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a b s t r a c t

In this study, we used a 224Ra mass balance model to evaluate the importance of submarine groundwater
discharge (SGD) for the budgets of biogenic elements in two major Chinese estuaries: the Pearl River
Estuary (PRE) and the Changjiang River Estuary (CRE). The apparent water age in the PRE was estimated
to be 4.8 ± 1.1 days in the dry season and 1.8± 0.6 days in the wet season using a physical model based on
the tidal prism. In the dry season, the water age in the CRE was estimated to be 11.7± 3.0 days using the
224Ra/223Ra activities ratios apparent age model. By applying the 224Ra mass balance model, we obtained
calculations of the SGD flow in the PRE of (4.5e10)� 108m3 d�1 (0.23e0.50m3m�2 d�1) and (1.2
e2.7)� 108m3 d�1 (0.06e0.14m3m�2 d�1) in the dry season and wet season, respectively, and the
estimated SGD flux was (4.6e11)� 109m3 d�1 (0.18e0.45m3m�2 d�1) in the dry season of the CRE. In
comparison with the nutrient fluxes from the rivers, the SGD-derived nutrient fluxes may play a vital role
in controlling the nutrient budgets and stoichiometry in the study areas. The large amount of dissolved
inorganic nitrogen and phosphorus fluxes together with high N: P ratios into the PRE and CRE would
potentially contribute to eutrophication and the occurrence of red tides along the adjacent waters.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

A river-dominated estuary and the adjacent sea are important
regions where the continuous exchange of water and chemical
components occurs between land/ocean interaction zones; there-
fore, these areas play a major role in terms of global biogeochemical
cycles (e.g., Rengarajan and Sarma, 2015). In the past two decades,
submarine groundwater discharge (SGD), which defined as the
flow of water from the seabed to the ocean along continental
margins, with scales lengths of meters to kilometers, regardless of
fluid composition or driving force (Burnett et al., 2003; Moore,
2010), it has been shown to not only be an important component
of the hydrological cycle (Moore et al., 2008) but also delivers a
large amount of nutrients (e.g., Moore et al., 2006), trace elements
(e.g., Beck et al., 2007a), radionuclides (e.g., Garcia-Orellana et al.,
2013) and organic and inorganic carbon (e.g., Kim et al., 2011; Liu
et al., 2014) to the oceans due to the biological and chemical re-
actions at the interface between the freshwater in the aquifer and
the salt-water front. The large amount of nutrient input to the
coastal zone, in particular, the high N: P ratios provided by the SGD,
has the potential to impact the chemical budgets of water ecosys-
tems through changing the nutrient ratios, which may cause
eutrophication (e.g., Hwang et al., 2005a), harmful algal blooms
(e.g., Hwang et al., 2005b) and hypoxia (e.g., McCoy et al., 2011). For
example, Lee et al. (2009) suggested that the large and continuous
supply of nutrient through SGD plays a significant role in the
occurrence of eutrophication and red tides in the Masan Bay, Korea.
Recently, an increasing number of studies have shown that SGD
may be one of the important pathways for terrigenous materials
entering the estuaries, so the SGD in estuaries deserves further
attention and should be the focus of future investigations (e.g.,
Kolker et al., 2013; Rengarajan and Sarma, 2015).

In the previous SGD studies, the application of naturally occur-
ring geochemical tracers has been shown to successfully enable
integrated estimations of SGD over a range of spatial and temporal
scales (e.g., Garcia-Orellana et al., 2014; Moore et al., 2006). Among
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these, the radium (Ra) quartet of isotopes (224Ra, 223Ra, 228Ra, and
226Ra) are known as powerful tools widely used to assess the flux
sources and evaluate SGD into the coastal waters (e.g., Beck et al.,
2007b; Moore, 1996, 2003), and the Ra-based SGD estimation
generally represents the average level across the study region
rather than a value in a single location within the study region.

The Pearl River (Zhujiang) Estuary (PRE) and Changjiang
(Yangtze) River Estuary (CRE), as two largest estuaries in China in
terms of freshwater discharge, are located in subtropical and
temperate region, respectively. In recent decades, anthropogenic
activities (i.e., agriculture, land-consuming changes and dam
structures) have caused considerable changes in the riverine ma-
terials fluxes to the PRE and CRE and their adjacent sea areas (e.g.,
He et al., 2010; Li et al., 2007; Zhang et al., 1999). In our previous
work, we reported that the SGD flux into the CRE was 6e30% of the
Changjiang River discharge at the flood stage, showing the impor-
tance of SGD in hydrology; however, there were no nutrient fluxes
reported from the SGD (Gu et al., 2012). Also in the PRE, the sig-
nificance of SGD and SGD-derived nutrients to the estuarine waters
are still unknown. Because of the relatively short water ages in the
PRE and CRE (Sun et al., 2014; Xu et al., 2013), the short half-lives
isotopes of 223Ra (T1/2¼11.4 days) and 224Ra (T1/2¼ 3.66 days)
could be applicable for accurately estimating the SGD in such short
time scales. Therefore, in this study, we developed a 224Ra mass
balance model to estimate the seasonal magnitude of SGD fluxes in
both the PRE and CRE, which are different types of estuaries.
Moreover, a comparison studywas also conducted to determine the
quantities of SGD-derived nutrient and to evaluate its effluence in
the PRE and CRE.

2. Study areas

The PRE and the CRE are two typical, largest estuaries in China.
The PRE is located in the southern coast of China, along the
northern boundary of the South China Sea, and it receives a large
freshwater discharge of ~1.7� 1011m3 yr�1 from the Pearl River
that includes the East River, North River and West River (Fig. 1a).
The PRE has a narrow head of only ~5 km at the upper estuary and a
relatively wide sea entrance of ~60 km at the southern end, with an
average depth of ~6m and surface area of 2000 km2, respectively
(Sun et al., 2014). The tide in the PRE mainly flows from the Pacific
oceanic tidal propagation through the Luzon strait, with ampli-
tudes typically varying from 1m to 1.8m within the estuary (Mao
et al., 2004; Cai et al., 2014).

The Changjiang River is the largest river in China and is the fifth
largest river in the world that empties into the East China Sea. The
freshwater discharge is ~8.7� 1011m3 yr�1, and the sediment load
sharply decreased to ~0.15� 109 tons yr�1 in 2010s, following the
construction of the Three Gorges Dam (Dai and Lu, 2014). The study
site of the CRE and its adjacent sea is located in the east coastal area
of Eastern China, ends at a longitude of 123.5 �E and a latitude
between 29.5 �N and 32 �N. The study area has an estimated area of
~2.5� 104 km2, which covers the Jiangsu southeast zone, the
Shanghai sea, Hangzhou Bay and the Zhoushanwaters (Fig. 1c). The
inner estuary of the CRE is a meso-tidal estuary with average tides
ranging from 2.4m to 3.2m (Yan et al., 2011).

The PRE and CRE are highly sensitive to the subtropical and
temperate monsoon climate, with an annual average precipitation
of ~1830mm and ~1160mm, respectively (data from the China
Meteorological Data Sharing Service System, http://cdc.nmic.cn/). It
is clear that the dry season occurs fromOctober toMarch, while the
wet season occurs between April and September (Fig. 1b and d),
and approximately 80% of freshwater discharge from the Pearl
River and Changjiang River flows during the wet season. Due to the
fast development of industrial/agricultural activities and
urbanization in recent decades, anthropogenic activities could
deplete the level of the groundwater in both the PRE and CRE (Du,
2006; Zhu et al., 2004). The acidified of groundwater, mainly caused
by acid rain, has become a major environmental problem for
groundwater (Jing et al., 2010). Furthermore, unreasonable
exploitation and environmental pollution has led to a shortage of
groundwater and groundwater quality deterioration in the PRE and
CRE (Du, 2006; Zhu et al., 2004). In addition, the PRE and CRE have
been receiving an increasing load of anthropogenic nutrients,
especially the dissolved inorganic nitrogen and phosphorus (e.g.,
Huang et al., 2003; Harrison et al., 2008; Jiang et al., 2014; Li et al.,
2007). These effects lead to eutrophication and seasonal hypoxia as
major issues in the PRE and CRE, respectively (Huang et al., 2003;
Liu et al., 2016), and extensive red tides also occur in both estu-
aries (Chen et al., 2007; Huang et al., 2003; Liu et al., 2013).

3. Sampling and methods

Ra isotopes samples in the PRE (Fig. 1a) were collected onboard
the R/V Nanfeng during September 2014 (dry season) and June 2015
(wet season), and Ra isotopes samples in the CRE (Fig. 1c) were
collected on board the R/V Runjiang I during March 2015 (dry
season). All the Ra water samples (~60 L) were obtained from the
surface water (at a depth of ~1m) using a submerged pump. The
seawater salinity and temperature were measured in situ using a
Conductance-Temperature-Depth sensor. In addition, several
groundwater (pore water, ~20 L, and well water, ~40 L) samples
were collected as SGD end-members for the PRE and CRE; specif-
ically, the respective groundwater samples were collected from the
beaches and wells along the coast of Shengsi Island and Zhoushan
in November 2014 and Chongming Island in April 2017 and the
along the coast of the PRE in June 2016 (Fig. 1a and c).

The water samples for Ra isotopes were then run through col-
umns filled with pre-weighed ~20 g Mn-coated acrylic fibers at a
flow rate of ~0.5 Lmin�1 (Moore, 1976). After washing the Mn-fiber
with Milli-Q water, the water content of the Mn-fiber was reduced
to ~75% to obtain higher measurement efficient (Gu et al., 2012).
223Ra and 224Ra on the fiber were measured in the shipboard lab-
oratory immediately after preparation, using a radium delayed
coincidence counter (RaDeCC) (Moore and Arnold, 1996). The un-
certainties of 223Ra and 224Ra were estimated to be approximately
20% and 5%, respectively, using the equations reported in Garcia-
Solsona et al. (2008).

In groundwater, nutrient water samples were filtered with acid
pre-cleaned 0.45 mmpore-size acetate cellulose filters, and then the
filtrates were fixed with saturated HgCl2 and stored in the dark.
Upon return to the onshore laboratory, the nutrient samples were
analyzed for dissolved inorganic nutrients (NO2

�, NO3
�, NH4

þ, PO4
3�

and Si(OH)4) by an auto-analyzer (Model: Skalar SANplus) (Liu et al.,
2005). The concentration of dissolved inorganic nitrogen (DIN) is
expressed as the sum of NO2

�, NO3
�, and NH4

þ concentrations.

4. Results

4.1. Hydrography

Geologically, the coast of PRE is mainly covered with Quaternary
sediments, along with bedrock outcrops occupy in the southern
regions of the PRE (Wang and Jiao, 2012). Groundwater aquifers in
the watershed area of the PRE are unconsolidated deposits and
bedrocks, which distribute in the northern and southern regions,
respectively; while in the CRE, the coast type is alluvials and di-
luvials of accumulational plains in the northern regions and bed-
rocks in the southern regions (China hydrological geological map,
1984). The aquifers of unconsolidated deposits and

http://cdc.nmic.cn/


Fig. 1. A map of the study areas showing the sampling stations in the PRE(a) and CRE (c); (b) the river flow rate into the PRE (¼flow rate of Xijiang/68.5%� 53% (Lu and Gan, 2015)
and the monthly precipitation in Guangzhou. (d) Changjiang River water discharge into the CRE based on the Datong hydrographic station and the monthly precipitation in
Shanghai; All the river discharge data are from the China Bureau of Hydrology, Ministry of Water Resources, http://xxfb.hydroinfo.gov.cn; all the precipitation data are from the
China Meteorological Data Sharing Service System, http://cdc.nmic.cn/.
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accumulational plains are usually developed with abundant water,
while lower water content occurs in bedrocks. Overall, the
groundwater in the PRE and CRE is not evenly distributed. Both the
PRE and CRE are complex estuaries because of irregular topography,
seasonally dynamic variations in freshwater discharge, monsoon
winds and estuarine circulation. The coastal circulation governs the
transports and distributions of physical and water quality param-
eters such as temperature and salinity. In this case, the hydrody-
namic condition in the PRE and CRE are both very complicated.

In surface water of the PRE, the salinity increased from the es-
tuary mouth to the open sea. Obviously, due to a smaller freshwater
discharge from the Pearl River, the salinity was higher in the dry
season (shown in the Supplementary Table). In the PRE, the water
in vertical profile mixes well in both dry season and wet season
because of the shallow water depth (Cai et al., 2004; Zhang et al.,
2013). A similar salinity gradient was also observed in the CRE
surface water, which salinity generally increased with offshore
distance increasing (Fig. 2a). The CRE temperature in the dry season
ranged from 9.4 to 14.1 �C which was much lower than that in the
wet season (June) (Gu et al., 2012). Low temperature and high
temperature anomalies occurred in the northwest and southeast of
study area (Fig. 2b), respectively; these anomalies may due to the
contribution of the Yellow Sea Coast Water and Taiwan Warm
Water. From the density sigma-t (kg/m3) distributions in vertical
profile along the transect of central CRE (from stations A6-1 to A6-
11, Fig. 3) we can see that in the upper layer, because of the
Changjiang River freshwater discharge, a low density tongue was
obviously observed from coast to offshore, and in the underlayer
water, the upwelling signal from offshore to coast was apparent,
especially in the 123�E area. In the east of 123�E there was no
significant pycnocline observed, while in the west of 123 �E which
was in the shallow regions near the coast, the pycnocline was
observed.
4.2. Ra concentrations

Here, we describe the 224Ra data as excess 224Ra which are ob-
tained by subtracting the 228Th-supported 224Ra from the total
224Ra. All the 223Ra and 224Ra data in surface water of the PRE and
CRE showed spatial and temporal variability in the study areas
(shown in the Supplementary Table). In the PRE, the 224Ra and
223Ra activities in the dry season ranged from 129 dpm 100 L�1 to
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Fig. 2. Distributions of salinity and temperature in surface water of the CRE in March 2015 (color figure online).

Fig. 3. Vertical distribution of density (sigma-t kg m�3) along the transect from A6-1 to A6-11 during March 2015 (color figure online).
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301 dpm 100 L�1 and from 4.5 dpm 100 L�1 to 13 dpm 100 L�1,
respectively. The Ra activities in the dry season were higher than
those in the wet season, which the activities were ranged between
54 and 78 dpm 100 L�1 (224Ra) and 1.7e4.0 dpm 100 L�1 (223Ra). In
the dry season of the CRE, 224Ra and 223Ra activities were varied
from 1.3 dpm 100 L�1 to 161 dpm 100 L�1 and from almost unde-
tectable (0 dpm 100 L�1) to 7.9 dpm 100 L�1, respectively. Similarly,
224Ra and 223Ra activities in the dry seasonwere clearly higher than
those in thewet season reported of 1.2e74.8 dpm 100 L�1 and 0.2 to
3.2 dpm 100 L�1 for 224Ra and 223Ra, respectively in our previous
work (Gu et al., 2012). We can see that both 224Ra and 223Ra in the
dry season have the higher activities, this could be more ground-
water discharge with high Ra concentrated into the PRE and CRE in
the dry season. In the broad CRE, the Ra activities were lower than
those in the semi-closed and embedded PRE in the same season,
and this may be determined by the dilution of the shelf water in the
East China Sea water with low Ra activities.

Fig. 4 shows the scatter plots of the 224Ra and 223Ra activities
versus salinity in surface water of the PRE and CRE. The distribution
patterns in both the PRE and CREwere similar, with lowactivities at
zero salinity, followed by Ra activities increased with salinity
increasing, then the highest activities were reached at salinities of
approximately 12e26; after the Ra activities peaked, they
decreased to their lowest activities in high-salinity seawater. We
can observe such similar coherent patterns in estuaries of other
large rivers, which may reflect the release of 224Ra and 223Ra from
particles into solution upon estuarine mixing (e.g., Moore and
Krest, 2004; Rengarajan and Sarma, 2015; Xu et al., 2013). In the
PRE, the 224Ra/223Ra ratios with the slope of fitting linewere similar
in the dry season and wet season, which were 23.8 (r¼ 0.96,
p< 0.001) and 21.6 (r¼ 0.75, p< 0.001), respectively, indicating
surface water in the PRE have similar sources (Fig. 5). As with the
PRE, the relationship between 224Ra and 223Ra also showed similar
ratios with a fitting line slope of 18.7 (r¼ 0.79, p< 0.001) in the CRE
(Fig. 5).

In groundwater, Ra activities (dpm 100 L�1) were inwide ranges
of 4.7e34.8 (mean¼ 13.1± 2.6, average± standard error (Stewart
et al., 2015), same below) for 223Ra and 242e1110
(mean¼ 485± 83.2) for 224Ra in the PRE and 1.4e25.2
(mean¼ 10.2± 3.0) for 223Ra and 11.3e898 (mean¼ 369± 113) for
224Ra in the CRE, respectively (Supplementary Table). In both the
PRE and CRE, Ra activities inmost groundwater samples weremuch



Fig. 4. Surface 224Ra (a) and 223Ra (b) activities (dpm 100 L�1) versus salinity in the PRE and CRE. Data of wet season in the PRE includes four data cited from Liu et al. (2012).

Fig. 5. Plots of 224Ra vs. 223Ra for all samples in the PRE and CRE (color figure online).
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higher than those in surface water. Additionally, it is clearly seen
that the linear fitting slopes of 224Ra and 223Ra in groundwater
(slope¼ 29.3, r¼ 0.88 in the PRE and slope¼ 35.4, r¼ 0.90 in the
CRE) are significant higher than the slope from the surface water,
suggesting that the Ra input from groundwater may explain the Ra
in surface water (Fig. 5).
5. Discussion

5.1. Water ages

Water age is defined as the time in awater parcel has spent since
entering the estuary through its boundaries (Charette et al., 2008),
and it can provide an available timescale for terrestrial material to
accumulation in an estuary (Moore, 2000). Moreover, in order to
estimate the fluxes of SGD into the PRE and CRE, the water ages of
the estuaries must be known. Generally, there are two methods to
access the water age in the study of SGD, which are Ra activity
ratios and physical model. The PRE is a semi-enclosed estuary with
the shape of an inverted funnel into the mainland and the main
river input from the north, there are other Ra sources input from
the tributaries in the west side of the estuary. Additionally, Ra
diffusion from the bottom sediments to the surface water occurs
due to the shallow depth of the PRE. Therefore, it is inappropriate to
estimate thewater age in the PRE by the 224Ra/223Ra ratio. However,
the CRE has open water, and it is hard to calculate the tide prism
from a physical model. Therefore, as described above, estimating
the water age in the CRE by using the 224Ra/223Ra ratio method is
feasible and a physical model will be used in the PRE.
5.1.1. Flushing time based on the physical model in the PRE
Following the assumptions of (1) the influence of the wind is

negligible; (2) the PRE is well mixed, we use a physical model to
estimate the flushing time in the PRE (Sanford et al., 1992; Moore
et al., 2006):
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Tf ¼
V

ð1� bÞP=T þ I
(1)

where Tf is the flushing time, V refers to the PRE volume, T is the
tidal period, P is the tidal prism, b represents the return flow from
the South China Sea into the PRE and I is the net inflow of Pearl
River into the PRE during the sampling period. The value of b is
equivalent to the fraction of open sea water, which can be obtained
from the salinity in each measured sample dividing by the salinity
in the open sea water. Because the surface area between the high
and low tide was unknown, we calculated the tidal prism using
Eqn. (2) which was determined by multiplying the average surface
area by the tidal range during the sampling period in the PRE:

P ¼
Z 0

H
Adz (2)

where A is the average water surface area of the PRE, and z is the
water depth over the tidal range (H).

Thus, with the parameters shown in Table 1, the average flush-
ing time in the PRE by Eqn. (1) was estimated to be 4.8± 1.1 days
and 1.8± 0.6 days in the dry season and wet season, respectively,
which were comparable to the values which was reported as 6 days
in the dry season and 3 days in thewet season (Sun et al., 2014). The
flushing time in the PRE shows a predominant seasonal variation
because of variance in the Pearl River discharge and tidal height.
5.1.2. Apparent age via Ra isotopes in the CRE
In the study area of the CRE, the average depth is ~34.7m, and

the Ra isotopes into surface water from bottom sediments can be
neglected due to the relatively short time scale (Gu et al., 2012).
Therefore, following Moore et al. (2006), assuming that the system
is in a steady state, which the Ra additions are balanced by the
losses, then the 224Ra and 223Ra balance in the CRE can bewritten as
follows:

F224Ra ¼ I224Raðl224 þ 1=tÞ (3)

F223Ra ¼ I223Raðl223 þ 1=tÞ (4)

where F224Ra and F223Ra are the total 224Ra and 223Ra fluxes into
the study system, I224Ra and I223Ra are the inventories of the 224Ra
and 223Ra in the study system, and l224 and l223 are the decay
constants for 224Ra and 223Ra, respectively. t is the apparent age of
water in the study system, which can be determined by dividing
Eqn. (3) by Eqn. (4):
Table 1
Summary of the parameters used to estimate the flushing time in the PRE.

Parameters Values

Dry season

Surface area,� 109m2 2
Mean water depth, m 6
River inflow,� 109m3 d�1 0.32
Tide range, m 1.2± 0.19
Prism,� 109m3 2.4± 0.38
Tide period, days 0.52
Volume,� 109m3 12
b 0.52
Tf, days 4.8± 1.1
t ¼
F
�224Ra
223Ra

�� I
�224Ra
223Ra

�

l224I
�224Ra
223Ra

�� l223F
�224Ra
223Ra

� (5)

In general, the groundwater around the coast could be recog-
nized as the input water. Therefore, in this study, we used the linear
fitting slope between 224Ra and 223Ra in groundwater of 35.4± 4.0
as the initial input ratio in Eqn (5). Similarly, the linear fitting slope
in surface water of 18.7± 1.6 was applied to as the 224Ra and 223Ra
inventories in the CRE. The water age is thus determined to be
11.7± 3.0 days, which is comparable with that in May 2011 of
11.3± 5.2 days (Xu et al., 2013), but longer than that in the wet
season in 2009 of 7.0 days (Gu et al., 2012), that may due to greater
freshwater discharge of the Changjiang River in the wet season.

5.2. 224Ra mass balance model

In a steady state system, a balance of Ra fluxes into the system
and losses from the system is assumed (Moore et al., 2008). The
224Ra inputs to the PRE and CRE include the dissolved and
desorbable 224Ra from rivers (Iriv), desorption from resuspended
sediments (Ires), diffusion from bottom sediments (Idiff) and input
associated with SGD (ISGD). On the other hand, the 224Ra output
from the systems primarily by radioactive decay (Ldecay) andmixing
with low-224Ra seawater (Lmix). The mass balance equation is built
as follows:

Iriv þ Ires þ Idiff þ ISGD ¼ Ldecay þ Lmix (6)

5.2.1. Riverine inputs
There are two 224Ra contributions from riverine inputs: dis-

solved 224Ra in the water and desorbed 224Ra from suspended
particles matter (SPM). For the dissolved phase, we determined it
by the river freshwater discharge multiply by the river end-
member 224Ra activity. In the PRE, the 224Ra activities at O1
(S¼ 0.3) and J1 (S¼ 0.1) station were 87± 2.0 and 32± 1.1 dpm
100 L�1, which were used as the Pearl River end-members for the
dry and wet seasons, respectively. Thus we yielded 224Ra fluxes of
(2.8± 0.1)� 1011 and (2.9± 0.1)� 1011 dpm d�1 with freshwater
discharge of 3.2� 108 and 9.2� 108m3 d�1, respectively. In the CRE,
we used the 224Ra activity at CRE station (S¼ 0.1) as the Changjiang
River end-member, thus we yielded 224Ra fluxes of (2.4± 0.1)� 1011

dpm d�1 with freshwater discharge of 1.8� 109m3 d�1. Similarly,
the term for the desorbed component can be calculated by multi-
plying the desorbed 224Ra from SPM by the SPM loaded with river.
Firstly, we used SPM in the CRE station and employed a repeated
leaching method to carry out the laboratory desorption experiment
according to our previous work (Gu et al., 2012). Briefly, we used
Reference

Wet season

2 Sun et al., 2014
6 Sun et al., 2014
0.92 This study
1.8± 0.42 http://ocean.cnss.com.cn/
3.6± 0.84 This study
0.52 Lin and Liang, 1994
12 This study
0.18 This study
1.8± 0.6 This study

http://ocean.cnss.com.cn/


J. Liu et al. / Estuarine, Coastal and Shelf Science 203 (2018) 17e28 23
Ra-free water (after flowing through the Mn-fiber column) to leach
a known mass of SPM several times until 224Ra activity in the
filtrate no longer increased. Therefore, the exchangeable 224Ra was
obtained to be approximately 1.4 dpm g�1. Besides, the SPM loaded
by Pear River were 6.5� 1010 g d�1 and 5.0� 1010 g d�1 in the dry
and wet season, respectively, and loaded by Changjiang River were
2.0� 1011 g d�1 in the dry season. Consequently, the desorbed 224Ra
input by river were estimated to be 9.1� 1010 dpm d�1 in dry
season and 7.0� 1010 dpm d�1 in wet season of the PRE, and
2.9� 1011 dpm d�1 in CRE dry season.

5.2.2. Production from the resuspended particles
In an estuary, tidal current and waves are the major drivers for

mixing in the water column and they may also scour surficial
sediment and resuspended sediment into the water column. Thus,
production of desorbable 224Ra from surface-bound 228Th can
result in an important inventory, because particle-associated 224Ra
would be desorbed in saline water after the particles are resus-
pended (Beck et al., 2007b). In the PRE, however, the rates of the
fluxes from resuspensionwere not reported in the previous studies.
Thus, we use the data from the CRE, estimated by Shen et al. (2008)
of 15.7± 5.6mg cm�2 d�1 as the resuspension rate. Assuming that
the 224Ra in the surficial sediment is at a steady state and that tidal
currents and waves continuously supply the desorbable 224Ra from
the resuspended sediment into thewater column, we estimated the
224Ra fluxes desorption from resuspended particles to be
(4.4± 1.6)� 1011 dpm d�1 both in dry and wet season of the PRE
and (5.5± 3.0)� 1012 dpm d�1 in the dry season of the CRE.

5.2.3. Diffusion from the bottom sediments
Another significant 224Ra source into the water column of the

PRE and CRE is a diffusive flux crossing the sediment-water inter-
face through the sediment pore spaces. Usually, when estimating
SGD, the flux of 224Ra diffuses from the sediments can be mediated
by only molecular diffusion, and bioirrigation is excluded (Moore,
2010). Therefore, in this study, if we neglected the bioirrigation
and followed Hancock et al. (2000), the diffusion rate (F) of 224Ra
from the sediment into the water column is expressed as follows:

F ¼ � fDm
2QfDm

�wþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w2þ4QfDml

p

�
Aw �Qg

l

�
(7)

By using the definitions and values of these parameters shown
in Table 2, the 224Ra diffusion rates from sediment were estimated
to be 0.10 and 0.060 dpm cm�2 d�1 in the PRE for the dry and wet
seasons, respectively, and 0.12 dpm cm�2 d�1 for the CRE, respec-
tively. Similarly, by multiplying the diffusion rates by the surface
area of the bottom sediment, the 224Ra fluxes from the sediments
diffusions were 2.0� 1012 and 1.2� 1012 dpm d�1 in the PRE for dry
and wet seasons, respectively, and 30� 1012 dpm d�1 for the CRE,
respectively. Compared with the long-life Ra isotope (i.e., 226Ra)
into the water column from the bottom sediments in the CRE (Gu
et al., 2012), the 224Ra flux has a prominent role in the 224Ra mass
balance, as well as in the PRE.

5.2.4. Radioactive decay
In the PRE and CRE, the estimated water ages are both on the

order of days, the radioactive decay of 224Ra could be an important
removal process. Here, we assume a steady state condition during
the sampling period, and the flux can be estimated by the decay
constant of 224Ra and the 224Ra inventory. Because the pycnocline
in the CRE only occurred near the coastal regions which are all in
shallow depth (Fig. 4), assuming 224Ra mixed well and distributed
uniformly in the vertical profile. Thus the 224Ra inventory can be
calculated from the average 224Ra activities multiplied by the vol-
ume in the study area of the PRE and CRE. The average 224Ra ac-
tivities were 190± 45.5 and 56± 5.0 dpm 100 L�1 in the dry and
wet seasons in the PRE, respectively, and 34± 6.2 dpm 100 L�1 in
the CRE; these values are assumed to represent the average value in
the entire water column. Based on these results, the radioactive
decay terms were (4.3± 1.0)� 1012 dpm d�1 for the dry season and
(1.3± 0.11)� 1012 dpm d�1 for the wet season in the PRE and
(55± 10)� 1012 dpm d�1 in the CRE.

5.2.5. Mixing with seawater
The low 224Ra seawater flows into the PRE and CRE is another

significant term for the 224Ra reduction. To estimate the 224Ra
fluxes, we used a method based on the inventory of excess 224Ra
multiplied by the mixing rate of 1/t (Kim et al., 2011; Luo et al.,
2014). In addition, the excess 224Ra was obtained by the following
equation:

224Raex ¼ 224RaM � f 224RaO � ð1� f Þ224RaR (8)

where 224Raex is the excess 224Ra activity, 224RaM is the measured
224Ra in the PRE and CRE, 224RaO and 224RaR are the 224Ra in the
open sea water and river water, respectively, and f is the fraction of
open sea water. In the PRE, 224Ra activities in the open sea water
were 9.2± 1.3 (station O5, S¼ 33.9) and 2.7± 0.2 (station J6,
S¼ 32.8) dpm 100 L�1 in the dry season and wet season, respec-
tively; the river end-member values are 87± 2.0 (station O1,
S¼ 0.3) and 32 ± 1.1 (station J1, S¼ 0.1) dpm 100 L�1 for the dry
season and wet season, respectively. Similarity, the 224Ra activities
in the open sea water and river water of the CRE were 3.2± 0.45
(station A6-11, S¼ 34.3) and 13± 0.69 (station CJR, S¼ 0.1) dpm
100 L�1, respectively. With these known values, we calculated the
excess 224Ra at each station and then the average excess 224Ra were
estimated to be 143± 45 and 40± 7.2 dpm 100 L�1 in dry season
andwet season in the PRE, respectively, and 30± 6.1 dpm 100 L�1 in
the dry season of the CRE. Therefore, we calculated the 224Ra fluxes
from the mixing with open seawater to be (3.6± 1.4)� 1012 dpm
d�1 and (2.6± 1.0)� 1012 dpm d�1 in the PRE for the dry and wet
seasons, respectively, and (22± 7.2)� 1012 dpm d�1 in the CRE.

5.3. Estimation of SGD into the PRE and CRE

According to Eq. (6), the 224Ra fluxes through SGD are estimated
to be (5.0± 1.7)� 1012 dpm d�1 (dry season) and (1.3± 1.0)� 1012

dpm d�1 (wet season) in the PRE and (41± 13)� 1012 dpm d�1 in
the CRE. Therefore, we summarized the input and output terms of
the 224Ra fluxes in the PRE and CRE (Table 3), suggesting that SGD is
the dominate source for 224Ra which accounted for 64% and 33% in
the PRE for the dry season and wet season, respectively, and 54% in
the CRE.

To quantify the SGD fluxes in the PRE and CRE, the 224Ra end-
member values for the potential groundwater seeping into the
two estuaries are required. In order not to overestimate SGD flux,
we applied the average and maximum activities in groundwater as
end-members to estimate SGD fluxes into the PRE and CRE. In this
case, we estimated the SGD flux into the PRE at
(4.5e10)� 108m3 d�1 and (1.2e2.7)� 108m3 d�1 for the dry sea-
son and wet season, respectively, while the SGD flux in the dry
season of the CRE was estimated to be (4.6e11)� 109m3 d�1, which
was higher than that calculated in the wet season of
(0.2e1.0)� 109m3 d�1 by Gu et al. (2012), showing the same
pattern in the PRE; however, some studies reported SGD flux in the
wet season was greater (Moore et al., 2006; Garcia-Orellana et al.,
2014; Wang et al., 2015). In the PRE, the quantities of the SGD were
equivalent to (140e321) % and (13e29) % of the Pearl River water



Table 2
All the definitions and values of these parameters used to calculate the 224Ra diffusion rate from the bottom sediments in the PRE and CRE.

Parameter Definition Unit Value

PRE CRE

Ф Porosity in the sediment 0.63a 0.57b

Dm Molecular diffusion coefficient in the sediment cm2 d�1 0.32b 0.32b

Aw
224Ra activity in the overlying water dpm cm�3 0.0019c(dry), 0.00066c(wet) 0.00034c

w Sedimentary rate in the sediment cm d�1 2.7� 10�3d 4.1� 10�3e

Q Desorption function for the sediment 0.023f(dry), 0.0083f(wet) 0.036f

g Production rate of the exchangeable 224Ra dpm cm�3 d�1 0.67g 0.67g

l Decay constant of 224Ra d�1 0.189 0.0189
F Diffusion rate of 224Ra from the sediment dpm cm�2 d�1 0.10(dry), 0.060(wet) 0.12

a Derived from Cai et al. (2015).
b Derived from Cai et al.(2014).
c We used the average activity in surface water.
d Derived from Peng et al. (2007).
e Derived from Zhang (2008).
f Derived from Gu (2016) of Q¼ 0.0013� S.
g Derived from Hancock et al. (2000).

Table 3
Summary of all the 224Ra terms in the PRE and CRE.

Term 224Ra flux (� 1012 dpm d�1)

Dry season in PRE Wet season in PRE Dry season in CRE

Fluxes OUT
Decay 4.3± 1.0 1.3± 0.11 55± 10
Mixing with the open sea 3.6± 1.4 2.6± 1.0 22± 7.2
Fluxes IN
River 0.37± 0.010 1.0± 0.010 0.53± 0.010
Desorption from the resuspended particles 0.44± 0.16 0.44± 0.16 5.5± 2.0
Diffusion from the sediments 2.0 1.2 30
SGD 5.0± 1.7 1.3± 1.0 41± 13
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runoff in the dry season (river discharge of 3.2� 108m3 d�1) and
wet season (river discharge of 9.2� 108m3 d�1), respectively, and
in the CRE, the SGD flux achieved (256e622) % of the Changjiang
River discharge (1.8� 109 m3 d-1) in the dry season.

Next, we estimated the uncertainties in the calculation of the
SGD-derived 224Ra and SGD flux, which were based on the 224Ra
measurement error and error propagation rules. As presented in
the 224Ra mass balance model (Eq. (6)), the estimations of SGD
could be influenced by a number of factors. In the PRE and CRE, the
most significant terms in the 224Ra balance are decay, mixing with
open sea and diffusion from sediments, so these terms may mainly
contribute to the uncertainties estimations. The errors of 224Ra
decay loss are estimated from the uncertainties of observed 224Ra
inventories, which led to SGD fluxes errors to be 8.9e20% in the
PRE, and 24% in the CRE, respectively. For the mixing term, in the
PRE the uncertainties are highly sensitive to the water age, which
an error of 1 day could cause a change of 12e72% in the SGD flux,
while only change of 4.2% in the CRE. Given that the half-life of
224Ra is short, the uncertainties of diffusion from the bottom sed-
iments should be considered in the SGD flux estimation, and it was
noted that a 10% change in the 224Ra of the sediments diffusion
inputs can change the SGD flux by 4.0% in the PRE and 7.2% in the
CRE, respectively. In addition, the 224Ra activity in groundwater is
also a significant factor that can influence the uncertainty in the
SGD flux. Because of the possible different stratigraphy and
geological in the coastal aquifers of the PRE and CRE, 224Ra activities
in groundwater were in wide range. In order to obtain the repre-
sentative SGD estimations, we used an overall range to represent
the SGD flux rather than single 224Ra activity in groundwater for
estimation.

In the PRE and CRE, the fresh groundwater recharge rate into our
study areas along the shoreline are 4.3� 106m3 d�1 and
49� 106m3 d�1, respectively (Du, 2006; Zhu et al., 2004), which are
only 0.41e3.7% and 0.44e1.1% of our estimated SGD fluxes, sug-
gesting that almost all of the SGD in the two estuaries derived from
the recirculated groundwater. In addition, the higher estimated
SGD fluxes coincidedwith lower precipitation and higher salinity in
both the PRE and CRE due to seawater intrusion (Fig. 6), which also
indicated that the recirculated groundwater dominated the total
SGD in this study. Usually, the recirculated groundwater is mainly
caused by the tide; however, the tide heights throughout the
sampling periods are 1.7m and 2.6m in the PRE and CRE, respec-
tively, which are both similar in the dry and wet seasons. Therefore,
we thought that there must be other factors that drive the higher
SGD flux in the dry season. In such river-dominated estuaries, these
factors may be seawater intrusion or high sea level (Gonneea et al.,
2013). In the dry season, the water age is higher than that in wet
season, which may extend the residence time of higher salinity
water in the estuary, thus driving more recirculated groundwater.

5.4. Evaluation of the SGD-derived nutrient fluxes into the PRE and
CRE

Except to be an important part of the assessment of water
budgets, nutrient transport through SGD has been shown to be a
significant component of nutrient budgets in the estuaries (e.g., Lee
et al., 2009; Rengarajan and Sarma, 2015). The nutrient concen-
trations (mmol L�1) in groundwater of the PRE ranged from 23 to
1581, with an average of 412 for DIN, from 0.14 to 28.5, with an
average of 7.8 mmol L�1 for PO4

3� and from 12 to 666, with an
average of 238 for Si(OH)4. While in groundwater of the CRE, DIN
concentrations ranged from 81 to 489 mmol L�1, with an average of
271 mmol L�1, PO4

3� concentrations ranged from 1.5 to 5.4 mmol L�1,
with an average of 3.0 mmol L�1 and Si(OH)4 concentrations ranged



Fig. 6. The relationship between SGD rate ranges and salinity, precipitation in the PRE and CRE. The dashed line represent the SGD flux in the PRE (color figure online).
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from 64 to 486 mmol L�1, with an average of 230 mmol L�1

(Supplementary Table). We can see that both in the PRE and CRE
nutrient concentrations existed large spatial variations in ground-
water. Unlike the SGD flux estimation, here we used the average
and minimum nutrient concentrations in groundwater as end-
members to estimate the SGD-derived nutrient fluxes (Liu et al.,
2012). Assuming the nutrient concentrations in groundwater are
the same for both seasons, the SGD-derived nutrient loads (mol
d�1) during the dry and wet seasons in the PRE were estimated to
be (1.0e43)� 107 for DIN, (0.62e81)� 105 for PO4

3�, and
(0.52e25)� 107 for Si(OH)4 and (0.26e11)� 107 for DIN,
(0.16e21)� 105 for PO4

3�, and (0.14e6.4)� 107 for Si(OH)4, respec-
tively. Similarly, the nutrient fluxes (mol d�1) via the SGD in the CRE
were (3.7e30)� 108 for DIN, (6.7e34)� 106 for PO4

3�,
(2.9e26)� 109 for Si(OH)4 in the dry season and (0.16e3.0)� 108

for DIN, (0.30e3.3)� 106 for PO4
3�, (0.13e2.5)� 108 for Si(OH)4 in

the wet season. It was clearly observed that the SGD-derived
nutrient fluxes in the dry season were much higher than those in
the wet season in both PRE and CRE.

Fig. 7 demonstrates the nutrient fluxes through SGD into the
PRE and CRE as contrasted with the riverine nutrient fluxes which
were determined by multiplying the average discharge of the Pear
River and Changjiang River by the average nutrient concentrations
in each river water end-member. We noticed that the SGD repre-
sented a substantial contribution to the nutrient loading to the PRE,
and the SGD-derived DIN, PO4

3� and Si(OH)4 were even 5 times the
riverine inputs in the dry season. During the wet season, the DIN,
PO4

3� and Si(OH)4 contributed from SGD were approximately
1.5e60%, 1.1e150%, and 0.78e37%, respectively. The DIN and PO4

3�

in the wet season were comparable with fractions observed in the
Pearl River for the same season (Liu et al., 2012). In addition, in the
CRE, the nutrient derived by SGD were more than 2e12 times that
of the Changjiang River inputs.

In general, N: P ratios in groundwater are much higher than the
Redfield N: P ratios of 16:1. In this study, the SGD-derived N: P
ratios in the PRE and CRE were approximately 53 and 90, respec-
tively, which were higher than the Redfield ratio, but they were not
significantly different from the values found in the river water
(Fig. 7). The groundwater, except for supplying the high DIN and
PO4

3�
fluxes into the PRE and CRE, also modifies the N: P ratios,

which may have a significant impact on the ecosystem structure
and phytoplankton composition and then may lead to eutrophi-
cation/red tides (Anderson, 1989). During red tides break, Skel-
etonema spp. are generally considered to be the dominant
phytoplankton population in the PRE and CRE (Jiang et al., 2014; Liu
et al., 2013). The PO4

3� concentration is considered as the limiting
factor for the Skeletonema spp. outbreaks and the nutrient sup-
porting the red tides bloom (e.g., Hong et al., 1993; Wang, 2001).
Therefore, nutrient fluxes with high N: P ratios by SGD into the PRE
and CRE could affect the ecology of coastal waters by forcing a
primary production change or exacerbating towards P-limitation.
As one of the important substance pathway, basically, SGD is
ubiquitous along the coasts. Although SGD is not a new nutrient
source, it may deliver more concentrated substance with the rapid
economic development and population growth along coasts of the
PRE and CRE in past several decades, which may lead to excessive
release of waste into the estuaries. Therefore, the SGD-derived
substance, especially nutrient, should have an influence on the
ecosystem which could result in some environment problems and
should be paid more attention.
6. Summary

In the present study we estimated SGD fluxes into two major
and river-dominated estuaries of China: the Pearl River Estuary
(PRE) and the Changjiang River Estuary (CRE). Based on the 224Ra
spatial and temporal distributions in the PRE and CRE conducted in
2014 and 2015, we draw the following preliminary conclusions.

1) It is quite necessary to employ the appropriate method to esti-
matewater age in different types of estuaries. The averagewater
ages in the PRE were estimated to be 4.8± 1.1 days and 1.8± 0.6
days in the dry season and wet season, respectively, and
11.7± 5.0 days in the dry season of the CRE.



Fig. 7. Comparison of SGD and river-derived nutrient fluxes in the dry (a) and wet (b) season in the PRE and CRE. The SGD flux in the wet season of the CRE was derived from Gu
et al. (2012), and nutrient concentrations in the Changjiang River were derived from Wang et al. (2013).
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2) By utilizing a224Ramass balancemodel, the SGD fluxes rivals the
rivers discharge into each of the two estuaries in the dry season,
which reached as high as (140e321) % and (256e622) % in the
PRE and CRE, respectively. In the wet season of the PRE, the SGD
flux was approximately (13e29) % of the runoff the Pearl River;

3) The SGD-derived nutrient loading appeared to be amajor source
of nutrient input into the PRE and CRE, especially in the dry
seasonwith more recirculated seawater intrusion. The nutrient-
enriched SGD with high N: P ratios may lead to more frequently
occurring eutrophication and red tides in the PRE and CRE.
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