 10° m®* d~ " in EPRE
and 0.7-2.2 X 10"® m® d~ " in ECS. Compared to earlier studies, the SGD in winter was an order of magnitude
higher in EPRE (0.2-0.4 X 10° m® d™"; Liu et al, 2012) and 3x in ECS (0.2-1.0 X 10° m® d™ " in the Changjiang
effluent plume; Gu et al., 2012), respectively.
To put these results into context we can scale the fluxes to the shoreline being investigated. The shoreline
lengths of the WPRE, EPRE and ECS were 2,314, 2,202, and 3,010 km. When scaled to these coastline lengths,
the SGD rates were 1.6-4.1 X 10% 0.6-1.0 X 10% and 2.4-7.2 X 10> m®> m~' d™' in WPRE, EPRE and ECS,
respectively. A comparison of SGD fluxes from various regions is given in Table 4. The fluxes we estimated
are larger than the global average SGD flux, but are approximately in the same order of magnitude com-
pared with other studies in the same region (Table 4). The higher value for the ECS shelf may be due to the
much larger area of the shallow shelf.
4.3. Biogeochemical Impacts of SGD on the NSCS and ECS Shelf
It should be noted that the SGD fluxes estimated here include fresh groundwater and recirculated seawater
that has infiltrated coastal or permeable sediments on the shelf. The average net annual groundwater
recharge rates into groundwater system along the shorelines of WPRE, EPRE and ECS shelf were 1.3 X 10°
m3d~",87 X 10" m3d ™" and 5.5 X 10" m?® d™" (Zhang et al,, 2005). These only account for approximately
4.1%, 6.2% and 0.75% of the SGD fluxes, respectively. Thus our calculated SGD fluxes are composed mainly
Table 4
A Comparison of SGD Fluxes at Various Regions
Coast length SGD fluxes
Regions Date (km) 10°m*m~"d™") References
Yangtze Estuary, China Aug 2009 320 0.6-3.1 Guetal. (2012)
Northern South China Sea Jul 2008 308 1.1-1.2 Liu et al. (2012)
Yeongil Bay, Korea Aug 2004 57 0.1 Kim et al. (2007)
Mansan Bay, Korea Aug 2006 72 0.08 Lee et al. (2009)
Sicily Jul 2001 150 1 Moore, (2006)
Southwest Florida Shelf, USA Oct 2009 350 0.5 Liu et al. (2014)
South Atlantic Bight, USA Jul-1994 to Feb 2000 320-600 0.6-1.3 Moore, (2010b)
Southwest Brazil Dec 2004 240 0.35 Windom et al., (2006)
Mediterranean 1981-2014 64,000 0.01-0.21 Rodellas et al., (2015)
Atlantic 1981-1999 85,000 0.65-1.3 Moore et al., (2008)
Global 1971-2014 13,64,700 0.24 Kwon et al. (2014)
WPRE Jan 2010 2,314 1.6-4.1 This study
EPRE Jan 2010 2,202 0.6-1.0 This study
ECS Dec 2009 3,010 24-72 This study
TAN ET AL. 3009
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Table 5
SGD-Associated Nutrients (DIN, SRP, and DSi), Dissolved Inorganic Carbon (DIC), and Total Alkalinity (TA) Fluxes and the
Linear Shore Normalized Fluxes into the Northern South China Sea Shelf and East China Sea Shelf

Northern South China Sea

Fluxes Units WPRE EPRE East China Sea

DIN mol d ™’ 0.4-1.1 X 10° 16-2.5 X 10® 0.9-2.7 X 10°
molm~'d™’ 0.5-1.2 X 10® 0.2-04 X 10° 0.8-2.4 X 10°

SRP mol d ™’ 1.7-4.3 X 10° 0.9-1.3 X 10° 3.6-10.9 X 10°
molm~"d™’ 1.9-47 1.2-19 3.2-9.8

DSi mol d ™’ 0.6-1.6 X 10° 24-37 X 108 1.3-3.8 X 10°
molm 'd™’ 0.7-1.7 X 10® 0.4-0.5 X 10® 1.1-34 X 10°

DIC mol d ™’ 1.0-2.6 X 10' 3.8-5.9 X 10° 1.9-5.6 X 10"
molm~"d™’ 1.1-2.8 X 10* 0.6-0.9 x 10* 1.7-5.1 X 10*

TA mold ™" 1.0-2.4 X 10'° 3.6-5.5 X 10° 1.8-5.4 X 10'°
molm 'd™' 1.1-2.7 X 10* 0.5-0.8 X 10* 1.6-4.8 X 10*

of recirculated seawater. Therefore, the nutrients, DIC and TA fluxes carried by SGD can be calculated by
multiplying the SGD flux with the difference between the average concentrations in saline groundwater
and seawater (supporting information Table S3). The nutrient and carbon fluxes and area-normalized fluxes
to the NSCS (WPRE and EPRE) and ECS shelf from SGD are listed in Table 5. The shoreline-normalized
nutrients, DIC and TA fluxes from SGD into WPRE were a factor of ~2-3 greater than that into EPRE and
have a similar magnitude to that in ECS. In addition, it is quite clear that SGD was the dominant inorganic
carbon source for the shelf water in NSCS and ECS compared with the carbon fluxes from local major rivers,
the dry season flux from the Pearl River (6.5 X 10 mol d~") (Guo et al., 2008) and the annual flux from the
Yangtze River (4.2 X 10° mol d ") (Zhai et al., 2007).

According to the volume and residence time of our study areas, when the DIC flux derived from SGD was
released to seawater, the DIC concentrations in the seawater would increase by 31-77, 33-50, and 32-98
uM, and account for 1.5-3.8%, 1.6-2.5% and 1.6-4.9% of the average DIC concentration on the WPRE, EPRE
and ECS shelves, respectively. The shelf scale SGD is a significant net source of nutrients and carbon to the
study regions, and it likely has great impacts on the local marine ecosystem when such abundant nutrients
and carbon are delivered into the upper water column. Shelf-scale SGD cannot be overlooked in shelf bio-
geochemical studies considering their wide occurrences and important net export material fluxes into shelf
waters. In studies of biogeochemistry, especially the carbon cycle in marginal seas, the role of SGD on the
carbon budget in regional and global scales must be considered.

4.4. Uncertainty Analysis

Based on error propagation (supporting information Methods), the major uncertainty in the SGD flux esti-
mated using the three end-member mixing model comes from the spatial variation in the fraction of SGD,
accounting for 78.8-81.9%, 89.9-95.5% and 64.3-80.1%, respectively (supporting information Table S4). How-
ever, the uncertainty in the fraction of SGD mainly resulted from the spatial variation of the SGD endmember.
If the offshore SGD endmembers were 50% different from the coastal groundwater, the SGD estimates would
change by 27.3% for **°Ra and 36.9% for 2?®Ra in the WPRE, 38.7% for **°Ra and 44.4% for %*®Ra in the EPRE,
35.2% for **°Ra and 37.4% for 2*®Ra in the ECS, respectively, indicating the importance to evaluate the ground-
water endmember accurately. The residence time was a minor error source, which accounted for 18.1-21.2%,
4.5-10.1% and 19.9-35.7% uncertainty in WPRE, EPRE and ECS, respectively (supporting information Table S4).

The uncertainty in the SGD flux based on the box model was estimated to be mainly from spatial variation in
the residence time (38.7-58.4%, 25.9-45.5% and 49.1-82.1% uncertainty in WPRE, EPRE and ECS, respectively),
and the spatial variation in Ra activity in the coastal groundwater (41.6-61.2%, 54.4-73.9% and 17.9-50.9%
uncertainty in WPRE, EPRE and ECS, respectively). The uncertainties in the inventory of Ra in the study region
and the Ra activity in the river endmember were insignificant since the contribution to total uncertainties were
less than 1% (supporting information Table S5). Here the uncertainty in Q,;, Aseq and F,.q was taken to be 0.

The uncertainty in the net SGD-associated nutrients and carbon fluxes resulted not only from the uncer-
tainty in the SGD flux, but also from the spatial variation in the concentration of these materials in the

TAN ET AL.

3010



~1
AGU

100

ADVANCING EARTH
/AND SPACE SCIENCE

Journal of Geophysical Research: Oceans

10.1029/2017JC013405

Acknowledgments

We thank the crew on RV
Dongfanghong Il for their assistance in
the shelf cruises. Shuling Wang and
Zhangyong Wang helped in
groundwater sampling and
measurements. 2*°Ra and ??®Ra on the
ECS shelf and some on the NSCS shelf
were measured in Chih-An Huh's lab.
We appreciate the CTD data from
Jianyu Hu. We are grateful to
anonymous reviewers for their
constructive comments. The cruises
were supported by the MOST
(2009CB421204) and the sampling was
funded by the National Natural
Science Foundation of China
(41006041). The study was also funded
by MOST (2015CB954001) and the
National Natural Science Foundation
of China (41576074). Readers can find
and access all the data from the data
sets in the supporting information.

coastal groundwater and seawater. The uncertainties caused by SGD flux and the nutrients concentration in
coastal groundwater were nearly in the same magnitude, however, the spatial variation in the concentration
of these materials in coastal groundwater was a more significant error source (the contribution to total
uncertainty for carbon and nutrients varied from 65.0 to 80.2%, from 60.9 to 78.2% and from 62.2 to 90.9%
in WPRE, EPRE and ECS, respectively) in this study (supporting information Table S6). The uncertainty result-
ing from the spatial variation in the concentration of materials in seawater was insignificant (the uncertain-
ties were less than 0.3%), except for the SRP flux, which resulted in 13.7%, 6.9% and 3.6% uncertainty in
WPRE, EPRE and ECS, respectively (supporting information Table S6). Even considering these uncertainties,
the conclusions drawn using the average values of the parameters in this study would not change.

5. Conclusions

We calculated the SGD fluxes to the NSCS and ECS shelf in winter combining the three end-member mixing
model with the Ra box model. Notably, both the fresh groundwater and circulated seawater that has infil-
trated coastal or permeable sediments on the shelf were contained in the SGD fluxes estimated here. SGD
fluxes on NSCS (west and east of the Pearl River Estuary, WPRE and EPRE, respectively) and ECS shelf in winter
were estimated to be 3.8-9.5 X 10% 1.4-2.2 X 10° and 0.7-2.2 X10'® m*® d ', respectively. Our results were
equivalent to the SGD flux to the entire Mediterranean Sea, and were an order of magnitude greater than
fluxes to the South Atlantic Bight. SGD associated nutrient fluxes into WPRE, EPRE and ECS were almost in the
same order of magnitude, 0.2-2.4 X 10> mol m~" d™" for DIN, 1.2-9.8 mol m~" d™" for SRP, and 0.4-3.4 X
10° mol m~" d~" for DSi. Moreover, SGD delivered 1.1-2.8 X 10% 0.6-0.9 X 10% 1.7-5.1 X 10* mol m~" d~'
DIC and 1.1-2.7 X 10% 0.5-0.8 X 10% 1.6-4.8 X 10° mol m~' d ™' TA to WPRE, EPRE and ECS, respectively. As
a result, the DIC concentrations in seawater would increase by tens of micromoles per liter. We found that the
shelf-scale SGD is an important carbon source and can have great impacts on the carbonate system. Although
there still exist many difficulties and uncertainties in studying SGD on shelf scale, the influences of SGD in
coastal and shelf-scale ocean cannot be ignored. In future studies of biogeochemistry, especially the carbon
cycle, the role of SGD on the carbon budget in regional and global scales should be considered.
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