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Abstract

In certain regions, submarine groundwater discharge (SGD) into the ocean plays a significant role in coastal
material fluxes and their biogeochemical cycle; therefore, the impact of SGD on the ecosystem cannot be ignored.
In this study, SGD was estimated using naturally occurring radium isotopes (?*Ra and 2?*Ra) in a subtropical
estuary along the Beibu Gulf, China. The results showed that the Ra activities of submarine groundwater were
approximately 10 times higher than those of surface water. By assuming a steady state and using an Ra mass
balance model, the SGD flux in May 2018 was estimated to be 5.98x10%® m3/d and 3.60x106 m3/d based on ??*Ra
and ?*3Ra, respectively. At the same time, the activities of Ra isotopes fluctuated within a tidal cycle; that is, a lower
activity was observed at high tide and a higher activity was seen at low tide. Based on these variations, the average
tidal pumping fluxes of SGD were 1.15x10¢ m3/d and 2.44x106 m3/d with ?>/Ra and ?%3Ra, respectively. Tidal-
driven SGD accounts for 24%-51% of the total SGD. Therefore, tidal pumping is an important driving force of the
SGD in the Dafengjiang River (DFJR) Estuary. Furthermore, the SGD of the DFJR Estuary in the coastal zone
contributes significantly to the seawater composition of the Beibu Gulf and the material exchange between land
and sea.
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1 Introduction

One of the main manifestations of human activities in coastal
ecosystems is the land-ocean interaction process. Among these
interactions, submarine groundwater discharge (SGD) is an im-
portant but often overlooked process, which has been prominent
in the global water cycles. Since many ingredients exhibit higher
concentrations, such as nitrate, in groundwater than in seawater,
SGD can be regarded as an important carrier of nutrients and
other substances along coastal areas. At the same time, SGD-
driven materials can change the composition and structure of
offshore substances so as to change the traditional pattern of the
biogeochemical cycles of coastal waters (Johannes, 1980; Maher
etal., 2013; Kwon et al., 2014; Chen et al., 2020, Zhao et al., 2021).

SGD includes all flow of water on continental margins from
the seabed to the coastal ocean, which contains both the fresh
groundwater discharge and the recirculated seawater discharge
(Burnett et al., 2003). Because of its underground and non-intuit-

ive characteristics, it is generally difficult to directly measure. For
instance, the physical measurement data can only partially re-
flect the SGD, and hydrogeological models require detailed hy-
drogeological analysis and reliable parameters. However, geo-
chemical tracers have proven to be an effective method for SGD
estimation and require relatively minimal effort; among these
tracers, the radium (Ra) isotope is considered to be one of the
most efficient ways (Beck et al., 2007; Colbert and Hammond,
2008; Moore et al., 2011; Zhang et al., 2020). There are four natur-
ally occurring Ra isotopes, 22°Ra (7T, ,=11.4 d), 2**Ra (T} ,=3.6 d),
226Ra (T, ,,=1 600 a), and 22%Ra (T, ,=5.75 a). Because of the large
variation in the rates of their generation and decay, these four
isotopes can be used to study the biogeochemical processes at
different time scales.

The Beibu Gulf is considered to be the last clean sea area in
China, and its marine environment is healthier than that of other
coastal areas (Guo, 2020). However, owing to the rapid develop-
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ment of the economy along the Beibu Gulf coast region, the
coastal marine environment has been under significant pressure.
Accordingly, the contents of industrial sewage, living wastewater,
mariculture wastewater, and other pollutants increased gradu-
ally, leading to the ecological and environmental problems pro-
gressively extending from the land to the coastal ocean. The eco-
logical environment of the Beibu Gulf is deteriorating, while eu-
trophication, red tides, and other environmental problems have
been observed constantly (Yang et al., 2015; Luo et al., 2016). The
Dafengjiang River (DFJR) is a typical subtropical river along the
Beibu Gulf and is the second largest river emptying into the
Beibu Gulf. Therefore, a study on the SGD and its environmental
impact in the DFJR Estuary will help in understanding the causes
of water environment changes comprehensively and providing
basic data for the protection and governance of the water envir-
onment.

2 Study area

The DFJR Estuary is located on the south coast of Guangxi,
China, which is a shallow estuary connected to the Beibu Gulf
(Fig. 1). The DFJR is smaller compared to most of the well-stud-
ied rivers globally and those in China. It has a length of around
158 km, a drainage area of around 1 927 km?, and an average wa-
ter depth of around 7 m (range of 2-14 m) (Li et al., 2015; Lu et al.,
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2020). The annual average freshwater discharge is 18.3x10° m?3,
and approximately 36.0x10* t of suspended sediments are loaded
into the estuary (Lin et al., 2018). The annual rainfall of DFJR
ranges from 1 200 mm to 2 300 mm, with an average of 1 600 mm
(data from the China Meteorological Data Sharing Service Sys-
tem, http://data.cma.cn/). The DFJR is highly sensitive to the
subtropical monsoon climate, with 80% of rainfall occurring in
the wet season from April to September and 20% in the dry sea-
son from October to March of next year (Fig. 2a). At the same
time, approximately 88% of the freshwater is discharged during
the flood season (from April to September) when the south-west-
ern monsoon prevails. The discharge in August was the largest,
accounting for 24% of the total annual water discharge. The re-
maining 12% is discharged during the dry season (from October
to March of next year) (Luo et al., 2015; Lu et al., 2020). The estu-
ary, which is somewhat triangular in shape, develops a main
stream debouching into the open Beibu Gulf in the northwestern
South China Sea (Fig. 1). The tides in the DFJR Estuary are diurn-
al and their amplitudes vary from 1.2 m to 5.7 m within the estu-
ary (Fig. 2b; Yang et al., 2018).

The DFJR Estuary comprises various natural resources, such
as mangroves and marine sand. Land along the DFJR Estuary
coast is used for multiple purposes, including urban lands,
forestry, agricultural activities, aquaculture, and industrial activ-
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Fig. 1.

Location of Beibu Gulf and the Dafengjiang River (DFJR) facing the Beibu Gulf, in the southern part of China (a); sampling

stations in and around the DFJR Estuary in May 2018 (b); the phenomenon of pumping marine sand in the river course (c); and the

Chinese white dolphin in the Sanniang Bay (d) shown in b.
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Fig. 2. Monthly precipitation in Qinzhou (the city where the DFJR Estuary is located) and the river flow rate into the DFJR Estuary (a);
the behavior of tidal levels and its relationship with the Yellow Sea base (unit: m) (b).
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ities, which play an important role in substance input from land
to the river (Xu et al., 2010; Yang et al., 2018; Lu et al., 2020). The
DFJR has a channel connected to the Sanniang Bay (SNB), which
is the natural habitat of the Chinese white dolphin (Sousa chinen-
sis); this dolphin is a first-class nationally protected species in
China that is affected by pollutants from the riverine and land
sources (Fig. 1d; Lin et al., 2018). As an area used to conserve this
species, the SNB requires good water quality. The concentration
and distribution of nutrients in the DFJR Estuary have been stud-
ied previously; the results suggest that nitrogen pollution is
rampant in this area (Wang et al., 2015b; Yang et al., 2018). The
primary sources of pollution were focused on the agricultural
activities, aquaculture, and industrial activities. However, SGD
has not been considered an important land-ocean interaction
process in this area. Given the ecological importance of the DFJR
Estuary, a study on SGD and its impact on the marine environ-
ment of DFJR Estuary is necessary, which can be helpful for un-
derstanding the land-ocean interaction and providing basic data
for the scientific management of this aquatic ecosystem.

3 Sample collections and analysis

The on-spot field investigation in the DFJR Estuary was con-
ducted in May 2018. The sampling sites of the observation are
shown in the Fig. 1b, which covers the aquaculture area in the
river course, the marine sand area in the estuary, and the coastal
Beibu Gulf regions out of the river. At each station, the surface
water sample (25 L) was collected via pumping water at a depth
of around 0.5 m to obtain Ra isotopes. The temperature and sa-
linity of the surface water were measured using a multiparamet-
er water quality analyzer (AP-2000, Aquaread, UK). Then the wa-
ter samples were passed through a column filled with around
20 g MnO,-impregnated acrylic fiber at a flow rate of approxim-
ately 0.5 L/min to ensure quantitative Ra adsorption. After ad-
sorption, the fibers with Ra isotopes were transported to the
laboratory for further processing and analysis. Several groundwa-
ter samples (pore water, around 10 L; and well water, around
20 L) were collected from the mangroves and wells along the
coast of the DFJR Estuary to determine the SGD end-member
(Fig. 1b). Pore water samples in the mangroves were collected by
digging a borehole to insert the pushpoint sampler. The porewa-
ter was extracted using a peristaltic pump. Samples were filtered
by a 0.45 pm cellulose acetate fiber filter (Whatman, ¢ 47 mm) to
remove the suspended sediments and then passed through a
MnO,-impregnated acrylic fiber column. In addition, a 27 h time
series observation (with 3 h intervals) was conducted within the
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DFJR Estuary at Station TS (Fig. 1b). The sampling and pro-
cessing methods were the same as those used for the surface wa-
ter samples.

Upon returning to the laboratory, the Mn-fiber was washed
with fresh water, and the water content of the Mn-fiber was re-
duced to approximately 75%. 224Ra and ??°Ra contents on the Mn-
fibers were then measured using a Radium Delayed Coincidence
Counting System (RaDeCC, Moore and Arnold, 1996). To ac-
count for the dissolved parent (228Th) collected onto the Mn-
fiber, the Mn-fibers were stored for 6 weeks and measured again
to obtain the supported 224Ra. The uncertainties of 224Ra and
223Ra were estimated to be 5% and 12%, respectively, using the
equations reported by Garcia-Solsona et al. (2008).

4 Results

4.1 Hydrographic data

The distributions of temperature and salinity in the surface
water of the DFJR Estuary are shown in Fig. 3. The temperature
within the surface water of the DFJR Estuary varied from 31.5°C
to 33.1°C, with an average of 32.3°C in May 2018. A higher tem-
perature was observed near the estuary. Meanwhile, salinity
ranged from 14.2 to 25.0, with an average value of 20.9. The low-
est salinity was observed in the upper river. During the sampling
montbh, the river discharge rate was 711 m3/s, and the precipita-
tion was 128 mm.

4.2 Raisotopes in surface water and groundwater

The distributions of ??4Ra and ??°Ra are shown in Fig. 4. Here,
the 224Ra data are represented as excess ?24Ra (??*Ra,,), which
have been calculated by subtracting the 226Th-supported ?24Ra
from the total 22“Ra. The activities of ?>/Ra varied from 10.9 Bq/m3
to 48.0 Bq/m? with an average value of 30.8 Bq/m3. Meanwhile,
the activities of 222Ra ranged from 0.09 Bq/m? to 4.38 Bq/m3, with
an average value of 1.95 Bq/m3. The high activities of 224Ra and
223Ra in surface water were generally observed in the middle river
course (Stations D1, D2, and D3) with a salinity of 14.2-16.9.
Then, a decreasing gradient in the Ra isotope activities was ob-
served to the river mouth and the SNB. According to the desorp-
tion experiment data reported by Luo et al. (2019), the Ra could
be considered to have been totally desorbed from the suspended
sediment in the studied estuary.

The porewater samples showed very high activities for 224Ra
and ?23Ra compared to those exhibited by the surface water, ran-
ging from 278 Bq/m? to 587 Bq/m?3 for 224Ra and from 9.42 Bq/m?
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Fig. 3. Distributions of temperature (a) and salinity (b) in the surface water of the DFJR Estuary in May 2018.
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Fig. 4. Distributions of 224Ra (a) and 2?3Ra (b) in the surface water of the DFJR Estuary in May 2018.

to 46.7 Bq/m3 for 225Ra. The average 2?*Ra and 2?%Ra activities
were approximately 10 times higher than those of surface water.
However, the well water samples collected around the DFJR Es-
tuary showed relatively lower activities for 224Ra and 223Ra (Sta-
tion GW-1, (2.02+0.10) Bq/m3 for 224Ra and (0.08+0.00) Bq/m? for
223Ra; Station GW-2, (4.58+0.45) Bq/m3 for 224Ra and (0.18+0.09)
Bq/m? for 223Ra) compared to those exhibited in the surface wa-
ter of the DFJR Estuary, which may be due to the shallow water
depth (<2.5 m) and rainy season. Thus, the well water samples
collected in this study were expected to mainly be sourced from
the rainwater with low Ra activity; their contribution for the Ra
isotopes in the DFJR Estuary was limited and could be ignored
(Guo et al., 2011). Therefore, the discussion below for Ra iso-
topes was based on the porewater samples.

Figure 5 shows a scatter plot of 224Ra and 223Ra activities
versus salinity in the surface water of the DFJR Estuary. The dis-
tribution patterns for ??4Ra and ??>Ra were similar, with low activ-
ities being observed near zero salinity. A decreasing trend was
observed from the intermediate salinity (approximately 15-20) to
the highest salinity, which reflected the release of 24Ra and ?*°Ra
from suspended particles into the solution upon estuarine mix-
ing. A similar distribution pattern can also be observed in other
large rivers (e.g., Moore and Krest, 2004; Rengarajan and Sarma,
2015; Xu et al., 2013; Liu et al., 2018). The activities of 22*Ra versus
223Ra for surface water and groundwater samples are shown in
Fig. 6. From which, the slope of the fitting line in the surface wa-
ter was 15.7 (r=0.98, n=24, p<0.01) during the sampling month.
The fitting line of the groundwater samples showed a higher
slope value than that of the surface water samples, indicating that
the Ra in surface water may be part from the input of groundwa-
ter (Moore, 2006).

4.3 Ra activities in a tidal cycle

In coastal bays and estuaries, tidal pumping could be an im-
portant factor affecting the exchange rate between coastal water
and the offshore seawater. Thus, a 27 h time series observation
was conducted within the estuary at Station TS (21.634°N,
108.874°E, Fig. 1b). During the observation period, the salinity
varied from 16.8 at low tide (tidal level: 71 cm) to 26.8 at high tide
(tidal level: 441 cm). Similarly, the activities of Ra isotopes fluctu-
ated within the tidal cycle, which was in contrast to the salinity
changes; a lower activity was observed at high tide and a higher
activity was seen at low tide (Fig. 7). This was due to the offshore
sea water with lower Ra activity entering the estuary at high tide,
and bringing out the estuarine water with higher Ra activity dur-
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Fig. 5. Activities of 22Ra (a) and 223Ra (b) versus salinity in the
DFJR Estuary in May 2018.

ing the low tide.
5 Discussion

5.1 Apparent water age of the DFJR Estuary

Water residence time is an important parameter for studying
the water dynamics (migration, diffusion, etc.) of the DFJR Estu-
ary and is related to the timescale of the substance transporta-
tion. In order to estimate the SGD in the DFJR Estuary, the resid-
ence time of the water body in the estuary must be obtained first.
Since ??4Ra and 2?°Ra have been derived from the same sources
but exhibit different regeneration rates from their parents, the ra-
tios of 22/Ra and ??Ra can be used to estimate the residence time
of the coastal water, which is generally known as the apparent
water age. The DFJR Estuary is shaped like a triangle, with a peak



Wang Xilong et al. Acta Oceanol. Sin., 2021, Vol. 40, No. 6, P. 1-10 5

inserting into the land and the riverine input from the north. Be-
cause it independently enters the sea, there are no other riverine
Ra sources from the upper stream. Therefore, following Moore et
al. (2006), by assuming that the system was in a steady state (that
is, the Ra additions were balanced by the losses), the 224Ra and
223Ra balance in the DFJR Estuary can be written as follows:

1
F224Ra = IZZARa X (AzyRa + ;) s (1)

1
Fosg, = basgy X (/\223Ra + 7) s ?2)
T

dividing Eq. (1) by Eq. (2), the apparent water age of the study
area 7 can be expressed as

224Ra 224Ra
F( 33 -1
Ra 223Ra
224Ra 224Ra ’
/\224RaI (m> — AzzzRaI (%)

where Feug, and Fezg, are the total fluxes of 224Ra and 22%Ra into
the DFJR Estuary, respectively; [zrq and g, are the inventories
of 224Ra and 223Ra in the study area, respectively; and Aexg, and
Aasg, are the decay constants for 224Ra and 223Ra, respectively. In
this study, the ratio of average activities of 224Ra to 223Ra in
groundwater samples around the DFJR Estuary and the ratio of
total inventories for 224Ra and ??°Ra in the surface water samples
of the DFJR Estuary were used to represent the initial input ratio

224
Ra) —26.6 and

T =

3)

and the inventory ratio, respectively. Thus, F (—
223Rg

224 )
1 <ﬁ> =15.8, which came out the apparent water age of the

DFJR Estuary to be 5.3 d in May 2018. This period was longer than
that observed in the Zhujiang River Estuary (1.8-3 d) during the
wet season and shorter than that in the Changjiang River Estuary
in May 2011 (11.3 d) and August 2009 (5.4-7.0 d) (Gu et al., 2012;
Xu et al., 2013; Sun et al., 2014; Liu et al., 2018).

5.2 Ra isotopes budgets in the DFJR Estuary

In the DFJR Estuary, the sources for short-lived 22Ra and
223Ra mainly included the riverine input from the upper stream
river, the contributions from the sediments (desorption from sus-
pended sediments and diffusion from bottom sediments) and the
SGD input. The sinks were mainly due to the mixing with the
open seawater with low Ra activities and the self-decay. Assum-
ing that the DFJR Estuary was in a steady state, a mass balance
equation for Ra isotopes can be constructed as follows (Moore et
al., 2008):

Friver + Fsediment + FSGD = Fmix + Fdecay- (4)

If the other sources and sinks for Ra isotopes could be de-
termined, Ra input via SGD could be obtained. Subsequently, by
dividing the groundwater endmembers, the SGD rate can be es-
timated.

The riverine input of Ra into the DFJR Estuary was estimated
based on the river water discharge in May 2018 (711 m3/s) and
the Ra in the fresh river water (Station DO, salinity=0.8, 224Ra
activity=12.1 Bq/m3, and 223Ra activity=0.09 Bq/m3). Thus, Fiver
was calculated to be 7.45x107 Bq/d and 5.22x105 Bq/d for 2>4Ra
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Fig. 6. Plots of 224Ra versus ??3Ra for all samples in the DFJR Es-
tuary; b is an enlarged figure of the red frame in a.

and ?2%Ra, respectively.

As shown in Fig. 5, the activities of 224Ra and ??3Ra both de-
creased from the intermediate salinity (approximately 15-20),
which indicated that the Ra had been totally been desorbed from
the suspended sediments. The desorption experiment carried out
by Luo et al. (2019) using sediments near the DFJR Estuary can
also illustrate this verdict. Therefore, it does not have to take ac-
count of the desorption from the suspended sediments for Ra
sources in this system. However, because of the shallow depth of
the estuary, Ra diffusion from the bottom sediments to the water
column cannot be ignored. To estimate Ra diffusion from the
bottom sediments, the following equation was used to calculate
the maximum possible diffusion flux of 2?4Ra:

(Ds X /\224Ra)1/2

A 5

Fitfusion = Mz X

where Fiiffusion is the diffusion flux (Bq/d) from the bottom sedi-
ment; Ds is the diffusion coefficient of Ra in sediments, which is
generally obtained from the diffusion coefficient of Ra in water
and the porosity of the sediment (Wang et al., 2020). Sub-
sequently, Ds was calculated to be 4.1x10-6 cm?/s. Kq is the distri-
bution coefficient (80); and A is the area of the DFJR Estuary
(6.86x107 m?2). The average activity of the parent (Mzxs1,, 0.049 Bq/g)
in the surface sediment of the South China Sea (Liu et al., 2020)
was used to estimate its contribution to ?**Ra in the DFJR Estuary.
The diffusion flux of 22°Ra from the bottom sediment was calcu-
lated based on the activity ratio of 224Ra/??3Ra (26.6) in the sedi-
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Fig. 7. Tidal level condition and the measured salinity, 224Ra and ?2*Ra activities of the DFJR Estuary during time series sampling in
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ment porewater near the DFJR Estuary and the diffusion flux of
224Ra. Then, the diffusion fluxes of 224Ra and 223Ra in the DFJR Es-
tuary were calculated to be 1.65x10* Bq/d and 6.22x102 Bq/d, re-
spectively. As discussed above, Fsediment in Eq. (4) was 1.65x10%
Bqg/d and 6.22x10% Bq/d for 224Ra and ??°Ra, respectively.

The loss due to mixing with the open seawater with low Ra
activities can be calculated using the following equation (Ji et al.,
2013):

Finix = — % [Qrap, — Qra, — b (Qrap — Qray)ls (6)

P

X
T
where P is the volume of the tidal prism, which can be estimated
from the water surface area of the DFJR Estuary and the tidal
amplitude (that is, 2.79x108 m3); 7 is the apparent water age; Qra,,
and Qra, represent the measured Ra activities in the DFJR Estu-
ary and the open seawater, respectively; and b is the return flow.
According to the assumption of Moore et al. (2006), the return
flow can be estimated using the fraction of seawater in the DFJR
Estuary. Thus, a three-end member mixing model modified from
Moore (2003) based on the water, salinity and 223Ra was used to
estimate the fraction of seawater:

Js + fe + fow = 1.00, ©)

JSs - Ss+fr - Sr + fow - Sew = S, ()

(f, - Qesmag + i - Qsmag + fow - Qespag)e 0" = Qaspayy, (9)

where fs, fr, and fow are the fractions of the seawater, river wa-
ter, and groundwater in the estuary, respectively; Ss, Sr, and Scw
are the salinities of the seawater, river water and groundwater,
respectively; and Sm is the measured salinity in the estuary water
samples. Because a river water sample at salinity zero has not
been obtained, the upstream water with a salinity of 0.8 (at Sta-
tion D0) was used to represent the river water endmember
(Sr =0.8). The salinity of the offshore seawater in the SNB was
used as the seawater endmember, and the salinity (S,) was meas-

ured to be 30.6. The average salinity of the groundwater samples
(Sew) was used as 21.9. Qusga, Q2sga,, and Qusgra, are 223Ra activ-
ities of the seawater, river water and groundwater samples, re-
spectively (Q:ra,=0.69 Bq/m?3, Q:zra,=0.09 Bq/m3, and Q:zpag, =
0.09 Bq/m3); Qusg,,, is the measured 223Ra activity in the estuary
water samples; and A2y, is the decay constant of 223Ra (0.060 6 d-1).
Thus, the fractions of seawater, river water, and groundwater in
the DFJR Estuary can be estimated by solving three Eqs (7), (8),
and (9), simultaneously. Therefore, the average contribution pro-
portion of SNB seawater to the estuary was 0.60 (that is, b=f;=
0.60). Given above, the loss fluxes by mixing with the open sea-
water for 24Ra and 2?3Ra were calculated to be 4.65x108 Bq/d and
3.28x107 Bq/d, respectively.

The radioactive decay of ?24Ra and ??3Ra cannot be ignored
because the residence time of the study area is expressed on a
time scale of days. In a steady state, the radioactive decay fluxes
for 224Ra and 2?%Ra can be estimated from the inventories of the
measured Ra isotopes with their decay constants A and the ap-
parent water age. Thus, the 224Ra and ?2°Ra fluxes by self-decay
can be calculated to be 2.15x10° Bq/d and 4.38x107 Bq/d, re-
spectively. Then, the excess Ra isotope fluxes (that is, the Ra in-
puts by SGD (Fsgp)) can be obtained from the Eq. (4) by consid-
ering the other sources and sinks estimated above. Fsgp values
were 2.55x109 Bq/d and 7.65x107 Bq/d for 224Ra and 223Ra, re-
spectively.

5.3 The SGD flux into the DEJR Estuary

The SGD flux can be estimated by dividing the excess Ra iso-
tope fluxes quantified above by the Ra activities in the potential
groundwater samples. Thus, the activities of 224Ra and ?23Ra in
the groundwater samples seeping into the study area are neces-
sitated. As shown in Fig. 6, the groundwater exhibiting a high Ra
activity and a high activity ratio can be recognized as the prob-
able groundwater end member that poured into the DFJR Estu-
ary. The average activities of 224Ra and ?2°Ra in the groundwater
samples that met these conditions (activities and ratios) were
426 Bq/m? and 21.2 Bq/m3, respectively. Therefore, the SGD flux
was estimated to be 5.98x106 m3/d and 3.60x10% m3/d based on
224Ra and ?2%Ra, respectively, during the sampling month in the
DFJR Estuary, which can be equal to 9.73% and 5.86% of the DFJR
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water discharge in May (6.14x107 m3/d), respectively. The SGD
rate in the DFJR Estuary (5.25-8.72 cm/d in May 2018) was much
lower than that in the Maowei Sea (20-36 cm/d; Chen et al., 2018)
and the Zhenzhu Bay (36 cm/d; Wang et al., 2020), which were
also located along the coast of the Beibu Gulf. The different SGD
rates along the Beibu Gulf may reflect the different hydrogeolo-
gical conditions. This may also be due to the different tracers,
seasons, and the rainfall. In addition, a unique phenomenon oc-
curred in the DFJR Estuary, sand pumping (Fig. 1c), during our
sampling period. Although there was no evidence that the SGD
rate was influenced by the sand pumping, the process of ground-
water discharge must be different from that observed in areas
with no sand pumping.

5.4 SGD flux into the DFJR Estuary driven by tidal pumping

In coastal bays and estuaries, tidal pumping is usually an im-
portant factor affecting the exchange between coastal water and
the offshore seawater. As an important land-ocean interaction
process, SGD may also be influenced by the tidal pumping. Thus,
if the Ra exchange flux can be measured accurately over a tidal
cycle, the flux of water associated with SGD should be calculated
if the Ra activity in the discharged groundwater has been known
(Peterson et al., 2008):

FaRa _ (QRamml - QRahkgd) X hxA

SGD = =
QRagw T QRagw

; (10)

where Fag, is the net Ra flux derived from the difference between
the sources (other than SGD) and the sinks in the study area;
Qra,, is the Ra activity in the potential groundwater end-member;
Qra,. is the Ra measured during the tidal cycle; and Qray,, is the
Ra activity in the offshore seawater, which can be seen as the
background value of the Ra activity in the DFJR Estuary. To avoid
the influence of other factors other than tides as much as pos-
sible, the lowest value of Ra activity in the tidal cycle was taken as
the background value (Qray,, €quals 27.8 Bq/m3 for 224Ra and
1.64 Bq/m3 for 223Ra). Furthermore, / and A represent the water
depth and area, respectively, and 7 is the apparent water age.
Subsequently, for each time series sample, an SGD flux by apply-
ing Eq. (10) based on the variations of ??Ra and ??3Ra can been
obtained, respectively. The average tidal driven SGD fluxes from
224Ra and ??3Ra were 1.15x108 m3/d and 2.44x10% m3/d, respect-

Table 1. Summary of the SGD rates into estuaries around the world

ively, which can account for 24% and 51% of the total SGD flux in
the DFJR Estuary, respectively. Therefore, tidal pumping is an
important driving force for SGD into the DFJR Estuary. Other-
wise, if the cycle-to-cycle differences, tidal variations, and met-
eorological influence are considered, the role of the tidal pump-
ing in the study area can be more accurately defined. In addition,
the groundwater end member could have an important influ-
ence on the SGD rate, and if we can increase the sampling dens-
ity of the groundwater, the SGD rate can be calculated more ac-
curately. However, because of the short half-life and low activity
in the environment, the measurement of 22Ra may face certain
uncertainties, which in turn can lead to some ambiguity in tra-
cing SGD within the coastal waters. Nevertheless, it is still an ef-
fective method for estimating the magnitude of SGD within one
day.

5.5 SGD rates into estuaries around the world

Due to the different geographical environments and the an-
isotropy of coastal sediments, SGD fluxes vary greatly at different
sites. Table 1 summarizes the reported SGD rates in the estuaries
worldwide. Cases of SGD in estuaries have been studied in tem-
perate, subtropical, and tropical zones. Generally, the SGD rate
in the tropical zones was higher than that in the subtropical and
temperate zones, which may be due to the high precipitation in
the tropical zone and the increase in biomass along the coast as
the latitude decreases (Alongi, 2014; Sanders et al., 2016). The
precipitation can influence the discharge of freshwater ground-
water, leading to the change of total SGD. Meanwhile, the in-
creased biological activities could increase the sediment porosity
at the land-sea interface, creating favorable conditions for the
SGD. The SGD rate of the DFJR Estuary was lower than that of the
other estuaries in the subtropical zone. However, the nutrient
concentration in the groundwater around the DFJR Estuary is
much higher than that in the surface water (Lu et al., 2020). Thus,
even a small volume of SGD can import high nutrient fluxes,
leading to significant ecological and environmental effects. For
instance, it has been reported that the SGD in a coral reef ecosys-
tem is an important inducer of coastal water acidification in the
Sanya Bay, Hainan (Wang et al., 2014). Thus, it is necessary to
study the SGD in the nearshore area, especially in closed and
semi-closed bays and estuaries, as SGD may have a significant
impact on the ecological environment of these water areas and
cause serious environmental problems.

Estuaries SGD rate/(10-2 m3-m-2.d-1) References
Subtropical estuaries
Zhujiang River Estuary, China 6-14 (wet season) Liu et al. (2018)
23-50 (dry season) Liu et al. (2018)
Estuary 1, Australia 35 Webb et al. (2019)
Estuary 2, Australia 14.7 Webb et al. (2019)
Knysna Estuary, South Africa 15 Petermann et al. (2018)
Jiulongjiang River Estuary, China 6.6-35.9 Wang et al. (2015), Hong et al. (2017)
Coffs Creek Estuary, Australia 20.7 Sadat-Noori et al. (2017)
A subtropical Estuary, Australia 24.3 Sadat-Noori et al. (2015, 2016b)
Hat Head Estuary, Australia 0.2 Sadat-Noori et al. (2016a)
Korogoro Creek, Australia 68.3 Sadat-Noori et al. (2015, 2016a)
Minjiang River Estuary, China 0.08 Liu et al. (2016)
Caboolture River Estuary, Australia 26.3 Makings et al. (2014)
Te Puma Estuary, New Zealand 14 Santos et al. (2014)
Waikareao Estuary, New Zealand 27.1 Santos et al. (2014)

to be continued
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Continued from Table 1

Estuaries SGD rate/(10-2 m3.m-2.d-1) References
York River Estuary, USA 8.4 Luek and Beck (2014)
Caloosahatchee River Estuary, USA 1.3 Charette et al. (2013)

Tidal creek and estuary, Australia 56.7 Atkins et al. (2013)
Neuse River Estuary, USA 9.1 Null et al. (2011)
Okatee Estuary, USA 12.1 Moore et al. (2006)
Loxahatchee River Estuary, USA 7.2 Swarzenski et al. (2006)
Elizabeth River Estuary, USA 11.4 Charette and Buesseler (2004)
Mississippi River, USA 2.5 Moore and Krest (2004)
Delaware River Estuary, USA 7.9 Schwartz (2003)
Dafengjiang River estuary, China 4.64-5.02 this study
Tropical estuaries
Coleroon Estuary, India 62.4 Prakash et al. (2018)
Kanal River Estuary, Indonesia 146.2 Adyasari et al. (2018)
Wiso River Estuary, Indonesia 389.9 Adyasari et al. (2018)
Guatami Godavari Estuary, India 25.2 Rengarajan and Sarma (2015)
Sanya River Estuary, China 91.2 Wang et al. (2013)
Narmada Estuary, India 5 Rahaman and Singh (2012)
Wanquan River Estuary, China 1.8 Suetal. (2011)
Temperate estuaries
Krka River Estuary, Croatia 18.9 Liu et al. (2019)

Changjiang River Estuary, China

0.8-4.0 (wet season)
18-45 (dry season)

Gu et al. (2012), Liu et al. (2018)
Liu et al. (2018)

Huanghe River Estuary, China 10.1-109 Xu et al. (2013)
A salt marsh estuary, USA 77 Charette (2007)
Pettaquamscutt Estuary, USA 1.1 Kelly and Moran (2002)

6 Conclusions

The SGD flux of a subtropical estuary along the Beibu Gulf
was studied based on the ??4Ra and ??3Ra activities in May 2018.
The ratios of 224Ra/??3Ra were used to derive the average appar-
ent water age of the DFJR Estuary in May 2018 to be 5.3 d. By aRa
mass balance model, the SGD fluxes into the DFJR Estuary in
May 2018 were estimated to be 5.98x10% m3/d and 3.60x10% m3/d
based on ?24Ra and 2?2%Ra, respectively, which can account for
9.73% and 5.86% of the DFJR water discharge in May, indicating
that the flux of the important substances discharged through
SGD may have an important impact on the balance of budgets for
the biogenic elements in the DFJR Estuary. In addition, the tidal-
driven SGD fluxes were also estimated via a continuous observa-
tion of 2?4Ra and ??3Ra in the DFJR Estuary. The average corres-
ponding tidal-driven SGD fluxes from ??4Ra and ??*Ra were
1.15x105 m3/d and 2.44x108 m3/d, respectively, which accounted
for 24% and 51% of the total SGD flux in the DFJR Estuary, re-
spectively. It was found that the tidal pumping plays an import-
ant role in driving the SGD into the DFJR Estuary. Furthermore,
the SGD of nutrient-enriched groundwater may have an import-
ant impact on the coastal ecosystems of the DFJR Estuary by con-
trolling the water quality in the adjacent sea and altering the stoi-
chiometry of the N:P ratios; these effects should be further invest-
igated.
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