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Abstract

Submarine groundwater discharge (SGD) is an important part in the land-sea interactions, which mainly contains
three components: submarine fresh groundwater discharge (SFGD), tidal flat recirculated saline groundwater
discharge (tidal flat RSGD) and subtidal recirculated saline groundwater discharge (subtidal RSGD). In order to
make a more accurate assessment of the impact of SGD on coastal ecological environment, it is necessary to
distinguish the main components of SGD. In this study, the Maowei Sea, located in the northern part of the Beibu
Gulf, was selected as the study area. Based on the radium (Ra) tracing method, we present a new analytical
method for distinguishing the three main components of SGD in this area combined with field data. The average
daily flow along the coastline of the Maowei Sea of tidal flat RSGD was slightly higher than that of SFGD, and both
two were on the magnitude of 1x10° m3/d. The average daily flow for the subtidal RSGD of the entire subtidal zone
of the Maowei Sea reached to the magnitude of 1x106-1x107 m3/d. The long-term variation trend of terrestrial
SGD is a valuable information for the study of the influence of terrigenous material on the coastal ecological
environment. Based on the results of four sampling periods, it is found that the fluxes of SEFGD and tidal flat RSGD
in the Maowei Sea had good linear correlation with the net precipitation. As an example, January 2015 to August
2022 were selected as the study periods, and the variation trends of SEGD and tidal flat RSGD were calculated by
linear function with net precipitation as the independent variable. The results showed that the flux of tidal flat
RSGD was slightly higher than that of SEGD, and the difference between the two is larger in flood season while
smaller in dry season. In general, in the coastal range of China, the total SGD flux in the Maowei Sea area is at a
high level, and the SFGD flux is at a medium level.
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1 Introduction

The coastal zones are relatively densely populated and eco-
nomically developed regions in the world where land-ocean in-
teractions occur actively (Canuel et al., 2012). The high intensity
human activities cause great pressure to the coastal ecological
environment and affect the sustainable development of coastal
economy (Pereira-Filho et al., 2001; Ip et al., 2007). Submarine
groundwater discharge (SGD) is defined as all the flows from the
sea floor to coastal waters in the continental margin, regardless of
the composition and driving force (Burnett et al., 2003). SGD can
be divided into two types and three main components. The first
type is fresh groundwater from the inland (submarine fresh
groundwater discharge, SFGD). The second type refers to the wa-
ter that seeps into the aquifer and then flows back to the sea (re-
circulated saline groundwater discharge, RSGD) of which the

driving is mainly waves (including tide and wind waves) and wa-
ter density difference. According to different places of occur-
rence, RSGD can be divided into tidal flat RSGD, which refers to
fresh-seawater circulation in intertidal coastal aquifers, and sub-
tidal RSGD, which refers to the water circulation between bot-
tom sediments and overlying water (Huang, 2015; Ma, 2016). As
one of the important processes of land-ocean interactions in the
coastal zone (LOICZ), SGD has been proved to be another im-
portant route for terrigenous materials to enter the sea in addi-
tion to surface runoff and atmospheric sedimentation (Moore,
2010a; Charette et al., 2012; Taniguchi et al., 2002). The submar-
ine groundwater has different geochemical characteristics com-
pared with the surface water. Due to the influence of human
activities, terrigenous groundwater (Here, mainly refers to SFGD)
contains high concentration of nutrients (Burnett et al., 2003;
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Boehm et al., 2004), carbon (Maher et al., 2013; Liu et al., 2014),
methane (Lecher et al., 2016) and heavy metals (Knee and
Paytan, 2011). The discharge of these substances into the sea may
change of geochemical components of offshore water bodies,
which will have adverse effects on the coastal ecological environ-
ment (Wang et al., 2014; Liu et al., 2017). After the nearshore sea-
water penetrating into the coastal aquifer, the salinity of the pore-
water will be changed, which will lead to the change of reaction
rates of some types of chemical reaction in the mixing zone, for
example, the ion exchange reaction between solid and liquid
phases of the aquifer. Also, carbon, nutrients and other sub-
stances will be precipitated. Therefore, RSGD also carries consid-
erable dissolved substances (Gibbes et al., 2008; Anschutz et al.,
2009; Santos et al., 2012), but in general, the chemical composi-
tion of RSGD is different from that of SFGD and seawater.

The geochemical tracing method can provide the average
SGD flux of the study area with less works (Burnett et al., 2001),
which is one of the most widely adopted and effective methods
for quantitative estimation of SGD fluxes (Wang et al., 2015).
Among the tracer, natural radium (Ra) isotopes are one of the
widely adopted. In recent years, many studies have reported the
SGD fluxes of different types of coasts based on Ra tracing meth-
od (Moore et al., 2011; Garcia-Orellana et al., 2014; Wang and Du,
2016; Liu et al., 2017, 2018; Luo et al., 2018).

However, most of the existing studies are based on the basic
principle of Ra mass conservation in the study area, and SGD flux
is obtained indirectly by evaluating the values of various sources
and sinks of Ra in the water. Those methods assume the study
area as a “Black Box” and does not care about the spatial distri-
bution of Ra within the “Box” (hence the name “Box model”).
Box model is very suitable for semi-enclosed and closed areas
such as estuaries, lakes, bays and lagoons with small spatial scale
(Su, 2013). However, in bays with larger spatial scales, the Ra
activity concentration gradient can be obviously observed in the
water bodies, that is, the transport process of Ra exists. In this
case, it is not appropriate to treat the study area as a “Black Box”.

In addition, the results obtained by the conventional Ra tra-
cing methods are mostly the average flux of SGD for the whole
study area, and few studies distinguish the components of SGD
(Liu et al., 2021). As mentioned before, due to the different
sources, the chemical compositions of different SGD compon-
ents may also be different. For the purpose of a more accurate
evaluation of the SGD on coastal ecological environment, it is ne-
cessary to estimate the fluxes of each component separately.

Advection-diffusion equation (ADE) is a basic model to de-
scribe the transport process of solute in the continuous medium,
which can describe the space-time distribution of solute in the
medium. In order to take full advantage of the information con-
tained in the Ra activity concentration gradient in water, the one-
dimensional ADE is adopted as the basic mathematical model in
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theoretical method. This study is developed on the basis of previ-
ous studies (Moore and Arnold, 1996; Swarzenski and Izbicki,
2009; Rodellas et al., 2014). In this study, SFGD and tidal flat
RSGD are included in the boundary conditions at the land-sea
interface, and subtidal RSGD is taken as one of the source terms
of Ra in the ADE. The three components of SGD can be distin-
guished and their respective fluxes can be obtained. For practice,
we choose the Maowei Sea along the northern coast of the Beibu
Gulf as the study area, and select 224Ra as the tracer. By the meth-
od we proposed the fluxes of three main components of SGD in
the Maowei Sea could be calculated respectively.

SFGD and tidal flat RSGD can reflect more information about
the impact of terrigenous materials on offshore ecological envir-
onment, hence researches pay more attention to them. Com-
pared with the SGD flux in a certain period of time in the study
area, the long-term variation trend of SGD is more valuable in-
formation. Researches have studied the variation trend of SGD at
different time scales by combining field data with Darcy’s law
(Wilson et al., 2015), or conducting numerical simulation with
hydrological models (Lee et al., 2013; Yu, 2021). Long-term con-
tinuous observation of the study area is relatively direct and ob-
jective, but it may consume more human and material resources.
Numerical models can provide SGD fluxes at different time scales
with less field works. However, they are more convenient for
ideal coastal aquifer models. In order to conduct modeling ana-
lysis for a specific study area, it is still necessary to carry out more
field investigation and data search, so as to obtain more accurate
topographic information and hydrogeological parameters of the
research area. Based on Ra tracing method, this study also pro-
posed a relatively simple but reliable method for long-term mon-
itoring of SFGD and tidal flat RSGD fluxes.

2 Theories and methods

2.1 Sources and sinks of Ra in offshore water

To obtain the accurate values of Ra sources and sinks in
coastal water (Fig. 1) is the key to estimate the SGD flux using Ra
tracing method (Gu, 2015). The main sources of Ra in the coastal
waters are: (1) the dissolved Ra of the river input; (2) Ra ad-
sorbed on suspended particulate matter (SPM) will desorb after
contact with salt water; (3) Ra fluxes released by bottom sedi-
ments to overlying water including Ra carried by subtidal RSGD
and Ra molecular diffusion; (4) the dissolved Ra carried by SGD
including the terrigenous dissolved Ra carried by SFGD and the
dissolved Ra carried by tidal flat RSGD. Generally, there are
mainly two Ra sinks: (1) the offshore transport (Lamontagne and
Webster, 2019); (2) the decay loss (Garcia-Orellana et al., 2014),
of which the effect is particularly significant for the short-lived Ra
isotopes (22°Ra, 22*Ra). However, for long-lived Ra isotopes (such
as 226Ra), especially the spatial scale of the study area is relatively
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Fig. 1. Diagram of sources and sinks of Ra in coastal waters. SFGD: submarine fresh groundwater discharge; SPM: suspended

particulate matter.
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small, the effect of decay may be ignored.

Among Ra isotopes, ?24Ra is an ideal tracer for small scale
study area (Lamontagne and Webster, 2019). In this study, one-
dimensional advection-diffusion equation is adopted to describe
the 2>%Ra activity concentration distribution in coastal water. The
contribution of surface runoff and SPM to 2?*Ra was determined
referring to experimental data or literature. Based on the 226Th
(the parent nuclide of 224Ra) activity per unit mass of bottom sed-
iment and 224Ra activity concentration distribution in surface
seawater in the study area, combined with local wind wave and
tide data, the 22*Ra flux released by bottom sediments to overly-
ing water was determined as well as the subtidal RSGD flux. On
this basis, the SFGD flux and tidal flat RSGD flux could be de-
termined by using the conservation of ?2*Ra flux at the land-sea
interface. The calculation methods used in this article are
showed in detail below.

2.2 Ra flux released by bottom sediment to overlying water

In the sea area where the waves (including tide and wind
waves) are strong, the periodic pressure changes caused by
waves will make the overlying water penetrate the bottom sedi-
ments, and the porewater will also produce a certain velocity up-
ward (Fig. 2). This process formed a circulation between overly-
ing water and porewater, and promoted the turbulent mixing in
porewater (Rutgers van der Loeff, 1981). In condition of shallow
water depth and high permeability of seafloor sediments, the wa-
ter exchange between sediment and overlying water interface
caused by waves cannot be ignored (Rutgers van der Loeff, 1981).
In this paper, the definition of SGD by Burnett et al. (2003) is ad-
opted, thus, the above-mentioned form of water exchange is con-
sidered as one kind of SGD.

The turbulent diffusion coefficient (D, m2/s) is used to meas-
ure the mixing strength of bottom porewater caused by sea
waves:

D = Dye™%, (1a)
nK:TH?
Dy = 55—, (1b)
2A“cosh” (kh)

where A (s71) is 224Ra decay constant; z (m) is the vertical down-
ward depth of the sediment-overlying water interface; h (m) is
the water depth; K, (m/s) is the vertical hydraulic conductivity of

tidal wave
(T~14d)
T i e
L7 (T, ~10s) R
L SPM_ . PN TS
1 -7 1 L B
- ‘:‘. TR L '
1 w turbulent mix by waves . e
. overlying seawater .
................ AR Y el et e
o O
ID‘ U D, o
D, & sediment
o) o o o o o

Fig. 2. Diagram of water circulation between sediment and
overlying water. The main mechanism of transporting Ra from
sediment to overlying water are Ra molecule diffusion (D,,) and
turbulent diffusion driven by waves including tide (D,) and wind
wave (D,,). w (m/s) is the deposituon rate of suspended particu-
late matter (SPM); T is the wave period.

bottom sediment; T (s) is the wave period; H (m) is the tidal
range; [ (m) is the wave length and k = 2x/! is the angular wave
number.

In coastal waters, tidal waves can be approximated as shal-
low water waves, and the wavelengths (I, m) can be calculated as
follows (Knauss, 1996):

I = T\/gh, @)

where T, (s) is tidal cycle; g =9.8 m?/s is the gravitational accelera-
tion.

The wavelength of wind wave ([, m) should be calculated ac-
cording to the formula below (Knauss, 1996):

2
Ly = %tanh (%h) , 3)
where T, (s) is the period of wind wave.

Ra in bottom porewater will migrate into overlying water un-
der diffusion and other mechanisms (Sun and Torgersen, 2001).
In addition to turbulent diffusion driven by waves, molecular dif-
fusion caused by random motion of microscopic particles is also
an important mechanism of Ra migration in porewater. The mo-
lecular diffusion coefficient of Ra (D,,, m?/s) in porewater can be
expressed as (Boudreau, 1996)

DmO

Dm:77
1-2In(n)

4

where D, (8.0x10710m?/s) is the molecular diffusion coefficient
of Ra in seawater, n is the sediment porosity.

Based on previous studies (Hancock et al., 2000; Nozaki, 1990;
Sun and Torgersen, 2001), the following equation is adopted to
describe the 224Ra distribution in the bottom sediment porewater:

2
anaa—f = fwng—ng(Dm + D; + Dy) ng—zg —nAC+p,Amps, (5)
where C (m~3) is the 224Ra atom quantity concentration in bot-
tom porewater; w (m/s) is the deposition rate of SPM; D, (m?/s)
and D, (m?/s) are the turbulent diffusion coefficients driven by
tides and wind waves respectively, which can be calculated by
Eqgs (1), (2) and (3). The dimensionless parameter p, represents
the proportion of the volume that contributes to the porewater
224Ra concentration to sediment of characteristic scale volume.
The calculation process is detailed in Appendix A. Parameter Ay,
(Bq/g) is the activity of 228Th in the solid component of bottom
sediment per unit mass and p (g/cm?) is the density of the solid
component of bottom sediment which can be calculated by

ps=p/(L—n). (©)

Retardation factor (R,) describes the adsorption and desorp-
tion of 2>4Ra by sediment solids, and its expression is as follows:

Ri=1+ %Kd, %)

where K, (cm3/g) is the partition coefficient of 22“Ra. It is defined
as the ratio of 224Ra activity adsorbed on the sediment surface for
per unit mass to 224Ra activity per unit volume of water, and its
value is generally related to porewater salinity. In this study, K is
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set to be 840/, and S is the salinity of porewater (Gu, 2015).

On condition that it is deep enough in the bottom sediment,
224Ra activity in porewater is only controlled by the decay of the
parent nuclide in the sediment as well as the adsorption and de-
sorption on the sediment surface. In this case, 224Ra activity
reaches equilibrium, that is

0C(z,1)

0z =0

Z—00

(8a)

At the sediment-overlying water interface, Ra concentration
in porewater is considered to be equal to that in bottom seawater
(Cypp m™3):

C(Z7 t) ‘Z:O = Csw- (Sb)

The 2?*Ra flux released by bottom sediments to overlying wa-
ter (Qp, Bq/(m?-d)) can be calculated as

0C(z,t)

QB =nl |:7WC (Z-, t) ‘Z:() + (Dm + Dt + DW) Z7t |Z:0:| ) (9)

of which the ??*Ra flux driven by waves (Qj _y, Bq/(m?d)) are

(10)

ocC
QB_st = ni |:(Dt + Dw) #‘z:o} .

Numerical method is adopted to solve Eq. (5), so the follow-
ing approximation can be made:

0C(z,1) C -G
"o = 11
dz |270 Az ) ( )
where C; and C, are ?2*Ra activity values at the first and second
space nodes respectively, and Az (m) is the space step selected
for calculation.
The subtidal RSGD flux (F,;, m3/(m-d)) can be approximated as

Qstt

Fy = .
st (€ - Co)

(12)

2.3 Determination of the fluxes of tidal flat RSGD and SFGD

After 224Ra enters coastal water from land and seafloor, it will
be transported offshore under the mechanism of current and tur-
bulent diffusion (Rengarajan et al., 2002; Colbert and Hammond,
2007). For convenience, the following assumptions were made:

(1) The coastal water depth is relatively shallow; thus, Ra can
be considered to be vertically mixed evenly.

(2) Only pay attention to the longitudinal component of the
near-sea current field, namely the offshore current, and consider
the offshore velocity to be constant within the study scale.

(3) The activity concentration gradient of 224Ra is considered
to be approximately perpendicular to the shoreline, that is, 2?*Ra
mainly participates in offshore transport, and the transport flux
in parallel shoreline direction can be ignored.

(4) During the study period, the 224Ra activity concentration
in seawater reached approximately quasi-steady state.

Based on the above assumptions, one-dimensional steady
state advection-diffusion equation can be adopted to describe
the 224Ra offshore transport process (Lamontagne and Webster,

2019):

2
A (x) L 0Ac ()

Dy 0x? 0x

—AhAc (x)+ Qe =0, (13)
where /i (m) is the mean water depth; A (Bq/m?3) is the 224Ra
activity concentration in coastal water; 4 (s~!) is Ra decay con-
stant; D; (m?/s) is the turbulent diffusion coefficient and u (m/s)
is the average net current velocity. Under the assumption of dy-
namic balance of coastal water volume, u is considered to in-
clude the contribution of SFGD and surface runoff as well as the
change of water volume caused by precipitation and evaporation
(Lamontagne and Webster, 2019):

U= U+ U + Uy, (14)
where u; is the velocity contributed by SFGD, and u, is the velo-
city contributed by surface runoff; u, represents the average cur-
rent velocity caused by the coastal water budget due to precipita-
tion and evaporation during a certain period, which can be cal-
culated by Lamontagne and Webster (2019):

_[y(P-Bxdx _ (P-E)L

hL 2h (15)

Ua

where P (mm/d) is the average precipitation over a period of time
in the study area; E (mm/d) is the average evaporation over the
same period; and L (m) is the space scale of the sea area studied.

The boundary condition is set to be constant concentration at
the land-sea interface.

Ac (%) |x=0 = Ac_os (16a)
where A¢ , (Bq/m3) is the 224Ra activity concentration at the land-
sea interface.

It is concluded that the ?24Ra activity concentration gradient is
nearly zero in the water body far enough offshore:

8AC (x) -
dx ‘x—>oo =0.

(16b)

The analytical solution of Eq. (13) under boundary condition
Eq. (16) is

AC (X)

—.
Ah 2Dy, Ah an

;LhAc_o — QB ( vV 4DL/1 + uz—u ) QB

= exp | — x|+
The following is the process to estimate the fluxes of tidal flat
RSGD and SFGD. At high tide, the seawater seeps into the tidal
flat aquifer; at low tide, the infiltrated sea water is discharged
with terrigenous freshwater. It is generally believed that the
amount of seawater seeped in at high tide is equal to the amount
released at low tide after subtraction of fresh groundwater. This
process promotes the exchange of materials between land and
sea, but the net flux of tidal flat circulation is almost negligible
(Ma, 2016). Define the circulation volume between aquifer and
sea as tidal flat RSGD, then the 224Ra flux from land to sea is

(Qlandf Bq/(m-d)):

Qiand = FiAc_t + FrivAc_riv + Qspm + Fis (Ac_pw — Aco),  (18)
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where F; (m3/(m-d)), F;(m3/(m-d)) and F,;, (m3/(m-d)) are single
wide fluxes of SFGD, tidal flat RSGD and surface runoff respect-
ively in study area; Ag ¢ (Bq/m?), A¢_;, (Bq/m3) and A ,,,,
(Bq/m3) are ??4Ra activity concentration of fresh ground end-
member, river endmember and tidal flat porewater respectively;
Qgpy (Bg/(m-d)) is the 224Ra flux desorbed from the riverine SPM
to seawater, which can be expressed as (Luo, 2018)

19)

Qspm = FrivCspmAc_spm,

where Cgp,, (8/m?3) is the mass concentration of riverine SPM;
Ac_spm (Bq/g) is the 221Ra activity of SPM per unit mass; 7 is the
224Ra desorption ratio of SPM.

The 2?4Ra offshore transport flux at the land-sea interface (Q,,
Bq/(m-d)) is

Qo = uhAc o — Dph

e, 20)

0
Because of the 224Ra conservation on both sides of the bound-
ary, there is

Qo = Qiand- 1)

According to Eqgs (17)-(21), the single wide flux of tidal flat
RSGD (Fy, m3/(m-d)) can be expressed as

Fyg =[(AhAc_o — Qp) V4D A + u? — A(2FAc 5+
2FivAc_riv + 2Qspy — uhAc o)+

uQsl/[22(Ac_pw — Ac 0)]- (22)

According to Eq. (14), the single wide flux of SFGD can be cal-
culated by

Ff = (u — ua) h— Friv~ (23)

In practice, samples of fresh groundwater can be collected
from civil fresh water wells while porewater samples can be col-
lected from tidal flats. At the same time, surface seawater
samples will be collected from several stations along the direc-
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tion perpendicular to the shoreline. Later, 224Ra activity of those
samples will be measured in the laboratory. The spatial distribu-
tion of 224Ra activity concentration in the coastal water is used to
fit Eq. (17) and the undetermined parameters (A ,, 4, D;) can be
solved inversely. The other required parameters are relatively
easy to be measured on site or obtained from literature. Finally,
substitute the parameters and ??*Ra activity concentrations of
endmembers into Eqs (22) and (23) to calculate the single wide
fluxes of tidal flat RSGD and SFGD in the study area.

2.4 Study area and sampling

We select the Maowei Sea, located in the north of the Beibu
Gulf, as the study area (Fig. 3). This region has a typical subtrop-
ical marine monsoon climate, of which the characteristics are:
dry season and flood season are distinct, the flood season is hot
and rainy, and the winter is short while the summer is long. The
average annual temperature in this region is 22-23°C, and the av-
erage annual rainfall is 1 600-1 800 mm. The flood season is mainly
from June to August (He, 2015; Li et al., 2001).

The Maowei Sea, which is the inner bay of the Qinzhou Bay, is
located at the top of the Beibu Gulf and in the middle of Guangxi
coast (21°33'15"-21°54'40"N, 108°28'33"-108°55'53"E). The length
of the Maowei Sea from north to south is about 15 km, and the
bay mouth is about 2 km wide. The coastline is about 120 km,
and the water area is about 135 km?. The average water depth of
the Maowei Sea is about 2.5 m, and the water depth is generally
not more than 5 m. The Maowei Sea also has a tropical marine
monsoon climate with abundant rainfall but great seasonal dif-
ferences. The average annual temperature of this region is about
22.1°C, while the average annual precipitation is 2 140 mm (Tian
etal., 2014). The Maowei Sea has an irregular diurnal tide type
with an average tidal range of 2.4 m and a maximum range of 5.5 m
(Tian et al., 2014). Due to the limitations of topography, the recip-
rocating flow dominates the tidal current in the Maowei Sea
(Zhang, 2010). The Maoling River and the Qinjiang River at the
top of the Maowei Sea are the main rivers that flow into the bay.
The annual average runoff of the two rivers is 1.6x101° m?3 and
1.2x101% m3, respectively, while the average annual sediment
transport is 3.2x105 t and 2.7x105 t, respectively (Xu, 2010). The
spatial distribution of surface sediments in the Maowei Sea from

108.4°
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Altitude/m
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21.7°

21.6° ©
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Fig. 3. The Maowei Sea located in the northern part of the Beibu Gulf. The sampling stations of fresh groundwater (labelled with GW)
and tidal flat porewater (labelled with PW) along the Maowei Sea in June 2016 (a), March 2017 (b), January 2019 (c) and May 2019 (d).
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the top to the mouth is roughly as follows: sand-silt-clay, clay
sand, fine sand (Mo, 1993).

The field works in the Maowei Sea were conducted in June
2016, March 2017, January 2019, and May 2019. Surface water
samples, coastal groundwater samples (including fresh ground
water and tidal flat porewater), river water samples as well as
sediment samples were collected in each sampling period
(Fig. 3). Portable multi-parameter was used to measure thermo-
haline parameters in situ at each station. Later the ?24Ra activity
of all the samples was measured by Radium Delayed Coincid-
ence Counter (RaDeCC) (Moore and Arnold, 1996).

3 Results and discussion

3.1 Field data

The measurement results of groundwater and river water
samples are shown in Table 1 and the measurement results of
surface water in the Maowei Sea are shown in Table 2. Due to the
infiltration of seawater into the tidal flat aquifer, the salinity of the
tidal flat porewater is significantly higher than that of the fresh
groundwater. Also, the 224Ra activity concentration of porewater
is higher than that of fresh groundwater overall (the complete ex-
perimental data are available in the Appendix B).

In different sampling periods, the salinity of surface seawater
in the Maowei Sea showed the same trend that increased from
the top to the mouth, indicating that the bay was significantly af-
fected by terrigenous diluted water. The water salinity in the
Maowei Sea during the flood season is significantly lower than
that during the dry season (Fig. 4). The phenomenon that the wa-
ter salinity in the bay varies greatly in different seasons, indicat-
ing that the terrigenous fresh water flux into the bay may have
significant seasonal variation.

The ?24Ra activity concentration of surface water in the Mao-
wei Sea had a relatively obvious longitudinal gradient, showing a
decreasing trend from land to offshore (Fig. 5). This phenomen-
on indicates that the land is an important source of >24Ra in the
Maowei Sea, and ?*Ra mainly participates in the offshore trans-
port under the action of terrigenous fresh water and tidal revers-
ing current.

3.2 The influence of K, on water circulation between bottom sedi-
ment and overlying water

According to Eq. (1), the turbulent diffusion coefficient in bot-
tom sediment porewater caused by waves is not only related to
the properties of waves (wavelength and wave period), but also to
the vertical hydraulic conductivity (K,) of sediments. Once the
study area is determined, the wave-related parameters are relat-
ively easy to determine, while the K, of bottom sediment is relat-
ively difficult to measure in situ. Given this, this section first con-
ducts a sensitivity analysis of K, to evaluate its influence on the
target physical quantities. The parameters obtained during the
sampling period in June 2016 were selected as reference for sens-
itivity analysis. The parameter values and their sources are
shown in Table 3.

The target physical quantities are: (1) the turbulent diffusion
coefficient (D,,, D,,,) driven by waves (including tides and wind
waves) in the uppermost layer of sediment; (2) 224Ra flux (Qy) re-
leased by bottom sediment to overlying water, of which the wave-
induced component (Qy, ) was also included; (3) subtidal RSGD
flux (F,,) in subtidal zone caused by waves. The vertical distribu-
tion of 2**Ra activity concentration in bottom sediment porewa-
ter with different K, conditions was also calculated. The results
were shown in Figs 6 and 7.

Parameters D, and D, all increase as the K, increases (Figs 6a
and b). On condition that K, is small, the values of D, and D,
are all smaller than the molecular diffusion coefficient (D, on
the order of 1x10-8 m2/s), in this case, the molecular diffusion is
dominant in the bottom sediment at the same position. When K,
increases to a certain extent (in this study, 1x10-3 m/s), the value
of D, gradually approaches and even surpasses that of D, but
D, is still about two orders of magnitude smaller than D, . Thus,
with the increase of K, the turbulent diffusion caused by wind
waves at the same spatial location in sediments gradually plays a
dominant role. Besides, other things being equal, the fluctu-
ations with smaller scale and higher frequency contribute more
significantly to the turbulent diffusion coefficient.

For small value of K, the value of Qy is also small and Qg  is
even nearly zero (Figs 6¢ and d). In this case molecular diffusion
is almost the only way for 224Ra to enter the overlying water. As

Table 1. The measuring results of samples including fresh groundwater (GW), tidal flat porewater (PW) and river water (RIV)

Sampling date
Sample type Parameter
June 2016 March 2017 January 2019 May 2019
GWAVG Salinity 0.2 0.2 0.2 0.2
224Ra activity concentration/(Bq-m-3) 35.0+1.6 23.6+1.3 15.8+1.8 8.0+0.8
PWAVG Salinity 15.5 19.0 23.0 26.4
224Ra activity concentration/(Bg-m-3) 486.5 +16.2 299.4+9.0 484.4+32.5 279.3 +14.0
RIVAVG Salinity 0.2 0.3 2.2 1.1
224Ra activity concentration/(Bq-m-3) 3.1+03 3.6+0.3 11.2+0.3 11.3+1.0
PWEM Salinity 20.1 23.4 23.0 26.4
224Ra activity concentration/(Bq-m-3) 486.5 + 16.2 498.0 £ 10.6 484.4+32.5 279.3+14.0
Note: AVG means the average value; EM means the end member.
Table 2. The measuring results of salinity and ??“Ra activity concentration of surface water in the Maowei Sea
Sampling date
Parameter
June 2016 March 2017 January 2019 May 2019
Salinity Range 2.5-12.6 19.3-25.6 13.7-27.9 6.6-18.9
AVG 7.3 21.8 21.6 12.8
224Ra/(Bg-m™3) Range 7.9-33.0 9.9-31.6 4.8-13.4 5.3-20.2
AVG 12.8 18.3 9.1 16.1

Note: AVG means the average value.
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Fig. 4. Salinity distributions of surface water in the Maowei Sea during the sampling periods: June 2016 (a), March 2017 (b), January
2019 (c) and May 2019 (d). The sampling stations are marked in black dots.

the value of K, increases, Qg increases as well, and the propor-
tion of Qy  in Qg also increases rapidly until it reaches 100% (Fig. 6e).
In this example, if the value of K, exceeds 1x10-3 m/s, the propor-
tion of Qg ; in Qp is more than 90%. Thus, it can be concluded
that the circulation between porewater and overlying water is the
main way for ?>4Ra in bottom sediment entering the overlying wa-
ter. The subtidal RSGD flux caused by waves is calculated by Eq.
(12), which showed an increase trend with K, (Fig. 6f). The res-
ults above directly indicate that higher permeability of bottom
sediment can promote the water circulation in the form of sub-
tidal RSGD.

Substitute the parameters in Table 3 into Eq. (5), then the ver-
tical distribution of ?4Ra in bottom sediment in conditions of dif-
ferent K, values can be obtained (Fig. 7). It can be seen that in the
case of small values of K, the mix of porewater and overlying wa-
ter is limited in a range of 10 cm depth in the bottom sediment.
The 224Ra activity concentration in porewater below the depth
has already reached equilibrium. The mixing depth will increase
as the value of K increases, meanwhile the depth in which the
224Ra activity concentration reaches equilibrium will also in-
crease. The results indicate that in condition of higher permeab-
ility of bottom sediment, the material exchange can take place at
deeper depth.

3.3 Determination of SGD fluxes in the Maowei Sea

As has been noted, the 224Ra distribution in coastal water is
determined by the sources and transport mechanisms together.
In this section, the ?>4Ra activity concentration of surface seawa-
ter was used to estimate the 224Ra flux released from the bottom
sediment and subtidal RSGD flux. Further, on basis of the above
work, the fluxes of tidal flat RSGD and SFGD were also calculated.

The planar distribution of ??4Ra activity concentration in sur-
face seawater can be obtained by interpolating the field data of
each sampling stations (Fig. 5). Then, setting the average low tide
line as the starting point (the horizontal white dash lines in Fig. 5),
three transects in the offshore direction were made along the
108.52°E (west), 108.54°E (center) and 108.56°E (east) longitude
respectively, and the 224Ra activity concentrations along the tran-
sects were read (the longitudinal white dash lines in Fig. 5).
Thus, three groups of one-dimensional data of 224Ra longitudinal
distribution of surface seawater (hereinafter referred to as one-
dimensional data) can be obtained for each sampling period
(Fig. 8). We assume the data obey the distribution described in
Eq. (17).

Parameter values of Qg, A¢ o, D;, u in Eq. (17) are undeter-
mined at present, and the value of parameter Qg needs to be de-
termined first. For each sampling period, the one-dimensional
data of 224Ra activity concentration in surface water were used to
fit Eq. (17) preliminarily. In this case, it is only necessary to keep
the fitting results of parameters A, ,, D;, u within a certain reas-
onable range, without obtaining the specific values. Assign differ-
ent values to parameter Q and evaluate the quality of the corres-
ponding fitting results by the adjusted R-square. The value is
closer to “1”, the better the fitting result is. For each set of data,
the Qj corresponding to the best fitting effect will be accepted.
The fitting results are shown in Fig. 9 and the best values of Qj for
each group of data are listed in Table 4.

The K, values of bottom sediment can be determined accord-
ing to the discussion in Section 3.2. The turbulent diffusion coef-
ficient driven by waves in bottom porewater and the subtidal
RSGD flux (F,, m3/(m-d)) during different periods can be de-
termined according to Eqs (1)-(12). Parameters required for cal-
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Table 3. Parameters required to determine the turbulent diffusion coefficients driven by waves and the subtidal recirculated saline
groundwater discharge (RSGD) fluxes as well as the vertical distribution of 224Ra activity concentration in porewater of bottom

sediment
Parameter Value Data source Note
H/m 2.4 Zhang (2010) tidal range
T/h 24 Zhang (2010) tidal cycle
H,/m 0.52 Zhang (2010) wind wave height
T,/s 6 Codification Committee of Gulf Records of China (1993) wind wave period
h/m 2.5 Chen (2019) mean water depth
g/(m2.s1) 9.8 - acceleration of Gravity
n 0.4 Wu (2012) porosity
p/(g-cm3) 1.65 Luo (2018) sediment density
Salinity 7.3 field data salinity
Ky/(cm3.g1) 840/S Gu (2015) solid-liquid partition coefficient
w/(m-s1) 5.4x10-11 Lietal. (2001) deposition rate of suspended particulate matter
D,/ (m2-s71) 8.0x10-10 Li and Gregory (1974) molecular diffusivity
Als71 2.17x10°6 - decay constant of 224Ra
Py 0.04 Appendix A effective ejection volume ratio
Ap,/(Bq-g™) 0.062 Luo (2018) activity of 228Th per unit mass of sediment

culation are listed in Tables 3 and 4. The results are shown in
Table 4.

Then, the one-dimensional data of 2?4Ra activity concentra-
tion in surface water were used to fit Eq. (17) for the second time
to determine parameters A , D and u. The best fitting results

are shown in Fig. 8. Here, all the parameters required have been
determined. Finally, the F; and F; can be calculated according to
Egs (22) and (23), respectively. The parameters required for cal-
culation are listed in Table 5 and the results are shown in
Table 6.
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The width of the Maowei Sea is about 15 km, and the water
area is about 135 km? (He, 2015). Given the single wide fluxes of
these components of SGD, the average daily flows of these com-
ponents for the whole area can be obtained. For comparison, the
single wide fluxes and the daily flows for the whole area of all the
SGD components are plotted in Fig. 10.

The single wide flux of SFGD in the Maowei Sea is on the or-
der of 1x10%2 m3/(m-d), which is slightly lower than that of tidal
flat RSGD, but these two are on the same order of magnitude. The
single wide flux of subtidal RSGD is on the order of 1x10* m3/(m-d)
which is significantly higher than the other two components. The
average daily flows of SFGD and tidal flat RSGD along the coast-
line are all on the order of 1x10% m3/d, and the latter is slightly
higher than the former. As for subtidal RSGD, the average daily
flow is on the magnitude of 1x106-1x107 m3/d. It can be con-
cluded that the extensive subtidal zone takes an important role in
the total flux of RSGD. In the studies of SGD and its impact on the
coastal environment, it is necessary to distinguish the different
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components of SGD in addition to estimating the total average
SGD flux for the whole area. In general, SFGD contributes net
freshwater flows to coastal water while carrying terrigenous ma-
terials into the sea. Tidal flat RSGD promotes the water circula-
tion and material exchange between coastal water body and
aquifer. As for subtidal RSGD, it leads to the water circulation and

material exchange between the bottom porewater and the overly-
ing water. The origins of the three components of SGD are differ-
ent, so as the chemical constituents. Therefore, the effects of dif-
ferent SGD components on coastal environment are also differ-
ent, which should be considered separately.

Finally, the contribution of each source item to ?24Ra in the
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Table 4. Values of parameters related to the water circulation
between bottom sediment and overlying water in the Maowei Sea

Table 5. Parameters required to determine the fluxes of submar-
ine fresh groundwater discharge (SFGD) and tidal recirculated
saline groundwater discharge (RSGD) in the Maowei Sea during

different sampling periods

Sampling time
Parameter Position  June March January May
2016 2017 2019 2019
Salinity - 7.3 21.8 20.4 12.8
Ky/(cm?-g1) - 115.1 38.5 41.2 65.6
C,,/(m3) - 7.9x106  1.1x107 4.7x105 8.8x106
K,/(m-s71) west  1.4x10-3 1.8x10-3 1.2x10-3 2.9x10-3
center 1.4x10-3 2.8x10-3 9.0x10-* 3.0x10-3
east 1.5x103 2.2x103 9.0x10-4 3.0x10-3
D,y/(m?2s71) west  8.4x10712 1.4x10-!! 6.2x10-12 3.6x10-1!
center 8.4x10712 3.4x10-!! 3.5x10-12 3.9x10-11
east 9.6x1012 2.1x10-12 3.5x10-12 3.9x10-11
D¢/ (m?s71) west  4.7x1079 7.7x10? 3.4x10~° 2.0x10-8
center 4.7x107 1.9x108 1.9x10° 2.1x10-8
east 5.3x10 1.2x108 1.9x1079 2.1x10-8
Qp/(Bgm==d")  west 2.8 3.6 2.5 5.8
center 2.8 5.1 1.9 6.0
east 3.0 4.3 1.9 6.0
Qg o/(Bgm=2d1)  west 2.6 35 2.3 5.7
center 2.6 5.0 1.6 5.9
east 2.8 4.1 1.6 59
F/(m3m™1d') west 63x103 1.7x10* 7.4x10% 3.1x10*
center 6.3x103 2.0x10% 4.2x103 2.9x10*
east  7.2x10% 1.2x10* 4.2x10% 2.9x10*

Note: K, is solid-liquid partition coefficient; C,, is ?>4Ra atom
quantity concentration; K, is vertical hydraulic conductivity of sea-
floor sediments; D,, is turbulent diffusion caused by tides; D, is tur-
bulent diffusion caused by wind waves; Qg is Ra flux released from
bottom sediments to overlying water; Qj  is the component of Qy
derived by tides and waves; F, is the single-wide flux of submarine
fresh groundwater discharge.

Maowei Sea waterbody was calculated (Fig. 11). In general, the
average 22‘Ra activity flux contributed by tidal flat RSGD, subtid-
al RSGD and SFGD are about 2.18x10° Bq/d, 5.14x108 Bq/d and
3.98x107 Bq/d, respectively. Among all types of 2**Ra sources, tid-
al flat RSGD accounted for the highest proportion, reaching
76.3%; subtidal RSGD accounts for 30%, ranking second; SEGD
accounted for only 1.4%; riverine sources contribute less than 1%.

3.4 Long-term monitoring of tidal flat RSGD and SFGD

Researchers are more interested in the tidal flat RSGD and
SFGD for purpose of better understanding of the land-sea inter-
actions and the effects of terrigenous materials on coastal ecosys-
tems. For a certain study area, compared with the SGD flux in a
certain period, the long-term variation trend of SGD is more
valuable information. In this section, based on Ra tracing meth-
od, a relatively simple and reliable method is built to realize the
long-term monitoring of SGD fluxes with lower cost.

Taking time as an independent variable is a natural and intu-
itive idea. However, the SGD fluxes generally show periodically
variations over time (Wilson et al., 2015). It is difficult to accur-
ately predict the periodic variations with small amounts of field
data, so time is not suitable as an independent variable. For a
certain study area, the precipitation and evaporation also show
periodic variations over time. Researches show that the ground-
water table is approximately linearly related to regional precipita-
tion (Liu and Wang, 2009; Zhang et al., 2008), and the groundwa-
ter table variation may have influence on the RSGD flux (Robin-
son, et al., 2007; Yu, 2021). More importantly, the relationship

Sampling time
Parameter Position  June March  January May
2016 2017 2019 2019
Ac /(Bqm=3) 35.0 23.6 15.5 11.2
Ac_pw/(Bqgm™) - 5244 4980 4844 2794
Ac i/ (Bgm™) - 3.1 3.6 11.2 12.3
*Ac o/(Bqm3)  west 63.2 64.5 17.1 21.8
center 50.0 74.6 27.0 22.2
east 40.4 75.7 21.1 21.9
Ac spm/(Ba-g™!) - 0.062 0.062 0.062 0.062
Cspw/ (gm™) - 22.4 14.6 14.6 22.4
" - 0.3 0.3 0.3 0.3
h/m - 2.5 2.5 2.5 25
L/m - 1.3x10*  1.3x10* 1.3x10* 1.3x10*
/s - 2.17x1076 2.17x10°6 2.17x10-6 2.17x10-6
(P-E)/(mm-d-1) - 5.5 -1.1 -1.6 2.6
Fy/(m¥m1.d) 172.8 29.3 21.1 111.4
*u/(m-s) west  5.9x10-3 1.0x10-3 6.1x10-% 3.5x10-3
center 5.8x103 1.0x10-3 5.8x10~* 3.5x1073
east 5.9x103 1.0x103 6.5x10~* 3.5x1073
*Dy/(m-s72) west 10.2 57.6 968  1073.0
center 10.0 42.1 28.5 720.8
east 104 37.8 52.5 834.5

Note: A (is the 224Ra activity concentration of fresh groundwater
end member; A; _, is the 22Ra activity concentration of porewater
end member; A ;, is the 224Ra activity concentration of river water;
*Ac , is the 22%Ra activity concentration of water in the land-sea
boundary; A¢ gpy, is the 228Th activity of per unit mass sediment; Cgp),
is the mass concentration of suspended particulate matter in seawa-
ter; r in seawater; 5 is maximum desorption ratio of Ra on the suspen-
ded particulate matter; & is the mean water depth; L is the spatial
scale of the study water area; 1 is the decay constant of ?>Ra; P and E
represent precipitation and evaporation in the study area, respect-
ively; F, is the surface runoff; *u is mean offshore velocity; *D, is tur-
bulent diffusion coefficient of coastal water. The parameters labeled
with * were obtained by fitting Eq. (17) with experimental data. AVG:
average value.

Table 6. Results of the fluxes of submarine fresh groundwater
discharge (SFGD) and tidal recirculated saline groundwater dis-
charge (RSGD) in the Maowei Sea during different sampling peri-
ods

Sampling time
Items Position  June March January = May
2016 2017 2019 2019
Fy/(m3m-1.d1) west 1322 1156 62.4 85.5
center 2114  35.0 36.1 95.7
east 1464 1163 89.0 107.8
AVG 163.3  89.0 62.5 163.3
Fy/(m3m1.d-1) west 580.8  445.6 80.1 321.0
center 401.6  367.7 94.4 279.0
east 307.9 3517 79.7 254.6
AVG 4300 3883 84.7 430.0

Note: F; is the single-wide flux of SFGD; F;; is the single-wide ex-
change capacity of tidal flat RSGD. AVG: average value.

between the above variables is mutually monotonous. In view of
this, we select net precipitation as the independent variable in
this study, which is more appropriate in condition of small



12

Li Linwei et al. Acta Oceanol. Sin., 2023, Vol. 42, No. 8, P. 1-23

East AVG

m SFGD m RSGD (tidal flat) m RSGD (subtidal zone)

East AVG

m SFGD m RSGD (tidal flat) m RSGD (subtidal zone)

1x10° 1x10°
a
-Tp 1x10* Tg 1x10*
E e E e
) g
0 1x10% E1x10%
= =
8 10 8 10
2] w
1 1
West Center East AVG West Center
m SFGD m RSGD (tidal flat) m RSGD (subtidal zone)
1x10° 1x10°
c
-Tp 1x10* -‘_g 1x10*
E e E 0
g )
2 1x10 F1x10°
= =]
g8 1 2 1
2] w
1 1
West Center East AVG West Center
m SFGD m RSGD (tidal flat) m RSGD (subtidal zone)
1x108
e
1x107
—‘; 1x10°
T 1x10°
3 100
=]
= 1x10°
8 2
2 1x10
10
1
June 2016 March 2017  January 2019 May 2019

m SFGD m RSGD (tidal flaty ®m RSGD (subtidal zone)

Fig. 10. Single wide fluxes of submarine fresh groundwater discharge (SFGD), tidal flat recirculated saline groundwater discharge
(RSGD) and subtidal RSGD in the Maowei Sea for different sampling periods: June 2016 (a), March 2017 (b), January 2019 (c) and May
2019 (d). The average daily fluxes of three components of SGD for the whole study area were also estimated (e).

Flux of Ra/(Bq-d™)

1x10%

1x10°

1x10%

1x107

1x10°

1x10°

1x10*

June 2016
Il SFGD M tidal flat RSGD

0.003%

March 2017

January 2019

May 2019

bottom sediment Ml river [l SPM
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amounts of field data. In the following, the relations between net
precipitation and the fluxes of SFGD and tidal flat RSGD in the
Maowei Sea were explored. The precipitation and evaporation

expressed as

data in study area are available on the National Center for Envir-
onmental Information (NCEI) website (https://www.ncei.

noaa.gov/) of National Oceanic and Atmospheric Administration
(NOAA). Define P, (mm/d) as the net precipitation, which can be

P,=P—E. (24)


https://www.ncei.noaa.gov/
https://www.ncei.noaa.gov/
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Taking P, as the independent variable, the relationships between
P, and surface runoff, as well as the fluxes of SFGD and tidal flat
RSGD are plotted in Fig. 12.

It can be seen that both surface runoff and SFGD flux have a
good linear correlation with net precipitation. For simplicity, lin-
ear functions are adopted to fit the relationships between the
former two and net precipitation respectively:

Fiy = rOPn+FrO7 (25)

Fy = KyPy + Fo, (26)

where the coefficients K, (1.30x10° m) and K, (1.18x10* m) rep-
resent the increment of surface runoff or tidal flat SFGD flux
caused by an increase of one unit of net precipitation respect-
ively. The coefficients F,;, (308.4 m3/(m-d)) and Fy, (87.2 m3/(m-d))
represent the surface runoff or SEFGD flux when the net precipita-
tion is zero.

Substitute Egs (19), (25) and (26) into Eq. (22), after simplific-
ation, the expression of tidal flat RSGD flux with net precipitation
as independent variable can be expressed as follows:

th = Lllpn +c + b1 \V agPﬁ + bgpn + Co,

where the expression of each coefficient is

(27a)
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In general, Eq. (27) can be regarded as the addition of a linear
function (the first two terms on the right) and a nonlinear func-
tion (the third term on the right). It should be noted that, al-
though the coefficients in Eq. (27) contain physical quantities re-
lated to ?2*Ra concentration and its transport process, these phys-
ical quantities are not the essential factors determining the tidal
flat RSGD flux, but only play a “representation” role. The factors
that are intrinsically related to the RSGD flux are hydrogeological
or meteorological factors such as the coastal aquifer properties,
land-seawater force gradient variations, precipitation and evap-
oration, etc. In order to explore the variation trend of tidal flat
RSGD flux with net precipitation under different conditions,
sensitivity analysis is needed. The parameters in Eq. (27) were as-
signed certain values with reference to existing field data, and the
net precipitation was set within a certain range (-1-5 mm/d).
Taking surface runoff as a reference, by changing the relative
value of SFGD flux to surface runoff, the response of tidal flat
RSGD flux to the net precipitation under different SFGD flux con-
ditions was calculated. The parameters required are listed in
Table 7.

The results of sensitivity analysis are shown in Fig. 13. When
the ratio of SFGD flux to surface runoff is small (in this study, the
ratio less than 0.3), the linear component of F,; show a positive
linear correlation with net precipitation. When the ratio be-
comes higher (in this study, the ratio larger than 0.7), the linear
component shows a negative linear correlation of net precipita-
tion (Fig. 13). Regardless of the relative scale of SEGD flux versus
surface runoff, the nonlinear components of F;; always increase
with the increase of net precipitation. Under the condition of the
same net precipitation, the higher the SFGD flux, the higher the
nonlinear component of F; (Fig. 13). Under the conditions of dif-
ferent net precipitation, the absolute values of the nonlinear and
linear components of F; are basically on the same order of mag-
nitude. The maximum of the ratio of the two components only
occurs in case of relatively higher SFGD flux together with higher
net precipitation, and this is due to the zero value of linear com-
ponent of F; on the above condition. The overall variation trend
of F; can be obtained by adding the linear and nonlinear com-
ponents. As can be seen from Fig. 13d that the overall variation
trend of Fy is similar to that of the linear component.

The results of the above sensitivity analysis can be explained
qualitatively as follows: the SGD flux is positively correlated with
the land-sea hydraulic gradient (Lee et al, 2013; Yu, 2021). The
lower SEGD flux represents smaller land-sea hydraulic gradient
which becomes the limiting condition for the tidal flat RSGD flux.
With the increase of net precipitation, the water level of aquifer
will be raised, and the land-sea hydraulic gradient also increases.
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Fig. 12. The variation trends of single wide fluxes with net precipitation for surface runoff (F,
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iv.

discharge (SFGD, F,) (b) and tidal flat recirculated saline groundwater discharge (RSGD, Fy) (c) in the Maowei Sea. The data based on
field observations are marked in diamond. The dotted line is obtained by fitting the linear function with corresponding data.
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Table 7. Parameters for the sensitivity analysis of Eq. (27)

Parameter Value
h/m 2.5
L/m 13 000
D, /(m2s71) 100
Qp/(Bq'm=2d) 3
Ac_o/(Bqgm3) 30
Ag ¢/(Bqm=3) 50
Ac_pw/(Bg-m=3) 500
Ac i/ (Bqm™) 10
Ac_spm/(Bqm™) 0.062
Cypp/(gm3) 25
n 0.3
K,/m 1x10°
F,/(m3m-1.d-1) 100
K;y/m 5x103 1x10* 3x10* 7x10* 1x105 1.2x10°
Fyp/(m3m-1.d-1) 5 10 30 70 100 120

Note: h is the mean water depth; L is the spatial scale of the study
water area; D, is turbulent diffusion coefficient of coastal water. Qy is
Ra flux released from bottom sediments to overlying water; A,  is the
224Ra activity concentration of water in the land-sea boundary; A ;is
the 224Ra activity concentration of fresh groundwater endmember;
Ac_pw is the 22%Ra activity concentration of porewater endmember;
Ag 4y is the 224Ra activity concentration of river water; Ag gpy, is the
228Th activity of per unit mass suspended particulate matter; Cgpy, is
the mass concentration of suspended particulate matter in seawater;
» is maximum desorption ratio of Ra on the suspended particulate
matter; K, and Ky, represent the increment of surface runoff or tidal
flat submarine fresh groundwater discharge (SFGD) flux caused by
an increase of one unit of net precipitation respectively; F,, and Fy,
represent the surface runoff or SFGD flux when the net precipitation
is zero.

35
I a — FJF,, =005 — F/F,=0.1
: — FJF,,=023 FF;=0.7
E 25 F FJF,=1  —F/F,=12
g
< 20 |
S 15
(=]
5 10
g
[=% L
8 5
S 0k
5
£ St
=
_10 1 1 1 1 1
-1x10° 0 1x10°  2x10°  3x10°  4x10°  5x10°
Net precipitation/(m-d ")
1x10* ¢
Q FC
3 ; — FJF,,=0.05
ot 1 r — FJF,,=0.1
2 a0 L
= — FJF,=03
= FJ/F,,=0.7
s [
§ 1x10? E FF,;, =1
. — FJF,=12
£
g 10 k
£
=
=}
Z
1 1 1 1 1 1
-1x10° 0 1x10%  2x10%  3x10°  4x10°  5x10°

Net precipitation/(m-d ")

As a result, the RSGD flux will increase correspondingly. In the
case of relatively higher SFGD flux, the land-sea hydraulic gradi-
ent is no longer a limiting condition. At this time, the increase of
net precipitation will promote SFGD flux. The strong seaward
fresh groundwater flow will push the wave-induced circulation
zone to the offshore direction, thus limiting the scale of tidal flat
RSGD flux (Robinson et al., 2007).

According to the discussion above, although the expression of
tidal flat RSGD (Eq. (27)) contains nonlinear components, its
overall trend is still close to linear function (Fig. 13d). The tidal
flat RSGD flux in the Maowei Sea based on the field data is ap-
proximately linearly positive correlated with the net precipita-
tion during the sampling period (corrected coefficient = 0.61).
Therefore, linear function is still adopted to describe the relation-
ship between tidal flat RSGD flux and net precipitation in the
Maowei Sea:

F¢ = KoPn + Fo, (28)
where coefficient K, (2.79x10* m) represents the increment in
tidal flat RFGD flux for each unit increase in net precipitation. F,
(260.0 m3/(m-d)) represents the tidal flat RSGD flux correspond-
ing to zero net precipitation.

As an application example, we select January 2015 to August
2022 as the study period to calculate the fluxes of SFGD and tidal
RSGD according to Eqs (26) and (28) respectively. The precipita-
tion and evaporation data were obtained from the NCEI website
of NOAA (https://www.ncei.noaa.gov/). The time resolution of
the calculation is one month, and the results are shown in Fig. 14.
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Fig. 13. Results of sensitivity analysis of the ratio of submarine groundwater discharge (SGD) Flux to surface runoff with net
precipitation as the independent variable. The target quantities are: the single wide flux of linear component of tidal flat recirculated
saline groundwater discharge (RSGD) (a); the single wide flux of nonlinear component of tidal flat RSGD (b); the ratio absolute value
of nonlinear component to linear component of tidal flat RSGD (c); the total flux of tidal flat RSGD (d). F;: single-wide flux of
submarine fresh groundwater discharge (SFGD); F;: single-wide fiux of tidal flat RSGD; F,;: single-wide fiux of surface runoff.
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In general, the flux of tidal flat RSGD is higher than that of SFGD,
and the difference between the two is larger in flood season while
smaller in the dry season.

4 Comparison with relevant studies

In this section, we will compare the results of this study with
the existing relevant studies. The comparison is mainly made in
two aspects: (1) separating the SGD components, and (2) the
long-term variation trend of SGD.

4.1 Studies related to separating SGD components

There already have some studies related to the differentiation
of SGD components worldwide. This section gives a brief over-
view and compares them with the results of this study (Table 8).
The seepage meter combined with water salinity is one of the
common methods for separating SGD components. Taniguchi et
al. (2008b) choose the Flamengo Bay located near the city of
Ubatuba, Sao Paulo State, Brazil as the study area. The SGD flux
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Fig. 14. Variations of net precipitation (blue line), submarine
fresh groundwater discharge (SFGD) flux (green line) and tidal
flat recirculated saline groundwater discharge (RSGD) (red line)
in the Maowei Sea during January 2015 to August 2022.

below the low water line was measured with seepage meters and
SFGD components were distinguished by water and salinity con-
servation. The SGD fluxes at 10 m, 40 m and 50 m distance off-
shore from the low tide mark were estimated to be 2.6 m/d, 0.038 m/d
and 1.86 m/d, respectively. And the SEGD accounted for 5.5%,
5.1% and 24.7% in the SGD, respectively. Similarly, Taniguchi et
al. (2008a) estimated the SGD fluxes from the Huanghe River
Delta to the Bohai Sea with seepage meters, and distinguished
SFGD components by water and salinity conservation. The mean
SGD fluxes in September 2004, May 2005 and September 2006
were estimated to be 8.04x108 m3/d, 1.04x108 m3/d and 1.73x108
m?3/d, respectively. The total SGD were found to be 13.8, 8.5 and
16.0 times the river discharge into the Bohai Sea. The SFGD
fluxes in September 2004 and September 2006 were estimated to
be 9.5x106 m3/d and 1.47x10” m3/d, accounting for 1.18% and
8.47% of the total SGD in the same period.

It is also feasible to distinguish the SGD components by nat-
ural traces. Zhang et al. (2018) estimated the SGD flux in the
North Liaodong Bay, Bohai Sea, China. And separated the SFGD
and RSGD components using Ra, water and salt balance model.
The SGD flux was estimated to be 1.48x108 -5.96x108 m3/d, while
the SFGD flux was about 5.79x107-6.66x107 m3/d, accounting for
11.17%-18.85% of the total SGD. Liu et al. (2021) used 226Ra and
228Ra as tracers to estimate the SGD flux and separate SFGD from
RSGD in the Yellow Sea by establishing a double-end-member
model. The average flux of SGD was estimated to be 2.14x10%9-
8.49x10° m3/d, of which SFGD accounted for 5.2%-8.8%.

Li and Jiao (2013) summarized the existing SGD related stud-
ies and found that the SGD flux estimated by the hydrological
model method was at least one order of magnitude different from
that estimated by the isotope tracer method. One of the possible
reasons is that the spatial scale of the hydrological model meth-
od is limited to inland or near the intertidal zone, and the sub-
marine groundwater-overlying water circulation in the wide in-

Table 8. Summary of studies relevant to separating submarine groundwater discharge (SGD) components

Distance offshore Result
Study area Method or tracer Date from ntll;(rel:;)rvr\i tide SGD SFGD RSGD Reference
Flamengo Bay near seepage meter ~ Nov. 2003 10 2.6 m/d 0.14m/d - Taniguchi et
the city of Ubatuba, al. (2008b)
Sao Paulo State 40 0.038 m/d 2x10-3m/d - Taniguchi et
al. (2008b)
50 1.86 m/d 0.46 m/d - Taniguchi et
al. (2008b)
Huanghe River Delta ~ seepage meter  Sept. 2004 - 8.04x108m3/d  9.50x106 m3/d - Taniguchi et
al. (2008a)
May 2005 - 1.04x108 m3/d - - Taniguchi et
al. (2008a)
Sept. 2006 - 1.73x108m3/d  1.47x107 m3/d - Taniguchi et
al. (2008a)
North Liaodong Bay, Ra, water and salt  Apr. and - 1.48x108-5.96x 5.79x107-6.66x - Zhang (2018)
Bohai Sea, China balance model = May 2017 108 m3/d 107 m3/d
Yellow Sea 226Ra and 2?Ra Apr. and - 2.14x109-8.49x 1.64x107-11.2x - Liu et al.
May 2014 10°m3/d 107 m3/d (2021)
Laizhou Bay, Bohai hydrological Sept. 2012 - - 0.26 m3/(m-d)  4.95m3/(m-d)?, this study
Sea model 1x10* m3/(m-d)P
Maowei Sea, 224Ra Jun. 2016 - - 163.33 m3/(m-d) 430.09 m3/(m-d)2, this study
Guangxi, China 6.59x103 m3/(m-d)>
Mar. 2017 - - 88.97 388.32 m3/(m-d)?, this study
1.64x10% m3/(m-d)P
Jan. 2019 - - 62.48 84.73 m3/(m-d)?,  this study
5.23x103 m3/(m-d)P
May 2015 - - 163.33 430.09 m3/(m-d)?,  this study
2.95x104 m3/(m-d)P

Note: SGD: submarine groundwater discharge; SFGD: submarine fresh groundwater discharge; RSGD: recirculated saline groundwater
discharge; superscript a represents tidal flat RSGD; superscript b represents subtidal RSGD. - represents no data.
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tertidal zone below the low tide line may be ignored Post et al.
(2013). Huang (2015) and Ma (2016) established a hydrological
model of subtidal groundwater-overlying water circulation and
proposed an analytical solution. Ma (2016) selected a tidal flat in
the south of the Laizhou Bay, Bohai Sea, China as the study area,
and estimated the tidal flat SGD flux of 4.95 m3/(m-d) by combin-
ing the field data with the numerical model. The SFGD flux was
about 0.26 m3/(m-d), accounting for about 5% of the tidal flat
SGD. The subtidal RSGD exchange capacity is 10* m3/(m-d),
which is much higher than the tidal flat SGD flux.

The units of SGD fluxes derived from different studies are dif-
ferent. For the convenience of comparison, the unit here is uni-
fied as “m3/(m2.d)”. The study areas of Huanghe River Delta,
Liaodong Bay, Yellow Sea and Maowei Sea are 2.50x10'! m?
(Taniguchi et al., 2008a), 9.50x10° m2 (Zhang, 2018), 4.00x10!! m?
(Liu et al., 2021) and 1.35x108 m? (Chen, 2019), respectively. In
conclusion, the average SGD fluxes in Huanghe River Delta,
Liaodong Bay, Yellow Sea and Maowei Sea are estimated to be
about 1.44x10-3 m3/(m2d), 3.92x10-2m3/(m?2d), 1.33x10~2 m3/(m2-d)
and 4.80x10-2 m3/(m?2-d). The average fluxes of SFGD are estim-
ated to be about 4.84x10-° m3/(m?2.d), 6.55x10-3 m3/(m2.d),
1.61x10~* m3/(m?.d) and 4.76x10-* m3/(m?2-d). By comparison, it
can be concluded that the total SGD flux in the Maowei Sea is at a
relatively high level and the SFGD flux is at a moderate level in all
coastal regions of China.

4.2 Studies on long-term SGD variation trend

There have been abundant studies on the long-term vari-
ation trend of SGD. Seasonal variations of the ??6Ra activities ob-
served by Moore (2007, 2010b) along the transect of Winyah Bay,
South Atlantic Bight, indicate that the SGD is very large (in the
order of 1 000 m3/(m-d) in summer but close to zero in winter
and spring. Zhang et al. (2017) analyzed the monthly groundwa-
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ter level of the Toyama Bay in central Japan in recent 30 years by
using monthly precipitation, monthly snowfall and climate
change index. The results show that the regional rainfall has been
on the rise in the past 40 years, and the SGD flux estimated from
the change of groundwater level also shows an upward trend.
The regional SGD flux is of the order of 6x107 m3/a (1.64x105
m?3/d), which is about 20% of river discharge. Considering the
continuous increase of regional precipitation, it is predicted that
regional SGD will reach 7x107 m3/a and 8x107 m3/a in 2030 and
2050, respectively. Hsu et al. (2020) adopted natural tracers
(2%2Rn, 2%*Ra, ??8Ra, 0D and 4'80) to conducted time series obser-
vations of SGD flux in the Gaomei wetland south of the mouth of
the Taiga River in western Taiwan Island. The results showed that
SGD flux varied with tidal changes. The SGD fluxes in dry season
and wet season were (0.002-0.25) m/d and (0.001-0.47) m/d,
respectively. The SGD flux was slightly higher during the spring
tide in the rainy season, indicating that the tidal pumping was
stronger and the gradient of sea-land water potential was larger.
The variation of SGD in the Gaomei wetland is controlled not
only by the seasonal change of groundwater recharge, but also by
the tidal pumping process.

It seems that SGD is basically positively correlated with pre-
cipitation, which is similar to the result of this study. However,
there are still some special conditions. Uddameri et al. (2014)
conducted a one-year survey of submarine groundwater dis-
charge at Loyola Beach, Baffin Bay, Texas, from July 2005 to June
2006 (Fig. 15a). A total of 23 weather-related SGD sampling
events were conducted, most of which used an ultrasonic penet-
rator to collect SGD data continuously for 24 h at a time resolu-
tion of 1 min. The median SGD was 3.83 cm/d, and the in-
terquartile distance (IQR) was 11.36 cm/d. The proportion of
SFGD to SGD was estimated to vary between 4% and 89%, with a
median of 9.96% and an IQR of 7.16%. Four sampling events had
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Fig. 15. Measured submarine groundwater discharge (SGD) data at the Baffin Bay site (data source: Uddameri et al., 2014) (a); 226Ra-
derived SGD flux to the Nueces Bay (data source: Murgulet et al., 2018) (b); 222Rn-derived SGD flux range to the Nueces Bay (data

source: Douglas et al., 2020) (c).
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anomalously high SGD values ((27-48) cm/d) and three events
were noted to have abnormally high SFGD fractions (28%, 50%
and 84%) which are likely artifacts caused by bay water freshen-
ing from rainfall and plausible thermal expansion. Short-term di-
urnal variability of SGD is comparable to, and sometimes even
higher than long-term and interevent variability. Long-term vari-
ation trends of SGD in this region cannot be inferred. Murgulet et
al. (2018) and Douglas et al. (2020) selected semi-arid, weakly
tidal and human-disturbed estuary, the Gulf of Mexico and Nue-
ces River basin of Texas, the United States, as study area. By us-
ing the Darcy’s law and mass balance method of 222Rn and ??6Ra,
the spatial-temporal variation of SGD under different hydrocli-
matic conditions is studied. The range of SGD flux estimated by
Darcy’s law is (0.09-8.28) m/d, and the SGD flux estimated by
226Ra and ???Rn are shown in Figs 15b and c. The results suggest
that changes in semi-arid, highly human-disturbed groundwater
systems may lag climatic conditions by weeks (shallow aquifers)
or months or longer (deep aquifers).

In summary, studies related to SGD are complicated due to
the influence of geology, climate and human activities. Different
study area has its own pattern characteristics. For a certain area,
a personalized and specific research scheme should be formu-
lated to find out the main factors affecting SGD on the basis of
sufficient field data, and an appropriate model should be adop-
ted to describe the variation trend of SGD according to the char-
acteristics of the region.

5 Summary

In this study, the three main components of SGD (SFGD, tid-
al flat RSGD, subtidal RSGD) in the Maowei Sea were distin-
guished and their corresponding fluxes were also estimated
based on the field data with 224Ra as the tracer. The conclusions
of this study can be summarized as follows:

(1) In general, the average daily flow along the coastline of the
Maowei Sea of tidal flat RSGD is slightly higher than that of
SFGD, and both are on the magnitude of 1x10°> m3/d. However,
the average daily flow of subtidal RSGD of the entire subtidal
zone of the Maowei Sea reaches the magnitude of 1x106-1x107
m3/d, which is significantly higher than the first two. It can be
concluded that the circulation driven by waves between the bot-
tom sediment and overlying water in wide subtidal zone play a
main role in the total RSGD flux for the study area. Compared
with previous, it can be concluded that the total SGD flux in the
Maowei Sea is at a relatively high level and the SFGD flux is at a
moderate level in all coastal regions of China.

(2) For a certain study area, the permeability of bottom sedi-
ment has a significant influence on the subtidal RSGD flux. The
results of sensitivity analysis showed that in condition of the
value of K, exceeds 1x10-3 m/s, 22Ra flux carried by subtidal
RSGD accounts for more than 90% of the total 224Ra flux released
by bottom sediment to overlying water. For the subtidal zone of
the Maowei Sea, the average value of K, is about 1.9 x 10> m/s
which is significantly higher than typical values for terrestrial
aquifer. The average flux of 224Ra released by bottom sediment in
the subtidal zone of the Maowei Sea is about 3.7 Bq/(m?2-d), and
the proportion of subtidal RSGD contribution reached 97.8%.
Among all the sources of 2**Ra in the Maowei Sea, the contribu-
tion of bottom sediments accounts for about 21.9%, second only
to tidal flat RSGD (76.3%).

(3) Through the analysis of the results of SGD in four different
periods in the Maowei Sea, it is found that the fluxes of SFGD and
tidal flat RSGD all have a good positive linear correlation with re-
gional net precipitation. The net precipitation can be selected as

an independent variable, and the variation trends of SFGD as
well as tidal flat RSGD can be described by linear function re-
spectively. The net precipitation data of the Maowei Sea from
January 2015 to August 2022 were adopted to calculate the re-
gional fluxes of SFGD and tidal flat RSGD. It is concluded that the
flux of subtidal RSGD is slightly higher than that of SFGD overall,
and the differences between the two is larger in the flood season
while smaller in the dry season. SGD trends in many regions are
positively correlated with precipitation, which is similar to the
results of this study. However, there are some exceptions. The in-
fluencing factors of SGD are complex and different study areas
have unique situations. Specific research schemes should be for-
mulated according to the local characteristics.
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Appendix A

Bottom sediment is the medium where pore water exists, and also the place where radioisotope generation, adsorption,

desorption, and other processes occur. Therefore, choosing an appropriate model to describe the structure of sediment is a
fundamental problem. In this study, the fractal capillary bundle model is adopted. Assume that the pores in the sediment are
composed of many capillary tubes (Fig. A1), and the inner diameter of pore has fractal characteristics in a certain range (Katz and
Thompson, 1985; Krohn and Thompson, 1986). The cumulative number of pores with radius larger than scale r (um) in the sediment
is (Yu and Cheng, 2002)

zrmax Df
N(d>2r) = ( ) , (Al)

2r

where r,,,,. (pm) is the maximum pore radius and d (um) is inner diameter of the pore. Dy is the fractal dimension of which the value
range is 0 < D; < 2 (in two dimensions) or 0 < D; < 3 (in three dimensions). Equation (A1) can be considered continuous and
differentiable due to the large number of pores in the sediments, thus, the number of pores with radius in interval r to r + dr is (Yu and

Cheng, 2002)
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—dN = Dy(2rmay) ™ (2r) " PV ar. (A2)

The curved capillaries in sediment also have fractal characteristics. In general, the smaller the cross-sectional area, the more
tortuous the capillaries. The relationship between capillary length (L,, pm)) and characteristic length (L,, pm) of medium can be
expressed as (Wheatcraft and Tyler, 1988; Yu and Cheng, 2002)

Lo (r) = L2 (2 ™™, (A3)

where D, is the capillary fractal dimension of which the value range is 1 < D, < 2 (in two dimensions) or 1 < D, < 3 (in three dimensions).
Porosity is one of the basic properties of sediment. According to the relevant researches of capillary fractal theory, the relationships
between the parameters in Eqs (A1), (A2) and (A3) with porosity are as follows (Yu and Li, 2001):

D=2 In (1) (Ada)

" In(\/(2 - 2n)/24)’

2n
Lo = — Adb
o= T s (Adb)
2n
Tmax = ¢0 1—n’ (A4C)
and the minimum pore radius (Yu and Li, 2001) is
Finin= M , (A4d)
24

where ¢o (um) is the average grain size.

For isotopes with relatively short half-lives, such as 222Rn and ?24Ra, the contribution of the processes related to the solid
dissolution to the concentration of nuclide in porewater is negligible (Krishnaswami et al., 1982). This study only focuses on ?24Ra, and
itis concluded that only a-decay contributes to the net increase of 2?4Ra activity concentration in porewater. For simplicity, make the
following approximation: (1) it is considered that the parent (228Th) of 224Ra is uniformly distributed in the solid phase (Krishnaswami
et al., 1982); (2) for any capillary tube, the cross section is considered to be an ideal circle; (3) the recoil range of all daughter nuclides
in the solid phase is equal to the mean recoil range (Ly, nm) (Krishnaswami et al., 1982).

For a certain capillary with a cross-section radius of r, the coordinate origin O is set at the center of the capillary circle (Fig. A2). If a
decay of a parent atom occurs at position O’, the daughter atom produced in annulus O’E[r, r + Ly] will have a certain probability of
ejection into the pore water. Given that the radial distance from point O’ to the center of the circle is y, the probability of the decay
body ejecting into porewater is

1-—- 0
p) = =20, (A3)
where
AL -7
Cos (9) = TLJ/7 (A6)
a b

Fig. A1. Concept diagram of capillary fractal model of sediment from different perspectives: a. the cross section of sediment, the
smaller the inside diameter, the larger the number of capillaries; b. the perspective drawing of sediment, the capillaries with smaller
diameter are more curved. The size and relative number of capillaries in the figure are not drawn to actual scale.
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where parameter 0 is the angle between the tangent line of the solid-liquid interface through point O’and the vertical coordinate axis.

The number of daughter atoms (IV,) in the pore water of the characteristic volume aquifer through a-decay recoil in unit time is

Ny = Ammpspy, (AT)

where A, (Bq/g) is the 228Th activity per unit mass of solid component of sediment; p, (g/cm?) is the density of solid components of
sediment, which can be expressed as

ps = —2—. (A8)

Define parameter p, as effective ejection volume ratio, which represent the proportion of the solid volume that contributes to ??Ra
activity concentration in porewater to sediment of characteristic scale volume. The expression of p, is

Tmax r+Ly
1
po= g3 [L0) (4w [ 2mp0) (A9)
0
Tmin r

Substitute Eqgs (A2), (A3), (A4) and (A5) into Eq. (A9), we get

72r(2r) PP (21,0 ) P L LD, (DL, — 3rD; + DLy — 3rD; — 2L, + 3r) | ™

_ A10
Py 3(D+D—2)(D+ D — 1)L (A10)

Tmin

Substitute correlation parameters into Eq. (A10), the value of p, can be obtained. The values of parameters are listed in Table Al.

Y

Fig. A2. The cross section of a capillary with radius r, and the origin of coordinates is set at the center of the circle (O). The a-decay of
the parent atom occurred at position O’, then the radial distance from point O’ to the center of the circle is set to be y. The daughter
atoms which produced by a-decay occurred within a range of [r, r + Ly] from the point O (shaded ring area in the figure) will have a
probability to eject into the porewater.

Table Al. Parameters required to calculate p,

Parameter Value Data source
n 0.4 Wu (2012)
To/Hm 100 Mo (1993); Zhang (2010)
p/(g-cm3) 1.65 Luo (2018)
D, 1.2 Wang and Du (2016)
L,/nm 50 Sun and Furbish (1995)
by 0.04 computed result

Note: Parameter 7 is the porosity; r, is the average grain size of sediment; p is the sediment density; D, is the capillary fractal dimension; L,is
the mean recoil range of daughter atoms in sediment grains; p, is the “effective ejection volume ratio”.
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Appendix B. The complete version of field data

Table B1. Field sampling stations and the corresponding data in June 2016

Station Latitude Longitude Salinity 224Ra activity concentration/(Bq-m-3)
GW-1 21.852°N 108.593°E 0.6 22.34+£1.25
GW-2 21.794°N 108.579°E 0.1 136.87 £5.17
GW-3 21.832°N 108.476°E 0.1 9.62 +0.53
GW-4 21.813°N 108.497°E 0.0 5.00+£0.38
GW-5 21.814°N 108.498°E 0.1 5.75+0.40
GW-6 21.739°N 108.541°E 0.3 8.48 +0.38
GW-7 21.822°N 108.613°E 0.0 179.11 £ 7.03
GW-8 21.776°N 108.581°E 0.5 34.26 £1.76
GW-9 21.715°N 108.605°E 0.2 7.75+0.55
GW-10 21.728°N 108.625°E 0.2 11.82+£0.73
GW-11 21.910°N 108.545°E 0.3 38.02+2.15
GW-12 21.824°N 108.487°E 0.3 4.59+0.45
GW-13 21.809°N 108.496°E 0.1 6.43 +0.41
GW-14 21.778°N 108.511°E 0.1 52.86 + 2.45

GW-15 21.777°N 108.515°E 0.2 12.42 + 0.56

GW-16 21.743°N 108.548°E 0.0 24.64 £1.46
PW-1 21.745°N 108.594°E 17.6 448.55 + 18.39
PW-2 21.739°N 108.598°E 20.1 524.43 £19.60
PW-3 21.864°N 108.605°E 8.8 248.76 £10.63
RW-1 21.890°N 108.620°E 0.2 3.61+0.30
RW-2 21.890°N 108.600°E 0.1 2.37+0.17
RW-3 21.890°N 108.470°E 0.2 3.38+0.32
SW-1 21.821°N 108.536°E 4.4 8.20 £ 0.57
SW-2 21.799°N 108.549°E 12.6 10.53 £ 0.58
SW-3 21.836°N 108.498°E 2.5 33.00 £1.42
SW-4 21.810°N 108.510°E 4.0 7.85+0.36
SW-5 21.802°N 108.565°E 12.6 10.90 £0.71
SW-6 21.833°N 108.592°E 6.7 11.26 £ 0.64
SW-9 21.769°N 108.531°E 8.5 7.85+0.41

Note: GW: fresh groundwater sampling station; PW: tidal flat porewater sampling station; RW: river water sampling station; and SW: the
Maowei Sea surface seawater sampling station.

Table B2. Field sampling stations and the corresponding data in March 2017

Station Latitude Longitude Salinity 224Ra activity concentration/(Bq-m-3)
GW-1 21.852°N 108.593°E 0.1 3.17+0.46
GW-2 21.794°N 108.579°E 0.2 99.92 +£4.27
GW-3 21.832°N 108.476°E 0.1 7.72+0.64
GW-5 21.814°N 108.498°E 0.1 7.92+0.53
GW-6 21.739°N 108.541°E 0.4 8.13 £0.57
GW-7 21.822°N 108.613°E 0.1 82.74 £ 3.96
GW-8 21.776°N 108.581°E 0.3 12.30 £ 1.10
GW-9 21.715°N 108.605°E 0.2 11.67 +0.84

GW-10 21.728°N 108.625°E 0.5 12.40 £ 0.84

GW-12 21.824°N 108.487°E 0.2 6.96 £ 0.84

GW-14 21.778°N 108.511°E 0.2 41.64 +1.82

GW-17 21.912°N 108.540°E 0 9.84+0.87
PW-3 21.864°N 108.605°E 16.4 126.73 +4.37
PW-5 21.814°N 108.498°E 18.0 273.53 +12.01
PW-6 21.745°N 108.594°E 23.4 498.01 £10.59
RW-4 21.944°N 108.620°E 0.4 2.12+0.15
RW-5 21.928°N 108.478°E 0.3 5.07+0.47

SW-0-1 21.814°N 108.498°E 21.8 13.21 + 0.64

SW-0-3 21.848°N 108.588°E 20.1 28.60+£0.73

to be continued
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Continued from Table B2
Station Latitude Longitude Salinity 224Ra activity concentration/(Bq-m-3)
SW-1 21.763°N 108.547°E 25.6 10.21 £ 0.68
SW-2 21.776°N 108.533°E 23.9 9.89+0.50
SW-3 21.803°N 108.512°E 21.4 20.27+1.34
SwW-4 21.830°N 108.506°E 19.3 31.62+1.29
SW-5 21.803°N 108.529°E 20.6 17.61 £ 0.85
SW-6 21.789°N 108.538°E 21.1 16.84 £1.02
SW-7 21.800°N 108.550°E 22.2 16.15+£0.74

Note: GW: fresh groundwater sampling station; PW: tidal flat porewater sampling station; RW: river water sampling station; and SW: the
Maowei Sea surface seawater sampling station.

Table B3. Field sampling stations and the corresponding data in January 2019

Station Latitude Longitude Salinity 224Ra activity concentration/(Bq-m-3)
GW-1 21.852°N 108.593°E 0.1 3.17+0.46
GW-2 21.794°N 108.579°E 0.2 99.92 +4.27
GW-3 21.832°N 108.476°E 0.1 7.72+0.64
GW-5 21.814°N 108.498°E 0.1 7.92+0.53
PW-3 21.864°N 108.605°E 16.4 126.73 +4.37
PW-1 21.814°N 108.498°E 18.0 273.53+£12.01
PW-2 21.745°N 108.594°E 23.4 498.01 +10.59
RW-1 21.944°N 108.620°E 0.4 2.12+0.15
RW-2 21.928°N 108.478°E 0.3 5.07 £ 0.47
SW-3 21.772°N 108.547°E 25.6 5.96£0.10
SW-4 21.778°N 108.531°E 25.0 7.26 +0.02
SW-5 21.806°N 108.541°E 24.2 4.83 +£0.04
SW-6 21.826°N 108.576°E 19.9 10.56 + 0.06
SW-7 21.847°N 108.588°E 19.1 12.36 £ 0.06
SW-8 21.833°N 108.536°E 18.6 12.14 +£0.08
SW-9 21.857°N 108.529°E 17.3 13.36 £ 0.11
SW-10 21.832°N 108.506°E 13.7 8.00 £ 0.04
SW-11 21.805°N 108.517°E 20.1 7.44£0.03

Note: GW: fresh groundwater sampling station; PW: tidal flat porewater sampling station; RW: river water sampling station; and SW: the
Maowei Sea surface seawater sampling station.

Table B4. Field sampling stations and the corresponding data in May 2019

Station Latitude Longitude Salinity 224Ra activity concentration/(Bq-m-3)
GW-2 21.794°N 108.579°E 0.0 11.83 +0.88
GW-4 21.813°N 108.497°E 0.1 6.06 +1.18
GW-9 21.715°N 108.605°E 0.2 10.41 +0.85
GW-16 21.743°N 108.548°E 0.1 9.80+0.93
GW-17 21.912°N 108.540°E 0.0 7.40+0.63
PW-1 21.745°N 108.594°E 29.2 333.78 +40.90
PW-2 21.739°N 108.598°E 23.5 49.00 +20.50
RW-1 21.896°N 108.600°E 2.9 13.88 +0.77
RW-2 21.960°N 108.493°E 0.1 2.41+0.12
RW-3 21.946°N 108.576°E 0.2 20.54 +1.25
SW-1 21.867°N 108.528°E 9.5 20.15+2.64
SW-2 21.895°N 108.538°E 6.6 19.33 £2.54
SW-4 21.827°N 108.555°E 16.1 19.54 +2.99
SW-5 21.777°N 108.548°E 18.9 17.23 +1.75
SW-6 21.750°N 108.556°E 20.2 17.08 +6.06
SW-7 21.731°N 108.577°E 14.6 15.28 +2.27
SW-8 21.688°N 108.595°E 26.3 16.86 + 2.32
SW-9 21.637°N 108.584°E 28.0 16.29 +3.29

Note: GW: fresh groundwater sampling station; PW: tidal flat porewater sampling station; RW: river water sampling station; and SW: the
Maowei Sea surface seawater sampling station.
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