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Abstract

Submarine groundwater discharge (SGD), which can be traced using naturally occurring radium isotopes, has
been recognized as a significant nutrient source and land-ocean interaction passage for the coastal waters of the
Daya Bay, China. However, uncertainties in assessing SGD fluxes must still be discussed in detail. In this study, we
attempted to utilize the Monte Carlo method to evaluate the uncertainties of radium-derived SGD flux in the
northeast  and entirety of  the Daya Bay.  The results  show that  the uncertainties of  the SGD estimate in the
northeast bay are very sensitive to variations in excess radium inventories as well as radium inputs from bottom
sediments, while the uncertainties of the SGD estimate for the entire bay are strongly affected by fluctuations in
radium inputs from bottom sediments and radium end-members of SGD. This study will help to distinguish the
key factors controlling the accuracy of SGD estimates in similar coastal waters.
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1  Introduction
Submarine groundwater discharge (SGD) has received wide-

spread attention because even small amounts of SGD can
provide important material fluxes (e.g., nutrients) to coastal wa-
ters, thus significantly impacting coastal ecosystems (Wang et al.,
2018; Gu et al., 2012; Moore, 2010; Burnett et al., 2003; Charette et
al., 2001). SGD is not necessarily a freshwater flow but can be
composed of fresh groundwater and seawater that has infiltrated
coastal aquifers or permeable sediments along the shoreline
(Moore, 2010). Naturally occurring radium isotopes, which have
district timescales of half-lives, can help identify and assess the
flux of SGD flowing into coastal waters because their supply and
loss are constrained by radioactive decay (Rodellas et al., 2017;
Moore et al., 2006; Rama and Moore, 1996).

The Daya Bay is one of the largest and most important gulfs in
the South China Sea. Several researchers have reported that SGD

is an important nutrient source that influences the nutrient struc-

ture and coastal primary production in the Daya Bay (Zhang et

al., 2020; Wang et al., 2018; Gao et al., 2018). However, consider-

ing the variation in sampled radium data and the complexity of

the constructed radium mass balance models, the SGD estimate

uncertainties in the Daya Bay must still need be discussed in de-

tail. The Monte Carlo method, which is a class of computational

algorithms, can generate random numbers by relying on probab-

ility distributions of inputs, perform thousands of simulations

with specific mathematical models, and help obtain the uncer-

tainties of the final output results. The objective of this study is to

utilize the Monte Carlo method to evaluate the uncertainty of ra-

dium-derived SGD in the northeast and entirety of the Daya Bay.

This study will help to identify the important factors affecting the

accuracy of SGD estimates in coastal bays.  
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2  Study area
The Daya Bay (22.45°–22.83°N, 114.50°–114.89°E) is a semi-

closed subtropical bay located east of the Zhujiang River Estuary,
China. The annual average temperature in the Daya Bay is 22℃
and the annual precipitation mainly concentrated in the sum-
mer, with an average of 1 700 mm. There are some small islands
in the bay and the surrounding mountains are composed of vari-
ous metamorphic rocks, purple sandstones, tuffs, and granites
that were formed during the Paleozoic and Mesozoic periods
(Cheng, 2000). The water depth in the Daya Bay gradually in-
creases from north to south, with an average value of 11 m. The
bottom sediments are mainly composed of silt and clay. There is
no large river inflow along the coast, that can carry small
amounts of riverine particulates (Han, 1995). The tide in the
Daya Bay is irregular semi-diurnal, with an average tidal range of
0.49 m and a maximum tidal range of 2.5 m. As one of the three
major economic development areas in Guangdong Province, the
economy around the Daya Bay has rapidly developed since the
1980s. Large numbers of anthropogenic pollutants and maricul-
tural activities have led to an increasingly serious environmental
pollution problem in the Daya Bay (Li et al., 2015).

3  Sample collection and analysis

3.1  Field sampling
In September 2019 and August 2015, two voyages were con-

ducted to investigate the 224Ra, 223Ra, 228Ra activities in the sur-
face waters of the northeast and entirety of the Daya Bay. Addi-
tionally, 11 coastal groundwater samples were collected separ-
ately at five stations along the shoreline in April 13–14 and July
25–26, 2018. The sampling stations for surface seawater and pore
water are shown in Fig. 1.

Surface seawater samples were pumped using a submerged
pump with a 60 L sampling volume, then stored in plastic PP
buckets. For the collection of pore water samples from beaches
along the coastline, we followed the procedures of Hancock and
Murray (1996). Briefly, when the beach was exposed to air during
low tide, 25–45 cm deep holes with different offshore distances
were created to extract intersitial water from the surrounding
sediments; after the intersitial water was evacuated twice, and
one pore-water sample (i.e., ~10 L) was finally collected from the

supernatant of each hole.
All the water samples were immediately filtered using filtra-

tion cartridges (pore size: 0.5 μm) to remove suspended particu-
lates. The filtered water was passed through a column filled with
15 g of MnO2-impregnated acrylic fiber at a flow rate of approx-
imately 0.5 L/min to ensure quantitative radium adsorption
(Moore, 1976). Subsequently, the residual water of the Mn-fibers
was extracted using a vacuum pump, and the fibers were washed
1–2 times with deionized water to remove the salt covering. The
humidity of the fibers was controlled at approximately 0.75 (wa-
ter/manganese fiber mass ratio) (Garcia-Solsona et al., 2008).

3.2  Analysis method
The amount of 224Ra, 223Ra, 228Ra collected on the Mn fibers

was measured using a radium delayed coincidence counter
(Moore and Arnold, 1996). After the on-site sample collection,
224Ra was determined as soon as possible to avoid significant de-
cay. Based on the design principles of RaDeCC, high 224Ra activ-
ity would interfere with the 223Ra measurement; therefore, 223Ra
counts were determined within 7–12 d after sample collection
(approximately three 224Ra half-life periods). The Mn-fibers were
then stored for six weeks and measured again to obtain the sup-
ported 224Ra from its parent, 228Th. Here the 224Ra data are given
as excess 224Ra since they are obtained by subtracting supported
224Ra from the total 224Ra. After the fibers were stored for more
than half a year, the fourth sample measurement was carried out
to obtain 228Ra activities, which were dependent on measuring
228Th ingrown from 228Ra. Most of the uncertainties of the 224Ra,
223Ra, and 228Ra activities were estimated to be 4%–16%, 7%–23%
and 6%–30%, respectively, using the equations derived by Garcia-
Solsona et al. (2008).

3.3  Radium mass balance model
Zhang et al. (2020) further improved the radium mass bal-

ance model to estimate the residence time and SGD flux in the
Daya Bay. The principle of the model is as follows: assuming that
the system is in a steady state, the radium sources, such as river
input, atmospheric deposition, external input, release from inter-
tidal and bottom sediments, and SGD contribution, should equal
the radium losses, which include radioactive decay, net tidal ex-
port from the bay, and losses in seawater caused by recirculated
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Fig. 1.     Sampling stations in the northeast and entirety of the Daya Bay. The red dots indicate the radium sampling sites in the
northeast bay during September 2019; the black dots show the radium sampling sites in the entire bay during August 2015; pore water
samples are noted with red pins.
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SGD. Here, we employ the improved model and utilize our data
to assess the residence time and SGD flux in the northeast and
the entirety of the Daya Bay. Based on previous conclusions
(Wang et al., 2018; Zhang et al., 2020), riverine input and atmo-
spheric deposition are omitted from the improved model. When
224Ra and 228Ra are used as tracer nuclides, the residence time (τ, d)
can be expressed as follows (Zhang et al., 2020):

τ = [k( I−VRaop)−
(
I − VRaop

)
]/(Iλ−FBS),

(1)

where I224 and I228 are the 224Ra and 228Ra inventories (Bq) in the
study area, respectively; V is the water volume (m3); 224Raop and
228Raop are the end-member activity concentration (Bq/m3) of
224Ra and 228Ra in open sea water; 224FBS is the 224Ra input from
bottom sediments (Bq/d); λ224 is the decay constant of 224Ra (d−1);
and k is referred to as the 224Ra/228Ra activity ratio difference
between groundwater and near-shore seawater, that is,

k = [Ragw− (−RF
)
Rans

]
/[Ragw− (−RF

)
Rans

]
, (2)

where 224Ragw and 228Ragw are the end-member activity concen-
trations (Bq/m3) of 224Ra and 228Ra in groundwater, 224Rans and
228Rans are the end-member activity concentrations (Bq/m3) of
224Ra and 228Ra in near-shore seawater, and RF is the ratio of the
fresh SGD flux to the SGD flux. Combined with the obtained res-
idence time, the SGD flux (QSGD, m3/d) calculated by the activity
of 224/223Ra or 228Ra can be expressed as Eq. (3) and Eq. (4), re-
spectively.

QSGD=

[
(I/−V/Raop)/τ+

(
I/λ/−/FBS

)][
/Ragw−(− RF) /Rans

] ,

(3)

QSGD =
(I − VRaop)

τ · [Ragw − (− RF)Rans]
. (4)

4  Results and discussion

4.1  Radium in water column
The results of the survey conducted in the northeast Daya Bay

in September 2019 are shown in Table S1. The surface salinity ex-
hibited insignificant variations among the stations, with an aver-
age of 31.4. However, surface seawater samples showed drastic
changes in 224Ra activity concentration, ranging from 2.1 Bq/m3

to 18.8 Bq/m3, with an average of (8.1 ± 4.3) Bq/m3. Meanwhile,
those of 223Ra and 228Ra had less obvious changes ranging from
0.35 Bq/m3 to 0.73 Bq/m3 and from 2.1 Bq/m3 to 3.3 Bq/m3, with
averages of (0.57 ± 0.11) Bq/m3 and (2.8 ± 0.3) Bq/m3, respect-
ively.

The horizontal distributions of 224Ra, 223Ra, and 228Ra in the
northeast bay surface water are shown in Fig. 2. The highest val-
ues of the isotopes that appeared in the study area were all loc-
ated in the near-shore areas, such as the northwest and east
coastlines, while the lowest values appeared in the center of the
bay. This typical distribution characteristic of radium isotopes,
especially 224Ra, indicated that coastal groundwater, diluted by
tidal water, gradually spread into the inner part of the bay.

During the cruise in August 2015, we investigated the activity
levels of radium isotopes in the entirety of the Daya Bay; the res-
ults are listed in Table S1. Unlike previous observations by Zhang
et al. (2020), there was less significant spatial variation in surface
salinity from the north coast to the mouth of the bay, which
ranged from 30.7 to 34.2. The activities of short half-life isotopes
ranged from 0.6 Bq/m3 to 12.8 Bq/m3 for 224Ra and 0.16 Bq/m3 to
1.25 Bq/m3 for 223Ra, with averages of (6.1 ± 3.8) Bq/m3 and (0.59 ±
0.30) Bq/m3, respectively. The corresponding values for 228Ra
ranged from 0.4 Bq/m3 to 3.0 Bq/m3, with an average of (1.8 ±
0.7) Bq/m3.

As is shown in Fig. 3, the highest 224Ra activity occurred in the
area near the northern coastline of the bay (i.e., Station W4), fol-
lowed by that near the western coastline (i.e., Station W2). Simil-
ar features were observed for the 228Ra distribution trend. The
maximum 223Ra activity value was observed at the Station W2
near the western coast, but contrary to what one might suppose,
no obvious high values were observed at the site near the north-
ern coast. The lowest values of the three isotopes were observed
at the Station W10, far from the mouth of the bay.

The activities of radium isotopes in the surface seawater of
the Daya Bay have been investigated during distinct sampling
periods by many researchers, such as Wang et al. (2018), Gao et
al. (2018), and Zhang et al. (2020). Compared to previous studies,
this study used fewer sampling stations. As is shown in Table 1, a
comparison of the mean values showed that the radium activity
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Fig. 2.   Horizontal distributions of 224Ra, 223Ra, 228Ra in the surface water of the northeast bay during the September 2019 cruise.

26 Gu Hequan et al. Acta Oceanol. Sin., 2023, Vol. 42, No. 8, P. 24–31  



levels in this study were lower than those reported by Zhang et al.
(2020). We can briefly explain that the variations of radium activ-
ities in water depend more on the control of water mixing pro-
cess; the water sampling of this study happened to be conducted
during the flood tide, and thus the salinities were generally larger
than those reported by Zhang et al. (2020). The flood water car-
ried offshore water with low radium level into the bay, which
might make the radium activities collected in this study lower
than their results.

4.2  Radium in pore water
The 224Ra, 223Ra, 228Ra activities for coastal pore water sam-

ples in the Daya Bay exhibited significant variations among sta-
tions, as listed in Table S2. The activities of short-lived radium
isotopes ranged from 3.0 Bq/m3 to 105.5 Bq/m3 with an average of
(48.5 ± 31.8) Bq/m3 for 224Ra, and from 0.08 Bq/m3 to 6.20 Bq/m3

with an average of (1.4 ± 2.0) Bq/m3 for 223Ra, respectively. The
corresponding values for 228Ra ranged from 0.9 Bq/m3  to
18.0 Bq/m3, with an average of (6.9 ± 4.8) Bq/m3. According to
the comparison of averages, the radium activities in groundwa-
ter were lower in this study than those reported by previous au-
thors (Table 1). It can be explained that our samples collected on
the beach are the mixed pore-waters from surface layer to the
depth of 25−45 cm, and near-shore seawater with low radium
activities is more likely to remain in the surface of beach sedi-
ment, making the radium activities reported in this study lower
than the previous ones.

4.3  Residence time and SGD estimation
The topography of the northeast bay and the location of the

sampling stations are converted to plane coordinates using the
Universal Transverse Mercator Projection method. An orthogon-
al horizontal linear grid is designed to map the two zones at a
spatial scale of 100 m×100 m. Since the water depth of the north-
east bay is smaller than 20 m (the average: 7.5 m), we consider
that the water column is not stratified. Then the radium activities
and water depth at each station are interpolated to grid cells us-
ing the Kriging method. The 224Ra, 228Ra inventories (I224, I228) are
the sums of the activities multiplied by the water depth in each
grid cell; the results are shown in Table 2. The I224, I228 of the en-
tire bay is calculated in the same way.

Considering that the northeast bay is located in the inner part
of the bay, the external input refers to its most fringe station,
closest to the center of the bay. As shown in Fig. 2, the activities of
radium isotopes observed at Station D19 are supplied as the con-
servative end-members of the external input, that is, 224Raop =
2.1 Bq/m3, 223Raop = 0.47 Bq/m3 and 228Raop = 2.1 Bq/m3, respect-
ively. For the entire bay, the activities of radium isotopes ob-
tained at Station W10 located at the outside of the bay are used as
conservative end-members of open seawater inputs, i.e., 224Raop =
0.6 Bq/m3, 223Raop = 0.16 Bq/m3, and 228Raop = 0.4 Bq/m3, respect-
ively. Then, the conservative fractions of inventories are estim-
ated by the product of the radium end-members of offshore in-
puts times the water volume (V = 5.61 × 108 m3 for the northeast
bay or V = 5.62 × 109 m3 for the whole bay). The excess inventor-
ies are finally evaluated by deducting the conservative fractions
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Fig. 3.   Horizontal distributions of 224Ra, 223Ra, 228Ra in the surface water of the entire bay during the August 2015 cruise.

Table 1.   Comparison of radium isotope activity concentrations (Bq/m3) in the surface water and coastal pore water of the Daya Bay

Sampling date
224Ra 223Ra 228Ra

Source
Range Average Range Average Range Average

Surface water

December 2015 1.7−44.3 6.6 ± 8.2 − − − − Wang et al. (2018)

March 2016 2.5−23.3 6.7 ± 4.7 ND−1.2 0.34 ± 0.22 − − Gao et al. (2018)

July 2015 2.5−49.0 11.7 ± 10.5 0.18−1.5 0.58 ± 0.31 2.3−16.7 6.62 ± 2.93 Zhang et al. (2020)

August 2015 0.6−12.8 6.1 ± 3.8 0.16−1.3 0.59 ± 0.30 0.42−3.0 1.8 ± 0.68 this study

Coastal groundwater

December 2015 32.3−1 512 451 ± 396 − − − − Wang et al. (2018)

March 2016 0.9−1 314 220 ± 324 0.45−23.2 4.32 ± 5.72 − − Gao et al. (2018)

July 2015 1.1−1 299 330 ± 445 0.11−102 17.5 ± 33.0 0.37−234 37.7 ± 74 Zhang et al. (2020)

July 2018 3.0−106 49 ± 32 0.08−6.2 1.4 ± 2.0 0.86−18 6.9 ± 4.8 this study

     Note: ND: lower than the detection limit. − represents no data.
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from the total inventories. Then, the non-conservative inventory
ratio of 224Ra to 228Ra, i.e., (I224−10V224Raop)/(I228−10V228Raop) was
determined, 8.3 for the northeast bay and 3.5 for the entire bay.

The 224Ra and 223Ra inputs from bottom sediments in the
Daya Bay are estimated by previous authors and ranged from
3.97 Bq/(m2·d) to 9.70 Bq/(m2·d) and 0.04 Bq/(m2·d) to 0.15
Bq/(m2·d), respectively (Wang et al., 2018; Gao et al., 2018; Zhang
et al., 2020). Based on previous results, we calculate average val-
ues of 6.58 Bq/(m2·d) for 224Ra and 0.09 Bq/(m2·d) 223Ra, respect-
ively. Combined with the study area (7.47 × 107 m2 for the north-
east bay or 5.11 × 108 m2 for the entire bay), the 224Ra, 223Ra in-
puts from the bottom sediments are obtained as 224FBS = 4.92 ×
108 Bq/d and 223FBS = 7.03 × 106 Bq/d for the northeast bay and
224FBS = 3.37 × 109 Bq/d and 223FBS = 4.80 × 107 Bq/d for the entire
bay, respectively. The 228Ra input from the bottom sediments is
omitted because of its long 5.7 a half-life. The radioactive decay
losses of 224Ra, 223Ra in the water column are estimated by mul-
tiplying the radium inventories by the decay constants; the res-
ults are shown in Table 2. Clearly, the 224Ra, 223Ra decay losses
are much larger than the 224Ra, 223Ra inputs from bottom sedi-
ments, regardless of whether they are in the northeast bay or the
entire bay.

Zhang et al. (2020) believed that when radium losses caused
by recirculated SGD flowing through coastal aquifers were neg-
lected, the water age would be underestimated to a certain ex-
tent. Based on their suggestion, we choose the average activities
obtained at near-shore stations as representative values of the re-
circulated SGD. Assuming that the ratio of fresh SGD flux to SGD
flux (i.e., RF) would be considered as 10% (Moore, 1996), the cor-
rected groundwater 224Ra and 228Ra activities of each station are
calculated, as shown in Table S2.

The radium inputs released from bottom sediments are much
lower than the radium decay losses; in principle, the residence
time must be positive. Thus, the k value should be larger than the
non-conservative ratio of 224Ra to 228Ra inventory, which is 8.3 for
the northeast bay or 3.5 for the entire bay. Therefore, some
groundwater radium activities, the corrected 224Ra/228Ra activity
ratio (AR) of which are lower than the non-conservative invent-
ory ratio of 224Ra to 228Ra, would not represent the SGD end-
members. Therefore, the above data are removed and then the
remaining data are used to calculate the k value by the least
squares method, which is k = 11.3 (R2 = 0.83, n = 5, p < 0.05) for
the northeast bay and k = 10.3 (R2 = 0.74, n = 6, p < 0.05) for the
entire bay. It can be concluded that k of the entire bay is quite

consistent with that of the northeast bay.
Using Eq. (1), the residence time is estimated to be 4.4 d for

the northeast bay and 21.4 d for the entire bay. The radium fluxes
through SGD are also evaluated using Eqs (3) and (4). Similarly,
the activities of radium in groundwater with corrected 224Ra/228Ra
AR larger than the non-conservative ratio of 224Ra to 228Ra invent-
ory are averaged as the corresponding end-members of SGD (Ta-
ble 2). The radium fluxes from SGD are converted to a total SGD
flux by dividing by the radium end-members in the local ground-
water; and the results are shown in Table 2.

Regarding the entire bay, the SGD flux estimated by the 223Ra
tracer is consistent with those estimated by 224Ra and 228Ra, but
the flux obtained by 223Ra is much lower in the northeast bay. As
a member of the naturally occurring decay series of 235U, 223Ra
normally has a low level of activity and dramatic variation in the
marine environment; thus, the SGD flux estimated by the 223Ra
tracer would probably show significant uncertainty. Compared
with previous studies, our SGD estimates for the entire bay fall
within the ranges evaluated by Zhang et al. (2020), but slightly ex-
ceed those estimated by Wang et al. (2018) and Gao et al. (2018).
Considering that SGD flux is strongly related to local rainfall
(Chen et al., 2018), the surveys conducted in both this study and
Zhang et al. (2020) were conducted during flood season; thus, the
SGD estimates are also quite consistent. When the results estim-
ated by 224Ra, 228Ra are adopted, the SGD flux of the northeast
bay accounts for approximately 20% of the entire bay.

4.4  Uncertainty analyses
Four factors mainly affect the uncertainties in estimating the

SGD flux in the Daya Bay, including the excess radium inventor-
ies, radium fluxes released from bottom sediments, corrected
groundwater 224Ra/228Ra AR, and radium end-members of SGD.
Each of the above factors is evaluated using the Monte Carlo
method on a MATLAB platform (version MATLAB R2016a). Spe-
cifically, it is divided into the following steps: (1) the above four
factors are all assumed to conform to a normal distribution, then
four groups of random numbers are generated; (2) judge wheth-
er each random number of each group falls within the actual
measuring range of the corresponding factor; if it exceeds the
range, it will be regenerated until the number of random num-
bers per group is 10 000; (3) assuming that the other three factors
remain invariant, each random number in one group is substi-
tuted into Eqs (1)−(4) to calculate the values of residence time
and SGD flux, and then all the results are separately counted for

Table 2.   Values used for radium mass balance to estimate submarine groundwater discharge (SGD) flux to the northeast and the
entirety of the Daya Bay

Parameter
224Ra 223Ra 228Ra

Northeast bay Entire bay Northeast bay Entire bay Northeast bay Entire bay

I/Bq 3.75 × 109 3.15 × 1010 3.18 × 108 3.07 × 109 1.51 × 109 1.03 × 1010

(I − 10VRaop)/Bq 2.58 × 109 2.78 × 1010 5.32 × 107 2.15 × 109 3.12 × 108 7.92 × 109

FBS/(Bq·d−1) 1.03 × 1010 4.92 × 108 3.37 × 109 7.03 × 106 − −

(λI)/(Bq·d−1) 7.92 × 109 7.02 × 108 5.90 × 109 1.93 × 107 − −
(Ragw − (1 − RF)Rans)/(Bq·m−3) 6.15 5.8 0.48 0.48 0.56 0.59

QSGD/(m3·d−1) 1.30 × 107 6.63 × 107 5.06 × 106 5.03 × 107 1.27 × 107 6.37 × 107

− 3.05 × 107a − 2.89 × 107a − −

− (0.28−1.03) × 107b − − − −

− (1.97−6.49) × 107c − (1.51−4.79) × 107c − (3.33−5.51) × 107c

λ Ragw

     Note: Supscripts a, b, and c of QSGD data were from Gao et al., (2018), Wang et al., (2018), and Zhang et al., (2020), respectively. I: the radium
isotope inventory in the study area; V: the water volume (m3); Raop: the end-member activity concentrations (Bq/m3) of radium isotopes in
open sea water; FBS: the radium isotope input from bottom sediments (Bq/d); : the decay constant of radium isotope (d−1);  and Rans are
the end-member activity concentrations (Bq/m3) of radium in groundwater and near-shore seawater; RF is the ratio of the fresh SGD flux to the
SGD flux; QSGD: SGD flux (m3/d) calculated by the radium activity. − represents no data.
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the corresponding mean and standard deviation; (4) rotate the
next group and repeat step (3).

4.4.1  Excess radium inventories
Here, we ignore the bathymetric surveying errors (i.e., <1%) in

the Daya Bay, so that the radium inventory uncertainty is only
contributed by the radium activity error in the measurement. For
convenience, the maximum radium activity errors are separately
selected to represent uncertainties of radium activities at each
sampling station, which are 16% for 224Ra, 23% for 223Ra, and 30%
for 228Ra. Therefore, the variations in the radium inventories in
the water column are calculated to be I224Ra 0.35%, I223Ra 0.22%,
and I228Ra 0.52% for the northeast bay, and I224Ra 0.13%, I223Ra
0.09%, and I228Ra 0.20% for the entire bay. It can be concluded
that the measurement errors of radium activities have little influ-
ence on radium inventories.

However, the uncertainties of excess radium inventories de-
pend not only on the variation of radium inventories but also on
the fluctuation of external inputs of radium isotopes. The conser-
vative end-members of external radium inputs for the northeast
bay and entire bay specifically reference the radium activities ob-
served at Stations D19 and W10, where the uncertainties were
224Ra: 16%, 223Ra: 16%, and 228Ra: 9% (northeast bay), and 224Ra:
15%, 223Ra: 15%, and 228Ra: 22% (entire bay), respectively. Based
on the error propagation theory, the uncertainties of excess radi-
um inventories in the two regions are calculated to be (I224−
10V224Raop) 7%, (I223−10V223Raop) 82%, and (I228−10V228Raop) 33%
for the northeast bay and (I224−10V224Raop) 2.0%, (I223−10V223Raop)
6.2%, and (I228−10V228Raop) 6.4% for the entire bay. Apparently,
for some small regions, the uncertainties of excess radium in-
ventories are mainly controlled by the fluctuation of radium ex-
ternal inputs.

As Table 3 shows, the uncertainties of the residence times are
up to 126% for the northeast bay, but only 9.9% for the entire bay.
Furthermore, the uncertainties of the SGD fluxes are estimated to
be 78%–94% for the northeast bay and 3.6%–5.1% for the entire
bay. Clearly, the smaller the study area, the greater the variation
in SGD estimates caused by the uncertainty of excess radium in-
ventories, which are quite sensitive to the fluctuation of radium
external inputs.

4.4.2  k in groundwater
The k uncertainties are mainly constituted by the analysis er-

rors of the groundwater 224Ra, 228Ra activities. In this section,
10 000 random digits are generated from each groundwater
sampling data point in the form of a normal distribution, then
combined into 10 000 sets of groundwater random data at all
sampling sites. The least-squares method is used to calculate the
corresponding linear regression coefficient for each set, produ-
cing 10 000 results. Finally, the standard deviation counted from
these 10 000 coefficients is regarded as the uncertainty of k in
groundwater, that is, 6.1% for the northeast bay and 5.4% for the
entire bay.

The effect of the uncertainty of k in the groundwater on the
estimates of residence time and SGD flux in the Daya Bay is
shown in Table 3. When k fluctuates by approximately 6%, an un-
certainty of 30% is generated in the residence time estimated for
the northeast bay and the impact on the entire bay is only 8.2%.
The uncertainties of the SGD estimated by distinct radium
tracers are up to 41%–76% in the northeast bay, whereas the un-
certainties of the SGD estimates range only 6.5%–14.8% in the en-
tire bay. By comparison, it can be concluded that the k fluctu-
ation in groundwater has a significant impact on the estimates of
residence time or SGD flux for small regions; in other words,
when the study area is relatively large, the assessments of resid-
ence time and SGD flux are less sensitive to the k uncertainty in
groundwater.

Zhang et al. (2020) reported that k in groundwater ranged
from 4.78 to 20.4 in the Daya Bay, with a median of 17.1, which is
approximately 50% higher than our estimates. Assuming that the
k value given by Zhang et al. (2020) is used to evaluate the resid-
ence time and SGD flux for the entire bay, we can predict that the
residence time would increase to 42.5 d, while the SGD fluxes
would be reduced by 17% for 224Ra, 21% for 223Ra, and 50% for
228Ra.

4.4.3  Radium input from bottom sediments
Based on previous estimates for the radium fluxes released

from bottom sediments (i.e., FBS) in the Daya Bay (Wang et al.,
2018; Gao et al., 2018; Zhang et al., 2020), we further calculate
their standard deviations to be regarded as the FBS uncertainty,

Table 3.   Four factors affecting residence time and submarine groundwater discharge (SGD) flux in the Daya Bay

Factor Region Value τ/d

SGDQ /

(107 m3·d−1)


SGDQ /

(107 m3·d−1)


SGDQ /

(107 m3·d−1)
Excess radium inventory

(I − 10VRaop)/Bq
northeast bay 224Ra: (2.58 ± 0.18) × 109;

223Ra: (5.32 ± 4.37) × 107;
228Ra: (3.12 ± 1.02) × 108

4.0 ± 5.1 1.4 ± 1.3 0.53 ± 0.41 1.4 ± 1.3

entire bay 224Ra: (2.78 ± 0.05) × 1010;
223Ra: (2.15 ± 0.13) × 109;
228Ra: (7.92 ± 0.50) × 109

21 ± 2.1 6.6 ± 0.24 5.0 ± 0.26 6.4 ± 0.23

k in groundwater northeast bay 11.3 ± 0.9 4.2 ± 1.3 1.5 ± 0.85 0.55 ± 0.22 1.5 ± 1.1

entire bay 10.3 ± 0.9 20 ± 1.7 6.8 ± 0.36 5.1 ± 0.33 6.7 ± 1.0

Radium inputs from bottom sediments
(FBS)/(Bq·d−1)

northeast bay 224Ra: (4.92 ± 2.17) × 108;
223Ra: (7.03 ± 5.78) × 106

4.0 ± 3.8 1.4 ± 1.3 0.53 ± 0.28 1.4 ± 1.3

entire bay 224Ra: (3.37 ± 1.48) × 109;
223Ra: (4.80 ± 3.97) × 107

20 ± 11 7.1 ± 3.9 5.2 ± 1.5 6.8 ± 3.7

Radium end-members
(Ragw − (1 − RF)Rans)/(Bq·m−3)

northeast bay 224Ra: 62 ± 31;
223Ra: 4.8 ± 1.2;
228Ra: 5.6 ± 2.1

4.4 ± 0 1.4 ± 0.39 0.51 ± 0.05 1.4 ± 0.37

entire bay 224Ra: 58 ± 31;
223Ra: 4.8 ± 1.2;
228Ra: 5.9 ± 1.9

21 ± 0 6.9 ± 2.3 5.1 ± 0.52 6.7 ± 1.6

     Note: I: the radium isotope inventory in the study area; V: the water volume (m3); Raop: the end-member activity concentrations of radium
isotopes in open sea water (Bq/m3); k: 224Ra/228Ra activity ratio difference between groundwater and near-shore seawater; FBS: the radium
isotope input  from bottom sediments;  RF:  the ratio  of  the fresh SGD flux to  the SGD flux;  Ragw  and Rans  are  the end-member activity
concentrations of radium in groundwater and near-shore seawater.
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which is 44% for 224Ra and 82% for 223Ra. Then, the influence of
FBS fluctuation on the residence time and SGD flux for the two re-
gions is inferred by the Monte Carlo method. The results are
shown in Table 3. We can conclude that estimates for the resid-
ence time and SGD flux are quite sensitive to FBS fluctuations, es-
pecially in some small regions. Specifically, the uncertainty of the
residence time in the northeast bay is as high as 95%, whereas
that of the entire bay is estimated to be 55%. In terms of the SGD
estimates, the FBS fluctuation has an impact of 54%–95% for the
northeast bay and 29%–55% for the entire bay.

4.4.4  Radium end-members of SGD
Radium end-members of coastal groundwater have no effect

on the evaluation of residence time but play a major role in de-
termining SGD flux; that is, the greater the fluctuation of the end-
members, the greater the fluctuation of the estimated SGD fluxes.
The groundwater radium activities corrected by the near-shore
radium loss are selected as the SGD end-members, and their
standard deviations are calculated to be [224Ragw−(1−RF)224Rans]
50%, [223Ragw−(1−RF)223Rans] 25%, and [228Ragw−(1−RF)228Rans]
37% in the northeast bay, and [224Ragw−(1−RF)224Rans] 54%,
[223Ragw−(1−RF)223Rans] 25%, and [228Ragw−(1−RF)228Rans] 33% in
the entire bay. The uncertainties of the SGD fluxes caused by
fluctuating radium end-members ranged from 10% to 29% in the
northeast bay and 10% to 33% in the entire bay.

Zhang et al. (2020) also used the corrected radium activities of
groundwater as the SGD end-members in the Daya Day, of which
the median values were counted as [224Ragw−(1−RF)224Rans]=
163 Bq/m3, [223Ragw−(1−RF)223Rans]=5.3 Bq/m3, and [228Ragw−
(1−RF)228Rans]=11 Bq/m3, respectively. Their 224Ra, 228Ra end-
members are more than twice our values, and the 223Ra end-
member is almost similar to ours. When the SGD fluxes in our
study were estimated by the groundwater end-members evalu-
ated by Zhang et al. (2020), the SGD fluxes estimated by 224Ra,
228Ra decrease by approximately 50%, while that of 223Ra remains
fairly consistent with our result.

5  Conclusions
This study utilizes an improved radium mass balance model

to evaluate radium-derived SGD fluxes in the northeast and the
entirety of the Daya Bay. The results show that the estimated SGD
flux in the northeast bay is equivalent to approximately 20% of
that in the entire bay during the flood season. The SGD estimate
uncertainties, which are mainly controlled by the fluctuations of
four factors including excess radium inventories, radium fluxes
released from bottom sediments, corrected groundwater 224Ra/228Ra
AR, and SGD radium end-members, are separately evaluated us-
ing the Monte Carlo method. Except for the SGD radium end-
members, the fluctuations in the other three factors affecting the
estimated SGD fluxes are all related to the size of the study area.
Especially for small regions, such as the northeast bay, the uncer-
tainty for estimating SGD flux is very sensitive to variations in ex-
cess radium inventories and radium inputs from bottom sedi-
ments. Regarding large regions, such as the entire bay, variations
in radium inputs from bottom sediments and radium end-mem-
bers of SGD have the greatest impact on the uncertainties of SGD
estimates. Evaluating SGD fluxes for small areas is considered
more difficult and thus future research should be strengthened to
improve the accuracy of estimating excess radium inventories
and radium inputs from bottom sediments. For larger areas, it is
critical to promote the evaluation accuracy of radium inputs from
bottom sediments and radium end-members of SGD.
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