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Abstract The reactive transport of radium isotopes (*2*Ra, 22°Ra, and 2*°Ra) in coastal groundwater mix-
ing zones (CGMZs) is sensitive to shifts of redox conditions and geochemical reactions induced by tidal fluc-
tuation. This study presents a spatial distribution and temporal variation of radium isotopes in the CGMZ for
the first time. Results show that the activity of radium isotopes in the upper saline plume (USP) is compara-
tively low due to a short residence time and mixing loss induced by the infiltration of low radium seawater
whereas the activity of radium isotopes in the salt wedge (SW) is comparatively high due to a long resi-
dence time in the aquifer. The spatial distribution of radium isotopes is determined by the partitioning of
radium isotopes, groundwater residence time, and relative ingrowth rates of radium isotopes. In addition,
the variation of radium isotopes in the USP lags slightly (~0 h) whereas the fluctuation of radium isotopes
in the SW lags significantly (~12 h) behind sea level oscillation. Tidal fluctuation affects the partitioning of
radium isotopes through controlling seawater infiltration and subsequently influences the dynamics of
radium isotopes in the USP. Concurrently, seawater infiltration significantly affects geochemical processes
such as the production of nutrients and total alkalinity. Therefore, radium dynamics in the USP have implica-
tions for these geochemical processes. The variation of radium isotopes in the USP also has potential impli-
cations for transformation of trace metals such as iron and manganese because of the close affinity of
radium isotopes to manganese and iron oxides.

1. Introduction

Radium isotopes (***Ra, 2*Ra, and **®Ra) are naturally occurring radionuclides with different half-lives (3.66
days, 11.4 days, and 5.75 year for **Ra, **>Ra, and 2*®Ra, respectively). As powerful tracers, **Ra, ***Ra, and
228Ra are widely used to investigate estuarine/ocean mixing, submarine groundwater discharge (SGD),
water/soil interaction, and benthic flux (Cai et al., 2014; Hancock et al., 2000; Luo et al., 2014; Moore, 20003,
2000b, 2008; Moore et al., 2006). When applying radium isotopes as tracers to estimate SGD flux, a large pro-
portion of uncertainty of SGD flux is from uncertainties in selecting a saline groundwater end-member and
from variabilities of radium isotopes in coastal aquifers (Beck et al., 2007; Garcia-Solsona et al., 2010; Liu
et al,, 2012). Therefore, the spatial distribution and temporal variation of radium isotopes under various
influencing factors are of significance to gain insights into the reactive transport of radium isotopes in
coastal aquifers and are also essential for accurately estimating SGD flux and SGD associated chemical load-
ings to the ocean.

The sources (+) and sinks (—) of radium isotopes in coastal groundwater include physical and geochemical
processes such as advection (+/—), weathering (+), decay (—), a-recoil (+), co-precipitation (—), and
adsorption (—)/desorption (+) (Porcelli, 2008; Swarzenski, 2007; Tricca et al., 2000, 2001). In the coastal
groundwater mixing zone (CGMZ), fresh groundwater mixes with circulated seawater driven by tidal fluctua-
tion and density differences forming an upper saline plume (USP) and a salt wedge (SW), respectively (Liu
et al,, 2016; Robinson et al., 2007). The physical and chemical processes influencing the sources and sinks of
radium isotopes in the CGMZ vary greatly in both spatial and temporal aspects. For example, the land-sea
hydraulic gradient oscillates with diurnal/semidiurnal tidal fluctuations, spring-neap tidal cycles, and sea-
sonal hydrologic variation. Subsequently, the shift of land-sea hydraulic gradients alters the advection of
groundwater to the sea (Heiss & Michael, 2014; Liu et al., 2016). The variation of advection definitely
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influences the supply and removal of radium isotopes in groundwater and subsequently affects the spatial
distribution of radium isotopes in the CGMZ.

In addition, redox conditions, salinity, and pH in the CGMZ shift with tidal fluctuation (Charette & Sholkovitz,
2006; Liu et al,, 2017a). Even though variations of redox conditions, salinity, and pH would not influence the
physical processes such as decay and «-recoil, solid-solution partitioning of radium isotopes is very sensitive
to oscillation of redox conditions, salinity, and pH (Beck & Cochran, 2013; Gonneea et al., 2008). Radium iso-
topes in coastal groundwater are found to increase with salinity due to the rise of ionic strength in ground-
water (Kiro et al., 2014; Swarzenski, 2007; Webster et al., 1995). In addition, through controlling cation
sorption, pH affects partitioning of radium isotopes substantially. A positive correlation between pH and the
radium partitioning coefficient (K, = solid-phase Ra/liquid-phase Ra) was discovered in laboratory experi-
ments (Beck & Cochran, 2013; Gonneea et al., 2008). Compared to salinity and pH, temperature has a minor
effect on partitioning and mobility of radium isotopes in coastal groundwater because adsorption enthal-
pies of radium vary around zero in environments such as CGMZs (Beck & Cochran, 2013; Moore, 2010).

In addition to redox conditions, salinity, and pH, the chemical composition of groundwater also impacts the
partitioning of radium isotopes in coastal groundwater. The high concentration of Ba and Fe in solution hin-
ders the adsorption of radium isotopes due to their competitive adsorption properties as indicated by Kou-
louris (1996). However, competitive adsorption between Fe (or Ba) and Ra was not observed in sorption
competition experiments of Beck and Cochran (2013). Their results show that the existence of Ba in solution
would affect Ra partitioning. However, the change of Ra partitioning is caused by coprecipitations of Ra
with Ba (mainly BaSO,) instead of by competitive adsorption of Ba>* and Ra®". This conclusion is supported
by many other studies in the literature (Kiro et al., 2013, 2012, 2015; Paytan et al., 1996). Furthermore, the
geochemical cycling of manganese and iron in the CGMZ significantly alters the solubility and amount of
manganese and iron oxides in the aquifer (Roy et al., 2010, 2011), and plays an essential role in the partition-
ing of radium isotopes in coastal groundwater due to the strong affinity of radium isotopes to manganese
and iron oxides (Charette & Sholkovitz, 2006; Gonneea et al., 2013).

Apart from physical and chemical variations in solution (groundwater), properties of substrates (sediments)
are also of great importance for radium partitioning between solid and liquid phases. The surface area of
sediments is one of the primary controlling factors on radium partitioning in coastal groundwater. Usually,
sediments with a higher abundance of clay minerals and a smaller grain size have a larger surface area and
consequently have a stronger affinity to radium isotopes (Beck & Cochran, 2013). Meanwhile, the mineralog-
ical composition of sediments is another key influencing factor of radium partitioning in groundwater
because radium isotopes have dissimilar affinities to different minerals. For example, ferrihydrite has a
radium partitioning coefficient two orders of magnitude larger than goethite even though both of them are
iron oxides (Beck & Cochran, 2013).

Because physical and chemical interactions between sediments and groundwater affect radium partitioning
in groundwater, the activity of radium isotopes in groundwater would have implications for these interac-
tions and could be applied to evaluate mass transfer across the sediment-water interface. Tricca et al. (2001)
provided a 1-D reactive transport model to comprehensively evaluate the transport of U-series and Th-
series radionuclides in an unconfined aquifer considering substantial interaction between solid and liquid
phases. Through simulating radium isotopes in a vertical profile with a model combining advection (or dif-
fusion), decay, and adsorption/desorption, Krest and Harvey (2003) calculated groundwater advection or dif-
fusion velocities and subsequently quantified the recharge and discharge of groundwater. Similarly,
through reactive transport modeling of radium isotopes in pore water beneath an estuarine lagoon, the sig-
nificance of transport processes such as molecular diffusion and bioturbation that control the benthic flux
were stressed by Hancock et al. (2000). Through 2-D reactive transport modeling of radium isotopes, Kiro
et al. (2012) presented a spatial distribution of radium isotopes in a coastal aquifer and investigated behav-
iors of radium isotopes under multiple influencing factors such as salinity and groundwater velocity. Differ-
ent from previous studies, Cai et al. (2012) proposed a new method to investigate the mass exchange
across the sediment-water interface by evaluating the disequilibrium between 2**Ra and 2*Th on bulk sedi-
ments. This method was successfully applied to studies investigating solute transfer across the sediment-
water interface and benthic chemical flux (dissolved inorganic carbon, nutrients, and mercury) in salt
marshes (Shi et al., 2018) or at the bottom of estuaries such as Yangtze River Estuary (Cai et al., 2014), Pearl
River Estuary (Cai et al., 2015), and Jiulong River Estuary (Hong et al., 2017).
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To better understand the variation of radium isotopes in coastal groundwater systems, Michael et al. (2011)
characterized spatial patterns of radium isotopes in groundwater system of Waquoit Bay. Their results
clearly indicated that groundwater had distinct patterns due to different driving forces. The distinct resi-
dence time scale, aquifer heterogeneity, shift of groundwater flow path, and hydrologic variation in each
groundwater pattern result in different spatial patterns of radium isotopes with very dissimilar radium activ-
ities. The large variation of radium activity in coastal groundwater patterns presents a big challenge for
using radium isotopes to estimate SGD flux. Therefore, it is of great importance to study the detailed spatial
distribution of radium isotopes (***Ra, **Ra, and %?®Ra) in the CGMZ, especially different behaviors of
radium isotopes in the USP and SW. Moreover, temporal variations of radium isotopes at different tidal
stages may provide new insights into influences of tidal fluctuation on hydrodynamics and geochemical
processes in the USP and SW. This study investigates the mechanism of how tidal fluctuation influences the
spatial distribution and temporal variation of radium isotopes in both the USP and SW. Distinct behaviors of
radium isotopes in the USP and SW are also investigated. To achieve this objective, groundwater samples
were collected from different locations in the CGMZ at different tidal stages for laboratory analysis of
radium isotopes (***Ra, ***Ra, and ??®Ra), redox conditions, carbons, nutrients, and trace metals. The find-
ings of this study may provide better understandings of supply, removal, and reactive transport of radium
isotopes and offer insights into geochemical reactions in the USP and SW.

2. Materials and Methods

2.1. Study Area and Study Site

Tolo Harbor (surface area: 52 km?; coastline: 82 km), seated at the northeastern of New Territories, Hong
Kong (Figure 1a), is an embayment with a bottle-necked configuration stretching in northeast direction (Lee
etal, 2012; Liu et al., 2017a; Luo et al.,, 2014). The catchment of Tolo Harbor is bounded by a series of moun-
tain blocks and has an area of 160 km?. According to the geological map (Figure 1a), bedrock in the Tolo
harbor area is mainly volcanic rocks and some Devonian-Permian sedimentary rocks at the north of Tolo
Channel (Figure 1b). Six rivers (SM River, TPK River, TP River, LT River, TT Stream, and SL Stream in Figure 1b)
in the catchment discharge to the harbor with a rate of ~0.247 cm d ™' (Lee et al., 2012; Liu et al., 2018). In
addition to river discharge, SGD, with a rate of 0.8-11.8 cm d~' (Luo & Jiao, 2016), is another pathway by
which meteorological water flows back to the sea. The annual precipitation in the study area is 2,020 mm
with most rainfall occurs during May and October (Liu et al., 2017b). The semidiurnal tide in Tolo Harbor has
an average tidal range of ~1.06 m and the mean sea level is ~1.45 mPD (meter above principal datum).
The specific study site (22°28'06.91”N, 114°13'02.22"E) is located at a sandy beach of Plover Cove, Tolo Har-
bor (Figure 1b). The sandy beach has an extremely gentle slope (1%) and the hydraulic conductivity of surfi-
cial sediments was measured to be 449 m d ™' in situ through a falling head test (Li et al., 2010; Liu et al,,
2018). The porosity was measured to be ~0.3 in the laboratory following standard procedures described in
Fetter (2000). Based on grain size analysis, the sediments are classified as well graded gravelly sands accord-
ing to the Unified Soil Classification System (Liu et al., 2018).

2.2. Sampling Strategy

A permanent multilevel sampling system (Luo et al,, 2017) was installed in the intertidal zone of a sandy
aquifer at Plover Cove. The system contains 11 sampling sites (nhamed L1-L5 and S1-S6) with 2-5 sampling
tubes in each site (Figure 1c). The detailed vertical and horizontal locations of each sampling tube in the
aquifer can be found elsewhere (Liu et al.,, 2017b). In addition, a well (D4) with an automatic monitoring
transducer (Cera-Diver, Schlumberger Water Service) was installed at 120 m seaward from the mean tidal
mark to record the time series of tidal level with a temporal resolution of 20 min (Figure 1c). Another well
(D2) was installed near sampling site L2 to monitor groundwater level variation (Figure 1c). The field trip
was conducted between 23 May and 25 May 2016 and 15 rounds of groundwater sampling were conducted
every 3-4 h within two tidal cycles (48 h). The exact time of each sampling round (called SR hereafter) and
the corresponding sea level are illustrated in Figure 2. The sampling time of each SR was well distributed in
different tidal stages in the two tidal cycles. Tidal level was above the beach surface of L2 and L3 for SRs 06,
07, 13, and 14 while tidal level was below the beach surface of L2 and L3 during other SRs. The tidal level
was below the beach surface of L1 throughout the sampling period. During each SR, nine groundwater
samples with a volume of 1-1.85 L each were collected from the three sampling sites located in the transi-
tion zone (L1, L2, and L3 in Figure 1c) while one nearshore seawater (NSW) sample with a volume of 4 L was
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Figure 1. (a) Location of Tolo Harbor and geological map of Hong Kong, (b) the catchment and river net of Tolo Harbor, (c) the setup of sampling tubes and auto-
matic monitoring wells in the intertidal aquifer at the study site.

collected. The groundwater and NSW samples for nutrients (50 mL) were prefiltered with a 0.45 pum syringe
filter and stored in an ice box in the field and then in frozen environments (—18°C) in laboratory. HNOs; was
added to trace metal samples (50 mL) after the filtration to prevent precipitation and then the samples
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Figure 2. The tidal level (observed from D4) and groundwater level (observed from D2) variations during the sampling period and the exact time of each sampling
round. The red color of sampling round number denotes that the tidal level submerges the sampling site L2 and L3 while the green color of sampling round num-
ber represents that the earth surfaces of L2 and L3 are not submerged by seawater.

were stored in refrigeration environments (4°C). In the field, samples (0.5-1.5 L) for radium isotopes (***Ra,
223Ra, and **®Ra) were pumped first through a column filter (1 um) to eliminate particles. Then, the filtered
sample was pumped through a column loosely filled with MnO,-coated fiber (Mn-fiber) using peristaltic
pumps with a flow rate <1 L min~" to extract radium isotopes by adsorption onto MnQ, particles (Moore,
2008).

2.3. Analytical Methods

Salinity, pH, and oxidation/reduction potential (ORP) of water samples were measured in situ using a porta-
ble multiparameter meter (Hanna HI 98194, HANNA instruments) immediately after sample collection. The
calibration and measurement procedures of salinity, pH, and ORP can be found in Liu et al. (2017a), and res-
olutions and accuracies of salinity, pH, and ORP are 0.01 and *=0.01 psu, 0.01 and *=0.02 pH, and 0.1 and
+1.0 mV, respectively. The total alkalinity was measured by a colorimetric method with a 1.6 N H,SO, acid
immediately after sample collection and filtration. Total alkalinity and pH were applied to the program
CO2SYS (Cao et al., 2011) to calculate carbonate components such as dissolved inorganic carbon (DIC), and
pCO,. The detailed calibration and analysis procedures of nutrients (NH;, NO,, NO;, and PO} ") via a flow
injection analyzer (FIA) were described in Liu et al. (2017¢) and analytical errors are <10% for NH, , <8% for
NO, , <3% for NO;, and <5% for PO} . Trace metals (Fe>", Mn®", and Sr*") were analyzed by a inductively
coupled plasma optical emission spectrometer (ICP-OES) with accuracies and precisions better than 4.7%
and 4.8% for Fe*", 7.9% and 2.1% for Mn?>*, and 5% and 4.5% for Sr**, respectively. The details of calibra-
tion and measurement procedures were presented elsewhere (Liu, 2017). The prepared radium isotopes
sample (Mn-fiber) was placed in a closed loop of a radium delayed coincidence counter (RaDeCC) system
(Moore & Arnold, 1996) where the radon decayed from radium isotopes on the Mn-fiber was carried by
helium gas to measure the activity of >**Ra within 3 days after sample collection. The sample was recounted
10 and 25 days later to measure 2?>Ra and 2**Th, respectively. The activity of 2?°Th was applied to correct
22%Ra activity. The mechanism and standard measurement procedures of the RaDeCC system are described
in Moore and Arnold (1996) and Moore (2008). About 1 year later, the long-lived radium isotope (**®Ra) was
also measured with the RaDeCC system following the standard procedure described in Moore (2008). The
uncertainties associated with the measurement of radium isotopes via the RaDeCC system were estimated
according to Garcia-Solsona et al. (2008).

3. Results

3.1. Redox Conditions and Water Patterns
Four water patterns, i.e., surficial fresh groundwater (FGW), deep FGW, saline water, and NSW were identi-
fied in this study according to stable isotopic compositions (*°H and 4'%0) and salinity as described in Liu
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Figure 3. A sketch of water patterns in the CGMZ and general redox conditions
in each water pattern. FGW is the abbreviation of fresh groundwater, NSW is
the abbreviationo of nearshore seawater.

et al. (2017¢) while redox conditions in these water patterns were pre-
sented and discussed in Liu et al. (2017a). As shown in Figure 3, a brief
introduction to water patterns and redox conditions is given. (1) Surfi-
cial FGW (L1-2) has a low salinity (~0.2 psu) and a comparatively low
pH (~6.85), and is slightly reduced with an ORP value of —30.5 mV. (2)
Deep FGW (L2-4) has a higher salinity (~0.25 psu) but a lower pH
(~6.38) than surficial FGW. It is worth noting that deep FGW is oxic
with an ORP of 12.19 mV, which is very different from surficial FGW.
(3) The NSW, with an average OPR of —55.31 mV, is more reduced
than surficial FGW, but the salinity (~24.49 psu) and pH (~8.21) of
which are much higher than that of surficial FGW. (4) As a mixture of
aforementioned water patterns, saline water (L2-1 to L2-3, L3-1 to L3-
5) has a salinity ranging from 0.83 to 19.91 psu, a pH changing from
6.32 to 6.95, and an ORP varying from —8.99 to —233.81 mV. Notably,
saline water in the near-surface area (L2-1 and L3-1) is extremely
reduced with very negative ORP values (—164.95 and —233.81 mV).
Saline waters with comparatively high salinities at L3-1 (~19.91 psu)
and L3-5 (~9.03 psu) are separated by comparatively fresh water at
L3-3 and L3-4 (~6.03 and ~5.52 psu). Therefore, saline water at L2-1,

L2-2, L2-3, and L3-1 is from the USP driven by tidal fluctuation whereas saline water at L3-5 is from the SW
driven by density differences. This can also be supported by different stable isotopic compositions (§*H
and 6'80) of the two groups of saline waters (Liu et al., 2017c). 5°H and §'%0 of groundwater from the USP
(L2-1: —14.479,, and —3.06%,,) are less negative than those of groundwater from the SW (L3-5: —27.699%,,
and —4.53%,) even though they have similar degrees of mixing with seawater (salinity: 10.12 versus
9.69 psu). All the aforementioned redox data can be found in the supporting information.

3.2. 2**Ra Dynamics

Figure 4 shows the dynamics of >*Ra within two tidal cycles. Spatially, **Ra activity in both surficial (L1-2)
and deep (L2-4) FGWs is low (0.86 = 0.70 and 0.64 = 0.32 dpm/L, respectively in Table 1) due to a large par-
titioning coefficient of radium isotopes in freshwater environments. With the increase of ionic strength in
saline water, 2*Ra desorbs from the surface coating of sediments and results in a dramatic increase of ***Ra
activity in saline water. Consequently, 2**Ra activity in saline water (24.65 = 19.79 dpm/L in Table 1) is 28-
38 times of that in FGW. However, the highest 2**Ra activity is observed at L3-5 (65.03 = 6.40 dpm/L)
instead of L3-1 (35.31 = 4.90 dpm/L) even though groundwater at L3-1 has the highest salinity (Table 1).
This is because the rise of 2*Ra at L3-1 induced by desorption along with salinity increase cannot counter-
act the mixing loss with low **Ra seawater. Another reason is that the groundwater residence time is much
longer at L3-5 (SW) than L3-1 (USP) leading to a higher ***Ra activity at L3-5. In NSW, ?**Ra activity is
9.00 * 4.57 dpm/L (Table 1), which is much higher than ?**Ra activity in FGW due to the discharge of high
229Ra groundwater. Meanwhile, 2**Ra activity in NSW is much lower than that in saline water because of the
mixing loss with offshore seawater. Temporally, owing to multiple factors influencing the enrichment and
removal of ***Ra in coastal groundwater, the synchronous variation of ***Ra with tidal fluctuation is not
obvious. However, some clues can be inferred from the temporal variation of ***Ra (Figure 4). For example,
22Ra activity in the near-surface area decreases drastically from SR 05 to SR 06 (from 41.67 = 0.92 to
22.21 £0.62 dpm/L at L3-1 in Table 2) indicating a significant mixing loss (~36%) induced by NSW infiltra-
tion during SR 06. The decrease of ?**Ra activity in the near-surface area can also be observed from SR 12 to
SR 13 when ***Ra activity at L3-1 drops from 39.78 + 0.87 to 37.96 + 0.78 dpm/L while #**Ra activity at L2-1
declines from 23.82 + 0.58 to 46.46 + 0.45 dpm/L (Table 2). Moreover, the rise of **Ra activity from SR 06
to SR 07 suggests the ingrowth of 2*Ra with the increase of groundwater residence time in the aquifer (Fig-
ure 4). With the drop of tidal level between SR 07 and SR 09 (0.80 to —1.02 m), the seaward flow of FGW
from inland area dilutes 2**Ra activity in saline water in the near-surface area; during the same period the
decrease of salinity, from 18.2 to 12.57 psu for L2-1 and from 21.12 to 19.98 psu for L3-1 (Liu et al., 2017a),
enhances the adsorption processes of 2**Ra. Consequently, both processes decrease ***Ra activity in saline
water. For example, from SR 07 to SR 09, ***Ra activity drops from 37.34 + 0.83 to 33.63 + 0.75 dpm/L at
L3-1 and from 19.24 = 0.53 to 17.87 =0.53 dpm/L at L2-1, respectively (Table 2). The aforementioned
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Figure 4. The spatial distribution of 2**Ra in groundwater of the CGMZ during different sampling rounds.
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Table 1
The Average Activities and Isotopic Ratios of Radium Isotopes in Groundwater at Different Locations of the CGMZ and in
Different Water Patterns During the Sampling Period

Locations and Radium isotopes (dpm/L)

water pattern 22Ra Std® 223Ra Std 228Ra Std 22Ra/**®Ra *23Ra/**®Ra
L1-2 0.86 0.70 0.11 0.04 0.50 0.47 1.72 0.220
L2-1 18.28 3.02 0.51 0.21 10.67 2.54 1.71 0.048
L2-2 5.78 3.00 0.13 0.07 4.03 2.77 143 0.032
L2-3 2.83 0.58 0.05 0.04 217 0.60 1.30 0.023
L2-4 0.64 0.32 0.02 0.02 0.16 0.15 4.00 0.125
L3-1 35.31 4.9 0.96 0.24 17.09 2.89 2.07 0.056
L3-3 22.32 5.14 043 0.37 2237 435 1.00 0.019
L3-4 23.01 2.74 0.33 0.18 22.16 3.21 1.04 0.015
L3-5 65.03 6.40 0.76 0.25 69.94 6.29 0.93 0.011
Surficial FGW 0.86 0.70 0.11 0.04 0.50 0.47 1.72 0.220
Deep FGW 0.64 0.32 0.02 0.02 0.16 0.15 4.00 0.125
Saline water 24.65 19.79 0.44 0.36 24.65 19.79 1.00 0.018
NSW 9.00 4.57 0.15 0.05 4.46 2.06 2.02 0.034

@Standard deviation.

phenomena in the near-surface area are also observed at the second tidal cycle. The variation of **Ra in
the SW (L3-5) is contrast with that in the near-surface area because of a lag of hydrodynamics in response
to the shift of tidal level. In general, high ?>*Ra activity at L3-5 is usually observed during low tidal levels
that follow the highest tidal levels, such as during SRs 01, 02, and 09 when the tidal levels were —0.81,
—1.02, and —1.02 m, respectively (Figure 4). The corresponding ?**Ra activities at L3-5 were 74.94 + 243,
69.47 = 2.15, and 70.68 *+ 1.59 dpm/L, respectively (Table 2), which are much higher than the average ***Ra
activity at L3-5 during the sampling period (65.03 dpm/L in Table 1).

3.3. 2>Ra Dynamics

The spatial distribution of 2*Ra (Figure 5) is similar to that of **Ra in the CGMZ (Figure 4). Four aspects of
the distribution are notable. (1) Due to the adsorption to sediment surface coatings, **>Ra activity in both
surficial (0.11 = 0.04 dpm/L) and deep (0.02 + 0.02 dpm/L) FGWs is very low (Table 1). (2) ***Ra activity in
saline water increases with salinity. For example, while salinity rises from 0.83 psu at L2-3 to 13.29 psu at
L2-1 (Liu et al., 2017a), ***Ra activity climbs from 0.05 = 0.04 to 0.66 = 0.33 dpm/L accordingly (Table 1).
(3) 2*Ra activity in the near-surface area is diluted due to NSW infiltration with low ?*>Ra activity at high
tide such as during SR 06 and SR 13 (Figure 5). For example, 2**Ra activity at L3-1 drops from 0.92 + 0.03
dpm/L during SR 05 to 0.80 = 0.02 dpm/L during SR 06 while ?**Ra activity at L2-1 declines from 0.85 + 0.03
t0 0.24 = 0.01 dpm/L during the same period (Table 2). (4) Owing to the decay of mother nuclide (**'Th, t;,
, =187 days), **Ra activity recovers several hours after the mixing loss induced by NSW infiltration
(Figure 5). For instance, *>Ra activity at L2-1 rises from 0.24 = 0.01 dpm/L during SR 06 to 0.61 + 0.03 dpm/L
during SR 07 while it climbs from 0.18 = 0.01 dpm/L for SR 13 to 0.55 = 0.02 dpm/L for SR 14 (Table 2).

It is worth noting that there are some dissimilarities in spatial distributions of >>Ra and 2**Ra due to their
differences in relative ingrowth rates (defined as the ratio between net production rates and equilibrium
activity) in the aquifer. First, average activity of 2*Ra is higher at L3-1 than at L3-5 (0.96 = 0.24 versus
0.76 = 0.25 dpm/L in Table 1). Meanwhile during the majority of SRs (e.g., SRs 01, 02, 04, 05, 07, 08, 09, 10,
11, 12, and 14), >*Ra is higher at L3-1 than L3-5 (Figure 5). The major reason for this unique distribution of
223Ra at L3-1 and L3-5 is that the ingrowth rate of ?**Ra is large enough to support ?*>Ra to reach secular
equilibrium in a short time owing to the short half-life of 2’Th. Therefore, the total exchangeable ***Ra
(both dissolved and adsorbed phases) is very high for both L3-1 and L3-5. Since salinity is much higher at
L3-1 than at L3-5 (19.91 versus 9.03 psu) the **Ra partitioning coefficient would be smaller at L3-1 than at
L3-5. Consequently, more ?**Ra exits in dissolved phase at L3-1 than at L3-5, even though groundwater at
L3-1 suffers from a mixing loss and has a shorter residence time than that at L3-5. If groundwater salinity in
the near-surface area is comparable to that at L3-5, it would be expected that the activity of 2>Ra would be
lower in the near-surface area than at L3-5 due to the mixing loss and shorter residence time at the former
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Figure 5. The spatial distribution of ?>>Ra in groundwater of the CGMZ during different sampling rounds.
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location. This can be demonstrated by the fact that *>>Ra activity is lower at L2-1 than at L3-5 (0.51 = 0.21
versus 0.76 = 0.25 dpm/L in Table 1), even though groundwater salinities at the two locations are similar
(~10 versus ~9 psu) (Liu et al., 2017a).

3.4. 2*°Ra Dynamics

In one respect, **®Ra and ***Ra, have very similar chemical properties because both of them belong to the
same decay chain; however, they behave differently during transport in an aquifer due to their dissimilar-
ities in production rates and half-lives. Therefore, the spatial distributions and temporal variations of **°Ra
(Figure 6) and ***Ra (Figure 4) have similarities and differences at the same time. Specifically, similar to
22Ra, 2%Ra in both surficial and deep FGWs (0.50 = 0.047 and 0.16 = 0.15 dpm/L) is very low due to a
strong adsorption to sediments in freshwater environments. Another similarity is that the highest activities
of both *?*Ra (65.03 = 6.40 dpm/L) and **®Ra (69.94 = 6.29 dpm/L) are observed at L3-5 (Figures 4 and 6)
where groundwater is not affected by mixing loss and groundwater residence time is long. Moreover, at
high tide, due to the infiltration of low ?*®Ra seawater, ?*®Ra activity in the near-surface area suffers signifi-
cantly from mixing loss (from SR 05 to SR 06 in Figure 6). Subsequently, with the rise of groundwater resi-
dence time, *?®Ra activity in this zone recovers noticeably (from SR 06 to SR 08 in Figure 6) due to the
supply induced by the decay of *2Th in the aquifer, which is similar to the dynamics of ?**Ra. One thing
that should be noted is that the time needed for recovery of *?®Ra is longer due to its smaller relative
ingrowth rate in the aquifer compared to ***Ra. Similar to ***Ra, *®Ra activity increases with salinity due to
desorption processes in saline water. For example, ?*®Ra climbs from 2.17 =060 dpm/L at L2-3 to
10.67 = 2.54 dpm/L at L2-1 while salinity rises from 0.83 to 13.29 psu accordingly (Liu et al., 2017a). How-
ever, very different spatial distributions of ?®Ra and 2**Ra are observed in the near-surface area, especially
at L3-1. Specifically, groundwater at L3-1 has a higher salinity but a lower 2?®Ra activity (19.91 psu and
17.09 £ 2.89 dpm/L) compared to deeper locations such as L3-3 (6.03 psu and 22.37 = 4.35 dpm/L) and L3-
4 (5.52 psu and 23.01 = 2.74 dpm/L) where desorption of 2?®Ra is not as significant as at L3-1 (Table 1). This
is because the mixing loss in the near-surface area (L3-1) is more significant and the residence time in the
near-surface area (L3-1) is much shorter than in deeper locations. Under such circumstances, the total
exchangeable 2*®Ra is low in the near-surface area due to the low relative ingrowth rate induced by the
long half-life of 2*2Th (t;/, = 14.1 Gyr).

3.5. Radium Isotopic Ratios

The isotopic ratios between short-lived (***Ra and ***Ra) and long-lived (***Ra) radium isotopes are illus-
trated in Table 1. In this study, the >*Ra/**®Ra ratio ranges from 0.93 to 4.0 while the ?*Ra/**®Ra ratio varies
from 0.011 to 0.220. Generally, FGW has comparatively large **Ra/>*®Ra and ?*>Ra/**®Ra ratios. These ratios
are much smaller at L3-5 than at other locations. This is because groundwater at L3-5 has the longest resi-
dence time and all radium isotopes (**Ra, 2*Ra, 2*®Ra) reach secular equilibrium whereas at other locations
even if 2**Ra and 2**Ra reach secular equilibrium, *?®Ra is far from secular equilibrium. Therefore, the lowest
224Ra/??®Ra and 22>Ra/?*®Ra ratios are observed at L3-5. In addition, 22*Ra/??®Ra and 2?>Ra/**®Ra ratios at L3-3
(1.00 and 0.019) and L3-4 (1.04 and 0.015) are very close to those at L3-5 (0.93 and 0.011) because saline
water from the three locations are in the transition zone of the SW. Figure 7 clearly presents linear rela-
tionships of 222Ra versus 2>*R, and 2?®Ra versus 2**Ra in the USP and SW transition zones. The slope of the
linear fit of 2*>Ra versus 2**Ra is much larger in the USP than SW transition zones (Figure 7a). The dissimi-
larities in slopes of the fitted lines represent the differences in average *?*Ra/?**Ra ratios in the USP and
SW transition zones, which are caused by different residence times of groundwater in the two zones. Spe-
cifically, when seawater enters the aquifer, the activities of both 2?Ra and #**Ra will increase and result in
a comparatively stable ?*Ra/?*?*Ra ratio until **>Ra reaches secular equilibrium. From that time on, the
223Ra activity will be stable, however, the ingrowth of ?**Ra continues and leads to a decline of the
223Ra/?**Ra ratio until 2**Ra reaches secular equilibrium. After that, 2>Ra/***Ra ratio will be a constant
value which is much lower than that before both *?*Ra and %?*Ra reach secular equilibrium. 2*Ra/***Ra
ratio in the USP is higher than the equilibrium ?*>Ra/***Ra ratio in locations such as L3-5. The aforemen-
tioned interpretations are also applicable to explain the dissimilar slopes of fitted lines for 2?®Ra versus
224Ra in the USP and SW transition zones (Figure 7b).
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Figure 6. The spatial distribution of 22®Ra in groundwater of the CGMZ during different sampling rounds.
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Figure 7. The relationships of raidium isotopes. (a) >Ra versus 2**Ra and (b) 2*®Ra versus ***Ra.

4. Discussions

4.1. Using Radium Dynamics to Trace Hydrodynamics in the USP and SW

Figures 8 and 9 show the time series of tidal level, salinity, and radium isotopes of groundwater in the USP
(L2-1) and SW (L3-5), respectively. Clearly, the effects of tidal fluctuation on salinity and dynamics of radium
isotopes differ between the USP and SW due to their different depths and flow paths. Salinity and hydraulic
head usually react more quickly in the USP than in the SW. For example, salinity at L2-1 (Figure 8b) lags only
slightly (~0 h) behind tidal fluctuation (Figure 8a) due to the shallow depth of L2-1 and very little time for
seawater to infiltrate to L2-1, whereas salinity at L3-5 (Figure 9b) lags ~12 h behind tidal fluctuation (Figure
9a) due to its long flow path and deep location. The observations in this study are consistent with previous
numerical simulations and field observations (Levanon et al,, 2016, 2017; Liu et al,, 2016). As for the varia-
tions of radium isotopes at L2-1 (Figures 8c-8e), they show consistent trends with tidal fluctuation and salin-
ity variation except during the high tide when radium isotopes in the near-surface area suffer from mixing
loss induced by the infiltration of low radium seawater. Obviously, the time series of radium isotopes in the
SW (L3-5) (Figures 9c-9e) lags behind the variation of radium isotopes in the USP (L2-1) (Figures 8c-8e),
which have similar reasons for the lag of salinity in the SW (L3-5) compared to the USP (L2-1) (Figures 8b
and 9b). In addition, radium isotopes in the SW (L3-5) do not show a decrease during high tide. This is
because the saline water at L3-5 is upwelling circulated seawater driven by density differences (SW), and
the circulated seawater has a very long residence time in the aquifer, such that radium isotopes reach secu-
lar equilibrium before seawater reaches L3-5. As for the time series of salinity (Figure 10b) and radium iso-
topes (Figures 10c, 10d, and 10e) in NSW, all of them show a reverse trend with tidal fluctuation (Figure
10a) because the outflow of submarine groundwater with comparatively low salinity and high activity of
radium isotopes at low tide drops salinity but raises the activity of radium isotopes in the NSW and,
inversely, the mixing loss by open seawater with high salinity and low activity of radium isotopes at high
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Figure 8. The variations of (a) tidal level, (b) salinity, (c) ***Ra, (d) **Ra, and (e) **°Ra at L2-1.

tide increases salinity but decreases the activity of radium isotopes in the NSW. The findings of this study
are consistent with the observations in the German Wadden Sea (Moore et al., 2011).

4.2. Using Radium Isotopes to Trace Redox Conditions in the USP and SW

The relationship between redox indicators and 2*Ra shown in Figure 11 clearly suggests that the effect of
redox condition on ?>*Ra in the USP is different from that in the SW. According to Figure 11a, >**Ra in both
USP and SW transition zones rises with salinity due to desorption processes induced by increased ionic
strength of groundwater (Kiro et al., 2014; Swarzenski, 2007; Webster et al.,, 1995). However, the rate of
increase (slope of the fitted line in Figure 11a) is much lower in the USP than the SW. This is because the
total exchangeable #2Ra is lower in the USP than in the SW due to tidal flushing of the near-surface area of
the USP. Therefore, even if the 22“Ra partitioning coefficient is the same in both the USP and the SW, the
dissolved ***Ra would be lower in the USP than in the SW, which results in the aforementioned lower rate
of increase of **Ra in the USP. In this study, ***Ra is observed to increase with pH (Figure 11b), even though
the increase of pH has negative influences on the partitioning of 2**Ra as indicated by Beck and Cochran
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Figure 9. The variations of (a) tidal level, (b) salinity, (c) **Ra, (d) *>Ra, and (e) **®Ra at L3-5.

(2013) and Gonneea et al. (2008). The increase of pH in this study is caused by mixing with seawater. At the
same time, salinity increases, which subsequently increases the desorption of *2*Ra. Therefore, the negative
influence on ?>*Ra due to the rise of pH is obscured by the dramatic increase of 2**Ra caused by the rise in
salinity, which indicates that the controlling factor of *>*Ra in this study is salinity. ORP in the USP shows a
negative correlation with 2**Ra (Figure 11c¢). This is because the geochemical reactions in the USP tend to
make saline water more reducing (Liu et al., 2017a). Meanwhile, higher salinity of groundwater in the USP
corresponds to more organic matter in groundwater induced by seawater infiltration and subsequently
more intensive biogeochemical reactions as indicated by Liu et al. (2017c). Therefore, ***Ra in the USP
increases with salinity but declines with ORP. In the SW, due to limited organic matter input, the biogeo-
chemical reactions that make groundwater reducing are limited. As a result, the decrease of **Ra with ORP
in the SW is not observed (Figure 11c). The aforementioned relationships between ?**Ra and redox indica-
tors and the differences in relationships of the USP and SW are also applicable for ?>Ra and **®Ra. More
details of relationships between ?**Ra (**®Ra) and redox indicators can be found in supporting information
Figure S1 (supporting information Figure S5).
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Figure 10. The variations of (a) tidal level, (b) salinity, (c) **Ra, (d) ?*>Ra, and (e) **°Ra at nearshore area.

4.3. Using Radium Isotopes to Trace Dissolved Inorganic Carbon Processes in the USP and SW

Total alkalinity is produced via biodegradation of organic matter in groundwater and aquifers. Sulfate
reduction-induced remineralization of organic matter, which affects total alkalinity, was also discovered in
the study site (Liu et al, 2017b). In addition, nutrient dynamics in the near-surface area presented in Liu
et al. (2017¢) indicated that biodegradation of organic matter carried by infiltrated seawater produced the
majority of total alkalinity along with nutrients such as ammonium (NH;") and phosphate (PO?[). A simulta-
neous increase of total alkalinity and ?>*Ra (Figure 12a) is observed in both the USP and SW transition zones.
Obviously, the production of total alkalinity is much higher in the USP transition zone than in the SW transi-
tion zone. This is because infiltrated seawater with comparatively high content of organic matter supports
the production of total alkalinity in the USP whereas the organic matter is significantly consumed by geo-
chemical reactions before circulated seawater transport to L3-5 and cannot support a high production of
total alkalinity. As a conclusion, the enrichment of total alkalinity in the USP results from biodegradation of
organic matter induced by the infiltration of seawater while the slight rise of total alkalinity in the SW is
caused by remineralization via sulfate reduction of organic matter that exists in the aquifer. The correlation
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between DIC and ?**Ra (Figure 12b) is very similar to the correlation between total alkalinity and 2**Ra,
which indicates that HCO;, as a main contributor of total alkalinity, is also a main constituent of DIC in the
CGMZ of this study. Because pCO, is negatively correlated to groundwater pH, the correlation between
pCO, and #2*Ra (Figure 12¢) has a reverse trend compared to the correlation between pH and *?*Ra (Figure
11b). As a result, pCO, declines with the release of 2**Ra in the USP transition zone. In the SW transition
zone, there is no large variation of pCO, observed even though ***Ra increases dramatically from L3-3 to
L3-5. This is because groundwater pHs at L3-3 (6.74), L3-4 (6.73), and L3-5 (6.69) are similar (Liu et al.,
2017a) and pH is not the main controlling factor in this study as stated in previous section. Geochemical
reactions inferred from the relationship between *2*Ra and TA, DIC, and pCO, can also be observed via the
relationships between 22Ra (**®Ra) and total alkalinity, DIC, and pCO, as shown in supporting information
Figure S2 (supporting information Figure S6).
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versus 2**Ra in the USP and SW transition zones.

4.4. Using Radium Isotopes to Trace Nutrient Processes in the USP and SW

Nutrient dynamics induced by biodegradation of organic matter in the CGMZ are illustrated in Liu et al.
(2017¢), which indicates that the biodegradation of organic matter in the aquifer is positively correlated to
the supply of organic matter with infiltrated seawater. At the same time, infiltration of seawater facilitates
the release of 2**Ra by enhancing desorption from surface coatings of sediments. Simultaneously, as the
products of biodegradation of organic matter, NH; and POi’ increase. This is why concurrent increases of
nutrients and *2*Ra are observed in the USP transition zone (Figures 13a and 13d). It is worth noting that
22%Ra is released by physical desorption of ***Ra from surface coatings of sediments, driven by enhanced
ionic strength in high salinity groundwater, rather than from the surfaces of organic matter by biodegrada-
tion processes. In the SW transition zone, theoretically, due to the lack of organic matter in this zone, nutri-
ent production would be limited and should produce a uniform concentration of NH; and PO in L3-3,
L3-4, and L3-5. However, elevated concentrations of NH; are observed at L3-3 and L3-4 (Figures 13a and
13d), caused by the diffusion of high NH; in the USP. Even though PO3~ in the USP is high and will diffuse
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Figure 13. The relationships between nutrients and ***Ra. (a) NH; versus
**Ra, (b) NO, versus ***Ra, (c) NO; versus **Ra, and (d) PO}~ versus ***Ra in
the USP and SW transition zones.

downward, PO}~ at L3-3 and L3-4 is still very low and shows a differ-
ent distribution from NH; (Figure 13d). This is because a large amount
of iron oxides exists at L3-3 and because L3-4 adsorbs PO3~ from
groundwater (Liu, 2017). The correlation between NO, and ***Ra in
the USP transition zone is identical to the correlation between NH;
and ***Ra in this zone (Figure 13b). This is because NO, is trans-
formed from NH; via nitrification and the high concentration of NH;
promotes the proceed of nitrification. Consequently, NO, has a posi-
tive correlation with ***Ra. The relationship between NO, and ***Ra
in the SW transition zone is in accordance with the theoretical situa-
tion described previously, under which the production of NO, in the
SW is limited and results in a uniform NO, concentration at L3-3, L3-
4, and L3-5. NO; shows a very different correlation with **Ra com-
pared to other nutrients as presented in Figure 13c. The main reason
is that the high concentration of NO; is from deep FGW while other
nutrients are produced from infiltrated seawater as indicated by Liu
et al. (2017c). Therefore, a negative correlation between the NO; and
22%Ra is observed in the USP transition zone. In the SW transition zone,
the removal of NO; at L3-3 and L3-4 is observed (Figure 13c), which
may be caused by denitrification of NO; with the organic matter dif-
fused from the USP. 2*>Ra and **°Ra have the same implications for
nutrients as 2>*Ra, which are shown in supporting information Figures
S3 and S7, respectively. In addition, the differences between nutrient
behavior in the USP and SW can also be observed via the relationships
between ?*Ra (or 2?®Ra) and nutrients.

4.5, Using Radium Isotopes to Trace Processes of Trace Metals in
the USP and SW

As an active zone for geochemical reactions, the USP transition zone
was reported to act as a sink for iron due to oxidation of groundwater
borne ferrous iron by dissolved oxygen along with infiltrated seawater
in the USP (Charette & Sholkovitz, 2002). However, significant reduc-
tion of Fe oxides in the CGMZ has been shown in many other studies
(Charette & Sholkovitz, 2006; Kiro et al.,, 2013; Liu, 2017; Roy et al,
2010). There is an abrupt rise of Fe?" at the freshwater front of transi-
tion zones in the USP and SW as shown in Figure 14a, which indicates
that the production of Fe** only occurs in this location. This is
because NOS from the deep FGW (L2-4) (Liu et al,, 2017c) acts as an
oxidizer for iron sulfide oxidation and iron sulfide minerals are found
to be significantly present in the CGMZ of this study through SEM
images (Liu, 2017). Even though Mn?* and Fe?* show a similar
increase at the freshwater front of both the USP and SW transition
zones (Figures 14a and 14b), the high concentration of Mn2" is trans-
ported from high Mn?* groundwater shallower than L1-2 as indicated
by Liu (2017), rather than transformed from manganese minerals by
geochemical reactions. The dissolved Fe?* and Mn?" suffer from mix-

ing loss only with the subsequent increase of salinity in the transition zone. This can be demonstrated by
linear decreases of Fe*" and Mn?" with **Ra in both the USP and SW transition zones illustrated in Figures
14a and 14b. The very close trend of Mn?* decrease with ?**Ra in both the USP and SW transition zones
(Figure 14b) suggests that there are no further geochemical reactions involving Mn?" or manganese oxides
in the two zones. This is because ?>*Ra has a strong affinity to manganese oxides (Charette et al.,, 2005; Char-
ette & Sholkovitz, 2006), and any geochemical reactions of manganese oxides in the aquifer will be detected
by the change of 2**Ra in groundwater. Sr** is very conservative in the CGMZ and highly correlated to salin-
ity (Beck et al., 2013; Gonneea et al,, 2014; Trezzi et al.,, 2017), therefore, a simultaneous increase in Sr** and
224Ra is observed (Figure 14c). Figure 14c indicates that Sr** has a higher rate of increase with ***Ra in the
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Figure 14. The relationships between trace metals and ***Ra. (a) Fe versus ***Ra, (b) Mn versus ***Ra, and (c) Sr versus
224Ra in the USP and SW transition zones.

SW transition zone than in the USP transition zone. Geochemical reactions of trace metals in the CGMZ and
differences of trace metal behavior in the USP and SW can also be differentiated from the relationships
between **Ra (or **®Ra) and trace metals, which is shown in supporting information Figure S4 (or in sup-
porting information Figure S8).

5. Conclusions

Since naturally occurring radium isotopes (***Ra, **Ra, and *?®Ra) are powerful tools to trace SGD flux and
material transfer across the sediment/water interface, it is of importance to investigate the spatial distribu-
tion and temporal variation of radium isotopes in the CGMZ where hydrodynamics, redox conditions, and
geochemical reactions are diverse and complex due to the interaction between freshwater and seawater,
and various external influencing factors such as tidal fluctuation and seasonal hydrological variation.
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Through field investigation and laboratory analysis, this study presents dynamics of 2>*Ra, >>Ra, and **°Ra
within a period of 2 days in the CGMZ under the effect of tidal fluctuation. The partitioning of radium iso-
topes and the relative ingrowth rates of radium isotopes determine spatial distributions of radium isotopes
and result in differences between radium dynamics in the USP and the SW. Through controlling seawater
infiltration, tidal fluctuation alters the salinity distribution in the USP, affects the partitioning of radium iso-
topes in groundwater, and subsequently controls the temporal variation of radium isotopes in the USP. The
dynamics of radium isotopes can be used to detect the dilution induced by infiltration of seawater in the
USP and also the delayed reaction of groundwater in response to tidal fluctuation in the SW. Thus, the varia-
tion of radium isotopes has implications for hydrodynamics in different water patterns of the CGMZ under
the effect of external driving forces such as tidal fluctuation, wave-setup, and seasonal hydrologic variation.
In addition, because the distribution of radium isotopes can trace the travel and residence time of ground-
water in the aquifer and because the degree of mixing with seawater in the USP and SW and the geochemi-
cal processes in the CGMZ are time-dependent, radium isotopes are powerful tools to study both
groundwater flow dynamics and geochemical reactions such as biodegradation of organic matter that is
controlled by the infiltration of seawater driven by tidal fluctuation in the USP.
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