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Abstract The biogeochemical processes in the continental shelf systems are usually extensively
influenced by coastal upwelling and submarine groundwater discharge (SGD). Using eastern Hainan
upwelling shelf system as an example, this study fully investigates SGD and coastal upwelling and their
effects on the coastal nutrient loadings to the mixing layer of eastern Hainan shelf. Based on the spatial
distributions of ?2>Ra and ?*®Ra, water residence time is estimated to be 16.9 + 8.9 days. Based on the mass
balance models of 2*°Ra and ??®Ra, the total SGD of the eastern Hainan shelf is estimated to be 0.8 X 10°
and 1.4 X 108 m*® d™", respectively. The groundwater borne dissolved inorganic nitrogen (DIN) and
dissolved inorganic phosphate (DIP) are estimated to be up to 1121.8 and 20.4 uM m? d~". The coastal
upwelling delivers 2741.8 uM m?d " DIN and 217.7 uM m?* d " DIP into the mixing layer, which are
predominant in all the exogenous nutrient inputs. The groundwater borne DIN will support a maximum
new production of 7.5 mM C m? d ™', about up to 24.0% of the total new production in the study area. SGD-
derived nutrient could be significant as a missing DIN to support the new production in the mixing layer of
eastern Hainan shelf. The findings contribute to a better understanding of biogeochemical processes under
the influences of SGD and coastal upwelling in the study area and other similar coastal upwelling systems.

1. Introduction

There has been a common recognition of the importance of groundwater borne constitutes to the coasts
since 1980s (Johannes & Hearn, 1985; Valiela et al., 1978, 1992). Submarine groundwater discharge (SGD),
principally driven by the hydrologic gradient, tidal, and wave pumping, is defined as any or all fluids dis-
charging from the seedbed to the coasts, and considered to be the conveyor delivering significant consti-
tutes to the coasts (Burnett et al., 2003; Moore, 2010; Sawyer et al., 2016).

The SGD occurs in coastal aquifers the scales varying from intertidal, embayment, to continental (Bratton,
2010). The SGD study has been integrated with that of coastal ecosystem dynamics because SGD-borne
nutrients are considered to lead to the coastal eutrophication and hypoxia, and maybe be the causative
factor of red tide outbreaks (Gonneea & Charette, 2014; Luo & Jiao, 2016; Peterson et al., 2016; Talbot et al.,
2003). SGD can occur through the continental shelf due to outcrops or springs of offshore aquifers
(Lamontagne et al.,, 2008, 2015; Swarzenski et al.,, 2001), advective flow driven by storms, buoyancy, and
large tidal fluctuations (Kim et al., 2005; Moore & Wilson, 2005), or the pore water exchanges by other physi-
cal driven forces such as flow and topography-induced pressure gradient, fluid shear, density-driven con-
vection, and compaction, etc. (Huettel et al., 1998; Jahnke et al., 2000; Precht & Huettel, 2003; Santos et al.,
2012b). Over a continental shelf scale, Kim et al. (2005) established a #°Ra/*®Ra model to estimate SGD
in the Yellow Sea, and showed that SGD-derived dissolved silica loading constitutes nearly 20-100%
(~ 23 X 10° mol yr_1) of total riverine input around the Yellow Sea. Liu et al. (2012) indicated that an
amount of 153-347 X 10° mol yr~' DIC is delivered to the North South China Sea (NSCS) shelf, which
supports nearly 11% new production. With the radium isotopic models, Q. Liu et al. (2014) revealed that
the groundwater-borne DIC is the predominant DIC source in the southwest Florida Shelf. Moreover,
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SGD-derived nutrient loadings can further influence the coastal ecosystem such as inducing the red tide
outbreaks, primary productivity (PP), coral reef/system, and seagrass (Blanco et al., 2011; Encarnagao et al,
2013; Kotwicki et al.,, 2014; Luo & Jiao, 2016). Kwon et al. (2014) deployed a #*®Ra inverse model which led to a
global SGD estimate of (12 + 3) X 10"* m® yr~". The global SGD estimate was further refined to be (4.4 + 1.2)
% 10" m? yr ' by considering geographic and salinity effects on radium activities in groundwater end-
member (Cho & Kim, 2016). A modified #*®Ra inverse model has been recently developed, which leads to an
update global SGD estimate of 1.3 - 14.7 X 10> m® yr ' (Le Gland et al,, 2017).

The seawater residence times of the continental shelf can be also quantified via radium isotopic models (Burt
et al, 2014; Hancock et al., 2006; Lee et al, 2014, Luo et al., 2014; Moore, 2000). The short-lived radium iso-
topes are advantageous in quantifying the water mixing rate and residence time over continental shelf scales,
as the radium can be primarily sourced from the coast groundwater. Radium isotopes behave relatively con-
servatively during the transport in the coastal waters. The activity ratios (ARs) of ?**Ra/***Ra, ***Ra/***Ra, and
224Ra/**®Ra provide strong constraints of water mixing in the estuaries, embayments, and continental shelves,
and can be used as proxies to evaluate the water residence time in these coastal waters.

Although comprising only ~7% of the world surface ocean, continental shelves and slopes play a dispropor-
tionately important role in carbon (C) and nitrogen (N) loadings (Hedges, 1992; Stukel et al., 2015), and con-
tribute 14-30% of the oceanic PP (Cao et al., 2011; Gattuso et al., 1998). The C and N inputs include those
derived from SGD (Liu et al., 2012, Q. Liu et al., 2014b), sediments (Cai et al., 2015), atmospheric deposit
(Kim et al., 2014; Wang et al., 2012), coastal upwelling (Dugdale et al., 1990; Stukel et al., 2015), typhoon-
derived nutrient injection (Lin et al., 2003), and mesoscale eddies (McGillicuddy et al., 1998, 2007). The exog-
enous nutrient fluxes to the continental margin will sustain the primary production in the euphotic zone.
The PP supported by exogenous nutrient loadings is therefore called new production (Dugdale & Goering,
1967). Oceanographers have made efforts to depict the biogeochemical-physical processes that influence
the PP and new production in the continental shelves. However, there are few studies that have looked into
the linkage of SGD-derived nutrient to new production.

The SCS is the world second largest marginal sea with an area of 3.5 X 10% km? (Cao et al,, 2011). As a tropic
oligotrophic ocean, the surface mixed layer of SCS is both scarce in N and P with N: P ratios <16, indicating
a nitrogen limitation condition (Chen et al,, 2004; Han et al., 2013; Wu et al., 2003). Nitrogen bioavailability is
believed to limit the PP in the oligotrophic SCS (Ryther & Dunstan, 1971; Wu et al.,, 2003). In SCS and other
tropical oceans, the conventionally accepted mechanisms such as mesoscale eddies, coastal upwelling,
atmospheric deposit and typhoon-derived upwelling, and N, fixation by Trichodesmium are not sufficient
to explain the observed new production (Kim et al.,, 2014; Lin et al., 2003). It is speculated that SGD may
have induced large nutrient loadings to the continental shelf in the SCS. However, there are very limited
studies to address the impact of the groundwater-borne nutrient on new production in the SCS.

This study aims to investigate the SGD and the associated nutrient loadings. Based on the obtained cruise
CTD data, the upwelling characteristics of eastern Hainan shelf are presented. By establishing the radium
mixing model, water residence time over the eastern Hainan shelf is obtained. Thereafter, a coastal upwell-
ing coupled radium mass balance model is proposed to quantify the SGD in the study area. The
groundwater-borne nutrient to the eastern Hainan shelf is therefore calculated. Combined with previous
studies on the exogenous DIN inputs to the shelf, the impact of groundwater-borne DIN on new production
of the continental shelf is evaluated.

2. Methodology

2.1. Geological, Hydrological, and Hydrogeological Settings

Hainan Island, located in the north part of the South China Sea, has a surface area of 35.4 X 10> km?. The cli-
mate is dominated by seasonal monsoons, with northeast winds in the winter and southwest wind in the
summer. The annual average temperature ranges from 22.8 to 25.8°C and annual rainfall from 961 to
2,439 mm. As shown in Figure 1a, annual rainfall increases from 1,200 mm yr~ ' at the west coast to over
2,000 mm yr~ " at the east coast. There are 13 major rivers on the island, with a total discharge of 31 X 10°
m® yr~'. There are mainly five rivers that empty into the eastern Hainan shelf, which are Wanquan River,
Longshou River, Taiyang River, Linshui River, and Wenjiao River (Figure 1a). Suspended particulate matter
(SPM) in the river water generally ranges from 55 to 197 mg L™ ". The total riverine sediment load from the
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Figure 1. (a) Hydrological and (b) hydrogeological settings of the Hainan Island.

island is about 4 X 10°t yr ' (Zhang et al., 2013). This study focuses on the SGD in the east coast of Hainan
Island, which is featured by sand beaches and bars, lagoons and tidal channels, and estuaries. Controlled by
the seasonal monsoon, the coastal circulation off the eastern coast is characterized by northeasterly current
and coastal upwelling in the summer and southwesterly currents in the winter.
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The hydrogeological setting of Hainan Island is shown in Figure 1b. The island is predominately consists of
fractured unconfined aquifers in the inland areas and the porous phreatic aquifers at the coast. Faults are
well developed all around the island, which may attribute to groundwater discharge (Shaban et al., 2005).
The eastern coastal areas are dominated by sandy coast, occasional bedrock outcrop, and mangrove wet-
land (Figure 1b). These coastal settings are favorable for the groundwater discharge to coastal waters.
According to Hainan Island regional hydrological report (Li & Lin, 1981), the shallow aquifer has a thickness
ranging from 8.7 to 77.1 m. Groundwater table at the eastern island range from 1 to 3 m. The groundwater
exploitation rate is 1.1 X 108 m® yr " over the eastern Hainan Island, which is much less than the natural
groundwater recharge rate. Extensive infiltration from heavy rainfall and much less groundwater exploita-
tion makes the north and eastern parts of the island to be a big groundwater reservoir (Li & Lin, 1981),
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Figure 2. (a) Seawater sampling stations during the two summer cruises in 2012 and 2014, and sampling setting inland water in the Hainan coasts of (b) Sanya
bay, (c) Laoye lagoon, (d) Xiaohai Lagoon, (e) Wanquan Estuary, and (f) Wenchang estuary.

LUO ET AL.

LARGE SGD-DERIVED DIN FOR NEW PRODUCTION



@AGU Journal of Geophysical Research: Oceans 10.1002/2017JC013398

providing source of fresh SGD to the eastern Hainan shelf (Zhou, 2005). The eastern Hainan shelf is adjacent
to Qiongdongnan basin (Figure 2a). The most important physical oceanographic feature for the eastern Hai-
nan shelf is summertime coastal upwelling off eastern Hainan, or Hainan eastern upwelling (HEU). HEU is
formed due to the synergistic effect alongshore wind, wind stress curl-induced Ekman pumping, and the
alongshore topographic variations (Hu & Wang, 2016; Jing et al.,, 2009, 2015; Lin et al.,, 2016a, 2016b; J. Su
et al,, 2011, 2013). The coastal upwelling, as a key physical driving force on nutrients and phytoplankton,
will exert a profound impact on the oceanic primary productivity (Zhang et al., 2015).

During 2006-2011, the project of “land-sea interactions along coastal ecosystems of tropical China: Hainan”
or LANCET, was carried out to investigate the land-sea interaction in the tropical areas, using eastern coasts
of Hainan Island as an example. This project focused on the studies of land based fluxes and coastal hydro-
dynamics and their impacts on the coastal biogeochemical processes and the ecosystems such as coral
reef, mangroves, and seagrass bed (Figure 2). The study area by LANCET covers from Tongguling in the
north to Sanya Bay in the south (Figure 2a). There are several estuaries, bays, and lagoons located at the
eastern coasts. The project studied the SGD and the derived nutrient loadings to these coastal bays and
lagoons (Ji et al, 2012; Li et al., 2014; Liu et al., 2011; N. Su et al,, 2011; Wang & Du, 2016). Extended SGD
study by Wang et al. (2014) revealed that SGD serves as a significant contributor to the acidification of coral
reef system in Sanya Bay at the southeast coast of Hainan Island. The fulfillment of LANCET and other
groundwater related works along the eastern Hainan coasts provide valuable data set and background for
further SGD studies in Hainan Island over regional and continental shelf scales.

2.2. Sampling and Analysis

The radium sampling was taken during two summer cruises on R/V Shiyan Ill in 2012 and 2014. In 2012,
only 10 surface water radium samples were taken at the end of the cruise. The main sampling activities
were conducted in the R/V Shiyan Il in August-September 2014 (Figure 2a). Salinity, temperature, and con-
ductivities were recorded with conductivity, temperature, and depth (CTD) probes (Seabird SBE 911)
equipped on rotted multilevel sampler. Generally, a large volume of seawater (200-1,000 L) was pumped
and filtered through 0.5 um filter cartridges and stored in four marked 1.25 ton water tanks that were fixed
on the board. The filtered water then passed through the columns containing 15-20 g MnO, fiber driven by
gravity (Moore, 1976). The extraction efficiency test was done by connecting two fiber columns in series for
the first station during each cruise. The flow rate ranged from 0.5 to 1.5 L min~ ', allowing complete extrac-
tion of dissolved radium. The mean extraction time ranged from 4-6 h for each sample. The radium samples
were then delivered to China Geoscience University (Beijing) for radium measurements. The seawater water
samples were filtered through 0.2 um filter (Waterman, Co), and immediately frozen in the freezer on board.
Salinity and temperature were recorded with an interval of 1 m for each CTD cast.

Due to significant decay loss, **Ra of the samples was not measured. 2>Ra was measured with RaDeCC as
described in Luo et al. (2014). ?°Ra was measured with RAD 7 (Durridge, Co) by measuring *’Rn under sec-
ular equilibrium with 2*°Ra (Kim et al., 2001; Lee et al., 2012). ?®Ra was measured based on the ingrowth of
228Th after storing the fiber for more than 9 months (Charette et al., 2015; Luo & Jiao, 2016; Luo et al., 2017).
The uncertainties for ?>Ra and 2?®Ra measurements are 10-20% and 7-12%, respectively. The uncertainties
for ?°Ra measurement are 10-25%. DIN (the sum of NO;, NO,, and NH;) and DIP were measured with
Flow Injection Analysis (FIA) immediately after the cruise in the School of Biological Science, HKU. The
detection limits for DIN and DIP are 0.03 and 0.01 uM, respectively.

Besides the field data from the cruises, the inland groundwater data are sourced from the previous publica-
tions (Jahnke et al., 2000; Li et al., 2014; Liu et al,, 2011; N. Su et al,, 2011; Wang et al., 2014; Wang & Du,
2016). Along the east coast, five coastal areas (sites B-F in Figure 2) have groundwater data of radium iso-
topes and nutrients from previous studies. These data can be used as representative of groundwater end-
member of SGD (Figures 2b—2f). Details of these data are presented in supporting information Table S1.

2.3. Water Residence Time Estimation With ARs

The ARs of radium isotopes provide constraints to estimate the water residence time (WRT) over the conti-
nental shelves. In this study, WRT is represented by radium apparent age, which is the aging time of water
from Ra sources. The basic concept is that large-scale radium input along the coastal line is akin to a pur-
poseful trace release, with short-lived isotopes providing the rate of dispersion based on their decay as
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these nuclides mixing away from the sources (Charette et al., 2001; Moore, 2000). Since the water residence
time of eastern Hainan continental shelf is expected to be longer than the half-life of *Ra, the ARs of
223Ra/??®Ra are used to estimate the water residence time (Charette et al., 2001; Liu et al,, 2012). Previous
studies also suggested that HEU is influenced by alongshore current (Chu et al., 1998; Fang et al.,, 2002; Hu
et al, 2000; Qu et al., 2000). However, the alongshore current in HEU is more intensified during the winter
season due to the impact of northwestern winter monsoon. The sampling period is in summer and therefore,
this study does not consider the mixing process induced by alongshore currents. This assumption is reason-
able because previous studies have shown that currents perpendicular to the coastline other than alongshore
current is dominant in HEU during the summertime (Hu & Wang, 2016; Jing et al,, 2011, 2015; Lin et al., 20163,
2016b; J. Su et al.,, 2011, 2013). Based on oceanographic settings and dominant radium sources, two scenarios
are considered when deriving water residence time of upper layer of HEU with radium isotopes: with and
without influences of coastal upwelling. For the off upwelling zone, the water residence time is calculated
according to the following equation as described elsewhere (Liu et al., 2012; Moore, 2000)

|:eX223Ra:| B |:223Ra
228 T 228
ex“°Ra] ¢ Ra

] Xe*/lmTW (1)
GwW

where ex represents the excesses of *>Ra and 2?®Ra in inner shelf water relative to the open seawater. Sub-
scripts SW and GW denote seawater and groundwater, respectively. T, (day) is the water residence time; 1,53
(d™ ") is the decay constant of *>>Ra. Notably, equation (1) is solely based on groundwater ages in surface
ocean. The equation is valid under the following assumption: (1) there are no other main radium sources
except for groundwater sources from coastline during radium transport in surface water. This assumption is
reasonable as the following discussion shows that groundwater-borne radium is 1-2 orders of magnitude
larger than riverine and sedimentary inputs; (2) the system is under steady state, which is valid for HEU.

For the upwelling zone, surface water is rapidly replaced by subsurface water. Since radium input to surface
water is dominated by subsurface radium input, the residence time is therefore the functions of ARs of the
subsurface water. According to Moore (2000) and Moore et al. (2006), WRT of surface water in the upwelling

zone can be written as
223 223 223
Ra Ra Ra
Tu=1{l5—] —l5s— Ha— | X4 2
u |:(228Ra) b (228Ra) U:| / ( (228Ra) ’ 223) (2)
ZZSR

where (228RZ>5 , is the ARs of 2*>Ra/**®Ra in the input water, or the subsurface water in the inner shelf (Liu
Ul

223 Ra

et al., 2012; Moore, 2000; Moore et al., 2006); (W) is the ARs of 22>Ra/??®Ra in the surface seawater in the
U

upwelling zones. Usually, the results of the residence time are mainly dependent on the ARs of 2>>Ra/>**Ra
in the subsurface water (Liu et al.,, 2012). The uncertainties of WTR and its dependence on the input variable
will be further discussed in section 4.5.

2.4. Sedimentary Radium Input

The sedimentary radium input can be derived from the biophysical processes such as diffusion, physical
mixing, bioirrigation, and bioturbations (Luo & Jiao, 2016; Luo et al., 2017; Moore et al.,, 2011). The sedimen-
tary radium input (Fs4) can be estimated with the following equation

(Ddis +K3z; X Dmix) X J22i
Foed=P25i X 0X 3
sed 22j \/ 1 KZZI' ( )

where P,,; (dpm per L™ sediment) and Ky, are the sedimentary production rate and adsorption coefficient
rate of nuclide i, 0 is the sediment porosity, Dgis(m? s~ ') is the sedimentary dispersion coefficient for water
movement through sediments due to bioirrigation and physical forces, and Dpix(m? s~ 1) is the sedimentary
mixing coefficient.

2.5. Radium and Nutrient Supply From Coastal Upwelling

The eastern Hainan shelf is intensively influenced by coastal upwelling, which delivers significant amount of
nuclides and nutrients to the upper mixing layer. Generally, coastal upwelling in the eastern Hainan com-
prises of two components: (1) Ekman transport (vg—7) driven by along shore wind stresses; (2) Ekman
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pumping (vex—p) driven by cyclonic wind stress curl (Chavez & Messié, 2009; Hu & Wang, 2016; Liao et al.,
2016; Messié et al., 2009). Ekman transport is speculated to occur within the Rossby radius of deformation
(Allen, 1973; Bakun & Nelson, 1991). The Rossby radius is taken to be 55 km for most western boundary
upwelling system at 19°N (Chelton et al., 1998; Liao et al., 2016). Ekman pumping is developed within an off-
shore width of 150 km. The nuclides and nutrients supply to the upper mixing layer by the coastal upwell-
ing can be estimated with the following equation (Chavez et al., 1989; Chavez & Messié, 2009; Chavez &
Toggweiler, 1994; Messié & Chavez, 2015; Messié et al., 2009).

Fo, =Vek—1>X [Rapy 0 DINpg |possy +Vex—p X [Rapg OF DINDg | 5om (4)

where [Rap,,or DINp,,]zoss, aNd [Rap,0r DINp,,]150m are the average concentrations of radium or DIN below
Ekman depth within Rossby radius of deformation and in a 150 km wide coastal region, respectively.

2.6. SGD Estimation with Radium Mass Balance Model

Under steady state, radium inventories in the seawater of continental shelves are sustained by various
radium sinks and sources. Under the scenario with coastal upwelling, a radium mass balance model is setup
for the mixing layer over the continental shelf

Finix =Fr~+Fseqd+Fspm+Fsep+Fu (5)

where Fpix, Fr Fsear Fspm Fsgp, and Fy denote oceanic radium mixing loss, radium riverine input, radium
input derived from sedimentary processes from the seabed areas within the bathymetry of Ekman depth,
input of radium from SPM desorption, SGD-derived radium inputs into the mixing layer through the seabed
areas within the Ekman depth, and radium loading by coastal upwelling.

2.7. Estimation of Fresh SGD

Both Darcy’s law and watershed recharge approach are used to quantify the fresh SGD to the eastern Hai-
nan shelf. Fresh SGD based on Darcy’s law can be written as (De Sieyes et al.,, 2008; Fetter & Fetter, 2001;
Santos et al.,, 2009b),

dh
=L X(—Kp)X —— X
Qr=LeX (=Kn)X - XLw 6)

where L (m) is the length of eastern Hainan coastal line, K, (m d ") is the horizontal hydraulic conductivity,
and % is hydraulic gradient at the coasts of Hainan Island. L,, (m) is the maximum width of fresh groundwa-

ter seepage face and can be expressed as (Bokuniewicz, 1992; Taniguchi et al., 2006),

K,
LW=4><Ha/ K—V 7)
h

where H, (m) is the thickness of the shallow aquifer system and K, (m d™ ') is the vertical hydraulic
conductivity.

Watershed recharge approach is based on water budget within a catchment behind the coastal areas (Cam-
bareri & Eichner, 1998; Kim et al., 2003; Kroeger et al., 2007; Lee et al., 2012; Luo & Jiao, 2016; Oberdorfer,
2003; Santos et al., 2009a). In this study, fresh SGD estimate based the watershed recharge is expressed as

QF=PX5X0—Qr— Qextract ®

where P (mm yr™") is the annual precipitation in the catchment. S (m?) is the recharge areas. Qyier(m> yr™ ")
and Qexrace (M yr~ ") are discharge to the SCS from the five main rivers in the eastern coast, and the exploi-
tation rate of groundwater, respectively, «; is the infiltration coefficient of the aquifer in eastern Hainan
Island.

3. Results

3.1. Hydrography Based on Remote Sensing Data

High-resolution satellite data, including sea surface temperature (SST), sea surface chlorophyll (SSChla), and
surface current distributions were used to evaluate the spatial variation of these surface parameters in east-
ern Hainan shelf. Monthly SST and SSChla were acquired from the NASA’s Moderate Resolution Imaging
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Figure 3. The physical oceanographic settings of the study area during the sampling period in September 2014. (a) Sea
surface temperature (SST) distributions from MODIS-AQUA; (b) the remote sensing data of chlorophyll obtained from
MODIS-AQUA; (3) surface current velocity distribution obtained from OSCAR satellite.

Spector-radiometer data observed by the aqua satellite (MODIS-Aqua). Surface velocity fields (0.3° X 0.3°)
were obtained from multisatellite altimeter (TOPEX, JASON-1, ERS-2, ENVISAT, and GFO) and scatterometer
data distributed by the NOAA’s Ocean Surface Current Analysis-Realtime (OSCAR) program. The average SST
distribution of September 2014 is shown in Figure 3a. Obviously low temperature zone is observed in the
eastern of Hainan Island, indicating the existence of HEU. The SSChla distribution also shows that the HEU
zone is rich in chlorophyll, suggesting much higher PP (Figure 3b). The distribution of sea surface velocity
shows that surface current curls distributed at the north and eastern of Hainan shelf, which potentially leads
to coastal upwelling (Figure 3c).

3.2. Hydrographic and Physical Oceanographic Dynamics

Spatial distributions of field data of seawater temperature (T), salinity (S), and density abnormal (o) at the
layers of 5, 25, 50, 75, and 100 m are shown in Figure 4. T ranges from 29.4 to 30.2°C in the upper layer, and
gradually declines to 26-30°C at 25 m, 22-25°C at 50 m, 19-22°C at 75 m, and 18-20.5°C at 100 m. The near-
shore seawater has relatively low T compared to that in the open seawater, suggesting the effect of coastal
upwelling of Ekman transport driven by SW along shore wind. At the northeastern of the area, there is a
lower temperature zone with a temperature about 0.3-0.5°C lower than that in the adjacent areas. The low
temperature zone expands at 25 m and reaches the maximum at the depth of 50 m. At the layers of 75 and
100 m, the lower temperature zones are reduced to the northeastern zone. The lower temperature zones at
the nearshore coastal areas are mainly caused by the Ekman transport driven by alongshore wind during
the summer seasons, and the lower temperature core at the northeastern coastal was speculated to be
resulted from Ekman pump driven by the cyclonic wind stress curl (Jing et al,, 2009, 2015; Lin et al., 2016b;
J.Su et al, 2011, 2013). Salinity and density anomaly gradually decline with depths in each layer. The spatial
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Figure 4. Distributions of salinity, temperature, and density anomaly in the layers of 5, 25, 50, 75, and 100 m obtained during cruise of September 2014.
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Figure 5. Vertical structures of salinity, temperature, and density anomaly of four sampling transects obtained during cruise of September 2014. The rectangles
indicate the coastal upwelling zones driven by Ekman pumping.

distributions of S and ¢ are generally opposite to the temperature distributions at all the sampling layers
(Figures 4f—40). The higher salinity and density zones are mostly located at the northeastern areas off
Hainan Island at the depth of 5 m, with a zonal salinity and density anomaly of 33.8 psu and 20.8 kg m 3,
respectively (Figures 4f and 4k). The relatively lower salinity zone close to the coastal line could be a result
of terrestrial runoff and SGD (Lin et al.,, 2016b; J. Su et al., 2011). The high salinity zone expands to most

areas of inner shelf at the depths of 50 m, indicating intensified upwelling.

The vertical structures of T, S, and ¢ are shown in Figure 5. Temperature of transects 1, 3, and 4 shows
obvious upwelling at the nearshore areas, while transect 2 is almost stratified with a depth of 35 m
(Figures 5a1-5a4), suggesting the mixing layer depth (MLD) is about 35 m during the sampling period.
Salinity and density anomaly of transects 1 and 2 are higher at the nearshore areas, indicating the
upwelling of more saline subsurface driven by Ekman transport. Salinity and density anomaly of trans-
ects 3 and 4 are relatively higher at the distance of 50-100 km from the coastal line, indicating the
upwelling of Ekman pumping driven by cyclonic wind stress curl (Figures 5b3-5b4 and 5c¢3-5c4). This
phenomenon is consistent with the spatial distributions of S and a. The spatial distributions and vertical
structures of T, S, and ¢ well indicate the development of HEU, which has been widely reported in the
previous studies (Jing et al., 2011, 2015; Lin et al., 2016a, 2016b; Song et al., 2012; J. Su et al,, 2011, 2013;
Wang et al,, 2013).

The isopycnal graph of T-S shows the mixing of different water masses (Figure 6a). Seawater in the upper
layer (<35 m) of eastern Hainan shelf are generally influenced by three water masses: (1) inland groundwa-
ter and surface water of river, estuary, and bay, (2) open sea surface water, and (3) open sea subsurface
upwelling water. Groundwater and estuary water is normally less saline compared to the open seawater
(supporting information Table S1 and Figure 6a). The open sea surface water is characterized by high T, and
relatively high S and medium ¢ (Figure 6a). The upwelling water is mostly with lower T, and high S and ¢
(Figure 6a). The surface water of the shelf is mostly controlled by the processes of mixing and upwelling,
with less influence of inland water bodies, which is similar to the findings reported by Lin et al. (2016b) and
J.Su et al. (2011) with three end-member mixing models.
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Figure 6. The isopycnal graph of (a) T-S, and contours of (b) DIN, (c) DIP, (d) ?*®Ra, (e) **Ra, and (f) ?®Ra on the isopycnal graph of T-S.

3.3. Nutrients Dynamics in Different Water End-members

Nutrient (DIN and DIP) distributions along the four sampling transects are shown in Figures 5d1-5e4. DIN
and DIP in the four transects range from 0 to 20 uM, and 0 to 1.1 uM, respectively, which are in line with the
previous studies in the same sea areas (Song et al.,, 2012; Zhang et al,, 2015). The surface seawater of tropic
oceans is mostly oligotrophic, due to the new production consummation by the phytoplankton (McGilli-
cuddy et al.,, 1998, 2007; Wong et al., 2007). The nutricline was mainly located about 35 m in the eastern Hai-
nan shelf, with relatively smaller values at the inner shelf and larger values at the out shelf areas. This
phenomenon also suggests the nutrient is supplied to the euphotic zones by the coastal upwelling (espe-
cially by Ekman transport) at the nearshore areas, as indicated in other biogeochemical studies of the
coastal upwelling systems (Chavez & Messié, 2009; Liao et al., 2016; Messié & Chavez, 2015; Messié et al,,
2009). DIN and DIP are further plotted on the T-S isopycnal to reveal nutrient dynamics in different water
masses (Figures 6b and 6c). The surface water is mostly depleted in DIN and DIP, while the subsurface water
is concentrated in DIN and DIP. Nutrient from the upwelled subsurface water is a significant nutrient source
for inner shelf surface water. The nutrients supplied to the eutrophic zones by the costal upwelling will
greatly enhance the new production and caused much higher PP. The relation of nutrient versus groundwa-
ter is shown in Figures 7a and 7b. DIN is well correlated with DIP, with a relation of DIN = 14.6 X DIP + 0.7
(Figure 7c). The slope of DIN versus DIP is lower than 16. This ratio is an appropriate ratio for phytoplankton
growth. In the groundwater end-member, DIN ranges from 4 to 1,779 uM, with an average of 478.2 uM
(n=30) and DIP from 0.04 to 7.6 uM, with an average of 0.5 uM (n = 18). For the river and estuary water,
the nutrient concentration and dynamics are summarized in supporting information Table S1, based on var-
ious nutrient studies. N: P ratios in the groundwater, river water, and estuary water are much higher than
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@AGU Journal of Geophysical Research: Oceans

10.1002/2017JC013398

—T 4 100 ——— —— — -
N . ] F B E Fm C
I 1 1000
1000 B . I § ] E , L B -
E I 3 10 = g - F = ] " &
F 1 [ E r
- 1 F 8© ° o ] [ ] m %
] [ 1) ] 100;.'
100 B H (a2 1< E 20 DIN = 14.56 x DIP + 0.69
sk 1 Sk m . 21 F = oG R?=0.94, p<0.001, n =86
F 1 3'E ERCA S
‘Z% [ 1-F"® @ Seawater iz
L ® af 2" A River water {1°"E HnC 06 o
N E I 'I O Bay-estruary water E
[ i E A | Groundwater 3 -
L E m 1E
'E E ® E
F Salinity (psu) q o0 Salinity (psu) e o o DIP (uM)
Lo Loy [ A 1 S PR B S ST WEAE: R MY TTTTTETTTI INTRTTRITI ITRTRTIET ITRATRTE: [RRIERTREt RTETRNTEL INNTRETIN
0 10 20 30 0 10 20 30 ) 5 10 15 20 25 30 35
F(010] 3. I L - O 0140 1 I S T T T E|
E E E F = 7
. E F -} 3
F = E F a E E F & F 1
F o} . e ] E ‘, % o ] [ ** ]
E . S g oC ] F P o o 1 r 1
[ S ] I ° ]
~I°F £ © T 5 3 [ II" 58 o 0% 1 100 oo 4
. o > Jo 1 - & 1 “F 8, 0y © E
= Equilibrium in the fresh-saline E 01005—} o © E FE= o B oe © E
=] mixing environments z i3 & = o E F f“ Q8% [ E
£ [ 2\l o 1% E b u ]
Ef S 1 —— g 1 [ &e ¢ o 1
T 1k S - % F Equlllbnum|n‘thefresh»sahne E I O&) O o E
& E i®@Seawater 1 'f,’; %é’ F 5 mixing environments ] 10’ hd o o g0 Coo )
8 iARiverwater i g E L & ] E E
ER 8 E
| © Bay-estruary water| s 1 ok 5 . E
] E s E E E
o1k M Groundwater _____ 2 < E”/8z E E
' 3 E 58 E [ ]
- “®q | /45 1 % ini 1
E Salinity (psu) E Fal ' ® Salinity (psu) ] + Salinity (psu) ]
AEEEEEEEEEEE NN EEEEE NN NN NN RN RN EE RS RN NN e b b b
0 10 20 30 0 10 20 10 20 30

Figure 7. Spatial distributions of (a) 223Ra, (b) 2%°Ra, (c) 2*°Ra during the two sampling cruises, and (d) the calculated 223Ra/?%%Ra ages. The rectangles indicate the

upwelling zone driven by Ekman pumping.

16, and much larger than those of seawater, indicating these inland water bodies serve as an important DIN
source to coastal seawater.

3.4. Radium Isotopes in Different Water Members

The spatial distributions of radium isotopes in the seawater are shown in Figures 8a—8c. Generally, the inner
shelf water is much concentrated in radium isotopes compared to the open seawater. The excesses of radium
isotopes in the inner shelf water are caused by the high radium loadings from sedimentary processes, SGD,
and coastal upwelling input. From nearshore to the open seawater, respectively, the activities of ***Ra range
from 0.03 to 0.3 dpm 100 L™, **Ra from 5.9+ 1.1 to 13.7 = 1.1 dpm 100 L', and ***Ra from 6.1 + 0.6 to
15+ 0.9 dpm 100 L™". Activities of *°Ra and ?*®Ra almost reach constant values of 5.9 and 6.2 dpm 100 L™,
respectively, in the seawater >150 km off the island shoreline. Activities of °Ra are almost below detection
limits (=~ 0.003 dpm 100 L™ ") in the open seawater. The radium spatial distribution is speculated to be mainly
controlled by SGD, decay, and mixing processes, as being concluded by previous studies elsewhere (Burt et al,,
2014; Hancock et al,, 2006). The excesses of radium isotopes in the inner shelf for 2?°Ra and *?®Ra allow these
nuclides as ideal tracers to be used to quantify the SGD within the coastal shelf. There are obvious radium hot-
spots at the coastal upwelling zone driven by Ekman pumping. Similar high radium activities were also
observed at the upwelling zones of north SCS shelf (Liu et al.,, 2012). Specifically, high radium activities are also
overserved at the immediate water out of Bamen Bay, Sanya Bay, and Wanquan River estuaries (Figure 7), sug-
gesting the radium loadings from terrestrial runoff. Vertically, radium isotopes are enriched in the bottom shelf
water compared to the surface water for the inner shelf water (Figure 10), suggesting large sedimentary and
SGD-derived inputs. Radium isotopes increase with the depth for inner shelf water, but show no obvious
increase with depth in the open seawater (Figure 10). The vertical distribution is consistent with the observa-
tions of radium profiles in SCS and elsewhere (Cai et al., 2002; Charette et al., 2015; Chen et al., 2010; Liu et al.,
2012; Rodellas et al., 2015). Radium isotopes are contoured on the T-S isopyicnal graphs to further investigate
the relations of radium with these hydrographic parameters. The nearshore inner shelf water is usually charac-
terized by high radium and T, and low S and g, suggesting that radium are mainly from terrestrial sources such
as SGD and fluvial loadings. The open surface water contains much less radium isotopes. The subsurface water
of inner shelf is concentrated in **’Ra, 2*®Ra, and %*°Ra (Figures 6d-6f). This suggests radium loadings from the
seabed in form of SGD and sedimentary processes as bioirrigation, and pore water diffusion, as indicated in
other radium studies of continental shelf (Burt et al.,, 2014; Liu et al,, 2012, Q. Liu et al., 2014).
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Figure 8. The relations of salinity versus (a) 2**Ra, (b) 2*®Ra, (c) **°Ra, (d) DIN, and (e) DIP in different water end-members, and (f) the relation of DIN versus DIP in

different water end-members.

Radium isotopes in the groundwater end-member are summarized in supporting information Table S1.
Activity of **®Ra in the coastal groundwater ranges from 14.5 to 865 dpm 100 L', with an average of
171 +13.8 dpm 100 L™, and **°Ra ranges from 6.4 to 366 dpm 100 L', with an average of 103 = 67.9
dpm 100 L™". The relations of radium isotopes versus salinity are shown in Figures 7d—7f. Radium in
coastal groundwater is mainly controlled by the adsorption/desorption processes. Hypersaline groundwater
is usually enriched in radium isotopes due to high desorption rate. Fresh groundwater is depleted in radium
nuclides, due to their high affinity to aquifer grains. Radium activities in river water have relatively wide
ranges. Radium sorbed on SPM of fresh river water will be released when encountering saline environ-
ments. Seawater is much more depleted in radium isotopes compared to groundwater and bay-estuary
water (Figures 7d—7f). The large difference of radium isotopes between different water end-members
allows these nuclides to be ideal tracers to quantify SGD using the mass balance models.

4. Discussion

4.1. Water Residence Time

According to the spatial distribution of hydrographic parameter and radium isotopes (Figures 5 and 8),
there is a zonal area with higher salinity and radium activities and low temperature off the northeastern
coasts along transects 1 & 2. Relatively high radium isotopes are found in the upwelling zone. The ARs of
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Figure 9. The relations of ??®Ra versus (a) >*>Ra and (b) ?*°Ra in different water end-members.

223Ra/*?®Ra in the groundwater range from 0.9 X 10" 2to 1.2 X 10~ ', with an average of (5.1 = 3.6) X 102
(n=30). The ARs of ex?**Ra/ex**®Ra in the seawater range from 0.005 to 0.037, within an average of
(1.9£0.9) X 10~2 (n = 43) (Figure 9). Substituting the average ARs of ***Ra/***Ra in the groundwater and
each value of ex*?*Ra/ex??®Ra into equation (1), the water residence time is obtained to be 5.4 — 38.2 days,
with an average of 18.7 days in the off upwelling zone. For the upwelling zone, water residence time needs
to be calculated with equation (2). The ARs of ?22Ra/**®Ra in the surface water of upwelling zone range from
0.8 X 10 %to 1.6 X 102 with an average of (1.1 £0.2) X 10 2 (n=11). The ARs of ***Ra/**®Ra (1.6 X
102) for the subsurface water from Station 93 (Sta. 93) is used as the input water to calculate the water res-
idence time at the upwelling zone, as suggested by Moore and Wilson (2005) and Liu et al. (2012). The
upwelling zone has a water residence time of 5.7-14.8 days, with an average of 10.2 = 3.0 days. Figure 8d
shows the spatial distributions of water residence time. Water residence time is within a week in the near-
shore areas, and increases toward the open seawater. The open seawater (>150 km) has water residence
time more than 30 days. The average water residence time in the entire study area is calculated to be
16.9 = 8.9 days. WRT of upwelling zone is smaller than that of off upwelling zone, indicating surface water
of upwelling zone is refreshed more quickly. Similarly, Liu et al. (2012) obtained a WRT of 8.6 = 6.7 days and
16.3 £ 10.3 days in the in the upwelling zone, and off upwelling zones of north South China Sea (NSCS). The
obtained water residence time is well in line with the results of others studies in the NSCS shelf area (Liu
et al, 2012), and well consistent with other radium based water residence time estimates in the marginal
seas and continental shelves (Q. Liu et al.,, 2014; Moore, 2000, 2007).

4.2. The Estimate of the SGD

The mass balance model is established for the mixed layer above Ekman depth of the eastern Hainan shelf.
The profiles of salinity, temperature, and density in Sta. 87 (open sea) and Sta. 93 (inner shelf) shows that
the upper mixing layer is about 35 m during the summer season (Figure 10). The value is consistent with
the Ekman depth as indicated by others studies in eastern Hainan shelf during the summer seasons (Zhang
et al, 2015), and the Ekman depth is therefore taken to be 35 m in this study. Mass balance models of 226Ra
and ??®Ra are established above the Ekman depth of 35 m to quantify the SGD. As shown in Figure 11a,
radium sources include riverine loadings, SGD-derived input, atmospheric deposit, sedimentary input and
upwelling input, and radium is mainly lost via oceanic mixing processes. The activities of >*°Ra in river/estu-
ary waters have a range of 2.0-407 dpm 100 L', with an average of 32.9 = 46.0 dpm 100 L', and ***Ra
from 2.8 to 504 dpm 100 L™, with an average of 92.4 = 98.8 dpm 100 L™ (supporting information Table
S1). The river/estuary discharge of the eastern Hainan coastline is 2.06 X 10’ m*> d ™' (Li et al., 2014; Zhang
et al,, 2013). Thus, the fluvial radium loading of 22°Ra and ?*®Ra is estimated to be 2.2 X 10'®and 1.9 X 10'°
dpm d ', respectively. Radium in the SPM is desorbed in the saline environment and the desorption rate is
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estimated to be 39 - 141 dpm per liter wet sediment, with an average
of 116 dpm per liter wet sediment. The average ***Ra activity in the
coastal saline pore water is 171 = 13.8 dpm 100 L' (Table 1). Thus,
the sediment/water partition coefficient K is calculated to be from
20.5 to 74.2, with an average of 61.1. Combining the constants of 0,
422ir Ddis, Dmix With the estimated P,,; and K>y;, the sedimentary fluxes
rate is calculated to be 2.2 - 7.5 dpm m~2d ™, with an average of 6.3
dpm m~2 d~". Considering the sediment surface area of above the
bathymetry to be ~ 9 X 10° m? at the earth Hainan shelf, sedimentary
input is estimated to be 5.7 (0.7-6.8) X 10'° dpm d ™. The upwelling
rate derived from Ekman transport and Ekman pumping is estimated
to be 0.14 and 0.07 Sy, respectively (Wang et al, 2013). The average

[RRRRRRRRARRRRRRRRRA RRRRRRNRRARRRRAANNNU SRR NNN]

20 24 28
Density anomaly & (kg m3) & Temperature T (°C)

225Ra and 2?®Ra of 143+ 1.1 and 11.7 = 1.6 dpm 100 L' in subsur-
face waters (> 35 m) at Sta. 93 are used to represent to source water
of upwelling driven by Ekman transport. The average activities of
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Figure 10. (a) The profiles of 22*Ra, 2°Ra, and 22°Ra and (b) temperature, salin-  ~-°Ra and **®Ra in subsurface waters of Sta. 87 (> 35 m) in the open
ity and density anomaly in the Sta. 87 in the open seawater and Sta. 93 in the seaare 7.9 = 0.3 and 8.5 = 0.6 dpm 100 L respectively.

inner shelf.

Water residence time ranges from 5.4 to 38.2 days, with an average of

16.9 days (n=54) in the study area. Using the gridding method as
detailed in supporting information and with the layer thickness to be the Ekman depth (= 35 m), the inven-
tory of 22%Ra and #*°Ra activities in study area is calculated to be (1.7 = 0.1) X 10" dpm and (1.4 = 0.2) X
10" dpm for 2?Ra and 2?°Ra, respectively, which is equivalent to 9.4 + 0.6 and 7.8 = 0.9 dpm L™ ', respec-
tively. The seawater sample at Sta. Ex1 (=~ 200 km offshore) is chosen to represent the open seawater end-
member and the *®Ra and ?%°Ra activities of this sample are 6.6 = 0.6 and 5.9 = 1.1 dpm L', respectively.
The excesses of 22°Ra and 2*®Ra for the inner shelf seawater in related to the open seawater is therefore cal-
culated to be ~ 2.8 and ~ 1.9 dpm 100 L™, based on which the mixing loss of the **Ra and ?*®Ra is calcu-
lated to be 2.1 X 10'> and 3.1 X 10"> dpm d . After obtaining all the radium sinks and sources with the
mass balance models, the SGD-derived #*°Ra and #?®Ra loadings are calculated to be 2.1 X 10" and 7.4 X
10" dpm d ™' (Table 1).

Radium activity in groundwater end-member is essential to estimate SGD in this study (Cho & Kim, 2016;
Kwon et al., 2014; Moore et al., 2008). Regionally, radium in coastal groundwater may exhibit both geo-
graphical heterogeneity and salinity effect (Cho & Kim, 2016; Moore et al., 2008). Previous studies employ a
gridding method, which indicates that geographical skewness of data distribution does not significantly
affects radium groundwater end-member values (Cho & Kim, 2016; Moore et al., 2008). Salinity of ground-
water shows more significant effects on radium activities in coastal groundwater. Since the dominant
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Figure 11. Schematic graphs of (a) radium sinks and sources and (b) nutrient dynamics in eastern Hainan upwelling system.

components of SGD is recirculated seawater (Table 1), and radium activities in groundwater with salinity of
10-30 psu may be more representative of groundwater discharging into the coasts. Thus, when calculating
the final SGD, radium activities in groundwater with salinity of 10-30 are used to calculate the final SGD. In
this study, the lognormal average of **°Ra in groundwater with salinity of 10-30 psu is 245.4 + 35.0 dpm
100 L. Since there is few data of **®Ra in groundwater with salinity of 10-30 psu, thus 2?®Ra in saline
groundwater was derived from the relation of ARs of °Ra/**®Ra = 0.49 = 0.31 (R* = 0.49, n = 40) (Figure 9),
leading to an average ?*®Ra activity of 519.4 + 217.6 dpm 100 L™". Thus, based on the obtained **°Ra and
228Ra in saline groundwater end-member, SGD is finally calculated to be 1.4 X 108 and 8.1 X 10’ m®*d~,
respectively. >>°Ra and *Ra models lead to similar SGD estimates, indicating the tenable results.

4.3. The Fresh SGD and the Comparisons

Fresh SGD can be estimated based on equation (6). The parameters used in the Darcy estimate are shown
in Table 1. The length of the eastern Hainan coastline is &~ 300 km. The hydrogeological parameter of K}, %,
and H, for the eastern coastal area are retrieved from 1: 50,000 regional hydrogeological maps of Wen
Chang, Wanning-Linshui, and Sanya sheets, and 1: 200,000 Hainan Island hydrological map (Li & Lin, 1981).
The values of Kj, in the eastern coasts range from 0.8 to 32 m d~ ', with an average of 83+ 56 m d ™.
Hydraulic gradient ranges from 0.001 to 0.1, with an average of (4.2 = 2.5) X 10~ >. The aquifer thickness
ranges from 8.7 to 77.1 m, with an average of 47.2 = 22.1 m. The square root of the ratio of vertical hydrau-

lic conductivity to horizontal hydraulic conductivity is assumed to be 0.6 from previous studies on Hainan
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Table 1

Parameters and Estimated Values Used in Radium Mass Balance Model, Darcy Estimates, and Watershed Recharge Estimate

Parameters

Values

Description and units

Constants, estimated parameters, and field data

Ddis
Dmix
(]
/223
/228
S
FSPM
VEk-T
VEk-p
Lc
Vs
dp
vV,
Zzgkad
DEK
P228
(223Ra/228Ra)GW
(ex***Ra/ex**®Ra)sy
(223Ra/228Ra)sub
(223Ra/228Ra)EK
7-W
Ty
Raopen
226p Gopen
223p Gopen
Az
Azzg
AAzzs
AAzg
228Ra mass balance model
Fspm
Fr
Fu
Fsep
5 mix
F decay
F. sed
SGD;zg
225Ra mass balance model
Fspm
F
Fu
Fsep
7 mix
% sed
SGD;26
Darcy estimate
Ha
L
LW
dh/dw
Kh
Kv
Qr
Watershed recharge estimate
P
Se

2x107°
6x 10"
041
0.061
327 X 10
9x10'°
0.113
0.14
0.07
300
1.58 X 10'?
20
2.06 X 107
61.1 (20.5-74.2)
35
106 (39-141)
0.051 (0.009-0.117)
0.019 (0.005-0.037)
0.0161
0.010 (0.008-0.012)
16.9 + 8.9(5.4-38.2)
10.2 + 3.0 (5.7-14.8)
0.059 (0.026-0.185)
6.6+ 0.6
59+ 1.1
0.003 = 0.002
2545 + 35,0
5194 +217.6
1.9
238

1.0 x 10"
19 % 10'
22 X 10"
7.4 x 10"
3.1 X 10"
7.4 % 10'°
6.3 X 10'
1.1 X 108

1.0 % 10
22 % 10"
1.9 x 10"
2.1 x 10"
2.1 X 10"

0.8 X 10°

472 +22.1
300
330
0.0042 =+ 0.0025
89+19
154 + 81
3.5 X 10°

2,200
12s

Radium dispersion coefficient in water of marine sediments (Luo & Jiao, 2016) (m?s™ )
Radium mixing coefficient in water of marine sediments (Luo & Jiao, 2016) (m?s™ )
Sediment porosity in marine sediments

Decay constant of ***Ra (d ")
Decay constant of 228Ra (d ")

Surface area of eastern Hainan shelf above 35 m bathymetry (m?)

SPM deposit rate in the eastern Hainan shelf (J. Liu et al,, 2014) (g m*d~")
Ekman transport rate in the eastern Hainan shelf (Wang et al., 2013) (Sv)
Ekman pumping rate in the eastern Hainan shelf (Wang et al., 2013) (Sv)
The length of eastern Hainan coastal line (km)
Water volume of upper mixing layer above the Ekman depth of 35 m (m>)

22°Ra and #*®Ra desorption rate from SPM (Moore, 1996; Moore et al., 2008) (dpm g~ )
Total five river discharge to the eastern Hainan shelf (Li et al., 2014) (m®d ")
Adsorption coefficient of 2?®Ra in water/sediment bulk

Ekman depth in the eastern Hainan shelf based on field data
Production rate of >*®Ra in the sediments (dpm L™ sediment)

ARs of **Ra to **®Ra in groundwater end-member

Ratios of excess 2>Ra to excess 22°Ra in the inner shelf waters
ARs of 2°Ra to *?®Ra in subsurface water of the inner shelf

ARs of 2**Ra to **°Ra in the upwelling zonal area
Water residence time in the eastern continental shelf areas (days)
Water residence time in the upwelling zonal area (days)
Tidal mixing rate, reciprocal of inner shelf water residence time (G}
228Ra activity in the open seawater (dpm 100 L")
226Ra activity in the open seawater (dpm 100 L")
223Ra activity in the open seawater (dpm 100 L")
22%Ra activities in saline groundwater end member (dpm 100L ")

228Ra activities saline in groundwater end member (dpm 100L ")

?2%Ra activity difference between inner shelf water and open sea water (dpm 100L™")
228Ra activity difference between inner shelf water and open sea water (dpm 100L ")

228Ra from atmospheric SPM desorption (dpm d ")
228Ra input from river discharge (dpm d ")

228Ra input from coastal upwelling (dpm d~")
SGD-derived #*®Ra loadings (dpm d ")

228Ra mixing loss (dpm d ")
228Ra loss via decay (dpm d )

228Ra input from physical processes, bio-irrigation, bioturbation and etc. (dpm d ")
SGD based on ??®Ra model (m>d ")

22°Ra from atmospheric SPM desorption(dpm d ")
22°Ra input from river discharge (dpm d ")

22Ra input from coastal upwelling(dpm d~")
SGD-derived ?*°Ra loadings(dpm d ")

22Ra mixing loss (dpm d ")

22%Ra input from physical processes, bio-irrigation, bioturbation and etc. (dpm d ")
SGD based on *?°Ra model (m*d™")

The thickness of the upper aquifer system (m)
The length of eastern Hainan coastal line (km)
The maximum with of fresh groundwater seepage face across the coastline (m)

Hydraulic gradient

Horizontal hydraulic conductivity (m d ")
Vertical hydraulic conductivity (m d~")

Fresh SGD (m3>d ™)

Annual rainfall of eastern Hainan Island (mm yrf‘)
Recharge areas of eastern Hainan Island (km?)
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Table 1. (continued)

Parameters Values Description and units
o 0.3 +0.11 Infiltration rate to the upper aquifer, retrieved from (Li & Lin, 1981)
Qreservoir 5.5 X 10° Water capacity of reservoirs and channels in the eastern Hainan Island (Zhou, 2005) (m* d~")
Q, 2.1 X107 River discharge to the eastern Hainan shelf (Li et al.,, 2014) (m>*d ")
Quxtract 29 X 10° Groundwater exploitation rate in eastern Hainan Island (Zhou, 2005) (m® d ™)
Qr 45 X 10° Fresh SGD (m*d™")
Island (Li et al., 2010). The maximum width of fresh groundwater seepage face is calculated to be 330 m.
This value is rather consistent with the results obtained in other coastlines of island and continental shelf
systems (Kim et al., 2003; Santos et al., 2009a; Taniguchi et al.,, 2003, 2006). Subtitling all the parameters to
equation (6), the fresh SGD is estimated to be 3.5 X 10° m® d™". The fresh SGD obtained with Darcy’s law
accounts for about 3.3% and 16.8% of total SGD and river discharge to the shelf system.
Fresh SGD is further estimated with watershed recharge approach as shown in equation (8). The parameters
used in the watershed recharge estimate are summarized in Table 1. The precipitation of the eastern Hainan
Island is 2,200 mm yr~ ", and the five main catchments have a total area of ~ 13 X 10% km? The infiltration
coefficients, which are retrieved from 1: 50,000 and 1: 2,000,000 regional hydrogeological map sheets as
described above, range from 0.1 to 0.6, with an average of 0.3 = 0.11. The river discharge of the five main
rivers emptying into the eastern Hainan shelf is 2.1 X 10" m*® yr~' (Li et al, 2014; Liu et al, 2011). The
groundwater exploitation of the eastern Hainan Island is 1.1 X 108 m® yr™' or 2.9 X 10° m3® d™" (Zhoy,
2005). The fresh SGD based on the watershed recharge approach is finally estimated to be 4.5 X 10° m?
d~". The fresh SGD obtained with watershed recharge estimate accounts for about 4.1% and 21.6% of total
SGD and river discharge to the shelf system. This result is well in line with the fresh SGD obtained by Darcy’s
law, suggesting good cross validation of the estimate. Fresh SGD obtained with Darcy’s law and watershed
recharge approach is about 12.1 and 15.3 times of the groundwater exploitation rate in the eastern Hainan
Island. As summarized in Table 2, the percentages of fresh SGD to total SGD have wide ranges of 0.02% to
Table 2
Percentages of Fresh SGD in This Study, Compared to Parentage of Fresh SGD Estimates by Different Approaches in Coasts Elsewhere
Fresh SGD
Sites Site descriptions Percentage Approaches References
Eastern Hainan shelf, China Sand and muddy sands 3.3% Darcy estimate/radium models® This study
Eastern Hainan shelf, China Sand and muddy sands 4.1% Water recharge estimate/radium models This study
Laizhou Bay, China Mud and muddy sands 8-10% Water and salt budgets/radium models Wang et al. (2015b)
Tolo Harbor, China Sand, silt and clay <35% Salt budget/radium models Luo et al. (2014)
Tolo Harbor, China Sand, silt, and clay ~ 0.03% Watershed recharge/radium model Lee et al. (2012)
Lynch Cove, USA Well sorted sands ~ 20% Radium model/Seepage meter & 222Rn model Swarzenski et al. (2007)
Nizanim area, Israel Karst and sandy aquifer 38-49 Numerical modeling Prieto and Destouni (2005)
Jesu Island, Korea Permeable volcanic rocks ~ 20% Watershed recharge/seepage meter Kim et al. (2003)
Kona coast, HI, USA Volcanic fluvial deposit 7-67% Salt budget/radium models Knee et al. (2010)
Kahana Bay, HI, USA Volcanic fluvial deposit <20% Salinity mixing model Garrison et al. (2003)
Waquoit Bay, USA Gravels and sands <80% Darcy estimate/>*’Rn models Mulligan and Charette (2006)
Waquoit Bay, USA Gravels and sands <23% Spatial distribution with seepages meter Michael et al. (2003)
Huntington beach, USA Sandy and wavy coasts <26% Analytical solutions/Radium models Boehm et al. (2006)
FSUCML, FL, USA Coastal plain sands 2-12% Salinity mixing model Santos et al. (2009a)
FSUCML, FL, USA Coastal plain sands <16% Freshening of seepage meter water/?%Rn model Santos et al. (2009a)
FSUCML, FL, USA Coastal plain sands ~ 1% Water table rate decay/*’Rn model Santos et al. (2009a)
FSUCML, FL, USA Coastal plain sands ~ 4% Darcy estimate/?>’Rn model Santos et al. (2009a)
Yellow River delta, China Flat mud 0.4-26.9% Salt budget/seepage meter Taniguchi et al. (2008)
Yatsushiro Sea coasts, Japan Volcanic rocks 6.1-37.7% Solute budget/seepage meter Taniguchi et al. (2006)
Tampa Bay, USA Sand, silts, and clays 22-52% Darcy estimate/>*’Rn model Kroeger et al. (2007)
Osaka Bay, Japan Muddy sand sediment 4-29% Darcy estimate/seepage estimate Taniguchi and lwakawa (2004)
South Atlantic Bight, USA Permeable relict sands <4% Watershed recharge/radium model Younger (1996); Moore (1996)
South Atlantic Bight, USA Permeable relict sands <4% Analytical solutions Li etal. (1999)

“Denotes “fresh SGD estimate approach/total SGD estimate approach.”
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over 80%. The percentages of fresh groundwater component in this study are in the low range of that
obtained in previous studies. The large variability of the fresh SGD percentages would be mainly due to differ-
ence of hydrological settings of the coastal aquifer systems and the different approaches adopted (Table 2).

4.4. The Conceptual Model of Nutrient Dynamics and New Productions

The exogenous N loadings to the continental shelf will support the new production regionally. There is a
paradox that the nitrogen (mostly DIN) needed to support the current observations of new productions in
the mixing layer of tropic oceans are much larger than the examined exogenous N loadings (Lin et al., 2003;
McGillicuddy et al., 1998, 2007). To explain the missing nitrogen to support new production in the trophic
surface seawater, oceanographers have investigated the exogenous DIN loadings of different sources such
as typhoon-induced injection (Lin et al.,, 2003; Shang et al., 2008; Siswanto et al., 2007; Son et al., 2006),
internal wave-induced inputs (Chen et al.,, 2016; Lee Chen, 2005), mesoscale eddy-induced input (McGilli-
cuddy et al., 1998, 2007), N, fixation by Trichodesmium (Wu et al., 2003; Zhang et al,, 2015), and fluvial-
induced loadings (Liu et al., 2012). However, there are quite limited studies to evaluate the new production
supported by the shelf-scale SGD-derived nutrients loadings, which could be significant due to large magni-
tude of SGD over the continental shelf and high nutrient concentrations in the groundwater (Q. Liu et al.,
2014; Moore et al.,, 2008; Rodellas et al., 2015). Thus, an important goal of this study is to evaluate the new
production that supported by SGD-derived nutrient loadings.

The nutrient dynamics within the eastern Hainan shelf upwelling system is shown in the schematic of Figure
11b. The dominant partition of SGD in the study area is recirculated seawater driven by multiple forces such
as tide and wave pumping at the nearshore area and convection-induced pore water exchange by salt
wedge pump over the seabed of continental shelf (Gonneea & Charette, 2014; Moore & Wilson, 2005; Santos
et al,, 2012a). New production is defined as primary production in the euphotic zone supported by the
exogenous nutrients. For the SGD in this study, the dominant component is recirculated seawater. A simple
approach is employed to quantify the net DIN loadings derived from recirculated seawater as described by
Santos et al. (2012a). Briefly, the net nutrient loadings derived from recirculated seawater are obtained by
multiplying seawater recirculating rate with the difference between nutrient concentrations in groundwater
of eastern Hainan coast and those in the bottom seawater of eastern Hainan shelf. As the nutrient concen-
trations in groundwater of eastern Hainan coasts are highly variable due to heterogeneity of coastal aqui-
fers, the median values of 320 and 6.6 uM (supporting information Table S1) were used to represent DIN
and DIP concentrations in groundwater end-member. The bottom seawater has less variable DIN and DIP
concentrations, with an average of 20 and 0.9 uM, respectively. Thus, the net DIN and DIP loading delivered
by recirculated seawater is estimated to 3.2 X 10" mol d™" (or 1121.8 uM m~2d~") and 5.9 X 10° mol d ™'
(or 204 uM m~2 d™ "), respectively. Due to the complicated reaction processes occurring within costal
groundwater mixing zones and limited nutrient information in the saline groundwater (10-30 psu), the esti-
mation of net DIN and DIP loadings would represent the upper limit of groundwater-borne nutrients to the
study area. Thus, the primary production supported by groundwater-borne DIN loadings in this study might
represent the maximum estimate. Considering the phytoplankton consumes the nutrients under a stoichi-
ometry of C: N: P=106: 16: 1, the groundwater-induced DIN supports a maximum new production of
7.5 mM C m? d . Based on the field data of nutrients, the average of DIN and DIP below the Ekman depth
is calculated to be 6.5 and 0.5 uM within the Rossby radius of 55 km, and to be 7.4 and 0.6 uM within the
maximum Ekman pumping occurrence radius of 150 km (Figure 11b). The coastal upwelling-induced DIN
and DIP loadings are calculated to be ~2,741 and ~ 217.7 uM N m? d ', respectively. The coastal upwelling
derived DIN loading supports a new production of 18.2 mM C m? d™'. Further comparisons are made
between groundwater-borne DIN supported new production and that supported by other exogenous DIN
loadings in the eastern Hainan shelf as shown in Figure 11. Based on the time series studies by remote sens-
ing approaches, Kim et al. (2014) estimated an atmospheric deposit of ~150.7 uM N m? d~', which sup-
ported new production of ~1 mM C m? d~'. Zhang et al. (2015) investigated the N, fixation of eastern
Hainan shelf to be ~ 46.4 uM N m? d~', and the new production supported by N, fixation is calculated to
be 0.3 mM C m? d~". The riverine derived DIN loadings to the eastern Hainan shelf is estimated to be 5.9
M N m? d ™", and the supported new production is 40 uM C m? d . The diffusion loading of DIN driven by
the vertical DIN gradient is estimated to be 604 uM N m? d~', based on an one dimensional >*®Ra diffusion
model (Cai et al., 2002), and DIN supported by this process supports a new production of 44 mM Cm?d~".
As there is no typhoon and mesoscale eddy developed during the sampling period, DIN loadings from
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Table 3
New Productions Supported by Different DIN Sources and its Comparison With Previous Studies
Parameters Values Description and units
[DIN]Rossb 6.5 DIN concentration in the Rossby radius below Ekman depth (M)
[DIN]150km 74 DIN concentration in from the pixel of transport pumping below Ekman depth (uM)
[DIPIRossby 0.51 DIP concentration in the Rossby radius below Ekman depth (uM)
[DIP]150km 0.6 DIN concentration in from the pixel of transport pumping below Ekman depth (uM)
Exogenous DIN loadings 5.9 Total riverine derived DIN loadings (uM m?d ")
for new production 150.7 Atmospheric deposit DIN loadings (uM m?d™")

46.4 N, fixation rate (uM m*d ")

2741.8 Upwelling derived DIN loadings to the mixing layer (uM m? d~")

603.8 Diffusion input derived from DIN gradients in water column (uM m? d~")

<1121.8 SGD-derived DIN loadings (uM m?d ")

Exogenous DIP loadings 2.1 Total riverine derived DIP loadings (uM m? d~")

for new production

New production supported
by exogenous DIN

Atmospheric deposit DIN loadings (uM m?d ")
N, fixation rate (uM m?d ")

New productions in previous studies at the adjacent seas

Chen et al. (2004)

Lee Chen (2005)

Lee Chen and Chen (2006)
Chen et al. (2007)

Wong et al. (2007)

Chen et al. (2008)

Kim et al. (2014)

Wong et al. (2015)

Zhang et al. (2015)

217.7 Upwelling derived DIP loadings to the mixing layer (uM m? d~")
<204 SGD-derived DIP loadings (uM m?d ")
0.04 Riverine-derived DIN supported new production (mM C m~2d™")
= Atmospheric deposit DIN supported new production (uM C m~—2d ") (Kim et al,, 2014)
18.2 Coastal upwelling DIN supported new production (mMCm~2d ")
<75 SGD-derived DIN supported new production (mM C m 2d")
0.3 N, fixation supported new productions (mM C m 2d7) (Zhang et al., 2015)
4.4 New productions derived from diffusion input (mM C m~2d7") (Cai et al, 2002)
313 Total new productions in the eastern china sea (mM C m 2d7")
5-30 NSCS close to Luzon Strait (mM Cm 2d™ ")
25-21.7 NSCS from shelf to basin (mM Cm 2d™")
10-20.8 NSCS closed to Taiwan Strait and Luzon Strait (mM Cm~2d ")
20.8-55.8 Cold eddy areas at NSCS, Luzon Strait, and West Philippine Sea (mM Cm~2d™")
42-83 South East Asian Tune-series Study (SEATS) station in NSCS (mM C m 2d7)
13.3-225 Upstream Kuroshio and SCS basin (mM Cm~2d™")
42-6.7 The whole SCS (MM Cm 2d™")
275+175 NSCS (mMCm 2d™ ")
12.5-52.5 Southeastern Hainan shelf (mM Cm~2d™")

these processes are therefore negligible. Thus, total new production in the eastern Hainan shelf is summed
up to be 31.3 mM C m? d~". New production supported by groundwater-borne DIN constitutes about up to
24.0% of the total new production, suggesting that groundwater-borne nutrients could be an important
exogenous DIN source for new productions in the mixing layer of trophic oceans. Further comparisons are
made between the new productions obtained in eastern Hainan shelf with other adjacent seas in SCS, as
shown in Table 3. The obtained new production in the eastern Hainan shelf is relatively higher than but still
falls within the ranges of new productions observed in the adjacent seas in SCS. The SGD-derived nutrient
loadings may well explain the missing DIN that supports the new productions in this tropic oligotrophic
ocean.

4.5. Uncertainty Analysis

The cumulative ??°Ra and 2?®Ra inputs from river discharge, sedimentary processes, and atmospheric
deposit to the eastern Hainan shelf are relatively small, in total representing less than 5% and 6% in the
22°Ra and 2?®Ra mass balance models, respectively (Table 1). Thus, under steady state, the SGD-derived
radium inputs are mainly balanced by the major sink of oceanic mixing. In this study, the mixing loss is cal-
culated based on the 22?%Ra excesses and the average water residence time calculated with equations (1)
and (2). Therefore, the uncertainties in the SGD estimate mainly stem from the variability of water residence
time, the uncertainties of °Ra and ?*®Ra excess estimates, and the variation of radium activities in ground-
water end-member, as suggested in other similar SGD studies (Gonneea et al., 2013; Liu et al., 2012, Q. Liu
et al, 2014; Rodellas et al,, 2017). The uncertainties in estimates of >?Ra and ?*®Ra excesses are mainly from
the measurement error and have ranges of 15-20% and 7-12%, respectively (Q. Liu et al., 2014). The varia-
tion of 1 day will induce a change of 4-6% of the final SGD estimate. The water residence time is estimated
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to be 16.9 = 8.9 days, which will lead to large uncertainties of 36-54% in the final SGD estimate. However,
the uncertainties in the water residence time estimates in the continental shelf are inevitable and natural,
as water ages are expected to vary with distance from the coastlines (Q. Liu et al.,, 2014; Moore, 2000). The
uncertainties of 2*°Ra and *?®Ra in groundwater end-members are estimated to be 14% and 42% in saline
groundwater, respectively. This variability in groundwater end-member is due to the spatial heterogeneity
of aquifer system and temporal variability of coastal hydrodynamic conditions (Cho & Kim, 2016; Gonneea
et al,, 2013). For the above reasons, it is mostly likely that the uncertainties based on *?°Ra and ?*®Ra would
be of the same order of magnitude to that of the final SGD estimates. But placing an exact value on the
uncertainties of radium mass balance models in this study would still be a challenging task (Gonneea et al.,
2013; Q. Liu et al,, 2014) and further studies are required to refine the uncertainties involved in the radium-
based SGD estimate (Santos et al., 2009a; Wang et al.,, 2015b). Even due to large uncertainties, however, the
obtained total SGD and the related uncertainties are well in line with those obtained in other SGD studies
of continental shelf systems (Gonneea et al,, 2013; Liu et al.,, 2012, Q. Liu et al,, 2014; Moore, 2007; Rodellas
et al., 2017), giving the confidence of results in this study. For the estimates of SGD-derived net DIN and DIP
loadings, the uncertainties might stem from the lack of nutrient data in the saline groundwater (10-30 psu)
or recirculated seawater, Due to relatively complicated processes occurring in the saline groundwater, nutri-
ent loading delivered by the recirculated seawater may not always represent the new or exogenous nutri-
ent loadings. Thus, the estimate of new production supported by groundwater-borne DIN in this study
would account for the upper limit.

5. Conclusions

To conclude, this study examines the hydrographic dynamics in the eastern Hainan shelf based on cruise
observational data. The shelf system is characterized by coastal upwelling, which delivers large radium iso-
topes and nutrients to the upper mixing layer. Based on the investigation of radium distribution, a radium
mixing model is used to quantify water residence time, leading to an estimate of 5.4-38.2 days, with an
average of 16.9 + 8.9 days for the study area. Coastal upwelling coupled radium mass balance models are
established to quantify the SGD in the system. The total SGD is estimated to be (0.8-1.4) X 10 m*d~". Fur-
therly, based on Darcy’s Law and watershed recharge approach, fresh SGD is obtained to be 3.5 X 10° and
45 X 10° m*® d7', respectively. The fresh SGD contributes about 3.3-4.1% of the total SGD. The SGD-
derived nutrient loadings to the shelf system in the summer time are estimated to be 1,121.8 and 20.1 uM
m? d~", for DIN and DIP, respectively. DIN and DIP loadings by coastal upwelling is estimated to be 2,741.6
and 217.7 uM m? d ', respectively. The results reveal that groundwater-borne nutrients will be comparable
to the nutrients loadings by coastal upwelling. The new production supported by the coastal upwelling is
estimated to be 182 mM C m? d~', which comprised of 58.1% of the total new production in HEU.
Groundwater-borne nutrients will support a maximum new production of 7.5 mM C m? d~", which contrib-
utes up to 25.6% of the total new production in HEU. New productions supported by groundwater-borne
nutrients and coastal upwelling are predominant compared to that supported by other exogenous N load-
ings such as atmospheric deposit and fluvial loadings. The surface water of eastern Hainan shelf is oligotro-
phic located within the trophic areas and is featured by relatively high primary production and new
production. This study provides a new prospective to examine the missing N that is required to support the
observed new productions in the trophic ocean surface water and can be instructive to the biogeochemical
studies in other upwelling systems in the tropic oligotrophic oceans.
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