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Despite over 90% of China's coastal bays have an area less than 500 km?, the
geochemical effects of SGD on those ecosystems are ambiguous. Based on
mapping and time-series observations of Ra isotopes and nutrients, a case study
of small bays (<500 km?), we revealed that submarine groundwater discharge
(SGD) predominately regulated the distribution of nutrients and fueled algal
growth in Dongshan Bay, China. On the bay-wide scale, the SGD rate was
estimated to be 0.048 + 0.022 m day™* and contributed over 95% of the
nutrients. At the time-series site where the bay-wide highest Ra activities in
the bottom water marked an SGD hotspot with an average rate an order of
magnitude greater, the maximum chlorophyll concentration co-occurred,
suggesting that SGD may support the algal bloom. The ever-most significant
positive correlations between 228Ra and nutrients throughout the water column
(P< 0.01, R? > 0.90 except for soluble reactive phosphorus in the surface)
suggested the predominance of SGD in controlling nutrient distribution in the
bay. Extrapolated to a national scale, the SGD-carried dissolved inorganic
nitrogen flux in small bays was twice as much as those in large bays (>2,000
km?2). Thus, the SGD-carried nutrients in small bays merit immediate attention in
environmental monitoring and management.
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1 Introduction

Coastal eutrophication is a worldwide environmental issue,
defined as an increase in the rate of supply of organic matter to a
coastal ecosystem, primarily caused by excessive nutrient inputs
and resulting in biomass growth in the ecosystem (Smith, 2003;
Nixon, 2012; O’Neil et al., 2012). These excessive nutrients have
been produced by human activities such as agricultural fertilizer use
(Glibert et al,, 2006) and industrial farming since the Industrial
Revolution (Glibert, 2020). The main pathways of these
anthropogenic nutrients into coastal waters include rivers (Zhang
etal., 2021), effluents from sewers (Nyenje et al., 2010), atmospheric
deposition (Paerl, 1997), diffusion from sediments (Nyenje et al.,
2010), and submarine groundwater discharge (SGD) (Beck et al.,
2007; Cheng et al., 2020).

Among these pathways, SGD has been recognized as a nutrient
carrier even more important than rivers in almost half of the coastal
ecosystems so far investigated around the globe (Santos et al., 2021).
SGD is defined as any and all flow of water on the continental
margins that discharges from the seabed to the coastal ocean
(Burnett and Dulaiova, 2003; Moore, 2010), and may be
composed of fresh groundwater discharge and recirculated
seawater discharge (Taniguchi et al, 2002; Santos et al, 2012).
Considerable nutrients delivered by SGD may either sustain coastal
ecosystems and their services (Alorda-Kleinglass et al., 2021) or
result in eutrophication, even hypoxia (Guo et al., 2020) and
acidification (Correa et al.,, 2021).

Eutrophication has been widely observed along Chinese coasts
(Wang Y. et al,, 2021). However, the contribution of SGD is poorly
known, especially in small bays in China. As a matter of fact,
approximately 90% of China’s coastal bays have an area of less than

FIGURE 1
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500 km* (Wang and Chen, 1993). Over 60% of previous studies on
SGD in China’s embayments have been focused on larger (>500
km?) estuaries and bays. Few foci, however, are placed on the
geochemical impacts of SGD in small bays (<500 km?) (Figure 1). Is
SGD in small bays negligible in the nutrient sources in the coastal
zone of China?

To fill in this knowledge gap, we classified China’s bays into
small (<500 km?), medium (500-2,000 km?), and large (>2,000 km?)
according to the k-means clustering analysis (Jain, 2010)
considering the surface area, length of shoreline, upstream river
discharge, sediment porosity, and slope of the seabed of these bays
(Figure S1, Supplementary Material (SM)). Then, Dongshan Bay
was taken as a case study site of small bays. Dongshan Bay is located
in Fujian Province in southeast China (Figure 2) with a total area of
247.9 km?. With the industry and population in this region growing
rapidly (Gao et al,, 2021), quantifying the sources of nutrients is
essential in the sustainable ecosystem and recreational
developments and management of Dongshan Bay. To investigate
the role that SGD plays in the nutrient budget and distribution in
Dongshan Bay and to further explore the relative importance of
small bays along the entire Chinese coast, we chose **°Ra (half-life
of 1,600 years) and 228Ra (half-life of 5.75 years) to trace SGD in this
study as radium isotopes have been proven to be excellent natural
tracers of SGD (Moore, 1996; Beck et al., 2007; Swarzenski
et al., 2007).

In this study, we calculated the SGD rate and SGD-associated
nutrient fluxes in Dongshan Bay. We compared what was
contributed by SGD to those from the Zhangjiang River and
atmospheric deposition in the nutrient budget of Dongshan Bay
and evaluated the relation between SGD and the distribution of
nutrients in the bay. Finally, we extrapolated the SGD-associated

Studies on submarine groundwater discharge (SGD)-carried nutrient fluxes in Chinese embayments. (A) The number of embayments with different
areas in China and the number of relevant SGD studies published as of 1 February 2023; (B) small embayments where studies on SGD-carried

nutrients have been carried out.
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FIGURE 2
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Study area and sampling stations in Dongshan Bay and its adjacent region. (A) Location of the study area and (B) sampling stations.

nutrient fluxes to all the bays along the entire Chinese coast
differentiating nutrient contributions via SGD in small, medium,
and large bays.

2 Materials and methods

2.1 Study area

Dongshan Bay is a semi-enclosed water body with a narrow
outlet of 5 km wide to the Taiwan Strait (Figure 2). The surface
water area only covers 155.5 km?, with the rest being tidal flats (Liu,
2011). The Zhangjiang River flows into Dongshan Bay with an
annual average discharge of 9.24 x 10° m® day " in 2020. Because of
the influence of the East Asia monsoon, approximately 70% of the
annual precipitation and approximately 50% of the annual river
discharge occur from May to September (Figure 3).

Dongshan Bay is dominated by irregular semidiurnal tides, with
an average tidal range of 2.30 m and a tidal period of 12.22 h. The 0-
0-5, 5-10, 10-20, and 20-36 m isobaths enclose surface water areas
of 117.2, 22.1, 11.1, and 5.1 km? respectively (Liu, 2011). The
surface sediments in Dongshan Bay comprise sands, silty sands,
sandy silts, and silts. On the left side of the bay, the sediments were
sandy silts, excluding some areas near the Bachimen Dyke where
sediments were silts. On the right side, the sediments were sandy
silts from the bay inlet to the bay center, whereas the sediments were
silty sands and sands from the bay center to the bay outlet (Gao
et al, 2021). These sediments pile up on the top of crystalline
granite bedrock with thickness up to 30 m. There are no confined
aquifers directly connecting with Dongshan Bay (Zhang, 2021). The
coast of Dongshan Bay has spatial heterogeneity with weak
erosional coast in the west, clayey coast in the north, and sandy
coast in the east (Liu, 2011).

As in most coastal systems in Fujian Province, Dongshan Bay is
undergoing anthropogenic impacts associated with increasing
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human activities. With the construction of dams and reservoirs,
terrigenous organic matter delivered to Dongshan Bay through the
Zhangjiang Estuary was almost absent in May 2018 (Gao et al,
2021). There were no large-scale aquaculture activities in Dongshan
Bay in May 2020 (Wu, 2021) except for one fish farm in the
southwest corner (Cui et al., 2022).

2.2 Sampling and measurements

The surface water of Dongshan Bay was firstly scanned with an
underway hydrographic mapping on 19 May 2020. Five days later, a
12-h time-series investigation was carried out at Site Z6 from 8:00 to
20:00 with water samples collected every 2 h. The continuous
sampling started at the lowest tide and ended at the next lowest
tide, which covered an entire tidal cycle including a flood tide and

FIGURE 3

Precipitation and the Zhangjiang River discharge in 2020 in
Dongshan Bay. The horizontal solid and long dash lines are the
annual average precipitation (86.2 mm month™) and river discharge
(10.7 m® s74), respectively. Precipitation data were from http://fj.cma.
gov.cn/and the Zhangjiang River discharge was from http://slj.
zhangzhou.gov.cn/.
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an ebb tide. Therefore, our sampling process could cover the
hydrodynamic effects of tidal changes on SGD. On 28 May 2020,
we carried out chemical sampling of the whole bay on board R/V
Mindongyu 63093. Groundwater and river water samples were
collected both on 29-31 December 2020 and 18-22 August 2021.

Approximately 20 L of bay water, river water, and offshore
water samples were collected for dissolved radium isotopes from the
surface using a plastic barrel and from the bottom using Niskin
bottles. Another 5 L of water was collected for dissolved inorganic
nitrogen (DIN), soluble reactive phosphorus (SRP), dissolved
silicate (DSi), total suspended matter (TSM), and chlorophyll a
(Chl. a) using Niskin bottles. Groundwater samples were collected
using a PushPoint sampler (MHE products, USA) and a peristaltic
pump at subsurface depths of 1.0-2.0 m on sandy beaches evenly
distributed around Dongshan Bay. Approximately 2-8 L of
groundwater was collected for dissolved radium. Approximately 2
L of groundwater samples were collected for DIN, SRP, and DSi.
Time-series investigation was determined to be carried out at Site
Z6 because the maximum concentration of Chl. a was found on 19
May 2020 using an EXO3 Multiparameter Sonde (YSI, Xylem Inc.,
Washington, DC, USA).

The temperature and salinity of bay water, river water, and
offshore water samples were measured using a Conductivity-
Temperature-Depth (CTD) System (AML-3, USA). The density
anomaly, i.e,, density — 1,000 in kg m~>, of seawater was calculated
in accordance with Millero and Poisson (1981). The temperature
and salinity of groundwater samples were measured using a
multiparameter portable meter (WTW, Xylem Inc.).

Radium water samples were run through a 1-um polypropylene
cartridge before flowing through a preweighted column with 16 g of
MnO,-coated fiber (Mn-fiber) at a flow rate of less than 0.5 L min ™"
to extract dissolved radium with an efficiency greater than 95%
(Wang et al, 2015). In the laboratory, Mn-fibers were washed
using Ra-free deionized water with a salinity of 0 and temperature
of 25°C. Then, Mn-fibers were leached using a mixture of 1 M of
hydroxylamine hydrochloride and 1 M of HCl at a ratio of 2:1 at 90°C
(Tan et al,, 2018). After that, radium was coprecipitated with BaSO,
and the precipitate was sealed in a small counting vial for at least 3
weeks before being measured using a Canberra germanium well-type
gamma detector (GCW4022, Canberra). The activity of 22Ra was
determined using the energy peaks at 295, 352, and 609 keV. The
activity of ***Ra was determined using the energy peaks at 338 and
911 keV (van Beek et al., 2010). We used the standards of ***Ra and
228Ra provided by the National Institute of Standards and
Technology (NIST, USA) to determine the detection efficiency of
the gamma detector. The **Ra and ***Ra standards were co-
precipitated and measured following the same process. The
recovery of Ra in co-precipitation with BaSO, was 99% (van Beek
et al., 2010). The measurement errors of 226Ra and ***Ra were less
than 4%.

Nutrient water samples were filtered using 0.45 pm pore-size
cellulose acetate filters. Then, DSi samples were stored at 4°C after
being preserved with 1%o-2%o chloroform (Han et al., 2012), while
nitrate (NO3), nitrite (NO3), ammonium (NH}), and SRP samples
were frozen and kept at —20°C before further analysis (Wang et al.,
2018). Upon returning to our laboratory, NO3, NO;, DSi, and SRP
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were measured using an AA3 Auto-Analyzer. NH was measured
using a spectrophotometer (Yan et al., 2012). The analytical errors
were less than 1% for NO3 and NO3, 2% for SRP, and 3% for NHj
and DSi (Wang et al., 2018). For the analysis of Chl. 4, 200-400 ml
of seawater was filtered onto 25-mm-diameter GF/F filters. Chl. a
was extracted with acetone and determined using a Turner Trilogy
fluorometer with an analytical error of less than 1%
(Welschmeyer, 1994).

3 Results

3.1 Distribution of salinity and temperature
in Dongshan Bay

From the bay inlet to the outlet, trends of salinity increase and
temperature decrease for both the surface and bottom waters were
observed (Figure 4), indicating mixing between the Zhangjiang
estuarine water and the offshore seawater. The salinity ranged from
31.2 to 34.1 with an average of 33.2 for the surface water and from 32.3
to 34.1 with an average of 33.4 for the bottom water. Sites Z9, Z10, B3,
and F1, located at or near the bay outlet, had the same salinity in both
surface and bottom layers as the offshore station, Station E3, indicating
the intrusion of the offshore seawater into Dongshan Bay and well
mixing at these stations. The temperature (°C) varied from 25.1 to 26.7
with an average of 25.9 for the surface water and from 25.1 to 26.6 with
an average of 25.8 for the bottom water. Based on the density anomaly,
water stratification appeared in the bay inlet at Stations Z2 and Z4, near
the Zhangjiang Estuary (Figure 5), indicating the influence of the
Zhangjiang River plume.

3.2 Distributions of radium isotopes and
Chl. a in Dongshan Bay

Contrary to the salinity distribution, the activity of radium
isotopes and the concentration of Chl. a decreased from the bay
inlet toward the outlet (Figure 4). In the surface water, the activities
(dpm 100 L") of 22°Ra and ***Ra ranged from 17 to 39 and 27 to
147, respectively (Table S1, SM). The bottom activity (dpm 100 L™
ranged from 18 to 39 for >*°Ra and 29 to 163 for **Ra, respectively.
Vertically, the activity of **°Ra in the bottom water was
indistinguishable, considering its maximum measurement error,
from that in the surface except at Site Z6 where the bottom activity
was greater by 42% than in the surface (Figure S2, SM). The vertical
pattern of 228Ra differed near the inlet, Sites Z2 and Z4, and the
outlet, Site Z9, where approximately 10% of vertical difference was
present. At Site Z4, the activity of ***Ra in the surface water was
greater than that in the bottom water because of the spreading of the
Zhangjiang River plume as shown by the apparent water
stratification (Figure 5). The bay-wide **®Ra was positively
correlated with **°Ra significantly with a slope of 6.02 + 0.28 (P<
0.01, R* = 0.96) (Figure S3, SM). At Site Z6, we observed a local
maximum in the activity of radium isotopes in the bottom water
(Figure 4), where a relatively high concentration of Chl. a, 5.02 ug
L', in the surface water was observed approximately 10 days earlier
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FIGURE 4
Distribution of salinity, temperature (°C), radium isotopes (dpm 100 L™, Chl. a (ug L™, and nutrients (umol L™ in Dongshan Bay on 28 May 2020.
(A—H) surface water and (I-P) bottom water.

FIGURE 5
The sectional distribution of the density (kg m™) anomaly from the inlet to the outlet in Dongshan Bay on 28 May 2020. The figure was produced
using Ocean Data View v. 5.6.2 (https://odv.awi.de).
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FIGURE 6

The distribution of Chl. a (ug L™ in Dongshan Bay based on an
underway investigation on 19 May 2020. Site Z6 and its surrounding
area (framed by the gray rectangle) showed the highest Chl. a
concentration.

in the underway mapping (Figure 6). On 28 May 2020, the
concentration of Chl. a (ug L") decreased from 2.86 in the inlet
to 0.84 in the outlet with an average of 1.61 in the surface layer and
from 1.95 to 0.85 with an average of 1.22 in the bottom layer.

3.3 Distributions of nutrients in
Dongshan Bay

Similar to the radium distribution, there was a general trend of
nutrients decreasing from the inlet to the outlet (Figure 4). In the
surface layer, the concentrations of nutrients (umol L") varied
from 1.28 to 17.1 for DIN, 0.20 to 1.41 for SRP, and 6.98 to 47.6 for
DSi. In the bottom water, the concentrations of nutrients (Lmol
L") ranged from 1.45 to 12.8 for DIN, 0.16 to 1.28 for SRP, and 6.71
to 35.2 for DSi (Table S1, SM). Vertically, the concentrations of
nutrients were greater by 37% for DIN, 10% for SRP, and 26% for
DSi in the surface water in the bay inlet (Site Z2) (Figure S2, SM),
due to the spreading of the Zhangjiang River plume (Figure 5).
Further downstream, the differences in nutrient concentrations
between the surface and bottom waters got smaller. In the bay
center (Site Z6), the concentrations of DIN and SRP in the bottom
water were greater by 6% and 13%, respectively, than in the surface,
while the concentration of DSi showed no vertical difference. Even
further downstream, however, the vertical nutrient structure was
back to the pattern of higher concentrations in the surface at Site Z9
due to the intrusion of dense offshore seawater with lower
concentrations of nutrients (Figure 5).

3.4 Time-series observations in the
bay center

At Site Z6, salinity changed in phase with water depth for both
surface and bottom waters (Figure 7A). The surface salinity
increased from 32.6 to 33.7 during the flood tide and decreased
from 33.7 to 31.9 during the ebb tide, while the bottom salinity
increased from 32.6 to 34.0 during the flood flow and decreased
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FIGURE 7

Time-series observations of hydrographic parameters and the activity
of 22®Ra in the surface and bottom waters at Site Z6 on 24 May 2020.
(A) Water depth and salinity, (B) temperature, and (C) **®Ra.

from 34.0 to 32.0 during the ebb flow. Temperature varied in
antiphase with water depth in the bottom but showed a trend of
increasing with time on the surface during the day (Figure 7B). The
tidal pattern of the activity of ***Ra almost mirrored the water depth
in both surface and bottom waters (Figure 7C). The surface activity
(dpm 100 L) of **®Ra decreased from 132 to 52 during the flood
tide and increased from 52 to 151 during the ebb tide. In the bottom
water, the activity of ***Ra decreased from 119 to 50 during the
flood flow and increased from 50 to 142 during the ebb flow.

3.5 Groundwater parameters

Spatial and temporal variations were present in the
hydrographic and chemical parameters of the groundwater. The
salinity of groundwater sampled varied from 22.7 to 30.1 with an
average of 27.5 in December 2020 and ranged from 12.7 to 32.9 with
an average of 27.1 in August 2021 (Table 1), all of which were
slightly lower than those of the adjacent seawater, suggesting that
we had sampled groundwater close to the discharging point and
most of the groundwater was recirculated seawater. The radium
activities (dpm 100 L™Y fell in the range from 76 to 222 in
December and from 52 to 441 in August for **°Ra and from 299
to 1241 in December and from 335 to 3038 in August for **Ra. The
seasonal variation in ***Ra with a standard deviation of 223 dpm
100 L™" was much smaller than its spatial variation with a standard
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TABLE 1 Radium activities and nutrient concentrations in the coastal groundwater around Dongshan Bay and the river water end-member.

Station Longitude (°E)  Latitude (°N) = Sampling time = Sampling depth (m) Salinity Temperature (°C)  **°Ra 228Ra
Groundwater  Adjacent seawater (dpm 100 L")
GL December 2020 1.0 289 320 19.9 127+4 | 761+19 | 246 333 127
23.7783 117.5944
August 2021 1.0 309 314 29.8 100+3 | 1,292+12 | 324 215 341
December 2020 2.0 30.1 303 17.6 76 + 2 299 +7 936 | 349 | 519
23.8113 117.4692
YX1 August 2021 1.0 329 33.2 335 52+2 335+5 410 | 413 401
Dec. 2020 05 227 23.1 222 166+5 | 853+16 393 729 433
YX2 239122 117.4243 August 2021 05 127 145 28.4 118+2 | 489+10 126 578 | 455
December 2020 15 259 30.7 16.0 22247 | 914+23 | 495 013 | 225
23.7341 1175223
DS1 August 2021 14 29.4 334 29.6 441+7  3038+26 366 026 @ 121
December 2020 2.0 299 30.7 202 140+5 | 1241429 134 119 132
23.7622 117.4874
D1 August 2021 2.0 29.8 33.4 283 181+3 1446+ 13 | 111 105 | 210
December 2020 05 262 16.5 36+ 1 154 +3 720 105 | 529
23.9155 117.4714
R1 August 2021 05 20.1 286 63+2 181 +3 491 | 229 697

R1, the river water end-member.
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deviation of 505 dpm 100 L™". The activity of ***Ra significantly
correlated with that of *°Ra in the groundwater (P< 0.01, R*=0.81)
with a slope of 6.54 + 1.11 (Figure S3, SM), indicating a uniform
source of radium in the coastal aquifer. This slope deviated greatly
from that in the river water, 1.00, but was similar to that in the bay
water, 6.02 + 0.28, suggesting that the radium in the bay water was
mainly sourced from the saline groundwater and confirming that
our selection of the groundwater end-member is proper.

The concentrations of nutrients ((tmol L ™) ranged from 24.6 to
393 for DIN, from 0.13 to 7.29 for DIP, and from 51.9 to 433 for DSi
in December and from 36.6 to 324 for DIN, from 0.26 to 21.5 for
DIP, and from 40.1 to 455 for DSi in August. Similar to the radium
isotopes, the seasonal standard deviations in nutrients were at most
half as much as their spatial standard deviations. However, there
were no significant correlations between ***Ra and nutrients in the
groundwater. The mean values of radium activities and nutrient
concentrations of the groundwater were an order of magnitude
greater than those of the bay water. In choosing our groundwater
end-member, an assumption was that no significant transformation
of radium and nutrients in the groundwater had occurred before
discharging. The mean values of salinity and radium activities were
used in the calculation of the flux of SGD to reduce the uncertainty
caused by seasonal and spatial variations.

4 Discussion

4.1 The SGD flux and net associated
nutrient fluxes in Dongshan Bay

4.1.1 The flux of SGD on the bay-wide scale

The sources of dissolved radium in Dongshan Bay include the
Zhangjiang River, diffusion from sediments, and SGD. The loss
terms of radium are mixing with the offshore seawater and
radioactive decay. In terms of >**Ra, its decay loss can be
neglected in coastal systems where the residence time is usually at
least an order of magnitude shorter than its half-life (Wang et al.,
2015). For Dongshan Bay, with semi-enclosed geomorphology and
relatively stable hydrodynamic conditions (Qin and Zhao, 2020), an
assumption of steady state is valid within our investigation period of
10 days, i.e., the sources of radium balance its losses. Thus, a radium
mass balance model can be set up as follows (Wang et al., 2018):

I
Fg- ZZSRﬂR +Fg - ZZSRaRad  Crsy + Fsgp - A+ Fogp - 228R“GW = % (1)
f

where Fy is the Zhangjiang River discharge, ***Rag and ***Ragy
are the activities of dissolved 2**Ra of the river and groundwater, and
Crsaris the concentration of TSM of the river end-member, for which
the TSM at Station Z1, 26.0 mg LY, was used. 228Rad is the activity of
desorbable ***Ra on suspended particles with a value from the Jiulong
River nearby adopted (Wang et al., 2015), Fsgp is the diffusive flux of
**%Ra from sediments, and A is the surface water area of Dongshan
Bay, 155.5 km’. The sediments of Dongshan Bay are mainly
composed of sands and silts (Gao et al., 2021), which are the same
as the sediment composition in Jiaozhou Bay (Zhang et al., 2020b).
Thus, the diffusive flux, 5.52 dpm m2 dayfl, used in Jiaozhou Bay
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was adopted in this study. Fsgp is the flux of SGD. Iy, is the total
inventory of excess **Ra in Dongshan Bay. The investigated area was
divided into 13 equal-sized grids. I,,5, was estimated by integration
over the grids (Wang et al,, 2018).

Ty is the flushing time of Dongshan Bay. Assuming that the
influence of winds was negligible, which is valid as no strong wave
was observed in Dongshan Bay (Qin and Zhao, 2020), a tidal prism
model was adopted to calculate the flushing time (Liu et al., 2018):

Vbay

y PP E—
IV, (1-b)/T+Fy

2)

where Vy,,, is the volume of bay water, Vp is the volume of the
mean tidal prism, b is the return flow factor, and T is the tidal
period, 12.22 h. Vj,, was estimated as,

Vhay = 2?:1(141’ : Hi) (3)

where A;, i =1, 2, 3, 4, is the area enclosed by 0-5, 5-10, 10-20,
and 20-36 m isobath, respectively, and H; is the average water depth
of A;. The mean tidal prism was estimated by multiplying the water
surface area by the mean tidal range. The return flow factor, b,
represents the fraction of the offshore seawater from the Taiwan
Strait into Dongshan Bay. It can be determined using a three-end-
member mixing model (Wang et al,, 2015).

fotfrtfow =1
So - fo + Sg - fr + Ssw - fow = S (4)

228 228 228 228
Ray - fo + " Rag - fp + ““Ragw - fow =~ Rag

where f is the fraction of each end-member in Dongshan Bay, S
and ***Ra are the salinity and the activity of >**Ra, and the subscripts
“0,” “R,” “B,” and “GW” refer to “oftshore seawater,” “river water,”
“bay water,” and “groundwater,” respectively. Here, fo = b. All the
values of the parameters used in Egs. (2) and (4) are listed in Table S2,
SM. The flushing time in Dongshan Bay was 9.85 + 1.57 days, which
is comparable to the mean semi-exchange period of Dongshan Bay,
10.6 days based on a planar 2-D mathematical model (Qin and Zhao,
2020). Then, the flux of SGD was calculated from Eq. (1) with the
values of parameters listed in Table S3, SM. The flux of SGD on the
bay-wide scale in May was (7.47 + 3.40) x 10° m> day ™', which was
approximately 9 times greater than the concomitant Zhangjiang
River discharge. After dividing the flux of SGD by the water
surface area, the SGD rate in Dongshan Bay was 0.048 + 0.022 m
day . The SGD rate was also estimated using another tracer, **°Ra,
using a similar calculation procedure to **Ra. The SGD rate based on
the 2*°Ra mass balance model was (0.065 = 0.015) m dayfl,
comparable to that based on the 228Ra mass balance model, (0.048
+0.022) m day . The consistency of the SGD rates based on the two
traces suggested the reliability of our estimates.

4.1.2 The net SGD-associated nutrient fluxes

The net nutrient fluxes carried by SGD were calculated with the
flux of SGD in May 2020 multiplied by the difference in nutrient
concentrations between the groundwater and bay water. To have a
conservative estimate, the SGD flux derived from the **®Ra mass
balance model was chosen. The median, instead of the mean, values
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of nutrient concentrations in the groundwater were used to avoid
large uncertainties caused by extreme values. The riverine nutrient
fluxes were calculated with the river discharge in May 2020
multiplied by the nutrient concentrations of the river water. The
net DIN, SRP, and DSi fluxes via SGD were (7.06 + 0.82) x 10°,
(2.05 + 0.34) x 10*% and (1.12 + 0.34) x 10° mol day’l, respectively,
which were at least an order of magnitude greater than the
concomitant riverine fluxes in May (Figure 8A). Such small
riverine nutrient fluxes may be due to dam construction in the
Zhangjiang River upstream (Gao et al., 2021) and nutrient retention
in the mangrove system of the Zhangjiang Estuary (Wang F. et al.,
2021). Sand and silt are the predominant sediment types in the bay
(Gao et al.,, 2021); thus, the contribution of nutrients from sediment
diftusion in the nutrient budget is negligible (Zhou et al., 2022).
Taking the dry deposition flux of DIN (nitrate plus ammonium) in
the western Taiwan Strait (Wu et al., 2019), 40.8 umol m > day ’,
the atmospheric deposition of DIN in Dongshan Bay was calculated
to be 6.34 x 10° mol day ™', which was an order of magnitude lower
than the riverine input. The only fish farm in Dongshan Bay was
close to Site A3 (Cui et al., 2022). However, we did not observe
point-source-induced nutrient anomaly at this site, suggesting no
apparent influence on nutrients from local aquaculture in this
system. Therefore, SGD was the predominant nutrient source in
Dongshan Bay during our investigation.

4.1.3 Uncertainty analysis

The uncertainty in a function, F = f(x}, X5,..., X,,), caused by
errorsin x; (i =1, 2, ..., n) can be estimated using error propagation
(Taylor, 1997),

n (OF o0

Op = 2,‘:1(87% - 6y) (5)
where &5 is the error for F and d,, is the error for x;. The total
uncertainty in the flushing time was estimated to be 16%, which was
mainly contributed by the uncertainty of salinity in the river water
(Table S4, SM). The uncertainties in salinity, ***Ra activity, and
nutrient concentrations of the river water, groundwater, and bay

FIGURE 8
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water were the standard deviations of these parameters at multiple
sites. The total uncertainty in the flux of SGD was estimated to be
46%, which mainly resulted from the spatial variation in the activity
of ?®Ra in the groundwater (Table 54, SM). The seasonal variation
in the salinity and ***Ra activity in the river water contributed less
than 6% of the total uncertainty in the flux of SGD. The
uncertainties in the net SGD-associated nutrient fluxes resulted
not only from the parameters involved in Eq. (1) but also from the
concentrations of nutrients in the groundwater and bay water. In
fact, the major uncertainties in the DIN flux were from the spatial
variation in the nutrient concentrations in the groundwater (63%)
and in the bay water (20%). Similarly, the major uncertainty in the
SRP flux was from the spatial variation in the nutrient
concentration in the bay water (71%), and the major uncertainty
in the DSi flux was from the spatial variation in the nutrient
concentration in the bay water (75%) (Table S4, SM). The
uncertainties in the riverine nutrient fluxes (Figure 8A) resulted
from the seasonal variation in the concentrations of nutrients of the

river water.

4.2 SGD predominantly regulated the
nutrient distribution in Dongshan Bay

4.2.1 SGD dominates the bay-wide
nutrient distribution

The predominance of SGD in the nutrient sources in Dongshan
Bay was further consolidated by the fact that the nutrient
distribution in the bay was mainly controlled by SGD. ***Ra was
chosen as a proxy of SGD here for the following three reasons. a)
The contribution of **Ra from the Zhangjiang River accounted for
less than 2% of the radium sources in the bay, so that the riverine
contribution can be overlooked. b) The decay of ***Ra can be
ignored due to its long half-life relative to the flushing time in the
bay. ¢) The contribution of sediment diffusion can be neglected
because the regeneration of ***Ra was negligible during the flushing
time of the bay (Gonneea et al., 2008). On a bay-wide scale, despite
the relatively small size of the sample number (1 = 13 and 7 in the

(A) The nutrient fluxes carried by SGD, the Zhangjiang River, and atmospheric deposition in Dongshan Bay in May 2020. (B) The SGD-associated
nutrient fluxes in small bays, medium bays, and large bays along the entire Chinese coast.
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surface and bottom waters, respectively), significant positive
correlations between ***Ra and nutrients were consistently found
in both surface and bottom waters (P< 0.01) with R*> >0.90 except
for SRP in the surface where R* was still as high as 0.72 (Figure 9).
Such highly significant correlations indicate that SGD was the
master control of the nutrient distribution in Dongshan Bay,
which is consistent with limited riverine nutrient exports from
the Zhangjiang Estuary and the major contribution of SGD in the
nutrient sources. The surface SRP had less R most likely due to that
SRP in the surface water was regulated more readily by
photosynthesis/respiration than DIN and DSi. Although particle
sorption/desorption might have played a role in regulating the
concentration of SRP, its contribution would have been trivial as the
concentration of TSM in the surface water was 2.86-26.0 g m™>
(Table S1, SM) since a similar concentration of TSM in the bottom
layer resulted in no apparent particle sorption/desorption (Figure
S4, SM). The greater R’ in the bottom layer for all the nutrients was
due to the following reasons: a) the SGD-associated nutrient input
mainly occurring in the seabed, instead of along the coastline; b)
greater biological regulation in the surface layer due to more
sunlight available; and ¢) the additional nutrient in the overflow
of less dense estuarine water from the Zhangjiang Estuary in the
surface. Therefore, the nutrient distribution in Dongshan Bay was
predominantly controlled by SGD with the regulation stronger in
the bottom water than in the surface water.

Significant positive correlations between ***Ra and Chl. a were
also found in both surface (P = 0.02) and bottom waters (P = 0.01)
(Figure 9) with a greater R? (0.78) in the bottom water. Obviously,
because of its predominant contribution of control on nutrients,
SGD significantly supported the biomass in Dongshan Bay. The
smaller R in the surface water was likely caused by other factors
that would regulate phytoplankton, such as light and temperature
(Zohdi and Abbaspour, 2019). Similar to Dongshan Bay, significant
positive relationships between SGD tracers (***Rn and **°Ra) and
nutrients and Chl. a were found in Tolo Harbor, Hongkong (Cheng
etal., 2020), and Little Lagoon, USA (Su et al., 2013), suggesting that
SGD-borne nutrients supported the outbreaks of algal blooms in

FIGURE 9
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these regions. In Yeoja Bay, South Korea, an algal bloom was also
found to be linked to SGD based on similar DIN/SRP ratios in the
red tide water and groundwater (Lee and Kim, 2007). Therefore,
SGD-borne nutrients merit greater attention in the monitoring and
management of potential eutrophication and algal blooms in
coastal areas.

Such significant correlations (P< 0.01, R > 0.90) between the
activity of 228Ra, an SGD proxy, and the concentration of nutrients
were never seen in any other coastal systems so far reported. The
major proportion SGD possesses in the nutrient budget in the bay is
apparently a necessary and sufficient condition for a significant
correlation between the concentrations of an SGD proxy and
nutrients in the bay. Such a statement is also supported by other
studies (Table S5, SM). For example, in the Liangjiang Area, China
(Peng et al., 2021), where the riverine input was the predominant
source of nutrients in October, no significant correlations between
***Ra and DIN or SRP were found. The same situation was also
reported in Waquoit Bay, USA (Charette et al., 2001). In the cases of
Sydney Harbor (Correa et al., 2020), Jiaozhou Bay (Zhang et al.,
2020b), and Daya Bay (Zhang et al., 2020a), despite greater SGD-
associated nutrient flux than the riverine input, the conclusion that
nutrient distribution was dominated by SGD may not be drawn
recklessly. Indeed, significant correlations between **Ra and DIN
and SRP were observed (P< 0.05). However, the R* values of these
correlations were all less than 0.50, implying that although SGD was
a factor regulating the nutrient distribution in these systems, it was
not the predominant one. We speculated that other factors such as
effluent discharge and/or atmospheric deposition may also have had
significant effects on the nutrient distribution in these systems.

4.2.2 An SGD hotspot in the bay center

On the site-specific scale, we evaluated the effect of SGD on
eutrophication at the SGD hotspot, Site Z6. Our underway sampling
showed a maximum Chl. a concentration at Site Z6 (Figure 6),
suggesting the highest biomass at this site. For this high biomass to
occur, sufficient nutrients would be required. Since Site Z6 was
located in the center of the bay, far from the Zhangjiang Estuary,

The concentration of nutrients and Chl. a versus the activity of *®Ra in the water column in Dongshan Bay. (A-D) Surface water and (E-H) bottom water.
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and there were no sewage discharge and aquaculture nearby (Gao
etal, 2021; Cui et al,, 2022), we speculated that this phytoplankton
bloom might be supported by nutrients from SGD. Although the
water depth at Site Z6 was deep, the bottom nutrients from the
aquifer below could affect the algal growth because of well mixing of
the water column (Figure 5).

Our later mapping showed the maxima of **°Ra and ***Ra
activities at Site Z6 in the bottom water (Figure 4), which confirmed
this speculation. The desorption of radium from resuspended
sediments might have caused the high activities of radium in the
bottom water. However, the concentration of TSM in the bottom
water at Site Z6 during our sampling period was very low, only 8.3 g
m> (Table S1, SM). Therefore, no intensive disturbance of
sediments had occurred. Moreover, after subtracting the
contribution of suspended particles, local maximum activities of
radium isotopes were still present (Figure S5, SM). Furthermore,
our 12-h observations at this site demonstrated that the activity of
228Ra varied in antiphase with water depth in both surface and
bottom waters (Figure 7C), implying the influence of a tidal-driven
SGD throughout the water column. However, no local peak
concentration of nutrients was observed at the bottom of Site Z6
on May 28 (Figure 4). This may be due to a couple of reasons: a)
nutrients had been very active in the biogeochemical cycle and
taken up/regenerated very quickly in the water column; and b)
during our sampling period, the water column was well mixed
(Figure 5) so that when the nutrients in the surface layer were
consumed by phytoplankton, the nutrients in the bottom layer
could be mixed into the surface quickly.

A non-steady-state model (Garcia-Orellana et al, 2010) was
applied at Site Z6 to estimate the SGD rate. The sources of radium at
this site include the Zhangjiang River, diffusion from sediments,
tidal input, and SGD. The loss terms of radium are decay (can be
neglected considering our time scale of observation, i.e., 2 h) and
mixing. The mass balance equation was set up as:

(6)

77 = Far + Feea + Fripe + Fo = Fyux
where %is the difference in the flux of ***Ra between two
contiguous measurements (At =2 h in this study), F; is the flux of
*?%Ra from the Zhangjiang River, Fq, is the diffusive flux of ***Ra
from sediments, Fyypg is the tidal flux of ***Ra, F; is the SGD-
associated ***Ra flux, and Fyy is the mixing loss of 22%Ra.
In Eq. (6), Al can be calculated by:

Al =Tp — 1, (7)

I, = Ra, - h, (®)

where *2*Ra, is the average ***Ra activity of surface and bottom
waters at time £, and h, is the water depth at time .

F; can be estimated by multiplying the river discharge by the
28Ra activity in the river water. The diffusive flux, 5.52 dpm m™>

day ™!, was adopted. During a flood tide, Fyypy can be estimated by:

hyons = h
Frpg = =7 [b**Ra, + (1= b) *Rao] ~ (9)
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During an ebb tide, Frypr can be calculated by:

ht+At -h

F _ t 28p 10
TIDE A ag (10)

dr
After &

sediments, and tidal input and output, the net ***Ra flux can be

was corrected for the river input, diffusion from

estimated by:

(11)

To have a conservative estimation of the contribution from

FNET:FG_FMIX

SGD, the maximum negative value of Fypr was chosen as the
mixing loss (Burnett and Dulaiova, 2003). Finally, F; can be
converted to an SGD flux by dividing the ***Ra activity in the
groundwater listed in Table S3, the same groundwater end-member
used in the mass balance model.

The conservative estimate of SGD rate at Site Z6 was 1.24 +
1.47 m day ™', which was an order of magnitude greater than the
bay-wide SGD rate (0.048 + 0.022 m day ') and those near the
shore (within 0.5 km) in other bays (Hsu et al.,, 2020; Luo et al,
2020). The uncertainty in the SGD rate at Site Z6 was the standard
deviation of the SGD rate over the time-series investigation period,
reflecting the temporal variation in the SGD rate. Generally, the
closer to the shore, the higher the SGD rate is (Debnath and
Mulkherjee, 2016). However, our study demonstrates an SGD
hotspot in the bay center (>5 km offshore), where the sediment
type is sandy silt (Gao et al., 2021). The permeable sediments of
Dongshan Bay (Gao et al,, 2021) ensured the discharge of
submarine groundwater from the seabed. Plus, no anomalously
high signals of radium were observed near the coastline. Therefore,
the SGD distribution seemed not related to the geological pattern of
the coastline.

At this site, great loads of nutrients via SGD were discharged into
the water column. This site may be the deposition site of organic
particles as Gao et al. (2021) observed organic-rich sediments at this
site. The nutrients produced from the degradation of organic matter in
the sediments were then transported to the water column via SGD.
However, the nutrients may be unlikely released from the SPM directly
because no abnormal elevation of TSM was observed at this site. The
nutrients via SGD were then mixed into the surface layer and fueled the
high productivity we observed on May 19.

4.3 Local and national significance of SGD
in small bays

On the local scale, the sources and spatial distribution of nutrients
turned out to be dominated by SGD in Dongshan Bay. The SGD
hotspot in the bay center is a site more readily to be eutrophied and
bloom than other locations in the bay that merits particular attention in
local environmental management and monitoring of eutrophication
and phytoplankton blooms. The bay-wide inputs of nutrients via SGD
are a top priority in water quality and ecosystem monitoring and
management. Moreover, marine or anthropogenic terrestrial sources in
SGD need to be identified and quantified before any corresponding
regulation can be planned. Furthermore, there may be a time lag for
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SGD to respond to any treatment, so the outcome may take days,
months, or even years to be seen.

On the nation-wide scale, we extrapolated our bay-wide SGD-
carried nutrient fluxes to the entire Chinese coastline using the median
SGD-carried nutrient fluxes (Table S6, SM) considering bays with
small, medium, and large areas where SGD-associated nutrient fluxes
are available. Notably, most investigations in Table S6 including ours
were conducted in only one season. Considering that seasonal
variations of SGD-associated nutrient fluxes may be present,
additional uncertainties may be introduced in our extrapolation,
which would be reduced by further investigations in more seasons.
In the present extrapolation process, we assumed that there was no
seasonal variation of SGD-carried nutrient fluxes. The total nutrient
flux (mol day™") via SGD along the Chinese coastline is (2.57 £ 1.07) x
10° for DIN, (3.21 + 1.36) x 10° for SRP, and (1.49 + 0.26) x 10° for
DSi. Our results are comparable to the total nutrient flux estimate of
Zhang et al. (2020b). Despite the relatively small sizes of individual
small bays, the great cumulative area as well as the greater area-
normalized SGD-carried nutrient flux makes the total DIN
contribution from SGD in small bays approximately twice as much
as that in large bays (Figure 8B). Therefore, investigations in small bays
are critical to accurately estimate the SGD-associated nutrient fluxes
and to assess the biogeochemical and environmental impacts of SGD
along the entire Chinese coast.

From a global perspective, small bays may similarly contribute a
significant amount of nutrients to coastal waters because their greater
area-normalized SGD-carried nutrient fluxes and limited riverine
inputs and therefore may likely play a disproportionately big role in
local and national coastal systems. Thus, SGD-carried nutrients in
small bays merit attention in environmental monitoring and
management. A better understanding of the biogeochemical impacts
of SGD in small bays is indispensable in future environmental
investigations. Such investigations will definitely contribute to the
United Nations Decade of Ocean Science for Sustainable
Development (2021-2030; https://en.unesco.org/ocean-decade) in
terms of understanding land- and sea-based sources of pollutants
and contaminants and their potential impacts on ocean ecosystems.

5 Conclusions

We carried out station-based and underway mappings, as well as
a 12-h time-series investigation in subtropical Dongshan Bay, China,
to investigate the role that SGD plays in small bays (<500 km?). We
found the most significant positive correlations (P< 0.01, R* > 0.90) in
global coastal ecosystems ever investigated between concentrations of
the SGD tracer, 2*®Ra, and nutrients in Dongshan Bay, which
revealed that the nutrient concentration was predominantly
controlled by SGD on a bay-wide scale. Furthermore, SGD seemed
to support the productivity of phytoplankton in the bay, as shown by
the significant positive correlation (P = 0.02, R? > 0.40) between
concentrations of ***Ra and Chl. a. Additional evidence of the
support of SGD was that the highest biomass observed during the
underway survey occurred where the highest activity of ***Ra was
found in the station-based mapping, implying the support of SGD-
carried nutrients to algal blooms. On the bay-wide scale, the SGD-
carried nutrient fluxes (mmol day ") were (7.06 + 0.82) x 10, (2.05 +
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0.34) x 10% and (1.12 + 0.34) x 10° for DIN, SRP, and DSi,
respectively, which accounted for over 95% of the nutrient sources.
After extrapolating our results to the entire Chinese coast, the SGD-
carried DIN flux in small bays was approximately twice as much as
those in large bays (>2,000 km?), highlighting the importance of small
bays in estimating the role that SGD plays in coastal nutrient
distribution and budgets on a national scale.
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